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INTRODUCTION

This thesis work evaluates the degree to whictPém0 de las Piedras Dam and
its reservoir (water supply) have disrupted therbljic continuity of the Sauce
Grande River, and quantifies the impacts of flowgutation on the hydrology,
morphology and water temperature of the river ddweasn. Building upon the existing
literature on regulated rivers, this thesis progida integrated and systemic assessment
of the broad-scale impacts of the dam based onutigerstanding of ‘natural’,
unregulated fluvial processes upstream from theoimgment. Besides yielding new
information on the hydrology, water temperature amatphology of the Sauce Grande
River, this study generates new climatic and hyariglal data achieved from physical
and regression modelling and implements a methgab framework to
hydrogeomorphological assessment of ungauged basins

1. JUSTIFICATION OF THE STUDY

The hydrological, thermal and morphological effemtshe Paso de las Piedras Dam on
the Sauce Grande River are the focus of this sflidg.river and the dam are located in
the central portion of the south-western Buenosgiprovince (SWBA), Argentina
(Fig. 1.1). The Sauce Grande collects its watergsheneastern slope of the Sierra de la
Ventana Range and flows down into the Atlantic @cdeaining a basin area of about
4600 knf (Luque et al, 1979). It constitutes one of the most importaestiwater
resources within the central SWBA (Borromei, 1994yala and Quattrocchio, 2001;
Schefer, 2004), and has been at the basis of tiheuligral and urban development of
the region.

Despite that the climate type is temperate sub-ty@ampoet al, 2004), inter-annual
variability in moisture is strong and linked to Hifio Southern Oscillation and other
large-scale atmospheric phenomena related to anomairculation within the South
Atlantic Convergence Zone (Scian, 2000; Labragaal, 2002; Scianet al, 2006).
Episodes of drought (or flooding) are frequent (@arat al, 2009; Bohret al, 2011)
and impact very seriously on the regional econorfsolfa and Forte Lay, 1993;
Andradeet al, 2009), which is based on rainfed agriculture dwelstock grazing of
unimproved grasslands (Scian, 2000).

The central SWBA has known qualitative and quatniadeficiencies for drinking
water supply periodically (Andrést al, 2009). Recurrence of drought and increased
water demand subsequent to population growth lesd iamber of water crises which,
in turn, led to systematic advances in local pcastiof water management. The Paso de
las Piedras Dam has impounded the middle riversesince 1978 for water supply to
a population that today reaches about 350 000 penpinly concentrated in the cities
of Bahia Blanca and Punta Alta. At full supply, reservoir has a surface area of
30 knt, depth of 25 m and active storage capacity of 2% (Schefer, 2004). Climate
variability and population growth combine to generow resilience to deficiencies in
local water resources; accordingly, dam operatigmalcedures seek to store and
conserve a maximum volume of water to assure supgdgriods of drought.
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Figure I.1: Maps showing the location and environmental context of the Sauce Grande
Basin.

Despite the regional importance of the Sauce Grdider as main source for water

supply and the large capacity of the Paso de kedr&® Reservoir, both the hydrology of
the river basin and the effects of the impoundn@antthe river environment remain

poorly evaluated. The lack of integrated knowledd®ut the complex behaviour of

water resources within the river basin has becowrent in recent years due to the
dramatic impacts that rainfall extremes have hadthen local society. Episodes of

drought and flooding have seriously affected thati@ship between the water use and
the water available to use, putting into questtom practices of water management. To
date, the water demand exceeds the supply capaocitithe reservoir, and hence the
dam and its environment revisit particular attemtio

This study provides the very first assessment oth@ hydrology of the Paso de las
Piedras Reservaoir, (ii) the degree of flow regalatinduced by the dam, and (ii) the
effects of flow regulation on the hydrology, morpdgy and water temperature of the
Sauce Grande River downstream. In addition to pliogi new information on the
response of regulated rivers to upstream impountinem on the effects of




Introduction

impoundment on the Sauce Grande River specificaliy study generates spatial,
climatic and hydrologic data and implements a madhagical framework to
hydrological assessment of ungauged basins. The clematic, hydrologic and
morphologic information yielded herein has triplppkcability: (i) it informs dam
managers about the complex behaviour of the riystem, (ii) it contributes to improve
reservoir operation policies while maintaining theerall integrity of the river system,
and (iii) it provides a consistent scientific ptath on which to base further research
efforts conducting to an interdisciplinary framewaf river restoration. Furthermore,
the methods implemented in this research are widelgsferable to hydrological
assessment of ungauged basins worldwide with dpsmpdicability to semiarid regions.

2. BACKGROUND

Rivers exist as aontinuumof linked physical and biological processes (Vaerat al,
1980) dependent on longitudinal, lateral and vatticansfers of energy, material and
biota (Petts and Amoros, 1996). Despite the undurestle value of dams for water
resources management (Magilligan and Nislow, 20®%ts and Gurnell, 2005), dam
construction and reservoir operation disrupts sfiwrithe longitudinal continuity of
fluvial processes along the river system (Pett84),9inducing serial discontinuities in
the rivercontinuum(Ward and Stanford, 1983; 1995a; Stanford and W\z0@1).

Concern about the impacts of dams on fluvial systéa@s grown as the rate of dam
building increased worldwide (Brandt, 2000). Therkgoof Graff (2005) and Petts and
Gurnell (2005), for example, provide an exhaustamew of advances in the scientific
understanding of the effects of river impoundmétpresent, literature on hydrologic,
geomorphic and ecologic impacts of dams is abundemat the number of studies that
inspired this research is too large to be citeckinerThis study builds clearly on the
concept of discontinuity (Ward and Stanford, 19B395a; Stanford and Ward, 2001) in
the continuity of the fluvial hydrosystem (PettsdaAmoros, 1996), and is inspired
strongly in the work of Petts (1979; 1984) basedlmidea of orders of response to
disruption in the equilibriunof fluvial processes (Schumm, 1969). We certaiokgét

to cite many study cases and baseline works tlspired this research; for example, the
ecology-related concept bifydrological alterationintroduced by Richteet al. (1996),
based on the concept oatural flow regimedeveloped by Pofét al. (1997), among
many others.

The conceptual basis of our research may be siegl#s shown in Figure 1.2. In their
natural state, rivers are three-dimensional systardgnamic equilibrium dependent on
climatic, topographic and geologic drivers at thmale of the river basin. River
impoundment by dams is seen as the greatest sofirbgdrological disruption by

human activities. Sediment and water detentionegenvoirs modify three critical

elements of the fluvial system downstream (i) tkrerrability to transport sediment, (ii)
the amount of sediment available to transport,(@)dhe quality of the running waters,
all of which ultimately triggers a series of adjsnts until the system either
accommodates the disturbance or reaches a newvibeiguil state.

Studies on impounded rivers worldwide have docueteatwide range of morphologic
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and ecologic adjustments to altered hydrologic @@ including changes in the
channel geometry (cross-sectional shape, planfamth sdope), in the diversity and
patterns of succession of riparian communities enthe structure and function of
aguatic organisms. However, the direction, mageitdemporal rate and spatial extent
of morphologic and ecologic change were reportedrdny substantially from one
regulated river to another. The fluvial responseipstream impoundment is complex
and depends on a number of factors related to #me size, purpose and operation
history imposing specific patterns of flow regubetj and on the environmental setting
of the river system imposing a greater or lesssistance to change. Quoting Phillips
(2003b),it may be that the only generalization is that tdwmvnstream effects of dams
are usually significant and frequently extensivad ahat the effects vary from one
stream or reach to another, and over time and ddngas
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Figure I.2: Conceptual scheme of fluvial response to river impoundment.

3. RESEARCH CONTEXT AND OBJECTIVES

This research has been motivated by the need Jf@an(integrated assessment of the
hydrology of the dam reservoir and of the broadesedfects of the dam on the river
environment, and (ii) generation of climatic, hyldgic and spatial data to hydrological
assessment of the river basin itself as well ah@®fdam reservoir and its impacts over
time. The purpose of this research is then doufdecansists in (i) assessing the degree
of flow regulation induced by the dam and its intsaon the hydrology, water
temperature and morphology of the river downstré@nbased on prior generation of
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baseline data that permits to assess spatiotemparaitions in hydrological, water
temperature and morphological processes accurately.

Accordingly, the methods selected for analysis, toeresponding results and the
discussion of the key findings from this investigatwere grouped into two principal
sets discriminating (i) generation of spatial, @dim and hydrologic data, and (ii)
assessment of the effects of flow regulation onrther environment downstream. As
shown in Figure 1.3, the structure of the thesisnusaript is driven by this main
separation relative to the research motivations.

The first chapter of the present manuscript syrzleesthe current knowledge on
impounded rivers. Mechanisms of flow regulatioratek to the dam size and purpose
and impacts of flow regulation on the river systdawnstream are revisited based on
the orders of fluvial change presented by Pett84L9Examples of hydrological and
morphological change below dams are provided based number of studies on
regulated rivers worldwide. Afterwards, the chapexplores the interconnections
between the use and management of water resouittes the Sauce Grande Basin and
its regional environment. It provides an integrat@éuderstanding of the complex
behaviour of local water resources face to the rahtalimate variability, and its
implications for water management face to the anghneeds of the involved society.
Finally, the research objectives and hypothesisdataeated based on the literature
review.

Chapter 2 presents the procedures performed toragenespatial, climatic and
hydrological data and the corresponding result® tBnrain model of the river basin is
introduced first because the configuration of tleerain surface is a key factor
controlling climatic and hydrological processestefvards, the chapter describes the
procedures performed to derive climatic and hydjielaata required to simulate and
calculate river flow data. A model for runoff simatibn from rainfall within ungauged
basins is developed and evaluated.

The hypothesis to test in this research states ttieatdam disrupts the longitudinal
continuity of fluvial processes strongly. As a figésthe overall hydrology of the river
downstream is altered and the channel morpholog\tlaariverine landscape change in
response to altered hydrologic conditions. Thisdaglides the research objectives and
governs the structure of the thesis results. Adogtg, results from this investigation
are articulated into three chapters that test eaafponent of the hypothesis enunciate
separately (Chapters 3 to 5).

Chapter 3 quantifies the degree of flow regulatimduced by the dam. This
guantification is achieved based on the prior usid@ding of the water balance of the
dam reservoir. Temporal patterns in the hydrolagimponents of the water balance
equation are inspected to identify dynamics inrdservoir hydrology over time, and a
Reservoir Water Balance Model is developed asftoalam management. Analysis of
the reservoir water balance provides the basisithdr assessment of the relationships
between reservoir size, yield and performance. ddgree to which the dam impounds
the middle river section is evaluated by quantifythe dam potential to interrupt water
fluxes from the headwater sources relative to #senmvoir capacity and performance to
meet human requirements for water supply.
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temperature regimes (Hannah et al., 2000) of the fluvial landscape based on the Landscape Ecology
The Degree of Impoundment Quantification of the climatic sensitivity of river water tempera- approach (Forman, 1995; Burel and Baudry, 2000)
Quantification of the ratio of storage capacity, yield and release ture regimes (Bower et al., 2004) Focus on dynamics in the semi-natural cover at the scale of
to mean annual inflow (Vogel et al., 1999; Vogel et al., 2007) the active floodplain

Figure I.3: Scheme of the structure of the thesis manuscript relative to the research purposes.
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Chapter 4 evaluates the dam impacts of first order, the impacts that occur
immediately after the dam closure and that deperectty on the dam operational
procedures. Analysis focuses on two of the thrémay changes recognized by Petts
(1984) namely changes in the river flow regime #rariver water quality with focus
on the river thermal regime. The magnitude andadis# of change in the river flow
regime and water temperature after dam constructien quantified based on the
comparison of river flow and thermal conditions wetg synchronically upstream and
downstream from the impoundment over time. Resrksstructured into two sections
assessing changes in the river flow regime anditlee water temperature separately.
Interconnections between both variables are exaimm#he Discussion section.

Finally, Chapter 5 evaluates the dam impacts obrsg¢®rder, i.e. the response of the
river channel morphology and the associated ripaziane to altered patterns of flow
and sediment over time. Analysis is structured tato linked subsections exploring (i)
morphologic changes below the dam with focus ondtexral mobility and the channel
capacity at the scale of the river segment, antherchannel stability at the scale of the
river reach, and (ii) the evolution of the fluviEndscape at the scale of the active
floodplain with especial regard on the riparian €oAs the river Sauce Grande is an
agricultural stream, special attention is giverinie dynamics in land use types within
the river environment to identify their potentiddeets on the river channel morphology
regardless of the effects of the dam. Methods wsgled diachronic and synchronic
analysis based on comparison of land cover types faurvial forms between the
regulated and the unregulated river over time. Pleignits to quantify rates of change
in two dimensions: the trajectory of changes sitdam closure (time) and the distance
of changes with respect to the dam (space).

4. DEVELOPMENT OF THE RESEARCH WORK

This thesis work is the result of six years of eesh efforts (Fig. 1.4). The first year was

dedicated almost exclusively to establish the magonal collaborations involved in the

development of the research project, which buildden the joint supervision of France
and Argentina. A 2-month field campaign was effatéd during austral winter 2008 (1,

Fig. 1.4) to delineate the research project retativ the overall state of knowledge on
the topic; field works included stream reconnaissasurveys, gathering of existing

information and data and establishment of contaitt dam managers. These activities
provided the basis to delineate the research obgsctind to postulate the research
hypothesis.

The phase of data collection took about a yearaahdlf. Two 3-month field campaigns
were effectuated during austral summer 2009 (2, I4g and austral winter 2010 (3,
Fig. 1.4) to install instrumental of measure andtovey the hydrogeomorphologic and
water quality characteristics the stream. The plendtime comprised between both
field campaigns was used to generate the set abkpdimatic and hydrologic data that
were missing for analysis.

After the overall set of data required to analysigs achieved, the phase of data
treatment spanned about 6 months. Errors in pata dalculation and modelling were
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detected, so that some parameters required todadibmated. A supplementary field
campaign was effectuated in early 2011 (4, Fig) todcollect new data required to
parameterize the models. The present manuscripirigen in English to meet

concomitant requirements of the two countries imgdlin the development of the thesis
project.

Collaboration Development of the thesis project under international joint supervision (cotutelle)
activities Establishment of international collaborations
Field
activities (1) (2) (3) it
Laboratory State of  Data generation and Data Interpretation of results
activities art modelling treatment and thesis writing
Research Training in
training stream temperature assessment

T T T T T T T T T 1

2008 2009 2010 2011 2012 2013

Figure I.4: Gantt chart showing the progress of the research project
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SECTION

THE EFFECTS OF DAMS ON ALLUVIAL
FLUVIAL SYSTEMS

River regulation for water managemiess$ been the key for the advancement
of human civilizations (Petts and Gurnell, 2005ani» have been built for centuries,
although the construction of large dams, i.e. ddraging an influence on fluvial
processes, initiated in the 20Century and accelerated strongly since the 1950's
(Brandt, 2000; Graf, 2005; Petts and Gurnell, 2008&nget al, 2007). As shown in
Figure 1.1, rivers of the world are impounded byrenthan 45 000 large dams (W.C.D.,
2000) and to present, few rivers are in a naturabemi-natural state (Surian and
Rinaldi, 2003). According to theomité Argentino de Presdhllational Commission on
Dams), Argentina accounts for 110 large dams. MAsgentinean dams are
multipurpose, with hydropower (53 %), flood cont(dD %) and water supply (21 %)
as primary functions; recreation is an importaicbselary function to all dam types.

DAMS CONSTRUCTED BY WORLD’S REGION REGIONAL DISTRIBUTION OF LARGE DAMS
(1900-2000) AT THE END OF THE 20" CENTURY
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Figure 1.1: Dams constructed by world’s region over the period 1900-2000 and regional
distribution of large dams at the end of the 20" Century. After the World Commission on
Dams (2000).

In spite of the unquestionable socioeconomic valuams, dams represent the greatest
source of fluvial disturbance induced by humanviets (Petts, 1984; Graf, 2005;
Magilligan and Nislow, 2005; Petts and Gurnell, 200ang et al, 2007). Most
scientific concern about the hydrologic, geomorphaiad ecologic impacts of river
impoundment emerged during the 1960-1970’s whexeéntipacts of large dams became
visible, and rapidly grown as the rate of dam hkogdincreased worldwide (Petts,
1980a; Brandt, 2000). However, the environmentapaats of Argentinean dams
remain poorly evaluated, especially within smafid aniddle-size basins. Furthermore,
programs for integrated management of water resgurcArgentina are incipient.

This section introduces a brief review of the cotrknowledge on fluvial changes
following dam construction and reservoir operatibims structured into two linked sub-
sections accounting for dam impacts of first andoed order (sensu Petts, 1980a;
1984). Whilst theimpacts of first orderoccur immediately after dam closure and
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include changes in flow and sediment inputs int rikker downstream, thienpacts of
second ordeare associated with the response of the channgdhmtorgy and primary
vegetal communities to regulated quantities of watel material (Fig. 1.2). Third-order
impacts (i.e. changes in fish and invertebrate [atjmns, Petts, 1980a; 1984) are
beyond the scope of this research and hence teayabe discussed herein.

8 DAM PURPOSE RESERVOIR SIZE
= Flood control - Water supply - Hydropower Surface area
) |
- ! !
<Et 5 Operational procedures ——— Storage capacity Sediment trapping efficiency
-
oo
é Extent of drawdown - refill Time of Reservoir Reservoir
; residence stratification sedimentation
() Outlet type and schedule
Changes in Changes in Changes in
. } } }
g g FLOW REGIME WATER QUALITY SEDIMENT LOAD
g E Hydrograph alteration Alteration of the physical, che- Reduction in the
5 = Reduction in total runoff mical and biological water properties sediment concentration
L § T ]
Changes in Changes in
- } }
g B RIPARIAN VEGETATION CHANNEL MORPHOLOGY
g E Alteration of the composition, structure and Changes in the cross-sectional shape,
-y = function of riparian and wetland ecosystems bed material, channel slope and channel planform

Figure 1.2: Orders of change of impounded river systems relative to the dam purpose and
the reservoir size. Based upon Petts (1984), McCartney (2001) and Graf (2006).

1.1. FIRST-ORDER CHANGES: REGULATED INPUTS BELOW DAMS

According to Petts (1984), the effects of damshendownstream river environment are
primarily related to the reservoir size and to daen purpose (Fig. 1.2). Thieservoir
sizeis a primary indicator of the potential impactsdaims on fluvial systems (Poff and
Hart, 2002), because it determines the potentidhefreservoir to (i) store and retain
water and sediment (storage capacity and sedimampinhg efficiency), and (ii) alter
the quality of the stored water (residence time stnatification of the water column).
On the other hand, th@éam purposge.g. dams operating for hydropower, irrigation,
water supply, flood and/or sediment control) influes the relationship between the
volume of water stored within the reservoir and riregnitude, frequency and timing of
flow release (release schedule) for a given otylee. Water and sediment detention in
large reservoirs ultimately alters the hydrologyef river system downstream.

1.1.1. Changes in the river flow regime

Dams intercept flow from headwater source areasn@dth, 1997) and control the
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patterns of flow discharge within the river dowesim (Petts, 1979; 1984). Mechanisms
of flow regulation may differ substantially from @mlam to another relative to the dam
size and purpose; however, common to all damsaistiiey induce a different, artificial
distribution of flows over time (Petts, 1984; Walins and Wolman, 1984).

Petts (1984) argued that there are three primapestyof flow regulation: peak
absorption, peak attenuation and release manipuléfig. 1.3). The first two types are
strongly related to dams operating fupply purposeg¢e.g. water, energy, etc), which
seek to store a maximum volume of water to assupplg in times of drought
(conservation storage procedures). Peak flows fheadwaters are either absorbed
within the reservoir or reduced and delayed duegervoir attenuation.

On the other hand, release manipulation is assutitd dams designed fdlood
control, which keep the reservoir volume as low as possdsd that floods can be
attenuated or absorbed within the reservoir. Peadg be fully or partially absorbed,
and controlled reservoir evacuation may occur piher flood arrival, behind the flood
wave if it generates water excess, or in both ca&scause most dams are
multipurpose, a wide range of controlled patterhBoov may occur downstream; some
examples are given in Table 1.1.

PRIMARY TYPES OF FLOW REGULATION

Type and schedule of water release

Inflow

2
/ Peak partially
/ absorbed
Evacuatio /
3 Release of
i % /// water excess

Time Time Time
Peak absorption Peak attenuation Release manipulation

CHANGES IN THE DOWNSTREAM FLOW REGIME

Hydrograph alteration

Peak reduced
and delayed

_ A O:iiov

Increased flow Low flows increased Reduced seasonal variability Reduced mean annual runoff
fluctuations High flows decreased Altered timing of extremes and flood frequency
(pulse releases) (hydrograph flattering)
Hours Increasing temporal scale » Years

Figure 1.3: Common types of flow regulation and implications for the flow regime of the
river downstream. Based upon Petts (1984).

The most common effect of dams is the attenuatftattring) of the downstream
hydrograph: high-flows are reduced, and the permamef base-flows is consequently
increased. Reduction of the magnitude and frequafgyeak flows and floods is a
common (logic) impact below dams operating for docontrol (e.g. Yellow River
below Sanmenxia Dam, Chien, 1985; Rio Grande bélmehiti Dam, Richard and
Julien, 2003). However, reduction of the magnitade frequency of peak flows and
floods has been documented below many dams, regardf their purpose (Table 1.1).
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Table 1.1: Hydrologic impacts of dams reported worldwide by dam purpose.

Country

ImpoundmenSSize  OpeningHydrologic impacts

Citation

Hydropower dams and multipurpose dams with hydregag primary function

Belgium Butgenbach Large 1932 Major floods eliminated; frequency oAssani and

Dam on large and medium floods reduced; lowetit (2004)
Warche River flows increased.

Norway Power Large 1963 Mean flow reduced (from 20 to ?9n Fergus
stations on 1): peak flows reduced (from 140 to 86.997)
Fortun River m’s™?); low-flows increased.

Scotland Spey Dam orfmall 1942  Major floods reduced (60 %); minor Gilvear
Spey River floods absorbed; low-flows increased(2004)

France Several daméarge Since High flows decreased; low flows Edouard
on the upper 1960 increased; mean flow increased; and Vivian
Rhéne and altered seasonality. (1984)
tributaries Vivian

(1986;
1994)

USA, Fort Peck Large 1940 High-flows reduced; low-flows Shieldset

Montana Dam on increased; timing of extremes alteredal. (2000)
Missouri
River

USA, Toledo Bend Large 1967 Pulse-releases smoothed; no evideneaillips

Texas on Sabine of decline in annual peak flows after (2003b)
River dam closure.

Water supply dams

Australia Mangrove Large 1981 Mean daily flow and peak flows Sherrard
Creek Dam reduced; floods reduced (94 %). and Erskine
on Mangrove (1991)
creek

USA, Livingston Large 1968 No evidence of significant changes Phillips et

Texas Dam on after dam closure. al. (2005)
Trinity River

Irrigation dams

USA, Several damsMany Since Winter peak flows eliminated; summefondolf

California on 1940 base flows increased;;@nd Qo and Batalla
Sacramento- decreased (94 % and 90 %). (2005)
San Joaquin

USA, Jackson LakeLarge 1916 Dramatic decrease in the frequency Marstonet

Wyoming Dam on

Snake River

and magnitude of summer peak flowsl. (2005)

Flood control dams and multipurpose dams with floodtrol as primary function

USA,
New
Mexico

China

Korea

Cochiti Dam Large 1973
on Rio
Grande

Sanmenxia Large 1960
Dam on
Yellow River

Hapchon
Dam on
Hwang River

Large 1988

Annual floods reduced (38 %); high-Richard
pulses duration increased; mean annaiadl Julien
flow increased. (2003)
Peak flows reduced (60 %); durationCtien
medium flows increased (57 %). (1985)

Major floods reduced; minor floods Choiet al.
increased. (2005)
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According to Petts (1977), conservation reservmiay be responsible for a reduction of
98 % in flood events if no overflow occurs. For exde, Assani and Petit (2004) found
that the major floods in the Warche River belowdambach Dam (hydropower) were
fully eliminated and minor floods were reduced e¢desbly. In Australia, Sherrard and
Erskine (1991) documented a flood reduction of 94irfdMangrove creek below
Mangrove Creek Dam (water supply). Similarly, Kolidand Batalla (2005)
documented a reduction of 94 % and 90 % in annu@dldecadal floods, respectively,
within the Sacramento — San Joaquin River Bastigétion).

Another common impact of dams is the increase m riagnitude of low flows,
especially in rivers below dams operating for hydneer (e.g. Fortun River, Fergus,
1997; Missouri River, Shieldst al, 2000; Spey River, Gilvear, 2004). In some cases,
increased low-flow magnitude below hydropower damas/ entrain an increase of the
river module (e.g. Upper Rhéne, Edouard and Vivia884; Vivian, 1986; 1994).
Below dams designed for flood control, increase¢hefriver module (e.g. Rio Grande,
Richard and Julien, 2003) or even increased madmitaf small floods (e.g. Hwang
River, Choiet al, 2005) is a common consequence of controlled flelsase before
and after the flood arrival.

Controlled patterns of flow release ultimately dsrthe natural seasonality of flows
over the annual cycle. Seasonal maxima are freyusrduced (e.g. summer peaks in
the Snake River below Jackson Lake Dam, Mar&tioal, 2005) and/or dramatically
altered in timing (e.g. Missouri River below FoegdR Dam, Shieldst al, 2000). In the
long term, water detention within the reservoir tetmites to reduce the total volume of
runoff downstream (Petts, 1984; McCartretyal, 2001).

1.1.2. Changes in the river water quality

River impoundment by large reservoirs may leadhanges in the physical, chemical
and biological properties of the stored water @€t984; McCartnegt al, 2001). Such
changes occur as a result of two linked procesgesoncentration of organic and
inorganic materials within the reservoir, and @servoir stratification. As this research
focuses on the dam effects on the river water teatpe, the latter process is of
particular interest.

As shown in Figure 1.4, water stored in deep reses\(i.e. more than 10 m-depth,
Chapman, 1992) has a tendency to become therm@lljifisd and deoxygenated
(Wetzel, 1975; Petts, 1984; McCartnetyal, 2001). Stratification of the water column
Is a natural consequence of variations in the wd&sity with depth; water in the
bottom (hypolimnion) is colder and denser than wate the surface of the lake
(epilimnion). In deep temperate reservoirs thahdbfreeze such as Paso de las Piedras
overturn occurs in autumn; water temperature ingpdmnion decreases due to cool
weather and the vertical variations in water dgndécrease (Meybeadt al, 1996). If
temperatures fall below 4 °C, a cold inverse dtcatiion may develop during the winter
months (Chapman, 1992).

Thermal stratification influences the distributiaf dissolved substances within the
reservoir lake such as nutrients, metals and oxyd@mehrer and Schultze, 2008).
Whilst water in the epilimnion is well oxygenatedidanutrient-rich (Petts, 1984;
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McCartneyet al, 2001), water properties in the hypolimnion depemdthe trophic
status of the lake (Wetzel, 1975; Walker, 1979)e Tiagram shown in Figure 1.4
assumes a temperate euthrophic reservoir, wherdebpest layers may be anoxic or
oxygen-reduced during much of the year.

CHANGES IN THE PROPERTIES OF THE STORED WATER

Reservoir stratification

b &)

E
\ )  Thermocline ’> / Z
a
Oxygen r) o
(parts per million) Hypolimnion temperature (°C)
15 ! I 1 | I I I 1115
0 4 8 0 5 10 15 20 25
Seasonal variability Sedimentation Seasonal variability
L in oxygen content with depth in water temperature with depth —

CHANGES IN THE WATER QUALITY OF THE DOWNSTREAM FLOW

Hypolimnetic water release

Different chemical composition Different organic content Different physical properties
(oxygen-depleted, metal-rich) (nutrient-rich) (altered thermal regime)

Implications for freshwater ecosystems

Figure 1.4: Stratification of deep temperate reservoirs and implications for the water quality
of the river downstream. Based upon Wetzel (1975), Petts (1984) and McCartney (2001).

A special regard on river water temperature

River water temperature (RWT) is the most imporfamgsical property of streams and
rivers (Webb, 1996; Caissie, 2006; Bonaeti al, 2008; Webbet al, 2008). It
influences strongly the hydrological, chemical dmological processes within the river
system (Hannalet al, 2008b), and therefore has great ecological anrguality
significance (Webb and Walling, 1992; Poole andnigr, 2001; Caissie, 2006).

The water temperature of streams and rivers is asure of the concentration of heat
energy in a stream relative to the volume of wéRoole and Berman, 2001). Under
natural conditions, the thermal regime of riversdisven by a number of physical
factors (Fig. 1.5) affecting the heat exchange @nedheating capacity of the stream
(Ward, 1985; Webb, 1996; Poott al, 2001; Hannatet al, 2004; Caissie, 2006).
Atmospheric conditions and flow discharge influemeer thermal patterns at a meso-
scale (Ward and Stanford, 1979; Webb, 1996; Cais¥)®6), whilst the channel
characteristics (topography and morphology) acthasmal buffers at the micro-scale
(Pooleet al, 2001) moderating heat exchange at the waterrsbed interface (e.g.
hyporheic flow, Hannatet al, 2009), and/or at the water-air interface (e.ganan
vegetation shading, Moot al, 2005; Hannalet al, 2008a). Whilst external thermal
drivers determine the heat load capacity of theasir (volume of water) and the heat
energy added to the stream, the structural streanpanents ultimately determine the
stream resistance to warming or cooling.
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DRIVERS OF WATER TEMPERATURE

. ) At heri diti
(determine heat and water delivery to the stream) HIBSRABLS Ganct Ehs

§ 4
= Groundwater
= ifiow

/| Hiporheic
g exchange

¢ Reservoir stratification
and thermal inertia

Upstream flow

Atmoshpheric conditions

Air temperature; wind speed; humidity; . )
precipitation Tributary inflow

Drive heat exchange at the air/water surface
interface (incident/reflected solar radiation, incident/
emitted long-wave radiation, convection, evaporation)

Hydrologic conditions

Surface flow, tributary inflow and groundwater inflow
temperature and discharge

Drive heat exchange at the water/streambed

interface (friction, geothermal conduction and
hiporheic advection)

Downstream temperature
and discharge

STRUCTURAL STREAM COMPONENTS
(determine stream resistance to warming or cooling)

Riparian vegetation structure Insulating processes

Riparian vegetation cover
Channel morphology ( width:depth
ratio, slope)

Stream orintattion (aspect)

Channel
morpology

Buffering processes

\ Nl y A”U\_/fial Streambed heterogeneity
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Figure 1.5: Drivers of river water temperature and insulating/buffering processes within a
hypothetic stream. Based on Poole and Berman (2001), Hannah et al. (2004), Moore et al.
(2005) and Caissie (2006).

Since flow regulation by dams represents the gseataurce of hydrologic alteration of
stream and rivers (Petts and Gurnell, 2005), it dieect implications for the thermal
regime of the river downstream (Olden and Naim&i,02. Depending on the release
depth, the thermal stratification of the reservaird the retention time (Ward and
Stanford, 1979), dams may induce substantial clsimgboth key thermal attributes of
streams ad rivers: the heat load and the thernpaotiy of flow (Webb, 1996; Poole
and Berman, 2001). The effects of dams on the thleregime of regulated rivers have
received very early attention (e.g. Lavis and Smith72; Lehmkuhl, 1972; Smith,
1972; Ward and Stanford, 1979; 1982; Petts, 19&84yCet al, 1987; Crisp, 1987;
Webb and Walling, 1988; Anderson, 1989). Theseisstutkvealed that changes may
occur to all aspects of theatural thermal regimgsensu Olden and Naiman, 2010),
affecting the magnitude and the timing of the thegnaphs, the frequency and duration
of temperature extremes, and the rate of therna@d over a range of temporal scales.

The most common thermal impact of deep-release dmmthe homogenization
(flattering) of the annual thermograph related tecrdased summer maxima and
increased winter minima (Table 1.2). Except extreases (e.g. Colorado River below
Glen Canyon Dam, Wrighdt al, 2009), most studies report summer maxima deatlease
by 3 to 5 °C and winter minima increased by 4 t&€6
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Table 1.2: Examples of changes in the thermal regime of regulated rivers worldwide.

Downstream

Country ImpoundmenRelease type Thermal impacts persistence Citation

USA, Flaming Hypolimnetic Summer temperature decreased - Olden

Utah Gorge Dam (11.5 °C); winter temperature and
on Green increased (5 °C); frequency and Naiman
River duration of low and high (2010)

temperatures decreased; annual
cycle delayed

USA, Glen Canyon Hypolimnetic Summer temperature decreased @ km Wrightet

Arizona Dam on °C); winter temperature increased al. (2009)
Colorado (8 °C)

River

USA, Several damsHypolimnetic, Summer temperature decreased (3 Steel and

Oregon on epilimnetic  °C); regime variability over small Lange
Willamette temporal scales decreased by 75 % (2007);
Basin Angilletta

et al.
(2008)

France Vouglans Hypolimnetic Summer temperature decreased @5 km Poirelet
Dam on Ain °C); winter temperature increased al. (2010)
River (1 °C); daily fluctuations decreased

(6 °C); annual cycle delayed

UK Kielder Dam Hypolimnetic Summer temperature decreased @ km Archer
on Tyne °C); winter temperature increased (2008)
River (4 °C)

UK Wimbleball Hypolimnetic Summer temperature decreased ) to 40 km Webb
Dam on the °C); daily fluctuations decrease by and
Haddeo River 60 %; annual cycle delayed Wallling

(19934a;
1995;
1997)

Spain Asco Power Hypolimnetic, Summer temperature decreased (386 km Pratet
Plant and epilimnetic  °C); winter temperature increased al. (2010;
upstream (6 °C); daily fluctuations increased; 2011;
reservoirs on annual cycle delayed 2012)
the Ebro Seasonal patterns reverse below the
River lowest reservoir and the power

plant due to epilimnetic release
(summer increase and winter
decrease)

China  Xinanjiang Hypolimnetic Mean temperature decreased (5 260 km Zhong
Dam on °C); maximum temperature and
Qiantang decreased (12 °C); minimum Power
River temperature increased (4 °C) (1996)

South  Clanwilliam Hypolimnetic, Spring temperatures rose during 7 km Kinget

Africa  Dam on epilimnetic  epilimnetic release; summer al. (1998)
Olifants maxima and minima decreased (8
River °C; 5 °C) due to hypolimnetic

release

Australia Keepit Dam Hypolimnetic Summer temperature decreased (0 km Preece
on Naomi °C); winter temperature increased,; and Jones
River annual cycle delayed (2002)
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Besides altering the magnitude of the downstreamibgraph, dams alter the thermal
seasonality of flow by increasing the seasonal tamty, reducing the frequency and
duration of temperature extremes (e.g. Green Rietosw Flaming Gorge Dam, Olden
and Naiman, 2010), and delaying the annual cyclg. (daomi River below Keepit
Dam, Preece and Jones, 2002; Ebro River below aled@ams, Pratst al, 2010; 2011,
2012). As for the natural variability of river wateemperature, studies on impounded
rivers have shown that dams may reduce thermatutitions over daily (Webb and
Walling, 1993a; 1995; 1997), 3- to 7-day (Steel &adge, 2007) and seasonal (Poirel
et al, 2010) time scales.

In many regulated rivers, such changes were resedrio be significant immediately
below the dam (e.g. 7 km, Kirgg al, 1998), and persisted over some tens of kilometres
downstream (e.g. 30 km, Covet al, 1987; 20 km, Webb and Walling, 1993a; Webb
and Walling, 1995; 1997; 60 km, Archer, 2008; 35, ioirel et al, 2010). However,
the distance for thermal recovery below dams ha& lveported to vary considerably
(260 km, Zhong and Power, 1996; 100 km, PreeceJangs, 2002; 60 km, Archer,
2008; 400 km, Wrighet al, 2009) as it depends primarily on the dam strectamd
operational procedures (Ward and Stanford, 1973tsPd984), on the energy
contributions from the atmosphere, tributaries d&nel phreatic zone (Webb, 1996;
Hannahet al, 2004; Caissie, 2006; Weldi al, 2008), and on a number of structural
factors moderating heat exchange to and from ttez (Fig. 1.5).

1.1.3. Changes in the sediment load

Most natural rivers are in dynamic equilibrium beem erosion, transport and

deposition (Schumm, 1977). As illustrated in Figaté, dams and reservoirs disrupt
sediment transfer from headwater source areas ¢Rargd Heinemann, 1975; Morris

and Fan, 1997) and so may dramatically alter tlkersntary balance of the regulated

river. According to Petts and Gurnell (2005), tleadiwater areas provide more than 75
% of the river's sediment load; depending on thlze sif the reservoir, dams can isolate
all or a significant proportion of the sedimentideted by the upper zones (Chien,

1985; Morris and Fan, 1997). Sediment control spacific purpose for many dams,

although for most dams sediment trapping is a aprsece of the dam’s structure

(Williams and Wolman, 1984).

From measurements made below 21 large dams acnuigsdUStates, Williams and
Wolman (1984) showed that the trapping efficienéyange reservoirs is commonly
greater than 99 %. Similar values were documenyeal tumber of studies on regulated
American rivers; for example, Richard and Julief0@) revealed that the trapping
efficiency of the Cochiti Dam on the Rio GrandeyNdéxico, was also of 99 % and a
smaller percentage although not less significans wacumented by Phillipst al.
(2005) within the Livingston Dam on the Trinity Ry Texas (81 %). In China, Chien
(1985) estimated that the proportion of sedimerénton within the Sanmenxia
Reservoir on the Yellow River was of 93 %. In UketB (1977) reported that 80 to 90
% of the sediment delivered from the headwaterthefDerwent River was trapped
within the Ladybower Dam. In Australia, Sherrardddrskine (1991) found that the
trapping efficiency of the Mangrove Creek Dam waarty 100 %.
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DISRUPTION FOR SEDIMENT TRANSPORT

Sediment trapping and reservoir sedimentation
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~ Clear water
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CHANGES IN THE SEDIMENT LOAD OF THE DOWNSTREAM FLOW

Alteration of the flow competence

Reduction in the sediment Reduction in the flow Reduction in the grain size
concentration (clear water) turbidity of the transported sediment

Increase in the flow erosivity

Figure 1.6: Dam-induced disruption for sediment transport. Based upon Petts (1984),
Morris and Fan (1997) and (Rausch and Heinemann, 1975).

Sediment isolation within the reservoir involveseduction in the turbidity (Petts and
Gurnell, 2005) and sediment concentration (Pe®391 Chien, 1985; Kondolf, 1997;
Wanget al, 2007) of the downstream flow, as well as a raduacin the grain size of
the fraction of the sediment delivered (Brandt, @OGReduction in the sediment load
downstream involves changes in the flow compete(Retts, 1979) because the
reduction in the amount of material available tansport is usually greater than the
reduction in the transport capacity of the flow.

Clear water releases (or ‘hungry watsensuKondolf, 1997) have an unfilled capacity
to transport sediment, which increase their eropo®er regardless of the potential
reduction of the effective flow (Petts, 1977; 19F%tts and Lewin, 1979; Phillips,
2003b; Wanget al, 2007). The relationship between the transportaciéy and the
sediment concentration of the flow, together witle relationship between the flow
erosivity and the erodibility of the channel maaésidetermines morphological changes
that, in the long term, produce new stable conaifXu, 1996; Brandt, 2000).

1.2. SECOND-ORDER CHANGES: THE RESPONSE OF THE RIVER
MORPHOLOGY

As it was discussed above, dams may modify thrdeadr elements of the fluvial

system downstream: (i) the river flow regime (ietrelationship between the flow
capacity to transport sediment and the amount difveent available to transport, and
(i) the quality of the flowing water. As a resutthanges in the channel morphology
and in the composition of the riparian communitaee expected to occur (Fig. 1.2).
This section examines the complex response ofttharel morphology and its riverine
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landscape to altered quantities of water and nsteelow dams.

As reviewed by Knighton (1998), studies on regulatévers subject to altered
hydrologic conditions indicate that the river cheahmorphology is the most adjustable
physical component of the fluvial system. Furthemmovariation in natural flow
conditions after river impoundment represents tlostrserious and continuous threat to
the ecological sustainability of rivers and thesseciated wetlands (Bunn and
Arthington, 2002), through influences on the repiid/e success, the natural
disturbance and the biotic competition (Petts, bd8Qilsson and Berggren, 2000;
Batallaet al, 2004; Kondolf and Batalla, 2005).

Bed degradation is usually the most immediate chlaadjustment after dam closure,
although bed aggradation processes and bank stdlmh by vegetation encroachment
have been also widely documented. Neverthelessgebenorphic response to altered
patterns of flow and sediment below dams may refeecwide range of channel
adjustments which, in the long term, will not omiifect the shape and the size of the
river channel but also the overall morphology ane ity of the river system.

1.2.1. The direction of geomorphic change

A number of conceptual models have been develapededict channel metamorphosis
in response to flow regulation. Based on the sediarg balance of Lane (1955) and/or
the qualitative model of Schumm (1969), these agghves may vary in their
quantitative and qualitative predictions, althoubly are all consistent on the concept
of equilibrium between flow discharg®], sediment loadl]] and channel morphology.

a) Schumm-based approaches

The qualitative model of Schumm (1969) has provittedbroadest basis for predicting
the direction of channel metamorphosis followingamfjes (increase or decrease) in
flow discharge and sediment load. According to thedel, eight combinations of
change are possible, each of which involves smectiannel adjustments. Since dams
are expected to reduce bdaihandL, the Schumm'’s relationship that better represents
the direction of channel metamorphosis below daexpressed as follows:

Q,L° — w,d, wd),1,S,s (1.1)

where fn] is the channel widthd] is the channel depthi][is the wavelength.{ is the
channel sinuosity, and][is channel slope.

Although Schumm's model is rather effective to miethe final outcome of channel
metamorphosis, it limits the understanding of thtermediate phases of such channel
changes (Petts and Lewin, 1979). Accordingly, a memof Schumm-based models
have been developed to predict the direction, sand trajectory of geomorphic
changes in response to river impoundment.

Based on the previous work of Petts (1979), Peaits Gurnell (2005) developed a
model that includes both tilspaceandtime dimensions (Fig. 1.7). The model considers
four styles of channel adjustment dependent ondgwamarios of relative variationa][

in flow discharge and sediment load as expresskedvbe

23



Chapter 1
Research context

Scenario 1groups the geomorphic effects of clear water sdel@ading to channel
degradation. If flow discharge is unchanged (Saenaa), then the flow erosivity
increases and all morphological variables will @ase except for the channel slope,
which decreases as a result of bed incision. i fthschargdas reduced (Scenario 1b)
then the flow competence decreases; flow will catregée within the main channel,
leading to an overall decrease in the channel dgphy channel aggradation and
narrowing.

Scenario 2groups the geomorphic effects of extreme reductiothe flow capacity
relative to the flow competence leading to charaggjradation. If the sediment load
reduced (Scenario 2a), then some bed degradatignoc@ur, although the channel
capacity will decrease by lateral aggradation. hé tsediment load is unchanged
(Scenario 2b) then the flow erosivity decreases ahanorphological variables will
decrease due to the extreme decrease in the tracgpacity of flow.

[A] SPATIAL DIMENSION [B] TEMPORAL DIMENSION
Scenario 1 Scenario 2 < SYSTEM STATUS > 4
AQ<AL AQ>AL N i =
= Natural m
aQ° L ff(b)Q L aQ Lff(Q L = state
(@) ®) @) () DAM CLOSURE ——|
cc’ cC cC cC s |1 Ra
w w w w | v 3
+ o/+/- ol- -
d+ d . :+/- g ¢t RI T Transient
n n tat
s s s s’ ¢ ‘ Ad 5 e
k' K K K c3|v ¢§ _______________________________
| — 7 | A
CONSTRAINTS TO ADJUSTMENT )
Channel morphology Adjusted
Bed sediment calibre Bank sediment cohesion state
Vegetation Channel slope
> v
DOWNSTREAM

Figure 1.7. [A] Scenarios of channel adjustment in response to relative changes in flow
discharge and sediment load, and [B] trajectory of geomorphic changes following dam
closure. Morphologic variables include [CC] channel capacity, [w] channel width, [d] channel
depth, [n] channel roughness, [s] slope, and [k] conveyance; the magnitude of change is
indicated by [0] no significant change, [+] increase, [-] decrease, and [--] major decrease.
After dam closure, the relaxation period [RI] includes a reaction phase [Ra] involving an
accommodation state [S] and a phase of adjustment [Ad] involving different channel states
[C]. After Petts (1979) and Petts and Gurnell (2005).

The four styles of channel metamorphosis may bebawed into different sequences of
change with distance below the dam (Fig. 1.7 [Afor example, the sequence
la—>1b—2a—2b hypothesizes channel changes in the downstre@agtidn as the dam
impacts decline and the river recovers its disahdggoundwater and tributary inflows)
and sediment load (channel degradation and load frdbutaries). The trajectory of
channel changes (Fig. 1.7 [B]) from a natural registate [N] to an adjusted regime
state [A] involves a sequence of transient stadéter dam closure, the fluvial system
enters into a relaxation period [RI comprising tirensitory phases: (i) a reaction phase
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[Ra] involving an accommodation state [S] whereutatpd flows are accommodated
within the former channel, and (i) a phase of atipent [Ad] to regulated flows
involving a range of channel states,(C,, GCs... C,). Temporal lags for both reaction
and adjustment periods reflect the magnitude aaduincy of geomorphologically-
effective floods below the dam and the channel ttomd at the time of dam closure.

Based on observations made for more than 25 reglllglian rivers, Surian and
Rinaldi (2003) proposed a qualitative classificatectheme that considers the direction
of change in the fluvial style (Fig. 1.8). Changeghe fluvial style are hypothesized
based on increasing rates of channel incision ambwing; hence, the scheme can be
seen as an extension of the qualitative model dextabove.

The classification starts with three initial chahm®rphologies: single thread (case A),
braided (case C), and transitional (case B) monmies. The channel response to
altered hydrologic conditions withibraided riverswill involve channel narrowing.
Increasing channel narrowing may reduce the brgidivensity (Case G) or induce
dramatic changes in the fluvial style from braidedvandering (case F). Such changes
may be intensified strongly if channel incision o (case H). The geomorphic
response o$ingle-threadchannels to regulated patterns of flow is cleddyninated by
bed incision. Depending on the hydrologic condgioand channel materials, bed
incision may range from moderate (case D) to extignsevere (case ). Channel
adjustments from initigkansitionalmorphologies are more complex, as both narrowing
and incision may occur (case E).

CHANNEL TYPES
Single-thread Transitional Braided

<«———uoisioul Buiseasou)

@ Increasing narrowing
(relative to initial morphology)

Figure 1.8: Qualitative scheme of change in the fluvial style. After Surian and Rinaldi
(2003).
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This review showed that the channel geometry (esestion, slope and planform) is a
function of flow discharge and sediment load. Cstasitly with the empirical
framework of Schumm (1969), any change in both ikgyrological parameter§) and

L, will initiate changes in the channel form andesithe direction and magnitude of
geomorphic will depend on (i) the patterns of flegulation affecting the geomorphic
effectiveness of downstream flow over time, anyl tie morphological setting of the
river system prior to dam closure providing a geear lesser resistance to change.

b) Lane-based approaches

Lane (1955) conceptualized the balance betweem ggiie, sediment load, flow
discharge and channel slope as follows:

Qs=/L,D (1.2)

where the flow discharge€)] and the channel slops][are a function of the bed load
[Ly] and grain size of the bed matefiB.

Upon this basis, Brandt (2000) developed an altetmaapproach grouping two
determinants for the geomorphic response below daelative changes in flow
discharge,Q (i.e., increase, decrease or no change), andiveelahanges in the
relationship between sediment load,and sediment transport capacky(i.e. smaller,
equal, or greater). From combination of all of thgmrameters, nine cases of channel
change are possible (Fig. 1.9); the most commorphwogic changes following river
impoundment correspond to cases 1, 2 and 4 (Braddq).

Case 1: decreased Q and L<K

Reduction in flow discharge involves a reductiorthe flow capacity. The flow is not
longer able to erode and transport the pre-damriahtand tends to concentrate within
the main channel. However, because the load is msoced, bed and/or bank
degradation may occur within erodible channels. Bedradation may lead to bed
coarsening, channel narrowing and terrace formatdnist bank degradation may lead
to channel scour. In all cases, the channel capacieduced.

Case 2: decreased Q and L=K

Same as for Case 1, reduction in flow dischargdslda a reduction in the channel
capacity. However, deposition processes are exgpéatiee more extensive than in Case
1 because the sediment concentration of the flomalsqgits transport capacity. Riffle
scour should not be much intense, and depositipoats should increase.

Case 4: equal Q and L<K

Clear water release implies an increase in the #owgivity. Depending on the channel
morphology and materials, channel changes may wevivo different mechanisms: (i)
bed degradation and bend down cutting leading mmdtion of straight and narrowed
channels, or (i) bank scour and undercutting legdio channel widening and
wandering. In both cases, floodplain rebuilding gesses decrease because of the
reduction in the frequency of floods downstream.
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| CHANGES| L<K L=K L>K

Case 1 Case 2 Case 3
AN Z < 7”
-Q
-CC; +w; #d; o/-BL -CC; -w; -d; oBL -CC; +w; +d; +BL
Terrace formation Terrace formation Terrace formation
Riffles erosion Riffles erosion Riffles erosion/deposition
Pools erosion/deposition Pools deposition Pools deposition
Case 4 Case 5 Case 6

oQ N 7 7
+CC; tw; +d; -BL No change -CC; +w; +d; +BL
Terrace formation Terrace disappearence
Riffles erosion Riffles deposition
Pools erosion Pools deposition
Case7 Case 8 Case 9
+CC; tw; #d; -BL +CC; +w; +d; oBL +CC; +w; +d; +BL
Terrace disappearence Terrace disappearence Terrace disappearence
Riffles erosion/deposition Riffles deposition Riffles deposition
Pools erosion Pools erosion Pools erosion/deposition

Figure 1.9: Potential changes in the channel morphology following altered inputs of flow and
sediment below dams. (Pre-) post-dam conditions are illustrated in (grey) black.
Morphological variables are indicated by [CC] channel capacity, [w] channel width, [d]
channel depth, and [BL] bed level; the magnitude of change is indicated by [+] increase, [-]
decrease, and [0] no change. After Brandt (2000).

1.2.2. The magnitude of geomorphic change

Studies on regulated rivers worldwide have docuettra wide range of channel
adjustments (Table 1.3). Vertical erosion is thestmimmediate impact of dams, and
persists until the reduced flow is no longer alderémove the bed material (Petts,
1979). The magnitude of channel incision may vaigely from one river to another,
ranging from some tens of centimetres (e.g. FORwer, Fergus, 1997) to up to 4 m
(e.g. Rhone River, Peirgt al, 1994). Both examples account for bed level change
below hydropower facilities, suggesting that thegmwude of channel incision depends
on the geomorphic effectiveness of flow for a givlannel morphology and materials
more than on the reservoir operational procedures.

A common consequence of channel incision is bedseoang as the finest material is
removed downstream (e.g. Chien, 1985; Peirwal, 1994; Church, 1995; Sear, 1995;
Richard and Julien, 2003; Phillips, 2003b; Assard ®etit, 2004; Choet al, 2005).

Yet, studies on regulated rivers with pool-riffled morphologies have documented
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coupled bed aggradational-degradational processgsriver Tyne below Kielder Dam,
Sear, 1995; river Warche below Butgenbach Dam, Aissad Petit, 2004).

Another common change below dams is the reductiothé channel width (channel
narrowing) due to lateral accretion and terracendron within the former floodplain
(e.g. Church, 1995; Surian, 1999; Shiekts al, 2000; Richard and Julien, 2003;
Gilvear, 2004). Studies reporting channel narrondogument reduction in the channel
width of 40 to 50 %; in some cases, these propwstidecrease in the downstream
direction (Table 1.3).

Channel incision and narrowing involve a reduciiothe channel capacity. Except for
extreme cases (e.g. 94 %, Gordon and Meenteme§86),2most studies document
reduction in the channel capacity of 30 to 60 %b{&d.3). If the grain-size of the load
exceeds the flow capacity, then the channel capat#icrease due to sediment
deposition in bars, islands, pools and riffles .(eiger Tyne below Kielder Dam, Sear,
1995).

These processes are frequently beneficiated bpehsstence of low-flows leading to
vegetation encroachment within the active chanméijch increases the channel
roughness and stabilizes the channel materials (iwgy Derwent below Ladybower
Dam, Petts, 1977; Mangrove Creek below MangrovelCzam, Sherrard and Erskine,
1991; river Hwang below Hapchon Dam, Chatial, 2005; Dry Creek below Warm
Springs Dam, Gordon and Meentemeyer, 2006). Vagatptays a key role in reducing
channel width, particularly where the pre-dam cledsare wide and shallow and where
increased base flows provide moist environmentail@ for vegetation growth (Petts
and Gurnell, 2005).

Furthermore, reduction in the frequency, extent dndation of overbank flooding
contributes to isolate the river channel from ik®éplain (Nilsson and Berggren, 2000)
and to lowering the groundwater table (Petts, 198d4Cartneyet al, 2001), all of
which disrupts the pathways of lateral and vertmahnectivity of the fluvial system
(Ward and Stanford, 1995b; Pdf al, 1997; Ward, 1998). Such disruption will induce
significant changes in the structure of ripariamoaunities (Collieret al, 1996; Richter
et al, 1996; Nilsson and Berggren, 2000; Bunn and Agdtan, 2002; Magilligan and
Nislow, 2005). Changes may involve from invasionegbtic, drought-tolerant species
(e.g. Green River below Flaming Gorge Dam, Merdttd Cooper, 2000) to the
establishment of new patterns of vegetal succeqgi@n Snake River below Jackson
Lake Dam, Marstoet al, 2005).

On the other hand, lateral erosion and scouring leagl to channel widening if the
material is not erosion-resistant (e.g. Sabine Rp&tow Toledo Bend dam, Phillipst
al., 2005). The most evident consequence of chanradgning is the increase in the
channel capacity (Xu, 1996), with a consequent &dsgparian habitats (Chien, 1985).
Increase in the channel width have been observeanige from 2 to 40 m (Table 1.3);
however, channel widening appears to be less contimam channel narrowing and
mostly related to rivers impounded for hydropoweneration (e.g. Fortun River,
Fergus, 1997; Warche River, Assani and Petit, 2004)
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Table 1.3: Examples of dam-induced geomorphic changes by world region.

EUROPE
Region Impoundment Dam purpose  Opening Channest@nts Citation
Belgium Butgenbach  Hydropower 1932 d°; W(7.4 m); bed Assani and
Dam on coarsening; number of pool$etit (2004)
Warche River & riffles reduced; bars &
islets increased; meander
cut-off; braidering
Norway Several dams Hydropower 1963 1(0.2-0.4 m); W (2-3 m); Fergus (1997)
on Fortun River CC' (40m2);
channel aggradation and
degradation
ltaly Several dams Hydropower; 1930/  d' (2-3 m); w (50 %); Surian (1999)
on Piave River irrigation 1960 planform from braided to
wandering
France Several dams Hydropower 1960 d(3-4 m); w; CC; bed Peiryet al.
on the upper coarsening; (1994)
Rhéne river entrenchment
UK, Clatworthy Water supply 1959 C@54 %) Gregory and
England Dam on Tone Park (1974)
River
UK, Ladybower Water supply; 1943 CC (40 %) Petts (1977)
England Dam on hydropower
Derwent River
UK, Kielder Dam Hydropower 1981 Riffle degradation and pooSear (1995)
England  on Tyne River aggradation;
Bars on tributary confluence;
vegetation on former
deposits
UK, Spey Dam on Hydropower 1942 W50 to 20 % in Gilvear
Scotland  Spey River downstream direction) (2004)
AMERICA
Region Impoundment Dam purpose Opening Channestugnts Citation
Canada Bennett Dam Hydropower 1968 ws; bed coarsening; Church
on Peace River terrace formation in former (1995)
floodplain
USA, Warm Springs Water supply; 1982 d (0.9t0 0.5 m); w(45to Gordon and
California Damon Dry  hydropower; 21 m); CC (94 %); reductionMeentemeyer
Creek flood control in lateral migration (64 %); (2006)
increase in riparian
vegetation (72 %)
USA Several Mulpiple - win braided rivers; reduced-riedmaret
Great migration of meandering  al. (1998)
Plains rivers; vegetation
growth/decrease relative to
fluvial style
USA, Fort Peck Dam Hydropower; 1940 w (80 m); S (4 km); Shieldset al.
Montana on Missouri flood control decrease in lateral migration{2000)
River (6.6t0 1.8 myr-1)




Table 1.3: Cont.

Region Impoundment Dam purpose Opening Channesewgnts Citation
USA, Cochiti Dam on Flood/sediment1973 w; S'; bed coarsening; barsRichard and
New Rio Grande control and islands reduced Julien (2003)
Mexico
USA, Toledo Bend Hydropower; 1967 Bed coarsening; bank scar@hillips
Texas Dam on Sabinewater supply little evidence of changes (2003b)
River further downstream
USA, Livingstom Water Supply 1968 d2 to 3 m); W (40 m); Phillips et al.
Texas Dam on Trinity CC (43 %); § (2005)
River pointbar migration; Wellmeyeret
coupled bank erosion and al. (2005)
lateral accretion; no changes
in planform
USA, Flaming Gorge Hydropower 1964 Planform changes from  Merritt and
Wyoming Dam on Green meandering to shallow Cooper
River braided,; (2000)
Rapid vegetation growth and
invasion of drought-tolerant
species
USA, Jackson Lake Irrigation 1916 S, increase in lateral Marstonet al.
Wyoming Dam on Snake migration; (2005)
River terrestrial-like patterns of
vegetal succession
ASIA
Region Impoundment  Dam purpose Opening Channesewgnts Citation
China Sanmenxia  Flood control; 1960 d; CC (65 %); S; Chien (1985)
Dam on Yellow irrigation; bed coarsening
River hydropower
Planform changes from  Wanget al.
braided to wandering and (2007)
from wandering—braided to
wandering—meandering
Korea Hapchon Dam Flood control; 1988 d (1.8t0 3.5m); Choiet al.
on Hwang hydropower; bed coarsening; vegetation (2005)
River water supply growth over sandbars (33 %)
OCEANIA
Region Impoundment Dam purpose Opening Channetad@nts Citation
Australia  Mangrove Water supply 1981 dw; CC; S'; Sherrard and
Creek Dam on channel stabilisation by Erskine
Mangrove vegetation growth (1991)
Creek
Australia  Two adjacent Navigation; 1925; d+/-; w+; s°/- Thoms and
locks and irrigation; 1928 cohesive bank materials  Walker
associated water supply restrict the initiation of (1993)
weirs channel metamorphosis
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Changes in the channel planform may take much lobg@re any transformation takes
shape (Chien, 1985). As shown in Table 13, planfonanges may involve either slight
modifications in the planform such as reductiortie number of bars and islands (e.g.
Rio Grande below Cochiti Dam, Richard and Juli€d)3® and reduction in the lateral
mobility (e.g. Missouri River below Fort Peck Dadhieldset al, 2000; Dry Creek
below Warm Springs Dam, Gordon and Meentemeyer6R00dramatic changes in the
fluvial style from braided to wandering (e.g. PiaR&er, Surian, 1999; Yellow River
below Sanmenxia Dam, Wargg al, 2007) or from meandering to braided (e.g. Green
River below Flaming Gorge Dam, Merritt and Coop2000; Warche River below
Butgenbach Dam, Assani and Petit, 2004). The madmitind direction of change in
the channel planform will depend on the initiavial style (Surian and Rinaldi, 2003)
and on the channel slope (Brandt, 2000) for a gipattern of flow regulation over time
(Wellmeyeret al, 2005). Whilst the degree of braiding increasewai®r discharge is
increased for a given slope (or as the slope iseased for a given discharge), the
degree of wandering increases as the load decranddate channel becomes narrower,
deeper and flow concentrates within a single th{@sandt, 2000).

1.2.3. Variability of changes with time and distance from the dam

Besides assessing the direction and the magnitbdeanorphic changes, there is a
held opinion about the importance of evaluatingtéraporal trends and spatial extent
of river channel metamorphosis below dams. Whitgt magnitude and direction of
geomorphic changes vary in space for a given tiee &.g. the impacts of dams were
observed to decline in the downstream directioepngorphic changes vary with time
for a given cross-section (Williams and Wolman,40&lluvial fluvial systems subject
to altered hydrologic conditions may exhibit veryod reaction times (Surian and
Rinaldi, 2003), although the relaxation time maydomsiderably longer (Xu, 1996).
Geomorphic changes usually begin as early as the astruction begins, and were
observed to be significant immediately below th@amdment (Petts, 1984; Williams
and Wolman, 1984; Knighton, 1998; Brandt, 2000). wideer, the effective
transformation of the downstream river morphologyusually a long-term process,
needing sometimes several tens or even more tharyddys before to stabilize (Petts,
1984).
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SECTION

THE PASO DE LAS PIEDRAS DAM ON THE
SAUCE GRANDE RIVER

The complexity of the regional environment

Dams and reservoirs may induce dramatic disruptionghe river hydrology,
with significant implications for the channel mogdbgy and the ecology of the river
downstream. However, the impacts of dams may vansiderably from one dam to
another, as each dam has a unique operation higtoording to its purpose and each
river has a unique environmental setting providagreater or lesser resistance to
change.

The assessment of the effects of the Paso de d¢asaBi Dam upon the Sauce Grande
River requires a prior understanding of the unigssnand unpredictability of linked
environmental processes affecting the use and neamag of local water resources
over time. Figure 1.10 returns to the simplifiechesme of fluvial response to river
impoundment (Figure 1.2, p. 4), and includes theglexity of processes playing within
the regional scenario.

WATER RESOURCES

Climate — Topography <—— Geology
Irregular rainfall 60% flatlands (Im)permeability
lregimes

bimodal conditions
(water deficiency & water surplus)

Soil Moisture Unregulated flow Groundwater
Highly irregular regime Highly irregular regime Highly irregular regime
deficiencies i/ deficiencies
I RIVER IMPOUNDMENT
Agriculture Water supply =
o O Water-de_pendent Dam oPeration ; =
L <Zt practices Conservation storage B S
< E Industry E m
= a Centralized industrial | «— deficiencies «— Reservoir depletion m A
core Reservoir overflow =
. =
Population Controlled evacuation
High growing rates
Irregular distribution

v
Regulated flow
Discharge - Water quality - Sediment load

Figure 1.10: Linked processes influencing the relationship between use and management of
water resources within the Sauce Grande River Basin and its regional context.
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The Paso de las Piedras Dam on the Sauce Grande River

The following sections assemble the existing kndgé on physical and human
processes contributing to the regional environmerdanplexity. They include (i) the

climate variability, topography and materials inghgcstrong fluctuations in regional
water resources in terms of availability, (i) teeolving water needs of the involved
society inducing an increase in the water demamd, @i) the history of water

management practices reflecting different pattefrisydrologic regulation.

2.1. THE VULNERABILITY OF LOCAL WATER RESOURCES

Water resources within the south-western BuenossAiegion (SWBA) comprise an
array of water courses, water bodies and aquiFegsire 1.11 illustrates the distribution
of surface and underground water resources wittercentral part of the SWBA region;
the Sauce Grande Basin situated on the east sttie a¢gion.

Cnel.
Pringles

Chasicd 1,03 mls .- n
W CNEL. i bk  Dorre
Médanos™  Argerich BahiX ROGALES] p 0%
~< Blanca M Punta™{~ =%~ iRt N,
SS < BB Alta \\ ks
T qantic Ocedn Hermoso
B M
Water intake well
NP SN : % o el
QT e Hydrogeologic basin
Study river basin
VILLARINO ' Other river basins
9 2|0 4|0 6|0
N kilometers

Figure 1.11: Spatial distribution of surface and underground water resources within the
central south-western Buenos Aires. Based upon Auge (2004) and Schefer (2004). Legend of
symbols in text.
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According to Auge (2004), the region comprises fiwgdrogeologic basins: Nord
Patagonia [NP], Bahia Blanca [BB], Interserranaeyge monte [IP], Costera [C], and
Serrana [S]. Except for the deep aquifer within Badia Blanca hydrogeologic basin,
the overall inaccessibility of the regional aqustetheir composing materials and/or
their salinity content have historically constrairtbeir use for drinking water purposes.
Surface sources for freshwater include multipleattis and water bodies of varying
hierarchy (Fig. 1.11). Mean annual runoff is 217°hfrom which the Sauce Grande
River contributes in 66 % (143 Hn The remaining volume is supplied by the Sauce
Chico creek (42 hf) and by the Naposta Grande creek (32)hiBiven the unsteady
character of most of the water courses and theatddvsalinity content of the water
bodies, the Sauce Grande River emerges as the swmjore for freshwater within the
region (Borromei, 1991; Zavala and Quattrocchid)2®chefer, 2004).

The strong rainfall variability inherent to the &alimate induces high instability for
regional water resources. This is reflected byaeassion of periods of water deficiency
(or excess) which, coupled with the smooth topdgyamay turn rapidly into episodes
of extended drought (or flooding). Based upon tkistimg literature, the following
sections explore the interconnections between atinfariability, topography and
materials having implications for regional watesaerces in terms of availability over
time.

2.1.1. The climate variability within SWBA

The regional climate is temperate with thermal eaidy seasons well defined (Campo
et al, 2004). However, the geographical situation of &éhea leads to strong climate
fluctuations in space and time dependent on theceffof continentality, topography
and synoptic patterns of large-scale atmospheaw f(Bruniard, 1982; Capelli-de-

Steffens and Campo, 1994). Assessing large-scalegphena as origin of local climate
variability is way beyond the scope of this reshafdevertheless, we introduce a brief
description of the main features influencing clienaariability to help the understanding
of the singularities of the regional climate. Modetailed information on South

American climates can be found in the reviews ofr&ud and Aceituno (2007),

Garreaucet al. (2009), and Zambort al. (2010), among others.

The major South American atmospheric features amensarized in Figure 1.12; the
grey box illustrates the situation of SWBA withihet continental scale. Counter-
clockwise low-level divergence from the South Atlarand the South Pacific semi
permanent high-pressure cells is responsible fatiftmw circulation over the continent
(Zhou and Lau, 1998; Garreawd al, 2009), although patterns of atmospheric flow
differ greatly between low and high latitudes dwe the continental topography
(Garreaud and Aceituno, 2007). In addition, theaade of air masses and the position
of fronts reveal seasonal and inter-annual osiahatdependent on the seasonal drift of
major atmospheric features (Grimet al, 2005; Veraet al, 2006; Garreauct al,
2009) and on large-scale phenomena such as El Sthern Oscillation (Aceituno,
1988; Grimmet al, 2000). These phenomena are at the basis of thenet climate
variability. Such variability attains all climatgarameters, although it becomes evident
regarding precipitation regimes involving spatiatidemporal fluctuations over a range
of spatial and time scales.
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FEATURES
[ITCZ] Inter-tropical Convergence Zone; [SACZ] South Atlantic Convergence Zone; [SPH] South Paci-
fic High; [SAH] South Atlantic High; [BH] Bolivian High; [CL] Chaco Low.

AIR MASSES
[E] Equatorial; [mT] maritime Tropical; [cT] continental Tropical; [mP] maritime Polar; [cP] continental
Polar

Figure 1.12: Patterns of atmospheric circulation and rainfall over South America and
adjacent oceans during austral summer (DJF) and austral winter (JJA). Left: Sea level
pressure (SLP) and 850 hPa wind vectors. Right: air masses, fronts and precipitable water
(PW). SLP and PW data was achieved from long-term (1981-2010) monthly means of the
NCEP/NCAR Reanalysis. Wind vectors were modified from Garreaud et al. (2009). Fronts and
air masses were based on Campo et al. (2004).

a) The spatial variability in rainfall regimes

Patterns of flow circulation over South America dnghly constrained by the
continental topography. The Andes ridge constitiesiassif wall for Pacific flow
(Marengo and Seluchi, 1998) and so the continetrgbics and subtropics are
influenced by easterly winds originating from thdafstic Ocean (SAH; Fig. 1.12). The
Atlantic flow brings large amounts of moisture ke tnorthern and central parts of the
continent and its influence extends to the exipitis. Within the mid-latitudes, the
flow pattern reverses and low-level Pacific westsripenetrate into the continent in
connection with a poleward decrease in pressuraré@ad and Aceituno, 2007,
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Garreaucet al, 2009). The Pacific flow carries large amountsnaiisture to the south-
western coasts, although subsidence over the pastde of the Andes forces the
penetration of very dry air masses across the Amgesn Patagonia (Castafieda and
Gonzalez, 2008). Westerlies and north-easterliesverge over the western South
Atlantic Ocean forming a diagonal band of precijata maxima (Nogués Paegle and
Mo, 1997) known as the South Atlantic ConvergenoreZ(SACZ; Fig. 1.12).

SWBA is situated in a transitional zone for the@cttof subtropical Atlantic flow and
mid-latitude Pacific flow imposing sub-humid andbsarid conditions, respectively
(Fig. 1.12). Most moisture is supplied by maritif@pical air masses originating from
the Atlantic Ocean (Campet al, 2004); these air masses release their humidity
progressively as they penetrate into the continantl so rainfall amounts decrease
southwestward (Campet al, 2004; Scianet al, 2006). Mean annual precipitation
within the north-eastern departments of SWBA is 80 (Fig. 1.13 [B]), this is twice
the mean annual precipitation within the departsesituated south-west (Kruse and
Laurencena, 2005). The sub-arid conditions inheterthe south-western SWBA are
frequently enhanced by the northward advancemermtryfcontinental Polar air (Gil,
2009).

DIFFERENCES IN
MEAN ANNUAL RAINFALL
BETWEEN
1941-1970 AND 1971-2000

MEAN ANNUAL RAINFALL
1971-2000

MEAN ANNUAL RAINFALL
1941-1970

Figure 1.13: Distribution of mean annual rainfall for the periods 1941-1970 and 1971-2001
across the Buenos Aires province (SWBA in grey). After Kruse and Laurencena (2005).

In addition, mean annual rainfall for the period712000 revealed a westward
displacement of the isohyets with respect to theodel1941-1970 (Kruse and
Laurencena, 2005). Differences in mean annual athibbtween the two periods were
positive across the entire province; within SWBAe@pitation increased by between
20 and 160 mm (Fig. 1.13 [C]). Positive trends mmw@al precipitation since 1970 have
been documented by many studies across the emtiRampa region and other parts of
the country (e.g. Scian, 2000; Penalba and Va2@34; Penalba and Robledo, 2005;
Forte-Layet al, 2008). At the scale of South Eastern South Amaedicebmannret al.
(2004) found that positive rainfall anomalies ocomostly during the summer season in
connection to positive anomalies in the sea surteceperature within the nearby
Atlantic Ocean.
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b) The seasonality of rainfall regimes

Seasonal patterns of atmospheric circulation overtts America (Fig. 1.12) define
distinct rain and dry seasons for many areas fiwretjuator south to 35°S (Ganal,
2004). Duringaustral summe(DJF), the major heating zone drifts southwardr(@r
et al, 2005), the Subtropical Jet penetrates into extn@ical latitudes (Marengo and
Seluchi, 1998; Saulet al, 2004) and the South American Convergence Zon€€@SA
intensifies strongly, leading to intense frontaheective rainfall over much of south-
eastern South America (Nogués Paegle and Mo, 18Rirjng austral winter(JJA), the
heating zone drifts equatorward, the SACZ weakégsfecantly (Nogués Paegle and
Mo, 1997), and the central part of the contineritileits its dry season (Garreaatlal,
2009). Accordingly, rainfall regimes across SWBAit strong seasonality (Sciat
al., 2006; Barrucanet al, 2007; Forte-Layet al, 2008; Gabellat al, 2010); the wet
season extends from October through April and the sgason extends from May
through September (Fig. 1.14).
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Figure 1.14: Long-term (1971-2010) climographs for eight locations across SWBA. Rainfall
and temperature data were achieved from MinAgri (Ministerio de Agricultura, Ganaderia y
Pesca de la Nacidn Argentina) and INTA (Instituto Nacional de Tecnologia Agropecuaria).

! More information on synoptic patterns of atmosphdow circulation in South America can be foundLienters
and Cook (1996) for the Bolivian High; in Sawdbal. (2004) for the Subtropical Jet; and in Nogués-Raagd Mo
(1997), Marengo and Seluchi (1998), Liebmaral (1999), Barro®t al (2000), Robertson and Mechoso (2000),
Carvalhoet al (2004; 2010) for the South American ConvergenaeeZo
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During thewet seasojrainfall is originated from heavy frontal stormvghin the SACZ
(Barroset al, 2000; Barrucanet al, 2007; Forte-Layet al, 2008). The strengthening
of thermal low-pressure continental cells (Zhou &ad, 1998) allows for penetration
of maritime Tropical air masses from the Atlantice@n (Liebmanret al, 2004;
Penalba and Vargas, 2004), which lift in contadhwiooler and denser air from higher
latitudes (cold front) and cause heavy showers gaget al, 2007; Gilet al, 2008).
On the other hand, Campai al. (2004) and Gil (2009) reported that penetration of
continental Tropical air masses may be responsdrievery warm and dry weather
conditions, especially during the summer season.

During thedry seasonrainfall is mainly related to warm frontal systemariginating
from continental Polar air masses blowing from bkighatitudes (Zappert al, 2006;
Barrucandet al, 2007; Gil et al, 2008). During winter, anticyclogenesis over the
Atlantic Ocean may lead to rainy episodes overAHantic coast; locally known as
Sudestadathese events may persist over a week or more fGanal, 2004; Gil,
2009).

Even if the low-level winds never reverse theiredtron (as it occurs with the Asian
monsoon), synoptic flow circulation over South Amar reveals a monsoon-like
seasonality (Grimnet al, 2005). Accordingly, several authors refer to dfiects of a
South American Monsoon System (SAMS) based on ¢asanal migration of major
atmospheric features (Zhou and Lau, 1998; NoguéglPat al, 2002; Ganet al,
2004; Grimmet al, 2005; Vereet al, 2006; Marenget al, 2010).

¢) The inter-annual variability of rainfall regimes

Considerable research has evaluated the relatpmhgtween rainfall anomalies afid
Nifio Southern Oscillation (ENSO) over a range of spaseales (e.g. globally:
Ropelewski and Halpert, 1987; 1989; 1996; in Sdutterica: Aceituno, 1988; Nogués
Paegle and Mo, 1997; Grimet al, 2000; and Grimm, 2011; in South Eastern South
America: Almeira and Scian, 2006 and Zambenial, 2010; in La Pampa region:
Scian, 2000 and Holzman and Rivas, 2011; in SWB#&nNoet al, 2009 and Bohet

al.,, 2011). The ENSO phenomenon consists of an iraegstrengthening and
weakening of the trade winds related to couplectradtions of both the ocean
(anomalies in the sea surface temperature) andtthesphere (anomalies in the surface
pressure) within the tropical Pacific (Trenbert®9Z; Dijkstra, 2006). According to
Trenberth (1997), such anomaliesoscillationsare thesource for inter-annual climate
variability worldwide.

Southern South America (which comprises southeaziBrArgentina, Chile, Uruguay,
and Paraguay) is one of the extra-tropical regiomsst affected by the ENSO
phenomenon (Grimmet al, 2000). ENSO events occur roughly every four years
(Dijkstra, 2006) and even if their effects haverbescognized in all seasons, they seem
to be stronger during the austral summer (Grigtral, 2000; Scian, 2000; Almeira and
Scian, 2006; Holzman and Rivas, 2011).

Either in the warm or the cold phase (E.Nifio or La Nifig respectively), the ENSO
phenomenon impacts on the frequency and magnittidairdall extremes (Grimnet
al., 2000). It induces episodes of drier- or wettemtimormal conditions which,
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depending on their magnitude and duration, may woingb episodes of severe drought
or flooding. A number of studies demonstrated thagative and positive rainfall
anomalies in South Eastern South America were glyoassociated with cold and
warm phases of ENSO, respectively (e.g. RamussdnWallace, 1983; Ropelewski
and Halpert, 1987; Aceituno, 1988; Ropelewski amdpert, 1989; 1996; Grimnat al,
2000; Grimm, 2011). Whilst thEl Nifio episodes may be responsible for wetter-than-
normal conditions occurring in spring and sumnher Nifiaevents may be responsible
for severe drought occurring during winter, spramgl early summer.

The relationship between ENSO episodes and raiafalimalies within the region of
interest has been firstly evaluated by Scian (2088p correlated oceanic indices (SOI
and SST) with long-term series (1911-2000) of gi&iion for different sectors of La
Pampa (physiographic) region. Later, Cangdoal. (2009) and Bohret al. (2011)
applied a similar methodology in order to idents#gquences of dry and wet episodes
within SWBA. The years identified as wet or dry the studies cited above were
compared graphically with the SST index for EL NBid region (Fig. 1.15).

. T T T
1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010

ENSO episode Rainfall anomalies identified within SWBA

Above +0.4°C: Warm ENSO or E/ Nifio  EE Wet year 3 Dry year 1 Neutral year
Below -0.4°C: Cold ENSO or La Nifia I Extremely wet year [ Extremely dry year

Figure 1.15: Recurrence of dry (or wet) years within SWBA and ENSO episodes for the
period 1950-2010. ENSO episodes are defined by 5-month running means of the SST 3.4
(black line) exceeding a threshold of £0.4 °C (dashed line) over 6 consecutive months or
more (Trenberth, 1997). Dry (or wet) years were identified based on the findings of Scian

(2000), Campo et al. (2009) and Bohn et al. (2011).

Overall, inter-annual variations in annual pre@pdn over the last six decades were
consistent with warm and cold phases of ENSO (Ei@5). Twelve years exhibited
extreme positive rainfall anomalies; eight casesevessociated witkl Nifio (1964, 66,
69, 77, 91, 93, 94 and 2002) and three cases wé&ated toLa Nifia (1976, 84, 85).
Years extremely dry were less frequent, and only oase was coincident with cold
phases of ENSO (1971).

Several years revealed anomalous conditions intaoreispositive or negative, without
ENSO connections; for example, the extreme wet itiond recorded in 2001 occurred
under neutral conditions, and from 2003 throughQ0re was a strong tendency to
dry conditions regardless of the ENSO phase. Manyliess found that rainfall
anomalies within South Eastern South America wkse ielated to anomalies in the sea
surface temperature of the nearby Atlantic Oceanm @arroset al, 2000; Labragaet
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al., 2002; Liebmanret al, 2004; Sciaret al, 2006; Barrucaneét al, 2007; Rusticucci
et al, 2010). Such anomalies modulate the inter-annaaitipn and intensity of the
SACZ, affecting the distribution of precipitable t@aand vapour fluxes over the region.

Either under ENSO or neutral conditions, the reg®rseverely affected by rainfall
extremes inducing water deficiency or water surpllike significance of rainfall
anomalies lies in their cumulative progression jblaand Penalba, 2011) and on their
implications for major human activities such as evatnanagement and agriculture
(Holzman and Rivas, 2011).

2.1.2. The topographic setting: landforms and materials

From the headwaters to the mouth, the Sauce GrRnde flows through multiple
structural and lithological units. According to Gdiez Uriarte (1984), topography,
structure and materials define three major geonadggic units: (i) the Mountain
System, which includes the Ventana and Pillahuracmes and series of confined and
longitudinal valleys, (ii) the Flatlands, which atitute a large plain by their form and a
sediplain by their origin, and (iii) the Coastal viltonments dominated by dune
alignments and lagoon systems. Altitude, terranpesland dominant materials impose
great contrast for runoff and infiltration process¢ong the river course, defining three
distinct river sections: the upper, middle and loge&ction (Fig. 1.16).

The Upper Sectionextends from the eastern slopes of the Ventangerda the
confluence of El Divisorio creek. This area is eumtlty covered by the Paso de las
Piedras Lake so that the upper section closeseotofhof the lake. Even if the southern
sectors comprise the northern portion of the sattipthe geomorphologic feature that
influences the behaviour of the Sauce Grande Rni#nin the upper basin is the
mountain system. The Ventana and Pillahuinco Raegeibit mean elevation ranges of
between 700 and 800 m and maximum height of 1 24@ @erro Tres Picos (Gil,
2009). The folding phase affected distinct sedimgnsequences of conglomerates,
sandstone and pelites of Palaeozoic age (Rabd&388); intense metamorphism led to
formation of quartzite, gneiss and shale. Togethtr outcrops of Precambrian granite,
these materials constitute the most charactenstiks of the system (Gonzalez Uriarte,
1984).

The Sauce Grande River dissects the eastern stfpg®e Ventana Range and the
western slopes of the Pillahuinco range by a ddrs@age network of dendritic to sub-
parallel design (Dd = 1.2 km/km?; Table 1.4). Thutlectors are deep, V-shaped and
describe torrential unsteady regime (FI = 1.1; &@db#). Large amounts of material are
carried down to the foothills, forming a highly pexable alluvial fill (Luqueet al,
1979; Rabassa, 1982). As shown in Figure 1.16frdtpency of collectors decreases
significantly with distance from the source areaser the foothill, the channel slope is
0.009 and the main collector (stream order 6; @Q9) forms a wide channel that
separates longitudinally the two mountain rangesol@hi et al, 1972; Luqueet al,
1979; Rabassa, 1982).

The Middle Sectiorextends integrally over the post-Miocene plainahhiin terms of
surface, is the most representative geomorpholegitire of the river basin. Elevation
ranges from 300 m over the foothills to 60 m over trontal scarp that separates the
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plain from the coastal zone (Gonzalez Uriarte, J9B%an channel slope is 0.003, and

the general topography is rather flat and homogesnéeig. 1.16).
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Figure 1.16: Major geomorphologic features within the Sauce Grande Basin based on
elevation ranges and terrain slope, and longitudinal profile of the river from the headwaters
to the mouth. Altitude and slope maps were achieved by reanalysis of the USGS DEM90
within ArcGIS. Geomorphologic features were based on Gonzéalez Uriarte (1984).

In the top portion, the river excavates fine aeoland fluvial deposits and flows
confined within a deep channel that exhibit veitibanks of up to 8 m height
(Borromei, 1991). Down southward, the canyons le#@&ude, the channel slope
decreases and the flow sinuosity increases (Paeloal, 1972; Luqueet al, 1979).
The drainage density and regime flashiness decmatsdly (Dd = 0.27; FI = 0.01;
Table 1.4).

Three different terrace levels give evidence ofeaist three diachronic episodes of
fluvial incision and filling (Fig. 1.17, Zavala ar@uattrocchio, 2001). The Terrace 0 is
the oldest fluvial feature and hence, it is extrgmeroded. It integrates facies of
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conglomerates and sand (La Delta Fm.), sittingadantly upon sandy-silty Pampean
sediments of Plio-Pleistocene age (Saldungaray landfoma Fms). The basis of
Terrace 0 is, on average, 12 m higher than thengeilf Terrace Il (current floodplain),

and the remnants have been only observed oveigtiieoank (Borromei, 1991).

Table 1.4: Morphometric characteristics of the Sauce Grande Basin for the upper, middle
and lower river sections. Based upon Luque et al. (1979), Rabassa (1982), and Gil (2009).

Metric Abbrev. Upper section Mid section Lower section
Shape Area A (km?) 1020.2 992.7 2644.7
Perimeter P (km) 153.4 205.1 260.7
TopographyMaximum altitude Ky (M) 1228 638 523
Minimum altitude  Hyn (M) 161 60 0
Mean altitude fhean(M) 362 204 133
Drainage Drainage density P(km/km2) 1.19 0.27 0.15
Flashiness Index Fi 1.10 0.01 0.0
Main channel long. & (km) 71.98 68.79 77.47
Main channel slope S°) 0.009 0.003 0.001
| Upper Y LTI\ Terrace 0- I—Terrace I— —Terrace II—
2[Middle
L [Cower

Upper

o
c
o]
]
o

Lower

. // 7
Pliocene Sd + LT + MH 4 7 /
References
NN Eolian and flooding gseg Conglomerates ChLB - Ch. La Blanqueada Fm.  Sd - Saldungaray Fm.
deposits Eolian and paleofluvial MS - Matadero Saldungaray Fm. LT - La Toma Formation
Fine ‘spring’ deposits deposits Sv - Saavedra Formation MH - Monte Hermoso Fm.

Ephimeral fluvial and v/, Erosive hiatus

eolian deposits Non-deposition hiatus
Eolian deposits (soil genesis)

AB - Agua Blanca Sequence
SJ - San José Sequence
LD - La Delta Sequence

Figure 1.17: Quaternary geology of the Sauce Grande River. After Borromei (1991),
Quattrocchio et al. (1993; 2008), and Zavala and Quattrocchio (2001).
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Terraces | and 1l show similar evolutionary stagemsisting of erosive episodes
alternated by events of filling. Filling integratesth aeolian and fluvial sediments, and
the grain size of the layers decreases with timav@la and Quattrocchio, 2001;
Quattrocchiocet al, 2008). The Terrace | comprise two members ofbguence Agua

Blanca linked by a regional discontinuity. The I@ivenember [AB(l)] contains layers

of gravel and sand; the lowest-medium member [AB(micomposed by silt and sand.
The Terrace Il includes Holocene fluvial depositsnposed of sand, silt and clay
(Chacra La Blanqueada Fm; ChLB) laying upon samdy silty deposits of the upper

members of the Sequence Agua Blanca [AB(ms) andiABOn the left banks, aeolian

deposits associated with Saavedra and Mataderau@gday Formations [Sv; MS]

have been also observed (Borromei, 1991).

Within the Lower Sectiorthe slope decreases significantly (0.001; Fig6)Jldnd the
river channel exhibit high sinuosity. In the lowesttions, the river flows parallel to the
coastline, forced by dune alignments with elevatianges of between 10 and 15 m
(Borromei, 1991). It forms several lagoon systemerdiydro-aeolian depressions of
varying size, the most important being the Saucan@s lagoon (Paolomit al. 1972,
Luqueet al. 1979).

2.1.3. Linked physical processes and fluctuations in water resources

Studies on regional climate have demonstrated tiatduration and frequency of
rainfall anomalies may be highly variable in spand time, although their magnitude is
frequently severe. Given the steep-flat topographyhe river basin and the varying
geology, cumulative rainfall shortages (or excessesy have an immediate effect on
the volume of water available for runoff, infiltrah and storage.

According to Luqueet al. (1979), about 34 % of the river basin correspotals
mountain areas where the steep topography andrtpervious geology contribute to
runoff dominate over infiltration processes (Gasghral, 2008; Gil, 2009). In periods
of precipitation shortages, tributaries remain dngl the main collector describes low
residual flows (Paolonet al, 1972). Surface flow during wet periods is torrarlike,
and cumulative water excess may lead rapidly toflmweng of streams and rivers (Gil,
2009). Nevertheless, peak flows and floods exfalshort duration as water is quickly
evacuated downstream where it is currently intdesbpy the Paso de las Piedras
Reservoir.

The remaining 66 % of the total basin surface @pwads to flatlands. The smooth
topography and the permeable geology contributdettrease the rate and extent of
runoff and to increase the vertical water exchamge,infiltration and evaporation. In
addition, the water table is relatively shallow @ue et al, 1979) and so surface and
underground flow are closely related (Krueteal, 2001; Kruse and Laurencena, 2005).

Topography and materials within the river basinrease the vulnerability of water
resources face to rainfall extremes inducing digomg for the water exchange over the
horizontal and the vertical axis. Rainfall shormgeay turn rapidly into agricultural
droughts, or into hydrological droughts if cumwati because the shallow streams and
aquifers are particularly vulnerable to evaporation the other hand, episodes of heavy
rainfall may contribute to quickly saturate the araable and hence lead to flooding.
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Concern on the impacts of rainfall anomalies upegianal water resources has
motivated a number of studies, although most omtHecus on the recurrence of
drought (e.g. Troha and Forte-Lay, 1993; Piccetoal, 2002; Penalba and Vargas,
2004; Penalba and Robledo, 2005; Barrucetnal, 2007; Minettiet al, 2007; Penalba
and Llano, 2008; Andradet al, 2009; Llano and Penalba, 2011). Literature on the
effects of water excess is less frequent, probdbg/ to the shorter duration and minor
extent of the local floods. The overall lack of kiedge about the complex dynamics in
local water resources is evidenced by the currefitidncies in drinking water supply.
Rainfall shortages and population growth have asMagen of major concern for water
management practices. The following sections egptloe relationship between use and
management of local water resources, with focushenhistory of the Sauce Grande
River as main source for water supply.

2.2. THE WATER DEMAND: AGRICULTURE, POPULATION, AND
INDUSTRY

Despite the considerable size of the river basi@0@ km?2), the Sauce Grande River is
linked to a larger area due to its environmentalise. The river has been historically at
the basis of the agricultural and urban developneérihe central SWBA; today, the
Paso de las Piedras Dam provides drinking watea fmpulation of about 400 000
people mainly concentred in the cities of BahianBé&and Punta Alta (Fig. 1.18 [A]).
Primary production is at the heart of the regiat@elopment (Sili, 2000). More than
50 % of the surface area is used for livestockteelactivities such as forage crops and
farming on natural grasslands (Fig. 1.18 [B]); thmaining surface is used for rainfed
agriculture (cereal and oilseeds). Agricultural ghies depend strongly on natural
sources for water (Serigt al, 2010), so that annual and inter-annual rainfatlability
are the major threat for agricultural productiord darming (Penalba and Robledo,
2005; Forte Layet al, 2008).
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Figure 1.18: [A] Urban centres and [B] major land uses within the six departments (grey
area) linked to the Sauce Grande River Basin (yellow area). Data were achieved from INDEC.
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The number and size of urban centres is much reldasel population density is very
low (Fig. 1.18 [A]). For example, the departmentsTornquist, Coronel Dorrego and
Coronel Pringles reveal less than 5 inhab.km? aeny low (even negative) rates of
population growth, at least during the last deca@fég. 1.19). In contrast, the
departments of Bahia Blanca and Coronel Rosalesgemas core of the regional
economy. They support major primary-related sesvisech as agro-industry and
commercialization (Grippo and Visciarelli, 2005pncentrate the highest population
density (more than 130 and 45 inhab.km? in 201€peetively) and reflect the highest
rates of population growth. The steepest increag®pulation took place between 1881
and 1948 with a growing rate of 4 400 % in 67 ye&spulation growth during the
second half of the 2bCentury was more gradual, although population idafed its
number increasing from 150 000 to 346 000 inhakstan
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Figure 1.19: Population density and rates of population growth by department for 11 time
steps between 1869 and 2010. Data were achieved from INDEC.

High rates of population growth all along the™2Gentury entrained, logically, an
increase in the demand for drinking water (Tabl).1Between 1909 and 2009, the
annual water use rose from 0.57hm 94.6 hmi; this is more than 160 times increase
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for a population that increased 9 times over threesperiod. Domestic and industrial
water needs during the first half of the centuryraveonsiderably lower than those
related to modern life; therefore, an increaseddf [@res per inhabitant per day between
1909 and 1967 is not much surprising. However afireual water usage between 1967
and 2009 increased by 275 % and today, a pers@uowes 713 litres of water per day.

Table 1.5: Water use within the departments of Bahia Blanca and Coronel Rosales along the
20" Century. The volume of daily water use for each time step was calculated based on the
corresponding population number.

Population Water Use
Growth rate Daily Daily Annual Growth rate

Year Inhabitant® (%) (I/in/d) (m°) (md) (%)
1909 ~42 254 - 36 1550 565 75 -
1919 70269  66.3 36 2540 927 10 63.9
1931 146 562  108.6 77 11240 41026080 3425
1967 246 139  67.9 280 69000Y 25185000 513.9
1986 293905  19.4 408 120006 43800000  73.9
1994 331734 129 531 176 00P 64240000  46.7
2000 345 668 4.2 600 207 40P 75701000 17.8
2009 363 724 5.2 713 259204 94608000 25.0

Data source: (a) INDEC (Instituto Nacional de Estadistica y Censo); (b) Grippo and Visciarelli
(2005); (c) Plan Estratégico Bahia Blanca (MBB, 2000); (d) Raskovsky (2009).

The question that emerges in this context is: howchmwater does a person need?
According to most international agencies, a voluofebQ litres per person per day
should cover basic human water requirements fokarg, sanitation, bathing and food
preparation (WCD, 2000). This implies that the eatrwater usage in Bahia Blanca and
Coronel Rosales is surpassing by more than 10 tithesinternational standards.
Conceivably, a considerable proportion of such nus related to the expansion of
heavy agro-industries which consume large volunfesater (Grippo and Visciarelli,
2005; Ferrera and Alamo, 2010); however, Rasko@009) documented that the
proportion of industrial water use in 2009 was ooly20 % the current water use (52
800 nT per day).

2.3. PRACTICES AND POLICIES OF WATER MANAGEMENT

The central SWBA has known qualitative and quainiadeficiencies for drinking
water supply periodically. Recurrence of droughtl ancrease in the water demand
subsequent to population growth led to a numbewaikr crises which, in turn, led to
systematic advances in local practices of wateragament.
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2.3.1. Advances in water management practices

Advances in practices of water management (Fid;1L21) may be grouped into three
different periods: (a) building the city, (b) thiéycexpansion, and (c) the dam era. The
figures and the text were based upon the contdbstof the Plan Estratégico Bahia
Blanca (MBB, 2000), Schefer (2004), Grippo and \ésegdli (2005), Andréset al
(2009) and Ferrera and Alamo (2010).
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Figure 1.20: Population growth and advances in water management practices along the 20
Century.

a) 1900-1945 — Building the city

The first aqueduct and the associated urban disindp pipes were built during the early
steps of the city foundation. This was motivatedhsy drought of 1905 (which depleted
the local cisterns) and by the steep increaseamdpulation number (more than 50 000
people in 15 years). With a capacity of 7 500p®r day, the aqueduct transported water
by gravity from La Toma intake station upon the &aurande River to a water
treatment plant located in Griinbein near the cityBahia Blanca. Additionally, the
deep aquifer within the Bahia Blanca hydrogeoldgisin, discovered in 1912, provided
25 000 ni per day from a well situated near Argerich towehBeen 1915 and 1945
population increased by twice its number and otietierworks were assembled to the
network. A new aqueduct and two pump stations as®d three times the capacity for
water supply; by the end of the period, Grinbeirs weocessing a total volume of 21
000 nT per day.

b) 1945-1965 — The city expansion

In response to the drought of the year 1947, sasfesupplementary wells were
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constructed near Argerich. Although they providedtal volume of 40 500 frper day,
their capacity deceased rapidly with time and a meater crisis took place by late
1950’s. An auxiliary intake station, Los Mirasolegas constructed in 1957 upon the
Naposta Grande Creek; it was connected to Grinplkaint through an aqueduct of
10 000 m.day capacity. By 1958, a new aqueduct was assentbléncorporate a
volume of 12 000 fhper day from La Toma.

N
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Figure 1.21: Waterworks for water supply in central SWBA.

c) 1965-2010 — The Dam era

By mid 1960’s, Griinbein was processing a total r@uof 43 000 rh per day for
drinking water supply to Bahia Blanca and PuntaAlthis volume was assembled to
the groundwater extracted from the deep aquifeAngerich, although its resources
were declining with time. The water demand by 196 of about 69 000 hper day;
as this volume exceeded largely the supply cagacif Grinbein and Argerich, the
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provincial government announced the constructiothefPaso de las Piedras Dam to
give a definitive solution to the increasing watlsmand. The dam and its reservoir
were completed in 1978 replacing all the pre-exgsfieatures except by the Griinbein
plant, which is still in use. The dam was desigtwedssure 500 litres of water per day to
a population of 500 000 people; waterworks includadaqueduct of 259 200°may*
capacity and a new water treatment plant locatd@aitagonia neighbourhood, western
Bahia Blanca.

The Paso de las Piedras Dam has satisfied urbam@ustrial water needs for 30 years.
To date, the water demand exceeds largely the wapphcities of the dam. The current
water crisis began in 2007 and peaked dramatidall)2009, in connection to a

hydrological drought that caused the depletion wffaxe and underground water
resources. Several actions were undertaken toaseraater supply capacities. For
example, Los Mirasoles station upon the Napostand&raCreek was reactivated in
2007, and new wells for groundwater extraction wewdt within both the Naposta

Grande Basin (2008) and the Sauce Grande Basi®)2B0addition, three projects for
multipurpose dam building were announced over thegdterm; they include (i)

impoundment of the Naposta Grande Creek for floodtrol, irrigation and water

supply to the industrial core, (ii) impoundment tbE Sauce Chico Creek for flood
control, irrigation and drinking water supply toetltity of Bahia Blanca, and (ii)

impoundment of the Colorado River for irrigatiordamater supply to the department of
Villarino and the city of Bahia Blanca (Fig. 1.21).

2.3.2. The Paso de las Piedras Complex

The Paso de las Piedras Dam classifies as largemBmn features integrating the dam
complex are illustrated in Figure 1.22; the charastics of the dam and its reservoir,
and the type and capacity of the dam outlets arergrized in Table 1.6. Both the table
and the figure were based on the contributionswtBchiet al. (1999), Schefer (2004),
and Raskovsky (2009).

As discussed above, the main purpose of the Paks ddedras Dam is water supply to
a population of about 350 000 people concentrethéndepartments of Bahia Blanca
and Coronel Rosales. Fishing and recreation wengortant secondary functions,
although the current public entrance is restrietedhe reservoir was declared Protected
Area in 2009. The impoundment was not designedidod control; however, it highly
regulates flow between the upstream and the doearstreaches.

The reservoir lake extends over 3 600 ha and hetabcapacity of 328 hirfor 25 m
depth. It lies over heterogeneous and unconsotdatkivial deposits composed of
gravel, sand, silt, and clay. The high permeabdityhe underlying materials led to high
rates of infiltration feeding the river downstreday subsurface flow (Burasclet al,
1999). However, infiltration rates are currentlyntolled by an artificial impermeable
layer which, in some areas, exceeds 50 cm thickisedsefer, 2004).

An aqueduct with maximum capacity of 3.61, i.e. 259 200 rhday, transports water
by gravity from the dam chamber (160 m.s.l.) to Weder treatment plant situated in
Patagonia (83 m.s.l.). The plant may process amaxi volume of 200 000 fper day

for water supply to the city of Bahia Blanca. Tkenaining volume is conducted to
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Griunbein plant and assembled to the volume extidcben Los Mirasoles (reactivated
in 2007). Grunbein supplies drinking water to thity of Punta Alta and its associated
Naval Base, and contributes to increase the waipplg to Bahia Blanca during
summer (MBB, 2000; Ferrera and Alamo, 2010).

/' ______________________ .

Conservation
storage

Flood control

..... 1 48 m
Dead storage [REReieEd

Embankment

Figure 1.22: Paso de las Piedras Complex scheme.

a) Water level monitoring

The standards for reservoir management are edtatllisy consensus within the Sauce
Grande Basin Committee. The Committee is compogedilbA authorities (Autoridad
del Agua de la Provincia de Buenos Aires) and tlagars of each of the departments
related to the river basin. The Water Code of theeri®s Aires Province sets the
legislative framework for reservoir cleaning anch@vation, water withdrawal, control
of pesticides, and channel freedom zone; thersnanegulations concerning the flow
maintenance downstream.

Given its purpose for drinking water supply, dammagement tends to maximize water
storage within the reservoir. According to Pett884), such dam operation procedures
may be described asonservation storagerocedures, where water is stored and
conserved for use without special regard for floaintenance downstream. Reservoir
evacuation occurs only in periods of water excebsres the water levels are near or
surpassing 164 m.s.l. (i.e. full reservoir). Waterersions are conducted either through
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the bottom gate (controlled hypolimnetic release)ttoough the overflow spillway
(uncontrolled epilimnetic release). Since the nfaimction of the reservoir is to store
and conserve water, controlled water release oanwstly for reservoir cleaning or
flood control purposes.

Table 1.6: Characteristics and main features integrating the Paso de las Piedras Complex.

Paso de las Piedras Complex

Opening date 1978
Owner Government of the Buenos Aires Province
Regulator ADA (Autoridad del Agua de la Provincia de Buenase8)
Inflow Sauce Grande River; El Divisorio Creek
Outflow Sauce Grande River
oam
Type
By purpose Water supply
By operation procedure Conservation storage
By size Large
Structure Earth-fill embankment
Length 1700 m
Height 170 m.s.l. (30 m)
Base width 200 m
Crest width 20m

Overflow spillway

Type Chute-spillway
Capacity 2 000 ni.s*
Height 165 m.s.l. (25 m)
Bottom gate
Capacity 10 nt.s* for 15 cm opening
Height 148 m.s.l
Capacity 328 hni (active capacity: 310 hth
Surface area 3600 ha
Maximum height 165 m.s.l.
Maximum depth 25m

(*) These values were based upon the work of Schefer (2004). Raskovsky (2009) allocates
an active storage of 321 hm? for a minimum height of 145 m.s.l.
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High evaporation rates (1 °s"), strong inter-annual variability in climate-drive
reservoir inflows and growing water demand comhbimegenerate low resilience to
declines in water reserves. Accordingly, Raskov&g09) devised a warning system
based on lowering water levels within the reserybig. 1.23). The system uses the
ratio of water levels to active storage to defineé benchmarks that represent a threat
for water reserves as follows:

= TheYellow Warningndicates thathe reservoir water level lowered to 155 m.s.l. (25
% of the active storage) and lowers;

= The Orange Warningindicates thathe reservoir water level lowered to 152 m.s.|.
(15 % of the active storage) and lowers;

» TheRed Warningndicates thathe reservoir water level lowered to of 150 m(4.0
% of the active storage) and lowers.

340 100

] Flood control (31 hm’)
4]0 Jp S e L .

- 80
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220 : Conservation (active) storage (290 hm’) | 60
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165 160 155 150 145 140
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Figure 1.23: Reservoir volume by water level and level-related threats for water reserves.
Based upon Raskovsky (2009).

The decline in the reservoir’'s volume and the gpomding warning levels is projected
considering long-standing precipitation shortfaliggh evaporation rates and maximum
volumes of water withdrawal. Once the water levakees into the yellow warning, it
may take less than one year before the reservplets.

b) Reservoir trophic state

Maximization of water storage within the reservamplies long water residence times.
After maturation, reservoirs act as nutrient sinparticularly for nutrients associated
with sediments (Petts and Gurnell, 2005); nutrienhcentration and long water
detention times leads to eutrophication (McCartmtyal, 2001), with significant
implications for the quality of the water storedt{ielaet al, 1996).

The trophic level of the Paso de las Piedras Reserg currently eutrophic-
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hypereutrophic (Fernandezt al, 2011), and undergoes algae blooms dominated by
potentially toxic cyanobacteria such/Asabaena circinali@ndMicrocystis aeruginosa
especially during warm months (Estradaal, 2002; Fernandeet al, 2009). Such
trophic state may have great implications for theldy of the water supplied for
drinking purposes (Echeniquet al, 2007); however, inspecting these implications is
way beyond the scope of this research. For morernmdtion on the biological
composition, limnology and trophic state of thed’ds las Piedras Reservoir see Parodi
et al. (2004), Ruibal Contet al. (2005) and Fernandest al. (2009; 2011); for more
information on algae blooms within the reservoae &£cheniquet al. (2001); for more
information on restoration policies and actionse &sstradaet al. (2002; 2008) and
Lopezet al. (2006).

2.4. WATER USE AND MANAGEMENT FACE TO THE VARIABILITY OF
WATER RESOURCES

The overall lack of knowledge about the complexawsbur of regional water resources
became evident in recent years due to the dranmagiacts that rainfall extremes have
had on the local society. During the last decadricaession of episodes of drought and
flooding affected not only the local agriculturataptices but also the relationship
between water use and water available for usejnguihto question deficiencies in
water management practices. The recurrence ansetrezity of these events was such
that was documented by countless articles withenltital press. This provided a rich
baseline to assess the recurrence of extreme liagvients and their economic and
social implications.

Figure 1.24 reconstructs the succession of extdmyé€or wet) events documented by
the local newspapeta Nueva ProvincigLNP), over a timeline ranging from the year
2000 to 2010. Within the wet eventdeavy Stormsefer to episodes of large rainfall
amounts recorded in a short period of time (fewrbar few days) causing urban and
rural flooding, road blockades, landslides, fallitges and power lines, etc. Where
these storms entrained saturation of the wateetahd overflowing of streams and
rivers for one day or more, they are referred t&lasding On the other hand, the dry
events were defined separately as agricultural yoirdiogical drought.Agricultural
Drought refers to precipitation shortages causing wateficite that affect the
agricultural practices, whilst thgydrological Droughtoccurs following long periods of
precipitation shortfalls that affect not only theilsmoisture but also the sources for
freshwater such as streams, groundwater and resstomge.

According to the local newspaper, the early ye&@0Z revealed an array of heavy
storms which, depending on the degree of seveaitigcted many communities all

across SWBA. The storm of biggest magnitude toakein November 2002, recording
more than 210 mm in several sectors of the rivainband peaking in the headwaters
(e.g. 416 mm in Villa Ventana). Given the humidiymulated from previous months,

the hydrological system could not absorb such watass and collapsed. The storm
caused damage in several departments, althoughmaisé serious consequence of the
storm was the overflowing of the Paso de las Pgebam (Fig. 1.24-a).
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Reservoir inflows peaked in more than 1 00Dsthand the exceeding volume reached
80 hn? that were evacuated downstream over four consecutiys. Besides the dam
overflow, the heavy rains recorded in the departsv@i Coronel Dorrego, Monte
Hermoso and Coronel Rosales caused flooding byfloweng of local streams (e.qg.
Las Mostazas and Bajo Hondo creeks) and saturafidhe water table. As a result,
more than 200 000 ha were submerged under almostn66f water (Fig. 1.24-b); the
city of Monte Hermoso remained isolated during ¢hcensecutive days and the district
of Coronel Rosales was declared in state of emeygehhe economic loses were
inestimable, although according to LNP they reag®abral millions of US Dollars.

During the austral spring of 2003, a heavy storgsomged more than 300 mm in Six
hours within the headwaters; overflow of the Sa@cande River and the San Bernardo
Creek caused serious damage in Sierra de la Veriiaga1l.24-c). Urban flooding
reached more than 1.2 m height, and 200 people exaeuee. In spite of this wet
event, an agricultural drought was declared witkgveral departments; Coronel
Dorrego being the most affected by crop and livestosses (Fig. 1.24-d).

The agricultural drought of the spring of 2003 thet beginning of a severe drought that
will affect the whole SWBA during several yearsgFil.24-e). From 2004 through
2007, precipitation shortfalls were alternated muaber of heavy storms that came too
late or were too heavy for agricultural practicegy( 1.24-f). LNP published countless
drought-related articles all along this period; beginning of the hydrological drought
was arbitrarily fixed in January 2008 as LNP fipsiblishes Bahia Blanca is facing a
lack of drinking watet.

By early 2009, the consequences of the drought wesenatic: water courses and
aquifers were depleted (Fig. 1.24-g), farming atiés were seriously damaged (Fig.
1.24-h) and the reservoir water levels were alnfost below the optimal mark (Fig.
1.24-i). Concerned authorities from the Autoridadl Aigua (ADA) declared to the local
newspaper that the reservoir's volume was declisinge 2005; the Yellow Warning
was declared in May. The year 2010 was rainy aseded; the soil recovered its
moisture (Fig. 2.24-)) and the reservoir's volumnmereased (Fig. 1.24-k). However,
ADA authorities remained attentive and announcet the Yellow Warning would

persist until the reservoir water levels reach abSs.1.

This mark was largely exceeded in January 2011yevheneavy storm recorded more
than 250 mm in several sectors of the headwatesa@using a flood wave (Fig. 1.24-l,
m) that contributed in 3 m increase in the watereleOn the 2% of January, LNP
published Water crisis: the solution came in the month theslexpectédand the
article continues According to the unpredictability of the local chabe, the reservoir
has recovered its volume outside the rainy seadonng a month of January not less
surprising...”.

In this context, the question that emerges is: wdatwe know about the complex
relationships between physical and human procesf$esting the water management
within the river basin? Considerable research lssessed the recurrence, magnitude
and extent of episodes of drought and their impbos for agricultural practices;
however, few studies have evaluated the effectsioffall variability over the long
term. These aspects underline the need of unddistathe complex behaviour of the
local water resources face to the natural climagability, and its implications for
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water management practices face to the evolvingseé the involved society. Such
understanding is at the basis of the assessmeahedfydrological, morphological and
ecological impacts of the dam upon the river system
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RESEARCH PURPOSE, HYPOTHESIS AND
STRUCTURE

The previous review has demonstratedrly that flow regulation induced by
dams is the greatest source for hydrologic altmawf river systems, with great
implications for the river morphology and for thengposition of aquatic and riverine
ecosystems downstream. The effects of the Pasagd€iedras Dam on the Sauce
Grande River are the focus of this study. Strongabdity in climate-driven reservoir
inflows, dam operational procedures highly depehdaenits vital purpose for water
supply and a growing population demanding for weadad water-related services
combine to generate low resilience to fluctuationéocal water resources. Periods of
water excess, where large volumes of water werecuatad downstream, were
succeeded systematically by periods of water dafey which in some cases were so
severe that represented a threat for water storage.

In spite of the importance of the Sauce Grande Raganain source for drinking water
supply and the large capacity of the impoundmewdrdiogical processes within the
river basin remain poorly evaluated and the effeftthe dam upon the downstream
river environment require to be investigated disecthese facts are conceivably related
to the overall lack of climatic and hydrologic datzer the long-term. In this regard, this
research is motivated by two interrelated aspe@jsthe need for generation of
hydrologic and climatic datand for making these data available to managef®wt

to contribute to improve the dam management pregti@and (i) the need for an
integrated assessmenf the causal relationship between human impaots fauvial
metamorphosis over time in the context of resereperational procedures that are
climate-dependent and purpose-constrained. Thigrstahding is at the basis of an
overall diagnosis of impact that underlies furteBorts for river restoration.

3.1. RESEARCH PURPOSE

This research aims to answer three essential qussti

I. Which is the hydrological balance of the danmergsir and how the dam has regulated
the balance between inflows and outflows over time?

ii. Which is the degree of flow regulation and htiws regulation has affected the river
flow regime and water quality within the river dostream?

iii. Which are the implications of altered flow tetge and water quality for the river
channel and its riparian zone?

Accordingly, the aim of this research is (1) toesssthe degree of flow regulation
induced by the Paso de las Piedras Dam upon thélenséction of the Sauce Grande
River (2) to quantify its impacts upon the hydrologf river downstream, and (3) to
evaluate the effects of altered hydrologic condsiaipon the river channel and its
floodplain. The need for generation of baselineadhat permit to assess spatiotemporal
variations in hydrological processes demarcatesstdw®ond purpose of this research.
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3.2. RESEARCH HYPOTHESIS

The literature review revealed a wide range of ma@ms in which dams may alter the
hydrologic regime of impounded rivers and showeat the direction and magnitude of
fluvial change depend strongly on the purpose efdam and on the natural setting of
the river system exerting a greater or lesserteesis to change. The response of the
Sauce Grande River to upstream impoundment is hgpated assuming (i) sub-arid to
sub-humid climate conditions with strong annualteirannual and inter-decadal
variations in the water available for runoff andrage processes, (ii) a riveontinuum
consisting of three well-defined sections alongrilkier course, (iii) a disruption of the
river continuumby damming the middle section (stream order §),dilarge dam with

a deep-release storage reservoir, stratified aggesxdepleted, (v) a reservoir sediment
trapping efficiency greater than 99 %, and (vigservoir capacity at least two times the
annual runoff yield from the upper basin.

Upon the basis of these assumptions, the hypotbedest in this research states that
the Paso de las Piedras Dam disrupts the hydrolmmptinuity of the Sauce Grande
River strongly by maximizing water storage withia reservoir to assure water supply
in periods of drought. In periods of drought, whiate recurrent and ENSO-related,
reduction of the frequency and magnitude of peawsdland floods exerts the greatest
influence on the river environment downstream. @esanoccur to all variables of the
river system and involve alteration of the watemlgy by increased exposure to
groundwater inflows, reduction in the channel cagaoy channel aggradation, bank
stabilisation by vegetation growth within the matneam channel and disruption of the
river-floodplain connectivity. In periods of humigj the frequency and magnitude of
downstream peak flows and floods increase and treetibn of fluvial adjustment
resets. Changes in the water quality occur becmsenputs are oxygen-depleted and
thermally out-of-phase with respect to the unregdariver, the channel capacity
increases due to channel degradation, in-chanrggdtaton is removed and the river-
floodplain connectivity is re-established.

The following paragraphs explain the relations afsality between the variables
expressed above.

3.2.1. Dam-induced hydrological regulation

The degree of flow regulation induced by the Pasdad Piedras Dam is hypothesized
relative to (i) the large storage capacity of teservoir, and (ii) the dam function for
water supply in the context of varying climate ciiotis (Figure 1.25 [A]). The

primary mechanisms of flow regulation induced bg dlam are related to reservoir
storage procedures. Large volumes of water aredvatin annually and the remaining
volume is conserved for periods of drought. Theac#y of the reservoir to store water
and sediment is large, and so the volume of ruandf sediment delivered downstream
may be very small relative to the volume of runafid sediment yielded from

headwater sources. Furthermore, conservation €qrearedures imply long times of
water residence which, combined to reservoir sediat®n and stratification (relative

to the reservoir depth), may conduct to formatibnadd and oxygen-depleted layers on
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the bottom of the reservoir, to eutrophicationtad tvater column and to algae blooms,
especially in periods of drought.

[A] HYDROLOGIC REGULATION EXERTED BY THE PASO DE LAS PIEDRAS DAM
Interception of water and sediment fluxes Reservoir stratification
Reservoir water balance Reservoir sedimentary budget
e o
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[B] CHANGES IN THE HYDROLOGIC CONDITIONS DOWNSTREAM
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Figure 1.25: Hypothesized effects of the Paso de las Piedras Dam on the hydrology of the
Sauce Grande River downstream and expected response of the river environment.

3.2.2. Changes in hydrological conditions downstream

The Paso de las Piedras Dam disrupts the longaudontinuity of the Sauce Grande
River by intercepting water and sediment fluxesrfriihe headwaters and by altering the
properties of the water stored within the reservditimately, these processes alter the
overall hydrology of the river downstream (Fig. 3.2B]). In periods of water

deficiency, peak flows and floods are eliminatedi@matically reduced, the sediment




Chapter 1
Research context

concentration of flow is negligible, and increasafluence of groundwater inflows

alters the river thermal regime and the chemistirythe flowing waters (dissolved

oxygen and salinity content). In periods of watemtus, the frequency and magnitude
of flow release increase and the sediment condeiraf flow may increase due to

sediment recovery from the channel bed and/or banéwever, peak flows and floods
will be delayed and reduced respect to the unrégailaver, and the thermal regime of
flow will differ substantially from that of the rer upstream due to the effects of
hypolimnetic release from a thermally stratifiedervoir. Over the long term, the river
downstream will reflect a flattered hydrograph witltered seasonality and water
quality. The fraction and size of the sediment loaitl be reduced, although the

sediment concentration may equal the flow transpapiacity due to major decrease in
flow discharge.

3.2.3. The response of the river downstream

A number of conceptual models were developed totingsize the fluvial response to
altered inputs of flow discharge and sediment I@ddee models were retained for the
purpose of this research: the models of channema&tphosis of Petts and Gurnell
(2005) and Brandt (2000), and the model of chamgeke fluvial style of Surian and
Rinaldi (2003). Changes in the channel morphology the riverine landscape of the
Sauce Grande River were hypothesized by combinafidime three models cited above
(Figure 1.25 [C]). Three different stages of adyustt were assumed:

Stage Ispans the phase of reaction (accommodation) imateddiafter dam closure and

defines the initial direction of channel metamorgiso The immediate morphological

response to reduced flow and sediment inputs isadagon of the channel bed. If the
transport capacity exceeds the sediment load, tterchannel depth [d] increases by
erosion in riffles. The channel width [w] decregsasd the width:depth ratio [w/d] is

consequently reduced. Reduction of the frequendyraagnitude of bank overflowing

causes the composition of riparian vegetation tange by invasion of species more
adapted to xeric conditions.

Stage 2(current channel state) corresponds to the irstiales of relaxation. The finer
material has been removed by base flows, and uegtaticesses of fill and scour occur
as a consequence of persistence of base flowsatier by flood episodes. If the
persistence of base flows dominates over the ffoagliency, then the channel capacity
[CC] is reduced by channel aggradation and terréares within the former floodplain.
Bank stabilisation may occur by vegetation encrosaft. The balance between
channel aggradation-degradation may entrain a textuin the channel slope [s] and an
increase in the flow sinuosity [S].

Stage 3spans the final states of relaxation before a equilibrium takes place. The
flow conveyance [k] and consequently the shearsstf&] decrease, and the channel
roughness [n] increases due to bed armouring angetagon encroachment.
Aggradation of the channel bed may be reset byodps of flood. If lateral erosion
occurs, then the channel width and subsequentlgtihanel capacity increase. Cut-offs
may occur, and so the channel sinuosity decredsefor riparian communities, new
and more stable patterns of succession and diyeagie place.
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3.3. ARTICULATION OF THE THESIS MANUSCRIPT

The hypothesis to test in this research statesgi@ lwequence of causality between
independent and dependent variables as follows:

The dam disrupts the longitudinal continuity of Vilal processes— the overall
hydrology of the river downstream is alteredthe river channel and its riparian zone
change in response to altered hydrologic conditions

This logic guides the research objectives and gmvehe structure of the thesis
manuscript. Accordingly, the methods used to acdisimghe research objectives and
the corresponding results are articulated into raphat test each component of the
hypothesis enunciate separately (Fig. 1.26).

RESEARCH MOTIVATION

Need for generation of Need for an integrated assessment of
hydrologic and climatic data the effects of the dam on the river environment
DATA GENERATION RESEARCH WORK
CHAPTER 2 CHAPTER 3
Generation of baseline data The water balance of the reservoir

Terrain modelling Historic variations in reservoir inputs and outputs

Hydrological modelling Reservoir water balance reconstruction
Climatic data filling

Flow data simulation, measuring “'

and calculation
CHAPTER 4

Dam impacts of first order

Changes in the river flow regime
Changes in the river water quality (temperature)

-

CHAPTER 5
Dam impacts of second order

Changes in the channel morphology
Changes in the riparian landscape

Figure 1.26: Scheme of the structure of the thesis manuscript.

Prior to articulate and discuss the thesis regGltapters 3 to 5), Chapter 2 presents the
results of a number of procedures performed to gé@epatial, climatic and hydrologic
data required for analysis. Chapter 3 looks inte kistorical relationships between
runoff processes and reservoir operation proceducesdentify the degree of
hydrological regulation relative to the water bakenof the dam reservoir. The
implications of flow regulation for the flow regimend the water quality of the river
downstream are evaluated in Chapter 4. Chapterabtijes the response of the river
channel and its riparian zone to altered hydrolagieditions.
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3.4. WORKING SCALES

To assess and quantify the impacts of the Pasasdeiédras Dam on the Sauce Grande
River, this research considers two key aspectsth@) history of dam management
inducing a disruption for longitudinal fluvial presses, and (ii) the complex response of
the fluvial system over time. These fundamentalglence the need of conducting
analysis at different spatial and temporal scalesalchically delineated by linked
processes of cause and effect.

3.4.1. The spatial dimension

Rivers may be seen as three-dimensional systenmg) lm#pendent on longitudinal,
lateral and vertical transfers of energy, matesiadl biota (Petts and Amoros, 1996;
Ward, 1998). From the drainage basin to the midsidaes, fluvial systems involve a
nested hierarchy of functional units controlled different links of biotic and abiotic

processes. This study considers three spatialdefednalysis defined by (i) the upper-
middle river basin, (ii) two river segments abowvel &elow the impoundment, and (iii)
a set functional sectors (or reaches) within ear segment.

The effects of river impoundment were evaluatestliiron the scale of the river basin
through analysis of dam effects upon the longitadaontinuity of the river system. The
impacts of flow regulation upon the river downsireaere assessed on the scale of a
river segment extending over a straight distanabott 25 km (~ 40 km river distance)
from the dam closure. A secondary river segmemtboiut 15 km-length (~ 25 km river
distance) was selected upstream from the impoundmgnsample for unregulated
conditions. River segments upstream and downstfeam the dam were divided into
functional sectors of 1 km-length to inspect farvfll forms and associated ecological
units affecting the diversity of changes within thesr system.

3.4.2. The temporal dimension

Time was addressed through a double perspectitrespective-prospective analysis of
causation, and diachronic analysis of synchronindg@mns (Petts, 1989). The
longitudinal and transverse dimensions were induitieboth perspectives implicitly;

the difference was in the temporal continuity af tbservational scale.

The causation perspective was used to assess gheedaf flow regulation induced by

the dam, where the present degree of flow regulaiseen as the outcome of historic
relationships of causality between climate varigbiand water-related human needs
affecting the dam operational procedures. This c¢tide understanding provided the
basis for predictive scenarios of flow regulatiat@ding to prospective scenarios of
reservoir inflows and outflows.

Assessment of the fluvial response to flow regatatised both historic and diachronic
analysis of synchronic conditions. The historic specctive was used to inspect for
patterns of flow within the river upstream (unregged) and the river downstream
(regulated) to detect (a)synchrony. Analysis ofyafhrony was also used to quantify
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the dam impacts on the river water quality basedlmservations at multiple sites along
the unregulated and the regulated rivers.

Finally, diachronic analysis was used to reconstrtlee trajectory of fluvial
metamorphosis from the pre-dam natural state topthst-dam regulated state (Fig.
1.27). The static conditions observed for a giveerrsegment (e.g. R2) or functional
sector (e.g. S1) for a given time step were evatlaiased on chronological sequences
of change (e.g. S2S1'—>S1”). Differences in static conditions along theer corridor
(synchronic analysis) were also inspected to disoate for changes related to dam
operation and those related to the natural varglaf the river system over time.
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Figure 1.27: Conceptual scheme of synchronic and diachronic analysis.
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n INTRODUCTION

The overall lack of climatic and hgtirgic data over the long term has limited
strongly previous studies assessing the hydroldgthe Sauce Grande Basin. This
chapter presents the results of a number of proesdachieved to generate baseline
data to hydrological assessment of the river biself as well as of the dam reservoir
over time.

The methods include a large set of metrics perfdrioemodel terrain and hydrologic
parameters of the river basin, and to calculateatic and hydrologic data over the long
term. The main purpose of data modelling and catmrn was to generate baseline data
that permit to assess spatiotemporal variatiomg/drological processes accurately.

Terrain modelling of the river basin provided thasis to assemble series of climatic
data and to model hydrologic parameters within dipper drainage basin; in turn,
climatic data series and hydrological modellingvided the basis to simulate flow rates
within the unregulated river upstream. Calculat@nflow rates within the regulated

river downstream was based on empirical modelyveerirom field-gauged data.

The models and data series presented herein are awadable to dam managers as tool
for reservoir management. Methods used in datargeoe are widely transferable to
other ungauged basins as presented and discustelfollowing sections.
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1 METHODS

A number of data series were requidanalysis (Fig. 2.1). The methods
used to generate and to assemble data includasgf@mblage of pre-existing data, (ii)
terrain modelling of the river basin, (iii) fillingnd assemblage of climatic data series,
(iv) hydrological modelling of the upper drainagasin, (v) simulation of flow rates
within the upper, unregulated Sauce Grande Rivad, (@i) calculation of flow rates
within the middle, regulated Sauce Grande River.

A Rainfall Evaporation
Rainfall Evapotransp. [Pl [El Rainfall Evapotransp.
[l [PET] ' ‘ [Pl [PET]
° ' . f‘ RESERVOIR Flow[,r?ellease ' _ f‘
B Su age low ’ Water levels [H.] R ’ Su age low
= [Q.] Volume [V,] Seepage [Q.]
UPSTREAM [/e] DOWNSTREAM
Flow direction ' Terrain slope
FIOW accumul_ation Water withdrawal [W,] Groundwater inflows - outflows
Drainage basin assumed as constant
Distance 4

Figure 2.1: Terrain parameters and series of climatic and hydrologic data required for
analysis.

1.1. ASSEMBLAGE OF PRE-EXISTING DATA

Documents and time series were obtained from &tyaof agencies (Table 2.1; Figure
2.2). Given the great volume of records, the teralpioregularity of the time series and
the heterogeneity of the data sources, the dadaesgtired of exhaustive procedures of
assembling, correcting and formatting prior to usenalysis. Data treatment varied
depending on the primary type of data, i.e. documentime series. In all cases, data
were projected to UTM 20 South (WGS84), adjustethtolocal time (-3 GMT) and
converted into the International Metric System.

1.1.1. Processing and classification of documents and imagery

Document rectification

Scanned topographic and geologic maps (800 dpik veerrected by polynomial

restitution within ERMapper. The restitution progassed 30 control checkpoints by
map resulting from intersections of the projectgmd. Geologic maps provided the
source for information on surface geology withie tliver basin, whereas topographic
maps were used as main source for river basinetitym
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Table 2.1: Set of documents used in analysis.

Document Scale /
type Description Resolution Source
Topographic Gauss-Kriger Conformal Projection (Camgdo: 50 000 IGN
maps Inchauspe); contour intervals vary with altitudenfr
50 mto 5 m (15 maps)
Geologic Maps of surface geology derived from field 1:50000 Borromei
maps observations (8 maps) (1991)
Aerial Mission 1961 (16 photographs) 1:35000 IGN
photography Mission 1981 (29 photographs) 1:20000 MOSP
Imagery Ikonos 2004 1m GeoEye
Landsat ETM 2003 30m USGS
Terrain model SRTM90 (3 arcsec; filled and findhe 90 m USGS

(2000)

IGN (Instituto Geografico Nacional); MOSP (Ministerio de Obras y Servicios Publicos); USGS
(US Geological Survey).

Aerial photographs covering the river channel daadloodplain were available for 1961
(prior to dam construction) and for 1981 (immediatdter dam closure). Distortions in
the geometry of the photographs were correctedgusontrol point rectification in
ERMapper. The river and its floodplain were plagedhe centre of most photographs
there where the geometric distortions are mostaedtudespite the bad quality of some
photographs, errors from rectification were veryairf0.1 < RMSE < 1.2).

Ikonos imagery (2004) was rectified in Envi based the Rational Polynomial

Coefficients (RPC) attached to the image files. gkeid height was calculated using
the Buenos Aires Geoid Calculator Software devidsd the Departamento de
Astrometria, Facultad de Ciencias Astronémicas gffSeas of the Universidad de La
Plata. Ikonos imagery provided the basis for rmetifon of aerial photography and
completes the chronological sequence to inspediuaial changes over time.

Image and terrain model classification

Landsat imagery and the SRTM90 terrain model wéassdied in ArcGIS to derive
spatial data at a coarse spatial scale. Landsajeimaprovided information on land
cover and soil types within the entire river bagile SRTM90 was used to test the
quality of contour-derived terrain models for tiner basin. Imagery and terrain model
classification was at the basis of terrain and blgdyical modelling of the river basin
and so its applicability to the research contexleiscribed in further sections.

1.1.2. Time series assemblage

The reliability of hydrologic and climatic data wasspected before to assemble the
time series for analysis. Unreliable commas aneasonable readings were corrected
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as detected; the phase of detection of invalid dats based on time series analysis and
used statistical software (XLStat for MS Excel d@dSW Statistics of SPSS Inc.).
Time series corrected for analysis are presenteldigare 2.2; time series with low
reliability were dismissed.

1960 1970 1980 1990 2000 2010
T I T T T T | T T T T ! T T T T I [ T T T I T T T T |
STREAMFLOW ! ! ! : ! !
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Time Data Abbreviations Data sources
series Climatic Hydrologic| GS = Gauging Station (1) ADA, Autoridad del Agua de la Provincia de Buenos Aires
Hourly [N - MS = Meteorological Station (2) MinAgri, Ministerio de Agricultura, Ganaderia y Pesca
Daily - HS = Hydrometric Station (3) CIM, Cent_ro de Infc_)rmacic')n Meteoro]égica _
Monthly (4) INTA, Instituto Nacional de Tecnologia Agropecuaria
(5) Field-gauged

Figure 2.2: Series of climatic and hydrologic data available for analysis.

The overall reliability of series of hydrologic datvas intermediate to low, and there
was great inconsistence in the temporal extenhefdatasets (Fig. 2.2). Series of river
flow data were reduced in terms of both gaugingsta available and temporal length
of the observations. Other series of flow datalaté for the upper river (not shown in
Figure 2.2) include long-term series (1910-1947)nwinthly runoff depth measured at
La Toma Gauging Station (Fig. 2.3) by the Ministedie Obras y Servicions Publicos
(MOSP). Reservoir water levels and rates of wasdease were available over the
period 1989-2010, so that data are lacking ovecdisecutive years since dam closure
in 1978. Water withdrawal data were available foB-gr period only (2009-2011).
Supplementary series of hydrologic data were fgadged. They include stream water
temperatures measured at multiple river sites duastral summer 2009 and austral
winter 2010, and hourly stream stages gauged io Bajn José Hydrometric Station
over the period 2009-2012 (regulated river).

Climatic data were achieved from a variety of searcso that the resolution and the
accuracy of the time series vary notably; in additiclimatic data were spatially scarce
and temporally discontinuous (Fig. 2.2). Long-tesenies of rainfall data were obtained
for the upper river basin (Nonthue Farm, Sierrdadéentana and Saldungaray) and for
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the Paso de las Piedras Reservoir (Fig. 2.3), @dtmavith varying temporal extent and

resolution. Supplementary rainfall series (1998@0&ere achieved for multiple sites

across the river basin and nearby locations. Sefias temperature data were available
for Paso de las Piedras and Saldungaray, althdwegberiod of observation was much
reduced (2009-2011). Supplementary series of mipégature over the long term (1971-
2010) were obtained for three locations in theniigiof the river basin (Bahia Blanca,

Piglé and Tres Arroyos; Fig. 2.3).
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Figure 2.3: Distribution of meteorological and flow gauging stations within the upper river
basin and nearby areas.

1.2. TERRAIN MODELLING

Definition of surface terrain parameters within theer basin was required to (i)
assemblage of climatic data series, and (ii) hydjchl modelling. Hence, we
generated a Digital Terrain Model (DTM) from diggid contour lines based on the set
of topographic maps (Table 2.1). Despite the sleta&brtical accuracy of topographic
maps in Argentina (del Cogliaret al, 1998), the use of contour lines to derive terrain
models has been recognized widely as source of an uncertainty relative to (i) the
vertical spacing of the contours, (ii) the algamitlused in interpolation, (iii) the model
resolution, and (iv) the configuration of the temraurface to model.

Accordingly, we have created and evaluated twebrgaur-derived DTMs for a sample
area of 1470 kflocated within the middle river basin (Casadal, 2010). The twelve
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models were generated in ArcGIS using four of thestmcommon interpolating
algorithms: (i) Triangulated Irregular Network (T)IN(ii) Inverse Distance Weighting
(IDW), (iii) TopoGrid (TG), and (iv) Ordinary Krigig (OK). The output from each
interpolating method was produced for 10, 25 andrbfesolution. In addition, each
model was overlaid to a slope map (SRTM90-derivdidgriminating for four zones
with different degree of terrain inclination: (Iaf lands (0° to 0°30"), (ii) terrain slightly
inclined (0°30' to 2°), (iii) terrain gently incled (2° to 5°), and (iv) terrain steeply
inclined (more than 5°).

Assessment of the quality of the terrain models

First, the models were inspected for tresolute accuracyi.e. vertical precision). The
measure of error was based on error residedlbgtween estimated values of elevation
and a sample of 350 digitized trigonometric chedkiso Descriptive statistics of error
used the error range, the Mean Error (ME) and tiaed&rd Deviation (SD), and the
Root Mean Square Error (RMSE). The ME, SD and RM&Eexpressed as follows:

1 & 1 & 2 13
ME == D= |— -ME RMSE= |~ 2 .
nDiZ:;‘e1 > \/n—lEE(Q ) S nD;q (2.1)

i=1

Second, the models were inspected for thelative accuracy(i.e. precision in the
representation of landforms). Methods consideredvibual quality of the models and
two types of error: (i) artifacts, defined as actdl flat areas where all pixels have the
same elevation value, and (ii) outliers, definedissated pixels with anomalous
elevation values (sinks).

Artifacts were detected using Equation 2.2 (Heeighl, 2004), which quantifies the
number of neighbouring pixelsNBd having elevation valuesZz] that equal the
elevation value of the central pixeCPP]. Outliers were detected from high error
residuals between the weighed mean elevation ofcereral pixel fcp'0] and its
original elevation value (Eq. 2.3, Felicisimo, 1994)both cases, the measure of error
was performed in ArcGIS based on simple neighboetthanalysis for sampling
windows of 3 x 3 pixels.

artifacts [Dc Zyge = zCP] (2.2)

_ NB _
q =Zcp T Zcp (2.3)

Terrain model selection and model running

The interpolating method that produced the modélest quality for a given output grid

size was used to generate the terrain model oénliee river basin. After generation,

the accuracy of the model was improved by deteamdyreducing absolute and relative
errors. Artifacts and outliers were corrected méguay adding auxiliary contours and

control points derived from the SRTM90 DTM. Afterwardhe model was filtered for

sinks (outliers) and stream-adjusted by using Hec®IS tool for ArcGIS.
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1.3. GENERATION OF CLIMATIC DATA

Besides containing invalid records (e.g. unreliabtenmas, false zeroes, spurious
numbers, etc), climatic data series were incomplBtnfall data were missing for
many days (or months) and temperature data wergngigor almost the entire period
of observation. Filling of missing data requirednobre sophisticated procedures than
correction of invalid data as described below.

1.3.1. Filling of rainfall series

Missing observations of rainfall were estimatedhgsihe Inverse Distance Weighting
method based on Sihet al. (2007). Missing rainfall data for a single day (oonth)
and for a single location were estimated basederdata gauged in nearby stations as
follows:

(2.4)

where P,] is the rainfall value to estimateR] is the rainfall value gauged in a nearby
station, andd] is the distance that separai&grom Py.

Estimation of missing rainfall data on a daily sc#i.e. Sierra de la Ventana and
Saldungaray series; Fig. 2.2) used rainfall datarded in seven auxiliary sites (Bajo
Hondo, Cabildo, Coronel Pringles, Dufaur, Pehuen®aavedra and Sauce Corto; Fig.
2.3) over the period 1998-2010. Interpolation belytms period was not viable because
of the reduced number of auxiliary time series ohicw to base an accurate
interpolation.

Estimation of missing rainfall data on a monthlalsc(i.e. Nonthue and Paso de las
Piedras series; Fig. 2.2) for a single month amdafsingle location used rainfall data

recorded in the remaining site and in Sierra d&/datana and Saldungaray. When

available, the process of interpolation was stie@iged using three supplementary sites
(PPET -Parque Provincial Ernesto Tornquist-, Wikentana and Tornquist; Fig. 2.3).

1.3.2. Assemblage of rainfall series

Series of monthly rainfall (1971-2010) for Nonth&erra de la Ventana, Saldungaray
and Paso de las Piedras were evaluated to inspectpatial differentiation (or
homogeneity) in rainfall regimes across the rivasib. Rainfall regimes were evaluated
in terms of magnitude (central values and dispajsiiming (pluviometric coefficients)
and frequency (normal probability distribution) o@anual and inter-annual time scales
using common descriptive statistics based on R¢tBé3) and Réménérias (1986).
Rainfall time series within areas of rainfall horeogity were averaged using the
Thiessen method; the definition of Thiessen polggams topography-based and used
the HEC GeoHMS module for ArcGIS.
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1.3.3. Filling of air temperature series

Air temperature data were available for two siteatdungaray and Paso de las Piedras;
however, the temporal extent of the time series mash reduced (2009-2011; with
blanks). Long-term series (1971-2010) of daily tenapure were simulated for both
sites using linear regression analysis. Regressiotels were based on maximum and
minimum daily temperature data for three sites (Bd#anca, Pigté and Tres Arroyos,
Fig. 2.2) situated between 60 and 130 km from tiea af interest. Linear regressions
were run by site and for maximum and minimum d&géiynperatures separately; mean
daily temperatures were calculated by averagingnasts to compensate for errors in
the estimation of temperature extremes. Concuraedt continuous temperature data
were available for the year 2010 only; hence madehing and verification used the
same period of time. The accuracy of the regressiodels was evaluated using the R2
values, and the metrics of error expressed in kouat1.

1.3.4. Estimation of potential evapotranspiration and evaporation

Long-term series (1971-2010) of monthly rainfallanean monthly air temperature for
Paso de las Piedras and Saldungaray were usetttdata potential evapotranspiration
[PET] by Thornthwaite method (Thornthwaite, 1948alculation of monthly PET was
latitude-based and used the USGS’s Water Balanmgraan devised by McCabe and
Markstrom (2007).

Evaporation rates from the surface of the resenasie were calculated based on daily
series of evaporation estimated from air tempeeatair pressure, relative humidity and
wind speed data recorded in Paso de las Piedrasow® the period 2009-2011.
Calculation of daily evaporatiorE] used the Penman method (Chow, 1994) expressed

as follows:
E(mm/day) = 035(e, —€) * (1+ p107?) 2.5)
where e=Rh*e, and e, =log”e, = 0.02604 +0.82488 '

where B is the saturated vapour pressum,i$ the vapour pressurgj]is the wind
speed, RH is the relative humidity.

1.4. HYDROLOGICAL MODELLING OF THE UPPER RIVER BASIN

Hydrological modelling of the upper river basin yided the basis to runoff analysis
within the headwater areas. The methods evalugtéue(physiographic characteristics
of the contributing basin defining different unds hydrological response, and (ii) the
depth of runoff rates and their temporal distribntwithin the drainage basin.

1.4.1. Delineation of Hydrologic Response Units (HRU)

The physiographic characteristics of the upperrriv@sin were inspected using three
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layers of spatial data: terrain slope, soil typed End cover. The land cover map was
achieved by simple classification of Landsat ETMO020Imagery. The same
classification technique was used to produce a ofiawil types based on the findings
of Gil (2009). Finally, the slope layer was deriviedm the contour-derived DEM for
the river basin.

The areas having similar physiographic charactesistere assumed to delineate basin
units having similar hydrological response to rdinpfocesses (Yeung, 2004). The
hydrological response of each unit was estimat@dgufie Curve Number method of
the U.S. Soil Conservation Service now NRCS (Mo¢cki72; NRCS, 1986; 2004;
Marek, 2011). A runoff Curve Number (CN) was asemjto each unit depending on
combinations of land cover types and hydrologid sbaracteristics; the CN value for
the entire drainage basin was derived from the ktedy mean of the CN values
corresponding to all units.

1.4.2. Estimation of direct runoff rates

The next step of the CN method consists in derivingpff depths Q] from empirical
relationships between rainfalP] and soil retention. After rainfall has started, a
proportion of rainfall is retained before runofiads [,]; after runoff has started, a
proportion of rainfall is lost by infiltration. Iffration increases as rainfall increases up
to a maximum value defined by the maximum potentdéntion §. The value of
maximum potential retention is found from the rudr@érve Number as follows:

100
S(mmM=z| — - 2.6
(mm) (CN j (2.6)

where f] is a constant factor equal to 254, a@l] is the areal weighted mean of the
CN values of all units integrating the drainageimaghe fraction of initial abstraction
is found ad, = 0.2S,

Based on the depth of potential retention andahdbstraction, the runoff depth that
corresponds to a given rainfall depth is found by:
(P-1,)?
mm =2~ for P> 02S 2.7

Qmm P+0.8S @7
The runoff coefficient €] is derived from the ratio of runoff to rainfaleq. 2.8, Ferrer,
1993). Calculations used 1 mm-increase rainfalltltefrom 16 mm (given an initial
retention of 15.8 mm) to 190 mm (1000-yr rainfall).

C _Q (2.8)

P

1.4.3. Estimation of the time of concentration

The temporal distribution of runoff rates was estied based on the time of
concentration of the drainage basin, i.e. the tiergiired for runoff to travel from the
most hydraulically remote point of the drainageib&s the basin outlet (Marek, 2011).
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A number of formulas exist to derive the time ofncentration from physical
characteristics of the drainage basin; accordingeieeral authors (e.g. Boonstra, 1994,
Rousselet al, 2005; Marek, 2011), the TR55 method (NRCS, 198€) the Kirpich-
Kerby equation (Kirpich, 1940; Kerby, 1959) are thweost preferable. We have
evaluated the accuracy of both approaches reltaiitiee physical characteristics of the
upper Sauce Grande basin.

The Kirpich-Kerby equation calculates the time ohcentration based on empirical
relationships between channel length and chanopksior two flow components: the
channel flow T and the overland flowT],]. The Kerby-Kirpich equation is expressed
as follows:

Tc=T, +T, where T, = 002* L% * g703%5

= * % | 10467  o-0.2352 (2.9)
Tov - 144 (04 L) S

where L] is the longest flow path (m) for the channel flgav the overland flow), and
[g] is the slope (dimensionless). The values 0.021aad are correctional factors for Si
units, and the value of 0.4 is a retardance caefficfor grasslands and pastures. The
slope was computed &¥L, whereH is the difference in elevation between the most
remote point in the drainage basin and the badietou

The TR55 method was available in ArcGIS through Hee-GeoHMS module. The
time of concentration was calculated by routingetdimes for three flow components:
the sheet flow (or headwaters flow), the shallowmasmtrated flow, and the channel
concentrated flow. Besides considering the lengith slope of each flow component,
computation of travel times used additional paramsetsuch as 2-yr rainfall depth,
percentage of pervious surfaces, flow velocity #@adkfull channel conditions (e.g.
Manning’s roughness and hydraulic radius). For nioficemation on the equations used
in calculation see the report of the NRCS (1986}har Chapter 4 in the manual of
Mareck (2011).

1.5. SIMULATION OF FLOW WITHIN THE UNREGULATED RIVER

The lack of flow data over the long term has lirditgrongly previous studies assessing
the river flow regime. Available flow data includeurly flow rates for Chacra La
Blanqueada Gauging Station over the period 2004-2Qgith blanks). We have
simulated daily flow rates over the long-term (12%81) using physically-based
hydrological modelling. The model and the paransetgsed in flow simulation are
described below.

1.5.1. The RainOff-empirical model

Among the wide number of popular models used iw #imulation, the model that best
fitted to simulate théming andduration (recession) of both low and high flows was the
RainOff model (Liquid Gold Team, 2002). Howevemngiation results regarding the
magnitude of high flowsere unsatisfactory. To solve this problem, we loored the
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RainOff model to empirical equations to calculdte magnitude of high daily flows
and the peak intensity separately. The coupled Gf&empirical model simulates
runoff from rainfall using a five-step procedureigF2.4). The model considers
transient discharge-recharge relations between regervoirs, and is based on the
continuity (non-linearity) of a water balance edgomatand on a reaction factor dependent
on the volume of recharge.

FIVE-STEP RAINFALL-RUNOFF MODELLING

Escape Magnitude
(Rational equation)

T
1 Overflow === Recharge
(rainfall) ’ |— —l / © © Peak intensity

L

- Storage Runoff coefficient (Unit Hydrograph
g A deficit (©) equation)
» 1 Mm-\Geaaaasss e mnans
P sﬁ\ c:ua!e Alpha function
< 0iag (a) Runoff ‘
@© Water Balance @ Reaction Factor -\—v @ Flow duration (recession) and
(first reservoir) (main reservoir) magnitude of low flows

(RainOff equation)

Figure 2.4: RainOff-empirical model for streamflow simulation.

Step 1: the water balance of the first reservoir

Rainfall-runoff relationships within the upper rivieasin were firstly evaluated by non-
linear reservoir analysis based on the RainOff rholli®del inputs used long-term
(1956-2010) series of averaged daily rainfall feera de la Ventana and Saldungaray
(Thiessen method). Daily rates of maximum escape werived from dividing long-
term (1970-2010) mean monthly potential evapotraagpn for Saldungaray by the
number of days of a given month. The hydrologictraesions within the contributing
basin (i.el; andS were estimated using the CN method as describedea

The water balance of the first reservoir was rurcdavert rainfall into recharge (Fig.
2.4) on a continuous day-to-day basis. The totehasge for a time intervab was
determined from the difference between rainfall atatage deficiency as expressed in
Equation 2.10; where the recharge value was nepafie. where no overflow
occurred), the recharge value was set to zero.

Rech (mm) =P, — StoDef/ At (2.10)
The value of storage deficiency was found fromriationship between the maximum
storage MaxStq, the rate of actual escape and the actual stqragtStq. The initial
value of storage deficiency used the differencevbeh the potential retentios, and
the initial abstraction; the storage deficiency at timewas calculated as:

StoDef (mm) =MaxSto+ ActEsg*t — ActSto (2.11)

The value of maximum storage used the value ofrpialeretention and was invariant
for all time intervals. The initial value of actuatorage used the value of initial
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abstraction; the actual storage at titaewas found from the relationship between
rainfall, recharge, escape and actual storagenattias follows:

ActSte (mm) =ActStq + (P1 —Rech —ActEsg)* 4t (2.12)

The rate of actual escape at each time interval faisd from the ratior] of actual
storage to maximum storage and the rate of maxirescape JlaxEsg¢ as expressed
below:

ActEsc(mml/t) =r * MaxEsc (2.13)

Step 2: the reaction factor of the main reservoir

The recharge from the first reservoir was routed i@ second reservoir from which
runoff depths were calculated based on a reactamiof (Fig. 2.4). High-flow
simulation by RainOff modelling was inconsistenteénms of magnitude (see above), so
that two different coefficients of reaction wereedsdepending on the recharge depth:
(i) the runoff coefficient, and (ii) the alpha fuimn from the RainOff model. The
recharge depth (i.e. the depth of effective raipfd¢termining the use of one or other
reaction factor was defined by 1 mm, this arisirgrf Unit Hydrograph analysis (see
Steps 3 and 5).

The runoff coefficient was calculated empiricaltgrh the ratio of runoff to rainfall (Eq.
2.8) using rainfall depths of 1 mm-increase randnogn 16 mm to 190 mm. The alpha
function was calculated based on concurrent andiregmus daily observations of
rainfall and runoff over a period ranging from Sapber 2008 to December 2010. The
relationship between rainfall depths and alphafmeits for runoff depths (Eq. 2.14)
was evaluated using linear and non-linear regrasaialysis; the regression function
that produced the best data fit gave the alphatifumto use in runoff computation.

Alphacoefficiert =In(Q,/Q,,) (2.14)

The alpha function was adjusted by trial and eawording to two criteria: (i) the rate

of minimum flow should fall below the rate of lowoWws (25 percentile) and above the
rate of minimum flows calculated from observed fldata, and (ii) the recession curve
should not exceed the maximum base time calculttedhe entire river basin (4.5

days; Paolonet al., 1972).

Step 3: daily flow simulation for Recharge > 1 mm

Recharge depths greater than 1 mm were assumeentryage a peak on the runoff
hydrograph (Fig. 2.4). As the magnitude of suchkpsaependent on the ratio of runoff
to recharge (i.e. the runoff coefficient), the rfirdeepth resulting from a given recharge
depth and the corresponding daily flow rate werkuated based on the rational
equation as follows:

Rech,* C* A+

Q. (m.s) = 86.4

Q, + 013Q, (2.15)
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where [Q,] is the flow rate occurring at the time intertal[Rech] is the recharge from
the first reservoir during the time interwa] [C] is the runoff coefficient corresponding
to a given recharge deptt][is the area of the drainage basin (km?); 86.théstime
unit (in fraction of seconds); an®j] is the base flow rate. The use of the fraction
0.13Q; accounted for antecedent runoff conditions; theffament of 0.13 arises from
Unit Hydrograph analysis and denotes the r@¥Qp for the 24" hour (see Step 5).

Step 4: daily flow simulation for Recharge < 1 mm

The runoff depth for episodes of zero or verydittecharge (less than 1 mm) and the
corresponding rate of daily flow were calculatethgghe alpha functiono] as follows:

o _Qu(mm) Cexp(-a)+ Rech, Cfi-exp(-a )] * A
$)= 86.4

Equation 2.16 was used to simulate daily flows ezitduring periods of rainfall
shortages (i.e. low flows) or during periods oflditrainfall following rainy episodes
(i.e. recession flows).

(2.16)

Q, (.

Step 5: simulation of daily peak discharge

We use the Dimensionless Unit Hydrograph method@SR2007b) to calculate daily
rates of peak discharge. To adjust the dimensisniag hydrograph to the river basin,
we estimated the runoff response, in terms of ptiakharge and time to peak, to
rainfall excess of 1 mm-depth. The time unit wapregsed in hours and the discharge
units were expressed in cubic meters per secorgl.inflection point on the recession
limb was assumed to occur at 1.67 times the timeetk, and the maximum base time
was defined as five times the time to peak.

The time to peaktf] was calculated based on the rainfall duratiat} fnd the lag time
[t.], both time values arising from the time of cortcation [Tc] of the river basin as
follows:

tp (houry = A2t +1, wheret, = 06Tc and At =0.133Tc (2.17)

The peak discharg&)f] generated by a given recharge dep#s calculated based on
the relationship between the drainage afganii?] and the time to peak,[ minutes] as
expressed in Equation 2.18. The value of 0.0288dsrrection factor for international
units.

Q, (mis ) = 284 /? Rech, 00283 (2.18)

p

1.5.2. Model calibration and verification

Concurrent and continuous daily observations afifedi and streamflow were much
reduced and so model calibration and verificatisedubasically the same period of
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time. The period of calibration extends from théSeptember 2008 through the®31
December 2010; daily flow rates over the year 2@y to November) were used to
strengthen the process of model verification. litespf their short duration, these
periods encompass episodes of low and high flowissanwere suitable to both model
calibration and verification.

The purpose of model calibration was to estimaterpaters and coefficients that
simulate low flows (< 28 percentile), median flows (¥5> 75" percentile) and high
flows (> 78" percentile) accurately. The measure of error waset on residual®]
between simulatedS] and observed(;] daily flow rates. The measure of error used
common metrics (ME, SD, RMSE; Eq. 2.1) and threditamhal metrics based on
Yeung (2004):

» the overestimation rate [OE] was simply calculatesl the proportion (%) of
overestimated values (i.e. positive error resiguals

= the relative error [RE], or prediction error, wasnputed based on the ratio of error
values to observed values as follows:

2.(&/0)
RE= ile*loo wheree =S -0 (2.19)

= the coefficient of efficiency (CE, Nash and Suteljf1970) was used to compare the
accuracy of the modelled data to the mean of tiservied data as follows:

CEzl—(Zq/Zemij wheree =0 /0, (2.20)

1.6. ESTIMATION OF FLOW WITHIN THE REGULATED RIVER

Available flow data for the river below the dam lumed long-term series (1989-2012)
of daily rates of flow release from the dam andrsberm series (2009-2011) of hourly
stream stages gauged in Bajo San José (Fig. 25), Zhe following sections
summarize the methods used in estimation of fleselthrge within the regulated river;
the methods and techniques used in flow computatiere based on Andrét al.
(1976), Réménérias (1986) and Chow (1994).

1.6.1. Computation of the downstream hydrograph

Stream stage readings in Bajo San José were tlyesontce of information for flow
states in periods of zero water release, i.e. gerd low flow. Hence the importance of
calculating the hydrographQ=/(t), that corresponded to the limnograph measured,
H=/(t). Two different issues related to the drough005-2010 affected the calibration
of the hydrometric station: (1) flow gauging foghiflows is lacking because the river
described very low flow variability over the entiperiod of observation, and (2) the
number of flow measurements is much reduced. Ttierlaspect was related to the
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construction in 2010 of a small dam (1.5 m heigtiiput 1 km downstream from the
original hydrometric station (hereinafter refertedas BSJ-1). As the dam caused an
artificial rise in the stream stage, BSJ-1 hadeaadlsplaced about 2 km upstream after
one year of recording data, giving origin to BSFR). 2.6 [A]).

Ow araje[r;r:Pal r

Estomba

k\ \}

Paso de Ia >
Z Piedras MS
=
3 }5 Lartigau Q{
= ® ||  PRiver [ :
(2"00 Bajo San » Seepage
José HS canalization
o\ :
Cabildg) : " dam spillway
150 _J
¢ ﬁ ¢ {
3 Y = stream ® Town/spot
@ “ 2} N | ake B Meteorological station
0 3 6 9 12 15km| 2 Contour A Flow gauging station
== Road

Figure 2.5: Distribution of meteorological and flow gauging stations within the river basin
downstream from the dam and nearby areas.

Flow gauging used the velocity-area method. Thessectional area and the velocity
field were explored from a number of measures madeg verticals equidistantly
spaced across the channel (Fig. 2.6 [B]). Flow aiglovas measured using a current
meter (TECMES Model TS 1001); the velocity sens@svset to give mean flow
velocity [ms'] per point of measure every 30 seconds.

Flow discharge for episodes of high flow was estedaempirically using the
Manning’s equation:

Q= L. Ax R?/3* g0° (2.21)

where p] is the channel roughnessA][is cross sectional areaR][is the hydraulic
radius; and g is the channel slope. The principle of Manningguation is that the
factor A*R?” is a function of the stream stage][ Thus, for a given channel slope and
roughness, flow discharge was estimated from thdiphcative derivative of the
function A* R?*=[(H), whereH is the stream stage.

The parameters used in the Manning’s equation Weldmeasured (Fig. 2.6 [C]) by
using laser rangefinder of centimetre precisionp{ilee Laser tech). The channel cross
section for each hydrometric station (i.e. a-a’)swaotted in ArcGIS; the hydraulic
radius for increasing stages of 10 cm was simplyutated from the ratio of the wetted
area to the wetted perimeter. The channel roughrnassdetermined upon the basis of
Arcement and Schneider (1989).
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[A] Hydrometric stations

las Piedras
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[B] Flow gauging
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A = wetted area; P = wetted perimeter;

R = hydraulic radius; H = stage reading;

d, = horizontal distance; d, = vertical distance;
d, = slope distance; a = slope angle

Figure 2.6: [A] Overview and spatial situation of the river sections selected for stream stage
reading (hydrometric stations); [B] field techniques used to flow gauging; [C] field
techniques used to measurement of the channel geometry.

Daily rates of downstream flow were calculated tfug entire period for which stream
stage data were available (2009-2012). Since resdtow release did not occur, mean
flow rates over the period were assumed to reptdsenflow conditions below the
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dam and were used to fill blanks within the long¥teseries of daily rates of flow
release.

1.6.2. Inspection of rates of reservoir seepage

When no flow release occurs, a significant proporiof downstream flow is provided
by reservoir seepage below the dam structure R). In order to determine such
proportion, a number of measures were effectuat#tinmthe weir draining reservoir
seepage into the main channel. Rates of resergepagie were estimated by using the
formula of Kindsvater-Carter for rectangular weirs:

Qs ™)=c. 2 [2g(b+k) (h+k ' (222)

where 4 is the discharge coefficient][is the acceleration of gravity (9.81 f)/gb]

is the notch width, andi] is the weir head. The subtK} gives the effective width, and
the sumh+K,, gives the effective heaH;, andK, account for effects of viscosity and
surface tension; the value fi is 0.001 m, andy is a function of/B. Finally, [Cg] is

a function ofo/B andh/P.
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2 ResuTs

2.1. THE TERRAIN MODEL OF THE RIVER BASIN

We have evaluated the quality of twelve contouivéer Digital Terrain Models
(DTMSs) to inspect the interpolating algorithm anddel resolution that best adjusted to
the terrain configuration of the river basin (sextn 1.2, p. 71). The twelve models
were reproduced for a sample area of 1478 Within the middle river section (Fig.
2.7). Criteria for selecting the sample area inedl\{i) its spatial extent, which was
large enough to reduce the influence of micro-togpgy and small enough to
accelerate the speed of processing, and (ii) thgptexity of the terrain surface, which
included series of ridges, plains and valleys mlog a variety of landforms on which
to test the quality of the models. Besides corredpw to both criteria, this area was of
particular interest because it comprises the gieptession currently occupied by the
Paso de las Piedras Reservoir and so it constitbégesnain source of information of
reservoir bathymetry.
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Figure 2.7: Sample area for the twelve contour-derived Digital Elevation Models.

2.1.1. The quality of the sample models

Evaluation of the quality of the digital terrain deds measured their absolute accuracy
(i.e. their vertical precision) and their relatiseccuracy (i.e. the quality in the
representation of landforms) separately. Resuétgersented below.
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Absolute quality of the models

Results showed that the absolute accuracy of thdelmo(i.e. vertical precision)
decreased significantly as the terrain slope irsgdaegardless of the method used to
interpolation or the resolution of the output mo@eble 2.2). Intercomparison between
interpolation techniques revealed that Inversedbdise Weighting (IDW) provided the
coarsest errors for all terrain inclinations (242 RMSE < 8.13), whereas TopoGrid
(TG) provided the most accurate results for termgtinations until 5 ° (1.13 < RMSE
< 2.34); in areas steeply inclined, the interpolatmethod the most accurate was
Triangulated Irregular Network (5.22 < RMSE < 5.8Ihe effects of the output grid
size on the vertical accuracy of the models weresxd importance, although the models
of 10 m-resolution exhibited overall better qualityotably the model derived from
TopoGrid (1.13 < RMSE < 4.52).

Table 2.2: Absolute error (m) of the terrain models by interpolating method (TIN, IDW, TG,
OK) and output grid size (50, 25 and 10 m resolution). Errors were discriminated by degree
of terrain inclination. Best results per metric in bold.

Flat lands (0° a 0° 30" Terrain slightly inclined (0° 30" a 2°)

Metric Res. TIN IDW TG OK Metric Res. TIN IDW TG OK

ME 50 -020 -026 -021 -0.13 ME 50 -0.07 -0.16 0.04 -0.03
(m) 25 .021 -027 -017-012 (M) 25 -0.07 -0.23 0.05 -0.03

10 -0.17 -0.27 -0.26 -0.12 10 -0.07 -0.26 0.06 -0.03
SD 50 145 211 135 125 SD 50 248 327 173 224
(m) 25 135 213 121 124 (M 25 248 329 171 223
10 112 214 112 1.24 10 248 329 1.80 223

RMSE 50 145 212 136 125 RMSE 50 247 326 181 223
(m) 25 136 214 123 124 (M 25 247 329 173 222
10 113 215 113 1.25 10 247 328 1.73 223

Terrain gently inclined (2° a 5°) Terrain steeply inclined (more than 5°)

Metric Res. TIN IDW TG OK Metric Res. TIN IDW TG OK

ME 50 031 1.12 -014 042 ME 50 -354 -4.82 -7.89 -6.28
(m) 25 029 116 -040 041 (M 25 315 -4.42 -4.43 -598

10 027 112 -042 0.40 10 -3.08 -4.34 -324 -587
SD 50 351 447 239 336 SD 50 4.83 6.86 870 7.40
(m) 25 348 451 227 332 (M 25 452 674 436 7.00
10 349 450 230 3.32 10 442 662 331 6.90

RMSE 50 345 452 234 332 RMSE 50 581 813 11.459.45
(m) 25 342 457 229 328 (M 25 533 7.80 6.08 8.96
10 343 455 226 3.28 10 522 7.66 452 8.82
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Relative quality of the models

First, the relative quality of the models was easdd by inspection of thequalitative
accuracy that is, the graphic quality of the models refatio the real configuration of
the terrain surface. Results evidenced the effafictesolution on the graphic quality of
the output model, which increased notably as teelu¢ion decreased. Accordingly and
building on previous results, the models of 25 &@an-resolution were dismissed.

Broad differences were evidenced between modelsOom-resolution, these arising
from the interpolation technique used to generagenodel (Fig. 2.8). Models derived
from Inverse Distance Weighting (IDW) and Triandath Irregular Network (TIN)
revealed the less suitable qualitative accuraaydftams were blurred by excessive
terracing resulting from the horizontal spacingwesn contour lines. Conversely, the
models derived from Ordinary Kriging (OK) and Topadf5(TG) reproduced terrain
forms that, qualitatively, were closer to reality.

Altitude (m) 570

80

Altitude (m) 570

80

Figure 2.8: Overview of the 10 m-resolution DTMs by interpolation technique (TIN, IDW,
TG, OK).
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Second, the relative quality of the models was weatald by inspection of artifacts and
outliers (Fig. 2.9). Neighbourhood analysis revedleat the proportion dadrtifacts (i.e.
surfaces where all pixels have the same elevatduey was greater for IDW- and TIN-
derived models (35 to 40 %). Such proportion ig/wartlikely to occur in reality, so that
both models were dismissed. Conversely, the pragodf artifacts within the TG- and
OK-derived models was negligible (less than 1 %y eore than 98 % of the pixels
had unique elevation values. Inspectionootliers (i.e. relative pixel elevation with
respect to its neighbours) revealed similar resitliis and OK-derived models were the

models the most accurate, the TopoGrid model shpttia smaller error range (3.4 m)
and RMSE (0.012 m).
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Figure 2.9: Relative accuracy of the 10-m resolution DEMs by interpolation technique (TIN,
IDW, TG, OK).

2.1.2. Model selection and running

Analysis of the absolute and relative quality of tt?2 digital terrain models revealed
that the TopoGrid model of 10 m-resolution (TG1®swhe model of better quality;
absolute errors were small, the graphic qualityhef model was suitable, and relative
errors were negligible. The TopoGrid command wasinuArcGIS to generate a terrain
model of 10 m-resolution for the entire river basithe interpolation process used
digitized contours with horizontal spacing rangfingm 5 m within the lowest areas to
50 m in the headwaters (except for the Las Mostaasshment and the lowest section,
areas that were interpolated based on contour lileesved from the SRTM90). In

addition, interpolation used digitized trigonomefpioints and streamflow lines. Prior to
calculation of derived terrain parameters (i.erdier slope) and hydrologic parameters
(i.e. flow direction, flow accumulation, stream uéion and catchment delineation),

the accuracy of the model was improved by detecmdjreducing absolute and relative
errors.

2.2. CLIMATIC DATA SERIES

As discussed in the Methods section, climatic datgired of exhaustive procedures of
correcting and filling before being used in anaysviissing records of rainfall were
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estimated using the Inverse Distance Weightingpat@tion technique; air temperature
data were missing for almost the entire periodnaflygsis, so that filling of temperature
data used more sophisticated procedures (see Sé&c8ipp. 73).

2.2.1. Long-term series of rainfall

Long-term series (1971-2010) of monthly rainfalf fdonthue, Sierra de la Ventana,
Saldungaray and Paso de las Piedras were corrdithed, and inspected for spatial

differentiation (or homogeneity) in rainfall regisavithin the river basin. Nonthue,

Sierra de la Ventana and Saldungaray account rwtter precipitated within the

upper river basin, whereas Paso de las Piedraisexl near the dam reservoir and so
accounts for direct rainfall upon the surface @f ke (Fig. 2.10).

Distribution of annual rainfall

The distribution of annual rainfall modules ovee theriod 1971-2010 (Fig. 2.10 [A])
revealed a decline in mean annual rainfall southtfsgestward; mean (median) annual
rainfall in Nonthue was +118 mm (+124 mm) compaeethat in Paso de las Piedras.
Conversely, the dispersion around the central walnereased south-southwestward,
suggesting that the magnitude and the recurrencaimfall extremes were greater for
the southern sites. In order to assess these aspeatual rainfall series were inspected
based on (i) the frequency of annual rainfall medubf a given magnitude (using
normal probability density functions), and (ii) theter-annual variability of annual
rainfall modules relative to the historic mean Kgspluviometric coefficients).

Annual modules were standardized, and then adjusteca normal probability
distribution to inspect the probability of exceedarp(x>xr)] and the recurrence period
[Tr] of years classed as drier- or wetter-than-redrnainfall by site. Probability plots
showed strong linear correlations for all siteghwdorrelation coefficients higher than
0.98. This suggested that the normal distributicovided a good model of the data.
Nevertheless, all sites but Sierra de la Ventan@icfwgave the best probability fit)
revealed outliers in the upper and lower sidesiefgiot revealing significant deviations
of rainfall extremes relative to the normal distitibn. Positive skew values (0.14y<
0.76) indicated that most values lied to the Iéthe mean (i.e. drier-than-normal years)
in all sites with maximum skewness in Paso de ledrBs.

The distribution of annual rainfall modules relatito their probability of exceedance
(Figure 2.11 [A]) evidenced the decline in annwahfall SSW clearly: the fitted line
(and so all parametric values) displaces progrebsio the left of the plot as the sites
are located southward. Precipitation series forrtbghern sites revealed that annual
rainfall may reach about 955 mm every 10 years, rmnce than 1000 mm every 100
years; the probability of exceedance for the dragrydhreshold (=550 mm) was of
between 82 and 85 %. The magnitude of annual thimfadules in Paso de las Piedras
for return periods of 10 and 100 years was conaigrower (900 mm and 960 mm,
respectively), although the probability of exceemafor dry years was greater than that
for the northern sites (88 %).

Annual pluviometric coefficientsHC] revealed strong inter-annual variations in annual
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rainfall modules relative to the normal precipivati for all sites, with maximum
variability in Paso de las Piedras (Fig. 2.11 [BJpwever, annuaPC showed spatial
differentiation in the timing of the highest valuge. years of high humiditythe most
humid years within the headwaters wé&@8¥6 and 1985, whereas most humid years in
Paso de las Piedras were 2001 and 2002. Convetkelypwest annual pluviometric
coefficients (i.e. years of high dryness) were ¢rst in timing (1995, 2005, 2008 and
2009) and magnitude (0.5RC < 0.7) for all sites.

Spatial distribution of the rain-gauging stations [B] Monthly rainfall distribution
used in analysis ;
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Figure 2.10: [A] Annual rainfall distribution and [B] monthly rainfall distribution in Nonthue,
Sierra de la Ventana, Saldungaray and Paso de las Piedras over the period 1971-2010. The
map shows the situation of the four rain-gauging stations within the river basin.
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[A] Frequency of annual rainfall modules by site
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Figure 2.11: Frequency, return period and inter-annual variability of annual rainfall modules

by site over the period 1971-2010. [A] Normal probability plots of rainfall to exceedance
probability with a fitted line based on the standardized normal distribution (based on
Oosterbaan, 1994); [B] Annual pluviometric coefficient by site (based on Réméniéras, 1986).
The correlation values (probability fit) were derived from the p-p plot (not shown).
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Distribution of monthly rainfall

The annual distribution of monthly rainfall exh#xt similar timing for all sites (Fig.
2.10 [B]), although the magnitude of mean montlayfall declined SSW (differences
between Nonthue and Paso de las Piedras weretof2Zjpmm in February). The use of
monthly pluviometric coefficients permitted to iresp the spatial differentiation in the
annual distribution of monthly rainfall regardlest the absolute magnitude of the
hyetographs (Table 2.3).

Table 2.3: Monthly pluviometric coefficients (%) for Nonthue [N], Sierra de la Ventana [SV],
Saldungaray [S] and Paso de las Piedras [PP] based on long-term (1971-2010) averaged
monthly rainfall. Black bold numbers indicate the month of maximum contribution to the
annual module.

Module
Site J F M A M J J A S @) N D (mm)

N 99 118 121 93 56 36 36 45 79 119 93 106 764
Sv. 98 114123 98 57 39 39 48 70 120 94 100 731
S 95 113118 102 63 41 39 46 70 116 94 103 722
PP 99 105128 98 68 44 40 50 77 108 86 95 646

The distribution of monthly rainfall over the anhegcle defined clearly a dry season
extending from May through September and a wetosea&xtending from October
through April. Rainfall during the wet season aacted for between 72 and 75 % the
annual module for all sites; these proportions egpond to averaged rainfall amounts
declining from 570 mm in the headwaters to 460 mnPaso de las Piedras. Rainfall
during the dry season averaged between 200 mm &hadnin, respectively. As the wet
season is coincident with austral summer and sphboth calendar seasons revealed
logically the highest monthly pluviometric coefieits (Table 2.3) with peak in March
and a secondary peak in October. The driest monghs June and July.

Regions of rainfall homogeneity

Previous results showed that rainfall regimes witthie river basin differed in the

absolute magnitude of the hyetographs but notentithing of the rain seasons neither
in the relative contribution of monthly rainfall tthe annual module. Furthermore,
rainfall regimes within the upper river basin wereorly differentiated by absolute

magnitude, the biggest differences in the magnitfdainfall regimes were evidenced
relative to Paso de las Piedras series.

Accordingly, long-term series of monthly rainfatirfNonthue, Sierra de la Ventana and
Saldungaray were assembled into a single dataseuiaitng for mean areal rainfall
within the upper river basin (using the Thiesserithod). This procedure summarized
rainfall observations into two distinct rainfallres accounting for spatial homogeneity
in rainfall regimes: monthly areal rainfall for tlupper river basin and monthly rainfall
for Paso de las Piedras (Fig. 2.12).
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Figure 2.12: Long-term series (1971-2010) of monthly rainfall for [A] the upper river basin
and [B] Paso de las Piedras. Rainfall series for the upper river basin were averaged using the
Thiessen method (areal rainfall).

2.2.2. Long-term series of air temperature

Long-term series (1971-2010) of maximum and minindaiy temperature in Paso de
las Piedras and Saldungaray were estimated usingarli regression analysis.
Regressions were based on temperature data fa te@by stations: Bahia Blanca,
Pigué and Tres Arroyos (Fig. 2.3).

Model verification

The R? values obtained from regression (Fig. 2id@icated that the models explained
between 90 and 99 % of variations in maximum andimmim daily temperature for

both sites (confidence interval of 95 %). About%0of error residuals were between
+1.6 °C, with maximum in £3.6 °C. The mean errol§Mvas 0.01 °C in all cases with
high variation (0.85 < Sfhax< 1.25; 1.31 < SByin < 1.64), which indicated that mean
errors were affected by errors of opposite sigmdée verification of the results used
preferably the annual RMSE. Small to moderate RM&lies indicated that the

regression models fitted better for estimation @xmum daily temperature in both
sites (0.85 < RMSE < 1.25).

The accuracy of the regression models was evalugtedmparison between observed
and estimated mean daily temperatures over the 3@H0. Correlations coefficients

were 0.97 for both Saldungaray and Paso de lagdieskries, which revealed the
suitable accuracy of the regression models on & daiale. Comparison between
observed and estimated temperatures averaged amthlgnscale showed very little

differences between measured and estimated terapeddta in both sites (-0.3 °C > T
> 0.6 °C), and very small annual RMSE values (@2r? Saldungaray and 0.3 °C in

92



Section 2

Results

Paso de las Piedras). Overall, the verificatiorcess indicated that the models simulate
temperature data accurately for both sites, althdiidpetter for Saldungaray series.
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Figure 2 13: Error residuals from estimation of maximum daily temperature [T,,.x] and
minimum daily temperature [T,,,,] in Saldungaray and Paso de las Piedras over the year
2010. Descriptive statistics of error from regressions are shown along.

Model running

The regression models were run on a continuouy dasis from 1971 to 2010; mean
daily temperatures by site were calculated by aregaestimates of daily maximum
and minimum temperature (Fig. 2.14). Inspectiorth@rmal patterns in Saldungaray
and Paso de las Piedras revealed notable intediffiiteences. Mean daily temperatures
in Saldungaray were colder than in Paso de lag#&ednd so the value of mean annual
temperature was lower (13.7 °C and 15.0 °C, respdyg). However, annual thermal
ranges in Saldungaray were higher than in Pasag®iedras (28.6 °C and 26 °C, on
average) and diurnal fluctuations were consideralgier as well (12.8 °C and 9.3 °C,
on average). Such differences are conceivablyeelat the higher topographic situation
(+100 m) and greater wind exposure of Saldungar®ywith respect to Paso de las
Piedras MS.

2.2.3. Temperature-derived time series

Depths of potential evapotranspiration

Series of mean monthly temperature for Paso dePiedras and Saldungaray were
combined with corresponding series of monthly @info calculate series of mean

93



Chapter 2
Generation of baseline data

monthly potential evapotranspiration (PET) over libveg-term (1971-2010). Similarly,
series of maximum monthly temperature were usedldove series of maximum
monthly potential evapotranspiration.

[A]

Mean daily temp. (°C)

1990 1995 2000 2005 2010

[B]

Mean daily temp. (°C)

1975 1980 1985 1990 1995 2000 2005 2010

Figure 2.14: Long-term series (1971-2010) of mean daily temperature in Saldungaray and
Paso de las Piedras. Mean daily temperatures by site were averaged from maximum and
minimum daily temperature estimates.

Series of mean monthly PET (Fig. 2.15) revealedt ttee march of potential
evapotranspiration over the annual cycle followadilar patterns in both sites: PET
was almost negligible during the winter months wimimimum in June (20 mm, on
average) and peaked significantly during the summmanths with maximum in January
(120 mm, on average). Mean monthly PET in PascadePiedras was notably higher
than in Saldungaray, this arising from the higlenperatures recorded by the former

site. Mean annual PET was 690 mrit.jm Saldungaray and 740 mmi}in Paso de las
Piedras.

Rates of evaporation from the reservoir surface

Evaporation rates from the surface of the resetai were calculated on a daily basis
from 2009 to 2011 (with blanks) using the Penmanhou (See Section 1.3.4, p. 74);
note that evaporation rates in°.6t were calculated using the maximum reservoir
surface area (36 km?). Mean daily evaporation rates the 3-yr observation period
(Fig. 2.16) ranged from 1.8%s® in January (4.3 mm.ddy to 0.44 m.s* in July (1.1
mm.day'); the mean annual evaporation rate was G.8(2.2 mm/day).

Evaporation rates calculated by Penman method higidy consistent with previous
studies; for example, the hydrologic study of th©8P reported mean annual rates of
reservoir evaporation of 138 (cited by Schefer, 2004). Nevertheless, computatio
evaporation rates depend on a range of atmosptwmriitions (e.g. wind speed, relative
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humidity, and air pressure) for which data wereilag over the long term. Hence the
need to validate the accuracy of series of poteetrapotranspiration calculated by
Thornthwaite method (above).

Mean monthly PE

1975 1980 1985 1990 1995 2000 2005 2010

Figure 2.15: Long-term series (1971-2010) of mean monthly potential evapotranspiration

for [A] Saldungaray and [B] Paso de las Piedras. PET was calculated using Thornthwaite
method.

Series of monthly evaporation over the period 22091 were compared to
corresponding series of mean and maximum monthtgrpi@al evapotranspiration for
Paso de las Piedras to inspect the correlatiomendepth of water losses calculated
using one or other method (Fig. 2.17). Results slbwhat variations in monthly
evaporation were highly correlated to variations mmonthly PET, with maximum
correlation to series of maximum monthly PET (84 Y)is indicates that the use of
series of maximum potential evapotranspirationeadtthan evaporation should not be
a source for high error in hydrologic analysistod teservoir.
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Figure 2.16: Short-term series (2009-2011, with blanks) of daily evaporation from the
surface of the reservoir lake. Daily evaporation rates were calculated using Penman method.
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Figure 2.17: Correlation between monthly evaporation and monthly potential
evapotranspiration for Paso de las Piedras over the period 2009-2011.

2.3. THE HYDROLOGICAL MODEL OF THE UPPER RIVER BASIN

2.3.1. Physiographic characteristics of the drainage basin

The effective rainfall (i.e. the fraction of preitgiion available for runoff processes)

within a basin depends primarily on its physiogtiapgtharacteristics affecting the sub-
surface and underground water retention (Marek,120%oil types, land cover and

terrain slope combine to delineate different unithiomogeneous hydrologic response
to runoff processes (Yeung, 2004).

Land use types

Satellite imagery revealed that land use typesiwitiie upper basin may be assembled
into three major types of land cover: cultivatedds, grasslands, and areas of exposed
rock with none or little vegetation (Fig. 2.18).|@tated lands are dominated by rainfed
wheat and corn production, and natural grasslarel$reaquently used for pasture (Gil,
2009). The heterogeneity within each category (@a@p types) was considered of less
importance because of the little difference in vakuies of hydrologic response across
sub-categories.

Soil types

Soil classification in Argentina uses the Soil Tasmy of the U. S. Department of
Agriculture (USDA, 1999). According to Gil (2009)he principal soil types within the
upper river basin integrate the group of the Argilsd (Typic subgroup) and of the
Hapludolls (Typic and Lithic subgroups), both withthe order of the Molisolls (Fig.
2.18). The main characteristics of theses soildygre defined as follows:

= Typic Argiudolls [Ar] have clay loam to loam texture and are relativaddep (80
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to 120 cm). They constitute the loess supportiragg/ands and croplands within
the lower lands.

= Lithic Hapludolls [H] are very shallow (27 cm) and develop over theshant
rock within the mountain areas; even if they halag tbam texture, the horizon Al
contains boulders and pebbles.

= Typic Hapludolls (H] are deep (130 cm) with sandy clay loam to loariute;
they occupy a much reduced extension within therimbuntain areas.

TERRAIN CHARACTERISTICS

Land cover Terrain slope Soil Types
HYDROLOGIC RESPONSE UNITS Land cover

[ Icultivated land

[ I Grasslands

Exposed rock with sparse or no vegetation
@7 urban areas
Slope
[ Islightly inclined [0° to 2°]
[ | Gently inclined [2° to 5]
[ strongly inclined [5° to 15°]
I stecply inclined [> 15

Soil types

[ Lithic Hapludoll

[ I Typic Hapludoll | Molisolls
Typic Argiudoll

Hydrological Response Units

1 Cultivated land on loam clay soils, slightly inclined
[ cultivated land on loam clay soils, gently inclined
[T Grassland on loam clay soils, slightly inclined
[:] Grassland on clay loam soils, gently inclined
7 Rocky shallow soils, gently inclinated

0 Rocky shallow soils, strongly inclinated
Kilometers [ | Rocky shallow soils, steeply inclinated

Figure 2.18: Hydrological Response Units (HRU) within the upper Sauce Grande Basin.
HRUs were merged in ArcGIS from intersection of three layers of spatial data: land cover,
terrain slope and soil types. Land cover and soil type data were derived from imagery
classification (Landsat ETM 2003) upon the basis of the work of Gil (2009). The slope layer
was derived from the TG10 digital terrain model.

According to Luqueet al (1979), A and H fall within the C andD categories of the
hydrologic soil group classification of the NRCSRES, 2007a), respectively; the latter
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being categorized a€ where the slope is less steep (Gil, 2009). The digdic
characteristics of th€ andD soil groups are expressed as follows:

= Soils in theC group have between 20 and 40 % clay, less tha% S@&nd, and
loam to clay loam texture with moderately high rirmtential when thoroughly
wet. The saturated hydraulic conductivity in thansmissive layer between the
surface and 50 cm is between 0,36 chpler hour and 3,61 cnithThe depth to
any water impermeable layer is greater than 50ard,the depth to the water table
Is greater than 60 cm.

= Soils in theD group have more than 40 % clay, less than 50 %, saxd clayey

textures with high runoff potential when thoroughiset. For soils with a water
impermeable layer at a depth between 50 cm andc&QGhe saturated hydraulic
conductivity in the least transmissive soil layetdss than or equal to 0,36 cih.h

Terrain slope

The slope layer derived from the TG10 DTM was dfeesh into four categories of
terrain inclination according to Pedraza (1996)cHEslope class was closely related to
specific ranges of terrain elevation. The steepesas extended between 1 200 and 500
m.s.l.; below the contour line of 500 m the slogelohed notably, although the terrain
remained strongly inclined between 500 and 400InT&e lower lands were gently
(300 to 400 m) to slightly (200 to 300 m) inclined.

2.3.2. Hydrological Response Units

The areas having similar physiographic charactesistere assumed to delineate basin
units having similar hydrological response. As shawFigure 2.18, terrain slope, land
cover and soil types discriminated eight differelydrological Response Units for the
upper river basin (HRU; Table 2.4). The runoff aumumber (CN) assigned to each
HRU considered Antecedent Moisture Conditions gbdyl based on Boonstra (1994)
and included the effects of the terrain slope basedLuqueet al. (1979). The
hydrologic condition was considered along with @Bl values. A good (or poor)
hydrologic condition indicates that the soil usydihs a low (or high) runoff potential
for a specific hydrologic soil group, cover typadareatment (NRCS, 1986).

The HRU 1 corresponds to urban areas with veng littfluence on runoff processes
because of their rural character and reduced Sifekfn?). The remaining HRUs may
be assembled into two major groups of similar higdjic response:

i) The higher, steeper areas (HRUs 6 to 8) are dateuinby impermeable structures
with little and sparse vegetation developing upballsw rocky soils. In terms of

surface, this group represents 43 % of the upp&ni§d34 km?). The overall hydrologic
condition is fair to poor; impermeable rock andepteéopography contribute to runoff
dominate over infiltration.

il) The second group integrates the HRUs 2 to 5 suwdincident with the lower, gently
to slightly inclined lands (574 km?; 57 %). Landeus dominated by pastures and
agriculture. The smooth topography together with lermeable geology contributes to
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decrease the rate and extent of runoff and to aiserehe vertical water exchange (i.e.
infiltration and evapotranspiration); the hydrologondition is fair to good.

Table 2.4: Runoff Curve Number (CN) by Hydrological response Unit (HRU) identified within
the upper river basin.

HRU Slope (°) Cover type Soil type Hydrol. Conditio Soil group CN

1 Urban area Clay loam Fair to Poor C 85
2 0>2 Cultivated land  Clay loam Good C 64
3 2>5 Cultivated land  Clay loam Good C 69
4 0>2 Grasslands Clay loam Fair to Good C 74
5 2>5 Grasslands Clay loam Fair C 79
6 2>5 Bare rock Rocky soil ~ Poor D 86
7 5>15  Bare rock Rocky soil ~ Poor D 90
8 >15 Bare rock Rocky soil ~ Poor D 95

2.3.3. Direct runoff depth

Rainfall-runoff relationships are at the basis lmiwf simulation for the headwaters.
Since flow simulation uses flow data gauged at Ghdaa Blanqueada GS, rainfall-
runoff analysis focuses on the drainage area duuing to this gauging station (Fig.
2.19). The issue to be solved at this point waatedl to the spatial distribution of the
rainfall data series available to simulate streamfbn a daily basis; rainfall data were
available for Saldungaray and Sierra de la Ventacations only, so that rainfall

processes within a considerable proportion of {hgeu basin were unknown.

B Rain gauge station

BEE- A Basin outlet P
[T Upper river basin '
Drainage area to basin outlet
: LI Drainage area delineated :
D00 evveeevene JE S S Ny N L ;TR fOr-analysis: e :
B - P % v 90
e = MmN e Q0L
E 190 7 T T
= \ J 35
£ T amiag i
: C
9.:. [N — T I N el il P el et \ |- S
2 Chacra &9
8 ok
S$=79.6 mm
I,=15.9 mm
100 150 200

Rainfall (mm)

Figure 2.19: Rainfall-runoff relationships by runoff curve number. The thick black line
indicates average rainfall-runoff relationships for the upper drainage basin (red squared
area).
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Two different possibilities were involved in thelideation of the contributing drainage
area: (i) delineation by the watershed boundaryrasgsy rainfall uniformity across the
entire contributing area, or (ii) delineation bythatio of influence of the rain gauge
stations for which data were available. Given thelence of strong spatial variability
of rainfall across the upper basin (Gasgarl, 2008; Gil, 2009) and given the extreme
importance of rainfall uniformity in space and tinte accurate rainfall-runoff
calculations (Boonstra, 1994; Marek, 2011), thesd@ossibility was considered more
suitable Fig. 2.19). Implications of this decisifam the final outcome of hydrological
modelling are discussed in the Discussion sectiemeinafter, the term ‘upper drainage
basin’ refers implicitly to the drainage area teatends from Sierra de la Ventana to
Chacra La Blanqueada GS (basin outlet).

Delineation of the upper drainage basin (Fig. 2.848)s based on maps of flow
direction, flow accumulation and watershed delil@atreated in ArcGIS using the
HEC-GeoHMS module. The hydrologic heterogeneityhimitthe drainage basin was
accounted for by averaging CN values (Table 2.bg potential soil retention was
calculated in 79.6 mm with an initial abstractidnl6.9 mm. Runoff depths within the
upper drainage basin were derived from empirickdtimnships between rainfall and
soil retention by runoff curve number (Fig. 2.1Bpinfall-runoff relationships for the
mean CN value revealed that runoff depths may reado 18 mm for 2-yr rainfall (63

mm) and 43 mm for 10-yr rainfall (100 mm). The oatf runoff to rainfall (i.e. the

runoff coefficient) was solved for rainfall depthcreasing from 16 mm to 190 mm
(1000-yr rainfall); the runoff coefficient of theainage basin averaged 0.35.

Table 2.5: Areal-weighted runoff curve number (CN) by Hydrological Response Unit (HRU).
Values for the entire drainage basin in bold.

HRU CN Area (km2) Area (%) Weighted CN

1 85 6.9 1.6 1.3
2 64 79.7 18.1 11.6
3 69 154.9 325.2 24.3
4 74 39.5 9.0 6.6
5 79 18.0 4.1 3.2
6 86 30.4 6.9 5.9
7 90 82.0 18.6 16.8
8 95 35.6 8.1 7.7
Sum - 439.9 100 76.1

2.3.4. Temporal distribution of runoff

The time that takes to runoff to travel across tlhrainage basin was estimated
calculating the time of concentrationd of the drainage basin. Two different methods
were evaluated: the Kerby-Kirpich equation and TiR55 method of the NRCS (See
Section 1.4.3, p. 75):

= The Kerby-Kirpich equation provided a basin timecohcentration of 10.7 hours,
this arising from runoff travel times of 2.5 houjverland flow) and 8.7 hours
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(channel flow).

» The TR55 method provided a basin time of concaontratf 14.5 hours, this arising
from runoff travel times of 0.1 hours (sheet flow)9 hours (shallow concentrated
flow), and 13.6 hours (channel flow).

The difference between the two estimates was nptagh (3.8 hours), which indicates
that at least one estimate is inaccurate to cortipataf derived hydrologic parameters.
According to Mareck (2011), the accuracy of thénestes can be evaluated usingaah
hoc methodology that simply computes the time of cotred¢ion as the square root of
the drainage area (in mi?). Results indicated tihattime of concentration of the upper
drainage basin should be close to 13 hours (giveurface area of 170 mi?); hence the
use of a basin time of concentration of 14.5 h@liR55 method) was considered more
suitable.

2.4. DAILY FLOW RATES FOR THE UNREGULATED RIVER

Hydrological modelling of the upper drainage bgsiavided the basis to compute the
Unit Hydrograph of the upper Sauce Grande Rivertum, the Unit Hydrograph
provided the hydrologic parameters required torril@v simulation (See Section 1.5,
p. 76). As shown in Figure 2.20, rainfall excesd eshm-depth generates a hydrograph
peak that reaches 4°s" in 9.7 hours, this arising from a drainage ared4f km? and

a time of concentration of 14.5 hours. The baseetimn 26 hours with maximum
duration of 2 days. The inflexion point on the iien limb occurs after 16 hours,
which gives a base flow rate of 2.6.8.

6

P=1mm
At=2h

ERrh DATA

' Channel lenght = 40.1 km
Slope = 0.006

Area = 440 km?

REFERENCES

P = effective rainfall

At = rainfall duration

t, = time to peak

t. = lag time

t. = time of concentration
t, = base time

Q, = peak discharge

Q, = base flow

Flow discharge (m®s™)

\/

0 T B T T T T T T T
0 5 10 15 20 25 30 35 40 45 50

Figure 2.20: Unit Hydrograph for 1 mm-depth rainfall excess within the upper Sauce
Grande Basin.

The period selected for calibration of the Rain@fipirical model spans concurrent
observations of rainfall and flow discharge over288ays ranging from the 1st

101



Chapter 2
Generation of baseline data

September 2008 through the®@ecember 2010. The purpose of model calibratios wa
to estimate parameters and coefficients that si@ulew, median and high flows
accurately. Prolonged dry conditions increased ghananence of subsidence flows
(3.17 mi.s") over almost the entire year 2009; by late 2008 aver the year 2010,
minimum flow rates increased to 3.28.1 and random events of heavy rainfall led to
high-flow pulses and small floods.

A trial-and-error adjustment of the parameters toclv the model was sensitive was
performed to regulate the magnitude and timindghefttydrograph simulated. The alpha
function was fitted to give a minimum flow rate 822 nt.s’, i.e. a base flow rate
falling between the minimum flow rate and low-floates observed over the entire
period for which data were available (2.98.s1 and 3.30 ms?, respectively). Errors
in the simulation process were measured separepelsidering low flows (< 3.30 fr8

1, median flows (3.30 fis® > 3.85 ni.s?) and high flows (> 3.85 fs?). Low- and
high-flow rates were calculated based on the sefid®w data available; median flow
was 3.42 ms™.

The measure of error during thmlibration period revealed good correspondence
between simulated and observed flow data (Tablg, ZaBhough coefficients of
efficiency for high flows were low (CE = 0.22). Meess of absolute error (ME, RMSE)
and relative error (RE) showed very low valuesdibflow ranges and indicated that the
model fitted better for median and low flows. Owtmmation rates showed that the
magnitude of median and high flows was underest@thdity between 87 and 90 %,
which was less suitable than expected (50 %). Degmme random error residuals
related to overestimation of evaporation ratestanias in rainfall series used as input
data, comparison between curves of observed andaed flow data showed that the
model fitted suitably to simulate the timing, thegnitude and the recession of mean
daily flows (Fig. 2.21).

100 2008 2009 2010
: ............. Measured

—— Simulated

Daily flow (log)
>

Figure 2.21: Comparison between measured and simulated daily flow rates for the upper
Sauce Grande River over the calibration period (01/09/2008 to 31/12/2011).

The efficiency of the model to simulate daily flowss evaluated over an independent
verification periodranging from the t March 2007 to the 3bNovember 2007 (Table
2.6). Coefficients of efficiency revealed that thedel fitted better for low flows (CE =
0.99) than for median and high flows (0.48 < CE.58), even if absolute and relative
errors were relatively small. Overall, results oated that the model simulated flows
suitably; the highest error ranges were relatesirtaulation of high flows and revealed
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to respond to bias in the rainfall series usedahpstidata.

Table 2.6: Errors from simulation of daily flow rates for the upper Sauce Grande River over
(a) the calibration period (01/09/2008 to 31/12/2011), and (b) the verification period
(01/03/2007 to 30/11/2007). Best results per metric in bold.

(a) Calibration period

Flow magnitude n ME SD RMSE RE OE CE
Low flows 277 0.01 0.07 0.07 0.39 46.9 1.00
Median flows 289 -0.09 1.57 1.57 -2.59 9.7 0.70
High flows 286 -0.49 1.79 1.85 -10.58 12.6 0.22
(b) Verification period

Flow magnitude n ME SD RMSE RE OE CE
Low flows 66 -0.02 0.06 0.05 -0.70  0.62 0.99
Median flows 161 0.37 1.57 1.60 10.31 38.5 0.48
High flows 48 0.70 2.44 2.52 17.01 56.3 0.58

[n] number of individuals; [ME] Mean Error (m3.s!); [SD] Standard Deviation (m3.s);
[RMSE] Root Mean Squared Error (m3.s'); [RE] Relative Error (%); [OE] Overestimation
rate (%); [CE] Coefficient of Efficiency.

The RainOff-empirical model was run on a continudady basis from 1956 through
2011. Two separated series of flow data were aeldiemnean daily flow rates (Fig.
2.22) and daily rates of peak discharge (see Sediib.1, p. 76). These data series
provided a robust basis on which to base furthedyars of the natural river flow
regime. River flow regime assessment was requirent (o evaluate the effects of the
dam upon the river hydrology system.

(ww) jjeyurey

Rainfall

250 CalibrationT 250
Streamflow period

1
L —

- T 1 1+ 1+ 1°r 1 1

1956 1960 1964 1968 1972 1976 1980 1984 1988 1992 1996 2000 2004 2008 2012

Figure 2.22: Rates of daily flow simulated from daily rainfall over the period 1956-2011.
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2.5. DAILY FLOW RATES FOR THE REGULATED RIVER

Long-term series of daily streamflow within theenbelow the dam were estimated by
combining three different sources of hydrologicadgt) mean daily flow rates derived

from stream stage readings, (ii) mean daily ratesservoir flow release, and (iii) mean

daily rates of reservoir seepage. Procedures peeidto calculate flow rates within the

river downstream are described below.

2.5.1. Daily flow rates over the period 2009-2012

The hydrometric stations located upon Bajo San,®Sd8-1 and BSJ-2, were calibrated
using 5 and 4 measures of flow discharge, respdygtimMeasures of flow discharge
were effectuated during periods of low flow, sotttiee function Q =f(H) derived from
these measures was used to calculate daily flowsvbthe low flow threshold (0.4
m®.s?). Flows higher than this rate were calculated gisierivative functions based on
the Manning'’s equation.

R2 values from the derivative functions revealedqm model fit in both cases (R2 = 1),
and absolute errors resulting from daily flow estiions were very small for both
hydrometric stations (-0.03 < RMSE < -0.01). Theref the stations can be said to be
calibrated accurately and the parameters usedmpuatation of the Manning's equation
can be said to be precisely estimated. For a gtteam stage, the error in estimates of
the corresponding flow is expected to be less th& in periods of base flow and
between 1 and 5 % during high-flow events.

Hydraulic parameters used in empirical modelling

Thechannel slopeavas very low for both hydrometric stations (0.0604< 0.0008) and
thehydraulic radiusfor 5 m channel depth (bankfull stage) was moderaBJS-1 (R =
1.1) to low in BSJ-2 (R = 2.8). Thehannel roughnessvas determined using the
Manning’'s-Cowan coefficienin] upon the basis of Arcement and Schneider (1989).

Overall channel conditions for both hydrometrictistas were good (Fig. 2.23); as the
river excavates fine materials (silt and clay=.02), the channel is mainly regulag (n
= 0.005) with little obstructions §n= 0.015). Variations in the channel cross-section
along the river section were gradual in both casmge and small cross sections
alternate occasionally {r= 0.005). As for the obstructions caused by vdgetaboth
sections revealed medium vegetation cover on tharad bed (p= 0.025) and large
vegetation cover over the channel banks, the vagetaover over the channel banks
being greater for BSJ-1 (& 0.045) than for BSJ-2 {1+ 0.035).

2.5.2. Daily flow rates over the long term

Daily flow rates were calculated over the entirequefor which stream stage data were
available (Fig. 2.24). Daily flow rates over thesebvation period (2009-2012) averaged
0.28 ni.s* with very little fluctuation (0.03 fhs?); reservoir flow release did not occur,
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and the response of flows to episodic rainfall wagligible compared to that of the
river upstream.

Channel roughness
n=(nb+n1+n2+n3+n4)*m

Gradual variation in cross-section
n, = 0.005

Minor obstructions

Excavated ::
channel
n, = 0.005

Channel roughness: n, = channel material; n, = degree of irregularity; n, = channel shape;
n, = channel obstructions; n, = amount of vegetation; m = channel sinuosity

Figure 2.23: Scheme of the parameters used in estimation of the channel roughness (n).

Mean daily flow rates over the period 2009-2012
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Figure 2.24: Mean daily flow rates for Bajo San José over the period 2009-2012 (above)
and long-term series (1989-2012) of daily flow rates estimated for the river downstream.
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Accordingly, we assumed that mean daily flow rdtasthe period 2009-2012 were
characteristic of downstream conditions during quasiof zero flow release from the
dam reservoir; mean daily flow rates were then usefill blanks within the series of

daily rates of flow release (1989-2011). As shownFigure 2.24, this procedure
permitted to reconstruct long-term series of dathgamflow within the Sauce Grande
River below Paso de las Piedras Dam.

2.5.3. The sources for downstream flow

Where no reservoir release occurs, downstream fhoginates from (i) reservoir
seepage below the dam structure, and (ii) leakage fthe bottom gate; further
downstream, groundwater inflows contribute to iasee flow discharge significantly.
Rates of reservoir seepage were calculated toimigate the contribution of the dam
reservoir to the downstream flow in periods of zBow release (See Section 1.6.2, p.
83). Parameters used in calculations were measarsdu within the weir draining
reservoir seepage into the main channel (Fig. 2.Z&g current rate of reservoir
seepage were averaged in 0.034sh (1.1 hni per year) with very little variation
between measures (SD = 0.0001).

g =9.81 m/s? C.=0.59 + 0.02*h/P

Figure 2.25: Parameters and measures used in estimation of rates of reservoir seepage.
Based on André et al. (1976).

Flow discharge at Bajo San José averages 0°88; this implies that reservoir seepage
contributes to downstream flow by 12 %. A secondr Weains reservoir seepage into
the main channel (Fig. 2.5), although field obstoves revealed that the volume of
water conducted is negligible. Another source fowdstream flow observed (but not
measured) is the reservoir leakage through themotgiate. Assuming that the bottom
gate is open by 1 mm, the rate of reservoir lealshgeld average ~ 0.07%s (25 % of
mean downstream flow). These measures suggesttlibateservoir contributes to
downstream flow by about 37 %; the remaining prapaoris provided by groundwater
inflow. Except for some short gullies, the Saucar@e River receives no tributary
inputs until its confluence with Cafada de los Leowrreek (unsteady) in the lowest
section.
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B DISCUSSION AND CONCLUSIONS

The lack of climatic and hydrologi@atd over the long term has limited
strongly earlier studies assessing the hydrologyhef river basin. As a result, the
hydrologic and geomorphic effects of river impourahihremain poorly evaluated. This
chapter has presented in detail the proceduresrpestl to generate baseline data for
hydrological analysis of both the unregulated dreregulated Sauce Grande River. As
well as yielding new spatial, climatic and hydratoglata made available to dam
managers (Fig. 2.26), this chapter has tested cgtylity of a number of methods to
spatial, climatic and hydrological modelling of @wuged basins. The methods presented
herein are widely transferable to other ungaugethsaas discussed below.

3.1. SPATIAL DATA

As the configuration of the terrain surface is & Kactor controlling hydrological
processes, Digital Terrain Models (DTM) are a vhleatool for hydrological
assessment (Wise, 2000; Vet al, 2008). Examples of hydrological applications of
DTMs include drainage basin definition (e.g. Rieg&P98; Wanget al, 2000;
Mazvimavi et al, 2006) and morphometry (e.g. Wang and Yin, 1998;Ker et al,
2001; Drogueet al, 2002; Maestro Canet al, 2003; Hancock, 2005; Ozdemir and
Bird, 2008; Matsunagat al, 2009), runoff modelling (e.g. Kim and Lee, 2084 and
Cheng, 2004; Wise, 2007), and flood hazard modglleng. Gilard and Oberlin, 1998;
Sanders, 2007; Lastet al, 2008; Merwadeet al, 2008), among many others. Within
the context of the present research the DTM hpketapplicability:

)] it constitutes the source of elevation for rec#fion of aerial photography and
imagery,

i) it provides information on the configuration of tkeyrain surface from which
terrain and terrain-related products such as stopps and Thiessen polygons are
derived, and

iii) it represents the basis on which to delineate iher mwatershed, create flow
direction and flow accumulation maps, define thaiage network and the sub-
catchments, and delimitate the contributing dragnagsin to predict hydrological
response.

Although the prime today is the generation of highelution DTMs based on remote
sensing (e.g. photogrammetry, Walker and Willgod€89; satellite imagery, Endreny
et al, 2000; LIDAR, Hilldale and Raff, 2008), the cogttbese techniques and the time
required for processing were too elevated relativéne large size of the river basin.
The DTM used within the context of this researcig.(B.26) was derived from digitized

contour lines; besides being the source for elematnost widely available (and

affordable), contour lines provide additional inf@tion on the characteristics of the
terrain surface to model (Felicisimo, 1994; vanuetd, 1997; Wise, 2000; Selvi and
Bildirici, 2008) that are hydrologically importafiVise, 2000; Wtet al, 2008).
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Section 3

Discussion and Conclusions

Despite these benefits, contour lines do not pevidormation between levels of
terrain elevation and, depending on the configarabf the terrain surface, they may
give very little information on which to base arcaate interpolation (Wise, 2000). In
this regard, contour-derived DTMs are subject terain degree of error relative to the
quality of the data source and to the algorithmduseinterpolation, and to a certain
degree of uncertainty relative to the lack of \atiinformation between contours
(Fisher and Tate, 2006). Error and uncertainty hdwvect implications for terrain-
derived products and DTM applications (Hermglal, 2004), and hence the need of
assessing and improving the quality of the contterived model.

A number of studies have evaluated different irdkton techniques (e.g. Wood and
Fisher, 1993; Carrarat al, 1997; Wise, 2000; Pardo Pascedlal, 2002; Selvi and
Bildirici, 2008) and output model resolutions (Gd4097; Ziadat, 2007; Sharns al,
2009) to derive DTMs from contour lines accuratdlgese studies revealed that whilst
the absolute accuracy of the model (i.e. altimetigpends on the quality of the
elevation source, the interpolation technique dwedrésolution of the output model, the
gualitative accuracy of the model (i.e. the degyesimilarity between the model and
the real topography) depends strongly on the cardigpn of the terrain surface to
model.

We have evaluated the absolute and the relativétyjoh 12 contour-derived DTMs
(four different interpolation techniques for thredifferent output resolutions)
considering four different degrees of terrain coemjily. Intercomparison between
models revealed that there were great variationthenquality of the DTMs derived
from the same source of data. The vertical accuvhtlye models, measured in terms of
ME and RMSE, was closely related to the terrain glexity in all cases; the highest
errors were detected in areas steeply inclinedrdéggss of the algorithm used in
interpolation and the resolution of the output modée impact of the interpolating
method and the model resolution were stronger daggrthe relative quality of the
models; TG and OK interpolators provided the bestiits.

Although none of the models was clearly superidatiee to the others, the model
generated using the TopoGrid interpolator for 1@esolution (TG10) was the model
the most reasonable in terms of both vertical amurand precision in the relative
representation of landforms. Similar results weeported by Wise (2000) and by
Sharmaet al. (2009) from comparison among a wide range of paktors and
software. These results were expected, as the Tappa®mmand in ArcGIS was
specially designed to work intelligently with coats, point elevation data, streamflow
lines and water bodies (Hutchinson, 1988; 1989ckinson and Dowling, 1991).

In spite that the TG10 model qualified as the madddest quality, results revealed that
the vertical accuracy of the model decreased cerdilly as the inclination of the

terrain surface increased; the RMSE ranged fronm#ib areas steeply inclined to 1.1
m in areas of low relief. Large errors in areagphg inclined were strongly related to

the presence of isolated peaks, which are repreddnt closed contours. Even if the
TopoGrid algorithm is non-linear (i.e. it extrap@sa beyond the elevation value of
closed contours), errors may occur relative to ldok of data on which to base an
accurate extrapolation (Hengt al, 2004). Differences in elevation in areas of low
relief are less significant, and hence errors frioberpolation were smaller. Results
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regarding the relative accuracy of the model weoeenthan suitable. As the algorithm
checks for outliers during interpolation and cotsethem (Hutchinson, 1988; 1989;
Hutchinson and Dowling, 1991), error ranges wergy\@nall (less than 3.4 m). In
addition, the interpolation process is non-linead ao artifacts were much reduced (less
than 1 %).

Overall, the relative accuracy of the TG10 was carapvely better than its vertical
accuracy. From a hydrological point of view, premisin the reproduction of the terrain
forms is largely more important than precisionhe teproduction of absolute elevation
values, as any error in the former may lead toelaggors in hydrological estimates
derived (Kenwarcet al, 2000; Fisher and Tate, 2006). In addition, theica& accuracy
of the model may be improved using simple techrsdeesed on auxiliary contour and
stream line data (Henglt al, 2004) derived from DTMs of wide availability ge.the
SRTM90 of the USGS). Also, most terrain-relatedgpoams integrate commands that
correct DTMs for sinks automatically (e.g. ArcHydf@ols and HEC GeoHMS for
ArcGIS). These procedures contribute to improveplagisibility of the model notably
(Felicisimo, 1994; Wise, 2000; Henef al, 2004), and hence the hydrological analysis
derived.

3.2. CLIMATIC DATA

Invalid and missing data within climatic data setsre abundant. As complete and
accurate sources of climatic data are fundamentahadel environmental processes
efficiently (Jeffreyet al, 2001), climatic data series required of exhaesgtforts of
correction and filling before being used in anadystandom and systematic invalid data
were surrogated once detected; estimation of ngsgiata required of more
sophisticated techniques, as simple and arbitr@placement of missing records may
lead to unrealistic and discontinuous results ifistéd al, 2000).

3.2.1. Rainfall data

Incomplete sources of rainfall data have restricteshy research efforts worldwide, so
that a number of studies have evaluate the accufadifferent techniques to estimate
rainfall data for a variety of environments and laggtions (e.g. Bennett al, 2007;
Silva et al, 2007; Modallaldoust, 2010; Mair and Fares, 20Qhen and Liu, 2012).
These studies concluded that the Inverse Distanesgiing (IDW) interpolation
technique provided the most suitable results, atthodemonstrated that the method
depended strongly on the density and spatial sgantithe network of observational
stations used in interpolation of missing datagf@iven location.

The main advantage of using the IDW technique tonase missing observations of
rainfall was its simplicity for computation and ftexibility to calculate missing records
over either discrete and long periods or shortiatetmittent periods. However, there is
a high degree of uncertainty in the accuracy of @bmations relative to the strong
variability in rainfall regimes across the riversba
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Assessment of rainfall regimes in Nonthue, SiegdadVentana, Saldungaray and Paso
de las Piedras revealed variations in the magnitddiee hyetographs and similarity in
timing. Rainfall modules described a clear deckoath-southwestward, although the
magnitude of rainfall extremes was higher for thatkern sites. The decline in annual
rainfall amounts southwestward is characteristicth@d south-western Buenos Aires
Province (Capelli de Steffens and Campo, 1994; @amipal, 2004; Kruse and
Laurencena, 2005; Sciagt al, 2006). However, bias between the northern and the
southern sites were significant relative to thersdestance that separates them (about
40 km), Such variations were conceivably relatedtdpographic forcing. Rainfall
amounts within the headwaters are enhanced byftbet ©f the Sierra de la Ventana
Range, which imposes wetter-than-normal conditions the higher areas and
precipitation maxima over the north-eastern slq@sspariet al, 2008; Gil, 2009). Gil
(2009) found that annual rainfall modules betweearhy locations (7 to 10 km apart)
may increase by 200 mm and 400 mm as the sitemare exposed to the effects of
north-easterly winds uplifting the windward slop€&€m the lee side, rainfall amounts
decrease considerably; for example, the mean amau#hll module in Paso de las
Piedras (situated southwestward from the mountgtes) was up to 120 mm smaller
than that mean annual module of the upper sites.

These results permitted to assemble the four sefiesnfall observations into two data
sets accounting for zones of relative rainfall hgeteeity: the upper river basin and the
area near the Paso de las Piedras Reservoir (). Zhis procedure contributed to
reduce the number of rain-gauging stations avaladohd hence facilitated further
analysis. Nevertheless, the spatial distributiorramfi-gauging stations for which data
were available over the long term (1971-2010) wasce relative to the complexity of
rainfall regimes within the river basin. Rainfathaunts for a great proportion of the
river basin remain unknown, especially within theatiwater areas which record the
largest rainfall amounts. Hence, there is high degf uncertainty in the use of these
data series as source for hydrological assessrhém apper river basin.

3.2.2. Air temperature data

Air temperature data was lacking for almost therergeriod of observation, and hence
the need of estimating air temperature data owetdahg term. During the last decades,
researchers have developed and used a variety cokegures to estimate missing
temperature data. According to many studies (eegniet al, 1983; Islamet al, 2000;
Schneider, 2001), regression-based techniquesda®hé most accurate results.

Long-term series (1971-2010) of daily air tempemtior Saldungaray and Paso de las
Piedras (Fig. 2.26) were estimated using linearesggon analysis. Temperature data
used in regressions were available for three diBshia Blanca, Pigié and Tres
Arroyos) situated between 60 and 130 km from tle@ af interest. Campet al. (2004)
demonstrated that the area is subject to notalflerelces in air temperature due to the
coupled effect of the ocean and the continentabgogohy; hence, multiple regression
using temperature records for these sites may tieadror resulting from the thermal
gradient between stations. Networks of climatic evbagtional stations are usually
sparse, and climatic data is not always available stations nearest than several
hundred kilometres; however, sparse networks maynbie representative of the
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climatology of the area for which data need to &ttnsated (Jeffrewet al, 2001).

To solve this problem, regressions were run for imam and minimum daily
temperatures separately; mean daily temperatures gaculated averaging estimates
to compensate for errors in the estimation of teaipee extremes. Error analysis
revealed that the regression models fitted suitdblysimulate both maximum and
minimum daily temperatures and for the two sitesnbérest. Consistently, errors in
estimation of mean daily temperatures were veryllsarad errors in estimation of mean
monthly temperature were negligible.

3.3. HYDROLOGIC DATA

Hydrologic data available for the river basin irdsal: (i) historical records of monthly
runoff for La Toma Gauging Station (1910-1947), &ndhourly flow rates for Chacra
La Blanqueada Gauging Station (2004-2011; with kdanThe limitation of using these
time series to assess the river hydrology are cctharformer series, besides lacking of
daily observations, do not account for the effeftsvetter climate conditions reported
for the last decades, and the latter series, b&edidang incomplete, span a period of
time too short to effectuate an accurate hydroloferacterization of the river basin. As
a result, the overall hydrology of the river bagmains poorly evaluated.

Assessing the river basin hydrology is not the nadijective of this study; however, the
understanding of hydrological processes within rilver basin was required prior to
assessment of the effects of dam impoundment up®rhydrologic continuity of the
river system. The greatest limitation for hydrolcdiassessment of the river basin was
the overall lack of hydrologic data; hence, we uaeskt of physically-based empirical
models to generate long-term series of river fl@atador both the unregulated river and
the regulated river (Fig. 2.24).

3.3.1. The hydrology of the river basin

Hydrologic data for the river basin was generatadeld on simple empirical methods
widely available in literature such as the Curveniber method and the Unit
Hydrograph method of the NRCS (1986; 2004; 200@78; 2010). In addition to
their simplicity to calculate hydrologic parametetise greatest benefit of using these
methods is that they require a relatively reducathlmer of input data and yet they
provide accurate results. These aspects explainvinge applicability to hydrological
assessment of ungauged basins.

Within the area of interest, these methods werdieagppy Paoloniet al (1972) and by
Luqueet al (1979) to assessment of the entire upper SaumedémBasin. These studies
reported potential soil retention of 75 mm, initeddstractions of 15 mm, mean runoff
coefficient of 0.32, and basin time of concentratd 13.8 hours. These values are very
close to those estimated for the drainage areaibahhg to Chacra La Blanqueada (80
mm, 16 mm, 0.35 and 14.5 hours, respectively), wivialidates the accuracy of our
results.
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3.3.2. Rainfall-runoff modelling

Empirical modelling of the upper drainage basinvpted the set of hydrologic data
required for rainfall-runoff modelling. Among thdde range of popular models used to
flow simulation from rainfall, few models were adieqh to the local conditions. The
biggest limitation was the lack of data to use rgsui for several components of the
hydrological balance (e.g. infiltration and grourader flow rates). On the other hand,
most models have been developed to work with rivathin oceanic climates, and
hence having flow regimes that differ substantiflm the Sauce Grande flow regime
which is more characteristic of dry climates (flashy regime). For example, we have
tested the TOPMODEL (TOPography based hydrologw@DEL (Beven and Kirkby,
1979; Beven, 2001), which have a friendly interfacel requires few input parameters
to run such as rainfall data, evapotranspiraticia dad GIS-derived basin topography.
However, simulation results were unsatisfactoryakse were underestimated and
recession curves were longer and gentler than tteseribed by observed flow data.
Indeed, it has been demonstrated that the modéisymmorly in Mediterranean climates
(Beven, 2001; Saulnier and Le-Lay, 2009; Vinceneatoral, 2010), and so a specific
version of TOPMODEL called TOPODYN was developed the Observatoire
Hydrométéorologique Méditerranéen Cévennes-Vivar@ellarin et al, 2002,
Vincendonet al, 2010). However, TOPODYN has been used princip@lgimulate
single flood events, and its accuracy to simulédes fwithin the Sauce Grande Basin
over the long term is subject of further research.

The model that provided the best fit in terms ofiMltiming, recession and duration was
the RainOff model of the Liquid Gold Team (2002)piovided three major benefits:

(i) Simplicity in calculations, as the model reasronly four input parameters to run
(rainfall, runoff, evapotranspiration, and soilenetion).

(i) Non linearity of processes, as the model aoteuor the effects of antecedent
moisture conditions by running the water balancg¢heffirst reservoir on a continuous
day-to-day basis. This is particularly importantcansider the effects of dry periods
(where the soil has an unfilled retention capacigyl wet periods (where the soil is
saturated) on runoff processes.

(iif) Non stationary of processes, as the runoficteon function of the second reservoir
depends on the depth of recharge from the first.

The greatest disadvantage of the RainOff model thasit worked poorly to simulate
the magnitude of high flows, conceivably relatedthie flashiness of peak flows and
floods within the Sauce Grande Basin. HoweverhasRainOff model is flexible, the
magnitude of high flows could be calculated eabiyusing empirical equations based
on the rational method and unit hydrograph analysissimilar physically-based
empirical model was devised by Ibrahim and Cord@805) to estimate runoff in an
ungauged flashy basin in eastern Australia, whicidesces the applicability of the
model to simulate flow in dry climates.

The biggest weakness of the RainOff-empirical modek its high sensitivity to
variations in rainfall and evapotranspiration da&tdhough Sensitivity Analysissgnsu
McCuen, 1973) was not performed, this fact wasewed clearly during the phase of
model calibration. For example, variations of 10 flemrecharge depths greater than 50
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mm may lead to variations of up to 4 mm in runoépths dependent on the runoff
coefficient, and overestimation of 0.5 mm in evapons rates during summer days
may contribute to eliminate small flow fluctuatior&milarly, as the model works with
rainfall inputs only, flow variations during peri@df zero rainfall remain unknown
because the model does not account for the effgfcigroundwater inputs feeding
subsidence flows.

Model uncertainties

Despite streamflow simulation results were likelytable, results are subject to various
sources of uncertainty. First, the complexity ofltojogic processes interacting within
the upper river basin has been simplified; for egl@nthe initial abstractions used in
computations do not necessarily account for theresrteterogeneity of the basin
characteristics recognized by Gil (2009). Otherrsesi of uncertainty are probably
related to the inconsistency and discontinuityrgfut rainfall data and to inaccuracies
of potential evapotranspiration estimates. Sectral availability of daily observations
of rainfall at different sites across the uppererivbasin was limited. Series of daily
rainfall used in flow simulation (i.e. Sierra de\f@ntana and Saldungaray) account for
precipitation in the mid-lower sectors of the uppesin; rainfall amounts within the
highest areas remain unknown. Probably, the rivedute and the magnitude and
frequency of high-flow events were underestimatedalise contributions from the
upper areas and tributaries were not considerecenGine evidence of heavy rainfall
events inducing flash-floods from the highest ar@aaspariet al, 2008; Gil, 2009),
simulations results should be read carefully. Thihg accuracy of the model relies on
proper estimates of hydrologic parameters for therrbasin (e.g. soil retention and
time of concentration of the contributing area)] an the uniformity of rainfall in terms
of intensity and duration across the entire bdsimally, it also should be noted that the
applicability of the model outside the range ofafloonditions that occurred during the
calibration and verification periods is highly urteén (Yeung, 2004).

3.4. CONCLUSIONS

This chapter has presented in detail the procechgdermed to generate baseline data
for hydrological assessment of the Sauce GrandanB@Asspite that the main purpose
of this research is to quantify the hydrogeomorpbalal effects of river impoundment,
hydrological processes within the river basin hbgen poorly evaluated in the past and
hence the need for understanding these processes tpr assess dam-induced
disruptions in the river hydrology.

The spatial, hydrologic and climatic data yieldeerdin (Fig. 2.26) serves as an
important platform to further hydrological assessetngf both the unregulated and the
regulated rivers. In addition, these data are nmeadelable of managers of flows to
contribute to the overall understanding of the eha of local water resources; this
understanding is at the basis of future planning iamprovement of dam management
practices. As well as yielding new information taderpin further research, this chapter
has evaluated the application of a number of plysimodels to hydrological
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assessment of the river basin. The methods preséetein are widely transferable to
generate hydrological data within other ungaugedinsa especially those situated
within dry regions of the globe.
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n INTRODUCTION

The Paso de las Piedras Dam and its reservoir designed to store and yield
mean annual inflow volumes of 143 fug#.54 ni.s") to water supply purposes (Fig.
3.1). Mean annual inflow volume was calculated dase historic series of flow data
(1910-1947) gauged at the Paso de las PiedrasorStaélow the confluence of El
Divisorio Creek (Ministerio de Obras y ServiciosbiR¢os —MOSP-; cited by Schefer,
2004). The aqueduct was designed to withdraw &Y tbn? of water per year (3 frs™;
maximum capacity), the annual volume of evaporatiom the surface of the reservoir
lake was estimated in 32 Ani1.0 n?.s) and the remaining volume (24 Amwvas
allocated to conservation storage and water rel@as@stream (compensation flow).

ANNUAL WATER BUDGET PASO DE LAS PIEDRAS RESERVOIR
Q,-W,-Eq-R;-AS, =0 Depth: 28 m

Capacity: 328 hm’
Surface area: 36 km®

H[m]

400+

200

Storage [S; ]
16 hm®

Water =
withdrawal [W.]
87 hm®

Figure 3.1: Annual water budget of the Paso de las Piedras Reservoir. Input and output
volumes were based on Schefer (2004).

Despite the unquestionable hydrological value ef study of the MOSP, there are a
number of reasons for which the water balance efRaso de las Piedras reservoir
requires to be re-evaluated. First, the study ef MOSP was conducted prior to dam
construction and reservoir operation, and the wiaddgince of the reservoir since dam
closure in 1978 has been poorly evaluated. Se@ndmber of studies reported strong
spatial and temporal variability in local rainfategimes related to the ENSO
phenomenon and other large-scale phenomena (eam, 2000; Labragat al, 2002;
Scianet al, 2006; Campet al, 2009; Bohret al, 2011); as the hydrologic system is
rainfed, inter-annual variations in rainfall haveedt influence on the annual volume of
water available for runoff and storage processé#d] the actual water demand has
exceeded substantially the reservoir yield capatywater supply and to date, the
reservoir volume declines alarmingly due to theaureence of drought and high rates of
water withdrawal.

The first objective of this research is to quantte degree of flow regulation induced
by the Paso de las Piedras Dam on the Sauce GRinele To meet this purpose, this
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chapter examines how the reservoir volume respotodsvariations in inflow

components over time, and quantifies the predilitalof flow release relative to such
variations. Temporal patterns in the hydrologic poments of the water balance
equation are inspected, and a Reservoir Water Baldodel is proposed as tool for
dam management. The degree to which the dam imgotlvedSauce Grande River is
evaluated by quantifying the dam potential to intpt water fluxes from the headwater
sources relative to the capacity of its reservaid dauman requirements for water

supply.
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1.1. THE WATER BALANCE MODEL OF THE RESERVOIR

The reservoir water balance equation for a giveretinterval states that the
relationship between inflows, outflows and changeshe water storage equals zero
(Sokolov and Chapman, 1974). Accordingly, any cleanghe water storage equals the
difference between inflows and outflows. Assumimgtt groundwater inflows and
outflows are equal, the water balance of the Pasdad Piedras reservoir may be
expressed as follows:

AS, = (Q, +Pe* A)—(Ex* Ac+ Ry +We + 1)+ (3.1)

where NS] are changes in water storag@y] is the surface inflow;Rg] is the direct
precipitation on the surface of the reservoir la{g;] is the evaporation from the
surface of the reservoir lakaxd] is the water released downstreaMi] is the water
withdrawal; [g] is the storage loss by seepage below the damrdmient; Ag] is the
surface of the reservoir lake; ands the error term.

Building on this assumption, we developed a WatalaBce Model (WBM) for the
Paso de las Piedras Reservoir. The main purposeeahodel is to verify the viability
of the variables used in the water balance equatiorariations in water storage are
simulated accurately, then any component of tharu& equation may be estimated
based on the relationships between the remainingoaents.

1.1.1. Time series assemblage

The Water Balance Model of the Paso de las Piedeservoir was computed on a
monthly scale. Outside the fact that daily dataenissing for various components of
the balance equation, the monthly scale was corsidenost appropriate for the
purpose of this research because it allows to expielations between water storage,
water supply yield and flow release relative to wainand inter-annual variations in
inflow components. All components of the water bak equation were expressed in
volumetric units (hr?) and were independently measured or independealitylated.

Concurrent and continuous measured data for allpoments of the balance equation
were available over the period 2009-2010 only (Begure 2.2, p. 70); beyond this

period, at least one component required to be agtuin Note that climatic and flow

data were available since dam closure in 1978,swvielservoir data were available over
the period 1989-2010. Hence, the period used falyais of the reservoir water balance
extends over the 22-yr period for which data werailable; the reservoir hydrology

from dam closure to the year 1988 remains unknown.

Reservoir volume and surface area

Daily series of reservoir water levels over thaqud 989-2010 were the only source of
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information available on water storage; hence réationships of reservoir volume and
surface area to water elevation required to beesiogprior to assemble the data series for
analysis. Information on reservoir volume was regglito inspect variations in water
storage, whereas information on reservoir surfaae required to estimate rainfall and
evaporation volumes to and from the reservaoir.

Volume- and surface area-elevation relationshipsevealculated in ArcGIS using the
HEC-GeoRAS module. Input data used the map of vesebathymetry derived from
the TG10 DTM (see section 2.1 in Chapter 2, p. 8&g reservoir volumevg] and the
corresponding surface aresg] were calculated for water leveldd] increasing by 0.25
m from 139 m.s.l. (bottom of the reservoir) to 17.l. (crest of the dam barrage).

The functionsVg = f(Hg) andAr = f(Hr) were derived from GIS-measured data using
non-linear regression analysis. The accuracy of régression models to simulate

reservoir volume and surface area from water lela¢h was inspected using common
descriptive metrics of error (mean error, standaediation and root mean squared

error; Eq. 2.1, p. 72) and the coefficient of affiitcy of Nash and Sutcliffe (Eq. 2.20, p.

80).

Inflow components

Series of monthly direct rainfall volume (1989-2pWere calculated based on monthly
rainfall observations for Paso de las Piedras Mtedithe surface area of the reservoir
at spillway level (30 km?). Input data for surfaciow volume [Qu] used daily flow
rates of the Sauce Grande Riv@g{] over the period 1978-2010 (i.e. since dam closure
in 1978). Concurrent flow data for the El Divisoi@reek (tributary) over the period
2004-2007 (with blanks) was used to derive a ctimedactor (R2 = 0.99) for inflow
volumes from the sauce Grande River expressedlaw/$o

Q, (hnf) =1.0143(Q,,) + 0.0357 (3.2)

This procedure was performed to account for theeemblume of surface inflow from
headwater sources and tributaries (i&;). Note that inflow volumes from the Sauce
Grande River and the corresponding correction fageye computed on a daily scale as
daily data were available; monthly volumes of scefanflow were calculated from the
sum of daily inflow volumes over the month.

Outflow components

Measure of dam-controlled outflow volumes usedydadtes of water release measured
by the dam managers (ADA), and daily rates of watghdrawal measured by the
water shipping company (ABSA). Long-term series8@-2010) of monthly volume of
water release were calculated based on the suor@sponding daily volumes over the
month; monthly volumes of water withdrawal wereccddted similarly although data
were available over the period 2009-2010 only.

Monthly volumes of reservoir evaporation used seri@éf maximum potential
evapotranspiration for Paso de las Piedras MS (P889) times the surface area of the
reservoir over the month considered. Monthly volanw reservoir seepage were
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calculated based on mean seepage rates of 0.3# (for more information on
calculation of seepage rates, see section 2.5Chapter 2, p. 106). Monthly seepage
volumes were assumed as constant over the enticelpe observation.

1.1.2. Model running

The WBM of the Paso de las Piedras Reservoir wagpated on a continuous monthly
basis following a series of steps based on Yeu@g4p

Step 1 Determine the initial reservoir volum&ini] and surface areaAgini] for the month
from the reservoir volume and surface area at tideoé the preceding month.

Note: Vgini and Agini for the first month of the series are calcuthissed on water
level data for the last day of the month.

Step 2 Determine the monthly volume of direct ralinbn the reservoirHg] based on the
surface area of the reservoir at spillway level.

Step 3 Estimate the daily volume of runoff from tieadwaters based on gauged flow data
for the Sauce Grande RiveR{d. And determine the daily volume of surface inflow
[Qu] based on a correction factor Qg (Eq. 3.2).

Note: monthlyQy is calculated from the sum of daiy; over the month.

Step 4 Estimate the monthly volume of reservoimpevation Eg] based on the initial surface
area times the evaporation rate estimated for thrattm

Step 5 Determine the monthly volume of water radRg] from the sum of dailyrRs over the
month.

Step 6 Estimate the monthly volume of water witkdde[Wg] from the sum of dailyV; over
the month.

Step 7 Determine the reservoir volume at the enth@fmonth Yrend] based on the water
balance equation (Eg. 3.1) as follows:

Veend = Vgini + (P, +Q, ) — (B + Ry *W it ) (3.3)

Note: water losses by reservoir seepalgg Were assumed as constant over the entire
period of observation.

1.2.3. Model verification

The ability of the WBM to simulate month-end wastorage was verified over the
period for which measured data was available foca@hponents of the water balance
equation (2009-2010).The phase of model verificaiiovolved the measure of error
between estimates of reservoir volume and actisa#rveir volume at the end of each
month. Errors in simulation were inspected usirggtof metrics of error including (i)
common error statistics such as the mean errostimelard deviation of the mean error
and the root mean square error (Eq. 2.1, p. 72xh@ relative error (Eq. 2.19, p. 80).,
(i) the overestimation rate, and (iv) the coatiat of efficiency of Nash and Sutcliffe
(Eq. 2.20, p. 80).
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1.2. TIME SERIES ASSESSMENT

Temporal patterns in the hydrologic componentshef teservoir water balance were
inspected to explore dynamics in the reservoir blpdyy over time. Analysis was
performed on a monthly scale and used simple g#s@i metrics of the central
tendency (mean and median) and dispersion fromctmdral tendency (standard
deviation, minimum and maximum, kurtosis and skesghebased on Réméniéras
(1986). The tendency of each variable to change twee was measured by fitting a
linear function to the data series.

Furthermore, seasonal patterns in each hydrolomigponent were detected based on
autocorrelation analysis (Kendall and Dickinson{ggibs, 1990). Equations to obtain

autocorrelation functions (ACF) are complex, ane best explained in text books of

time series analysis (e.g. Chatfield, 1996). Autoalation functions for each variable

considered in the water balance equation were legdciautomatically using the PASW

Statistics program.

Autocorrelation analysis used time lags rangingnftbto 66. The maximum number of
lags was defined biy/4 (Box and Jenkins, 1970), whedeequals 264 (12 months times
22 years). Correlograms were examined graphicaldyraumerically. Seasonality in the
time series was detected based on significant tleng& of residuals of the
autocorrelation function, i.e. residuals exceediwg standard errors above the zero
mean (positive threshold) or two standard errorkvibethe zero mean (negative
threshold). Significant deviations repeating everiags defined the seasonality of the
time series.

Partial autocorrelations were evaluated to insgdect results after removing the
dependence between consecutive lags. However,apaatitocorrelation analysis
provided similar results to autocorrelation anayand so its use for inspection of
seasonality was considered unnecessary.

1.3. DETERMINING THE RESERVOIR SIZE AND PERFORMANCE

The Water Balance Model provided the basis to perfaeservoir size-yield-
performance analysis (McMahon and Mein, 1978; Mcbfaland Adeloye, 2005;
McMahonet al, 2006). This approach permitted to estimate (&)attive storage size
required to meet a target demand at some leveklddbrlity given historic inflow
volumes, (2) the reservoir firm yield given the rnmaMm reservoir capacity required to
meet demand, and (3) the dam potential to releaserwdownstream given the reservoir
yield and capacity (Fig. 3.2). Analysis was perfethon an annual scale so that results
were not affected by the effects of seasonalitythe different components of the
reservoir hydrology.

The terms, and hence the notation used to reféneorariables involved in reservoir
size-yield-performance analysis may vary considgraéicross English speaking
countries. The terms used within the context of thsearch were defined as follows:

= the termyield refers to controlled water release from the resieto meet human
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water requirements, where thiam yield is the yield that can be provided 100 % of
times over the life operation history of the resanv

» the termreleaserefers to controlled reservoir evacuation dowrstrdeeding the
hydrological requirements of the river below thgpoundment;

= when such evacuation occurs through the dam spilluencontrolled), it is
referred to aspills;

» the termdemandefers to the amount of water required by the dehtentre; and

» the termreliability refers to the potential of the reservoir to maethsdemand
(performance).

Historic Target Question 1
flow sequence [Q] demand [D] Given Q, which is the maximum K requie-
red to meet D?

%
5

Nie\d !

Question 2
Given Q and K, which is the firm yield
of the reservoir?

Demand met?

Active capacity [K] Yes, reliability

required to meet demand No, failure Question 3
Given K and Y, which is the Q magnitude
Flow release [R] requiered to produce R?

Figure 3.2: Conceptual scheme of the reservoir capacity-yield-performance approach. Based
on (McMahon and Mein, 1978; McMahon and Adeloye, 2005).

1.3.1. Question 1: measuring storage-yield relationships

The storage-yield relationships for the Paso dePi&slras Reservoir were explored
using sequent peak analysis (Thomas and Burdel3).196e Sequent Peak Algorithm
technique (SPA) is based on the mass curve proed®ippl, 1883), and assumes that
the storage required to meet a given demddf gquals the maximum difference
between the reservoir yield][ and inflow [Q] during a critical period. The critical
period is defined as the longest period rangingffall conditions through emptiness
(critical drawdown period) and to full conditiongaan (recovery period).

The active storage capacity requirement for a giyesr was calculated based on the
balance equation as follows:

Kt =(Y-Qt) +Kt, if Kt, >0, Kt =0otherwise (3.4)

where Kt] is the storage at end of the current monktt;{] is the storage at end of the
previous month;Y] is the reservoir yield; and}] is the total inflow for the month. The
reservoir has a given storage capacdy $o thatkt should be less thaafor each time
interval. The maximum (or minimum) of &lt is the maximum (or minimum) storage
capacity required to meet the specified yield gitrenhistoric inflow record.

1.3.2. Question 2: measuring the reservoir performance

Sequent peak analysis provided the basis to exphareeservoir performance, i.e the
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range of conditions that may be expected to ockuing the operating life of the
reservoir (McMahoret al, 2006). Performance analysis determined whetteeatimual
inflow was sufficient to meet the demand rate witheaving the reservoir below its
minimum capacity.

Among the wide range of metrics of reservoir perfance available in literature, we
selected three comparative metrics based on (Vegell, 1999; McMahonet al,
2006): reliability (inverse frequency of reservdailures), resilience (ability of the
reservoir to recover from a failure) and vulnen&piimagnitude of potential failures).

Reliability [Rel] measures the probability that the reservoir méegstarget demand in
any given time interval] over a sample periodh] as follows:
Rel = R—elt*loq O0<Rel <100 (3.5)
n
ResiliencgRed measures how quickly the reservoir recovers feofailure as the ratio
of the total duration of all failuresfd] to the number of failure sequencds] [as
follows:

Res=fd/fs, fd#0 (3.6)

Vulnerability [Vul] measures the average volumetric severity of faifév] during jth
failure sequences as follows:

i max(fv)

vul=124—— (3.7)
fs

1.3.3. Predicting scenarios of inflow volume and reservoir response

The dam potential to release water downstream dispen the relationship between
inflow volumes, reservoir storage capacity and mase yield. Whilst storage capacity
and annual yield are constant, inflow volumes masy\considerably from one year to
another. Hence, the dam potential to water releaedepend primarily on (i) the
magnitude of inflow volumes for a given year, aigtlie reservoir operation policies.

Different inflow scenarios were predicted basedsenes of annual inflow volume over
the long-term (1956-2010). The magnitude of anmi@w volume for return periods
from 2 to 1000 years was estimated using frequeacglysis based on normal
probability distribution. The ability of the dam telease water according to varying
inflow conditions was measured considering two ades of reservoir operation based
on Vogelet al (2007):

Fraction of Inflow (FOI) The fraction of annual inflow that is not usedneet the
annual demand is released downstream sdRhad — V.

Drought management (DMJFlow release occurs only if annual storage isvabihe
buffer zone defined by the maximum storage capaeiyired to meet annual demand
at 100 % reliability level. Henc& =Q -, if S> Kpax

Estimation of the reservoir response to varyindoinfconditions was based on three
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initial water levels assumed as critical: (i) 150si (red warning for active storage),
(i) 155 m.s.l. (yellow warning for active storagend (iii) 164 m.s.l. (flood control
storage). For more information on the warning syster water storage within the Paso
de las Piedras Reservoir, see Section 2.3.2 int€hagpp. 49).

1.4. QUANTIFICATION OF THE DEGREE OF IMPOUNDMENT

We used the indem of Hazen (Vogekt al, 1999) to explore the operational behaviour
of the reservoir for water supply. The index is the standardized net inflow to the
reservoir system and is expressed as:

oo-a)rp_ @-a) _(u-Y)
g Cv o

where p] is the annual yield as a fraction of the meanuahimnflow to the reservoir
[o=Y/U4]; [M] and |p] are the mean and standard deviation of annudbwvist
respectively; andQV] is the coefficient of variation of annual inflefCV = o/p]. High
values ofm correspond to over-year operating reservoirs,siystems that accumulate
storage over humid periods to assure supply duhiggeriods. Lown values designate
reservoir systems operating on within-year (sed}mtarage requirements (Voget
al., 1999).

The impact of the reservoir operation on the hyalyiml conditions downstream will
depend primarily upon the ratio of storage capactmean annual inflongp] (Batalla
et al, 2004; Kondolf and Batalla, 2005; Graf, 2006). Haer, in reservoirs operating
for water supply within semiarid regions, the magae and the frequency of flow
release downstream will be highly constrained ke riftio of reservoir yield to mean
annual inflow [:u] (Vogel et al, 1999; Vogelet al, 2007). All the water that is not
yielded to meet human needs may be considered telbased downstream (Voget
al., 2007). Hencepl =Y + R, which implies that the yield ratio and downstretiow
ratio sum to one so thaty + R/p = 1.

(3.8)

The degree of impoundment exerted by the Pasosdei¢alras Reservoir was quantified
based upon these relationships. The ratio of stocagacity to mean annual inflow was
referred to as Impounded Runoff IndelI] (Batallaet al, 2004; Kondolf and Batalla,
2005), the ratio of reservoir yield to mean anrinfibw was referred to as Yield Index
[Y1], and the ratio of reservoir release to mean aninflaw was referred to as Release
Index [RI]. Input data to comput@l, YI andRI used the reservoir firm yield and series
of annual inflow volume from headwater sources #iioutaries since dam closure
(1978-2010). To avoid overestimations of the hyolgat effects of the dan@! used the
active storage capacity (i.e. the volume of watat tan actually be released from the
reservoir) instead than the total reservoir cagadilote, the storage capacity of the
reservoir { is different from the storage capacity to meetd/i@quirements].
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2.1. THE WATER BALANCE MODEL OF THE PASO DE LAS PIEDRAS
RESERVOIR

The Water Balance Model (WBM) for the Paso de leslfas Reservoir assumed that
any change in water storage should equal the diifas between a set of inflow and
outflow components (Fig. 3.3). Inflow componentsisidered in the balance equation
include surface inflow from headwater sources aitditaries and direct rainfall on the
surface of the lake; outflow components includenflelease, reservoir seepage and
evaporation, and water withdrawal. The overall latkhydrologic data for the river
basin and the limited understanding of subsurfack umnderground processes of water
exchange prevent to consider the influence of gtauater inflows and outflows in the
water balance equation.

Direct Rainfall Evaporation
Surface flow [Pl [Eql

[QJ] ~ ‘ t

Goundwater inflow "’0 ——————————————————————————————————————————— =) Overflow

Dam spilway

[1s] Change in Flood control
»W t ithd I W,
siofade Conservation ater withdrawal [W¢]
ASg storage
//// ________________________ = Flow release [R]
// Dead storage I-",
INFLOW "% sToraGE# OUTFLOW ‘* Seepage [I.]

/7
Groundwater

outflow [Og]

QU+PR ) ASR ER'RR'WR'IRV

Bottom /

Assuming that |, and Ogare equal

Figure 3.3: Components of the water balance of the Paso de las Piedras Reservoir.

The Sauce Grande River is the main inflow compgnafibw from the El Divisorio
Creek and direct rainfall upon the surface of thkelare also important hydrologic
inputs, although their contribution to variatioms the water storage was assumed of
minor importance. Outflows from the reservoir welassified into outflows controlled
by the dam managers to assure requirements of sadpty (i.e. water withdrawal) and
water release downstream, and outflows that ocainowt human intervention such as
evaporation and seepage from the reservoir. Frdnowflow components, water
withdrawal and reservoir evaporation were assuraeattount for the greatest volume
of storage loss per year.

2.1.1. Reservoir volume-surface area-elevation relationships

The first step prior to compute the WBM involvedctdating the reservoir volume and
surface area corresponding to water level elevat{®iig. 3.4). Note that the absolute
height of the bottom of the reservoir lake is ~1@3.l., and the absolute height of the
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top of the dam embankment is 170 m.s.l. (MOSP).ofdiag to Schefer (2004), the
height of the dam outlet is 147.9 m.s.l. and thglteof the dam spillway is 165 m.s.|.

25 512.9 hm®
@ 35.7 km?
g 348.9 hm’
g 30.2 km?
£ 24.4 hm’
§ 6.3 km?
5
2
?
€2
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Figure 3.4: Reservoir volume as function of water level and maps of reservoir coverage for
three water level heights. The figure presents the regression functions Vz = f(Hgr) and Ag =
f(Hg) used to calculate each variable.

Regression functions derived from the relationsiipeservoir volumeVg] and surface
area Pg] to water level elevatiorHg] (Eq. 3.9 and 3.10, respectively) gave a prefiect f
in both cases (R?=1). Error residuals between medsand estimated reservoir volume
and surface area averaged 0.4 If#1.5) and 0.1 km? (+0.9). Coefficients of effioizy
were 0.84 (reservoir volume) and 0.81 (surface)areapectively, which indicates that
regression functions explain variations in the datiaes suitably.

V., (hn) =13441-1889H, + 0.664H .2 (3.9)
A, (ki) =13424-0.879H + 0.007H 2 (3.10)

The dead volume of the reservoir (i.e. the volurhevater stored below the dam outlet)
was calculated in 24.4 Hnfor 9 m-depth, and the surplus storage capaciey the
volume of water that may be retained between testaf the dam spillway and the
crest of the dam barrage) was calculated in 16mdfor 5 m-depth. The remaining
volume constitutes the active reservoir storagaciépand was calculated in 324.5%hm
for 17 m-depth (Fig. 3.4). The storage capacity sundace area of the reservoir for 31
m depth were 512.9 himand 35.7 km?2, respectively; the reservoir surfacea at
spillway level (165 m.s.l.) was 30.2 km2. Note,dbealues assume absence of reservoir
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sedimentation.

The relationship of reservoir volume and surfa@ado reservoir water level elevation
was non-linear, so that rates of variation in themfer two variables for increasing (or
decreasing) water levels were very different depenon the initial elevation of the
water surface. For example, a raise of 1 m in @semoir water level starting in 150
m.s.l. (red alert for active storage) representiarease of 10.4 hfrin water storage,
whereas the volume gained for 1 m-increase in wlatezl elevation starting in 164
m.s.l. (flood control height) is 29.7 RrrKnowing these relationships is very important
from a dam management perspective.

2.1.2. Model running and verification

Building on volume-surface area-elevation relatiops, the Water Balance Model was
run on a continuous monthly basis over a 2-yr @e(@009-2010). This period was
dictated by the availability of concurrent gaugedadfor all components of the water
balance equation. In spite of its short duratidre period encompasses decreasing
trends in water storage alternated by episodeapd water storage increase; the ability
of the water balance model to simulate steep dexlifor raises) in water storage
accurately is decisive to its utility as managemia. It should be noted that the
accuracy of the WBM beyond this period remains wagg as measured data over the
long term are either discontinuous or lacking foe @r more components of the balance
equation (See Figure 2.2, p. 70).

Simulation of monthly water storage used two dédfdrdata sets: (1) gauged data for all
components of the balance equation (Simulated scehg and (2) gauged data for all
components of the balance equation except for caiifaflow data that was calculated
based on streamflow data simulated by RainOff-eicgdirmodelling (Simulated
scenario 2). For more information on the procedpe$ormed to simulate flow data,
see section 2.4 in Chapter 2 (p. 101).

Scenario 1 tests the ability of the model to siaulariations in water storage over time
and verifies the viability of the variables usedlie water balance equation. Accuracy
in both parameters is essential to further assedswiethe reservoir hydrology; if
variations in water storage are simulated accyratben the model allows estimating
any component of the water balance equation basethe interactions between the
remaining components. Scenario 2 tests the accwhdélpw data simulation for the
upper sauce Grande River; this procedure was oémet importance because simulated
series of flow data are the only source of hydraagformation available over the long
term.

Results of the WBM over the verification period dFB.5) revealed that the model
works very poorly to simulate monthly variationsvimter storage for both scenarios.
Errors from simulation were very high and increaséeeply with time, and so the
coefficients of model efficiency were low and lowdrsteeply with time. Errors for the
entire verification period were of about 90 % ahd tmodel efficiency was 0.33 for
Scenario 1 and 0.37 for Scenario 2. Interestin8ygnario 1 and Scenario 2 provided
similar results. This suggested that patternsnrukated series of flow were very similar
to those described by gauged flow data, which atdit suitable reliability of results

130



Section 2

Results

from rainfall-runoff modelling.

Visual inspection of results (Fig. 3.5) showed tlsathulated month-end storage
increased with time clearly, whereas actual momith-storage described an opposite
tendency to decrease. This suggested that at teastcomponent of the balance
equation was underestimated (if outflow) or oveneated (if inflow). The viability of
the variables used in the balance equation an@dberacy of the time series used in
calculations were revisited.

Month-end reservoir volume Errors in simulated month-end volume
240 2009 2010

Period n ME SD RMSE RE (%) OE (%) CE
£ 200 o Annual
PO . 2009 12 498 250 553 473 1000 0.76
E L (50.0) (24.4) (55.1) (43.7) (100.0) (0.75)
S 100 e — Measured 2010 12 1275 237 1295 1318 1000 -0.09
LI P Simulated (1) (121.8) (19.5) (123.1) (126.0) (100.0) (-1.92)
14

X ---- Simulated (2
120 nlatedi2) Entire period
2009-10 24 887 238 996 895 100.0 0.33
N~ (85.9) (21.6) (95.4) (86.7) (100.0) (0.37)

80

J M MJ S NJ MM J S N

References:
n = number of months considered; ME = Mean Error; RMSE = Root Mean Square Error; RE = relative error; OE = Overestimation rate;
CE = Efficiency Coefficient. (1) Simulated from measured data; (2) Simulated from calculated flow data.

Figure 3.5: Measured and simulated month-end reservoir volume over the period 2009-
2010 (verification period). Errors in simulated month-end volume are shown in the table to
the right; errors in simulation using series of simulated flow data are presented in
parentheses.

Viability of the variables used in the water balance equation

All variables used in the water balance equatiorrewassumed to contribute to
variations in water storage in a greater or lessd@ent. Assuming that the inflow

components were not overestimated, model resuligested underestimation of at least
one outflow component, i.e. at least one varialblstarage loss was not considered in
the balance equation.

The model assumed that the volume of water losgesfittration below the reservoir
lake was equal to the volume of water gained bwiggdavater inflow. Previous studies
gave evidence of substantial infiltration rates tuéhe high permeability of underlying
materials (gravel, sand and silt); however, thégdias reported that restoration actions
were achieved in 1996 involving the installation af impervious panel to prevent
water losses and to preserve the stability of e dtructure (Buraschet al, 1999;
Schefer, 2004). Hence, the magnitude of actualtnation volumes is expected to be
small relative to the magnitude of other volumeseskrvoir outflow.

Other component of water loss observed (althougmsasured) was the water flowing
out though the bottom gate, even in periods of reater release. Assuming that mean
flow rates observed downstream (0.28sM originate exclusively from reservoir

seepage and leakage, then water loses throughgeeapd leakage should equal 0.72
hm® per month. The initial volume of seepage usedainutations was replaced by this
value and the model was run again. Results didewsal improvements relative to the
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original model, indicating that no actions wereuieed regarding the viability of the
variables considered for the outflow components.

Reliability of estimated data series

Among all components of the water balance equatlmee components required to be
estimated: the reservoir volume (and surface arba),evaporation volume and the
surface inflow volume. The remaining componentgugsuged data as input and were,
comparatively, well known. Although estimations wiéased on gauged data, the phase
of detection of error in computations involved sstihg the accuracy in the estimation
of these three components.

Reservoir volume and surface ardaegression functions to derive reservoir volume
and surface from water level elevation gave a pefffe and coefficients of efficiency
indicated that the regression models simulatedatians in reservoir volume and
surface area accurately. Hence, no actions wetgregbregarding this variable.

Volume of reservoir evaporatioifhe original model used monthly data of maximum
PET for Paso de las Piedras MS. To inspect thahiéty of PET series, we used the

Penman method to calculate rates of evaporatioa daily basis over the period 2009-

2010. Other methods commonly used to calculatearatipn such as the aerodynamic
method were tested to verify the accuracy of thgirmal estimations. The model was

run in a trial-and-error mode in which differenta@oration rates were entered as input.
Results revealed no improvements respect to tiggnatimodel and hence indicated that
no actions were required regarding this variable.

Surface inflow The model was run using monthly inflows from 8euce Grande River
only (i.e. without using the correction factor) imspect for overestimations in the
original inflow volumes. Results showed the sameraasing trend in simulated
reservoir volumes, indicating that no actions weiguired regarding this variable.

Reliability of series of gauged data

If the variables considered in the balance equatienrelevant and if the series of
estimated data are accurate, then the source @fleave to be related to the reliability
of gauged data series. Among all series of gaugé¢a, dlow data for the upper Sauce
Grande River emerges as the most spurious daesseri

Inspection of historic flow records showed thatwfloates never declined below 2.90
m®.s?, not even in years of extreme drought such agehe 2009. Yet, studies based on
field-gauged flow data reported that streamflowesatould reach about 0.7°st
during summer days (Gil, 2009). Such inconsistesugygests a potential difference in
the magnitude of base flows of 0.2 hper day (or 7.5 hrhper month), which may
modify substantially the results from water balameedelling. The following section
describes the procedures performed to correct gesgyges of flow data.

2.1.3. Flow data recalibration

Series of flow data for the upper Sauce GranderRixge obtained into two separated
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spreadsheets; one contains hourly readings ofnstetage, the other contains all the
parameters necessary to solve compute flow disehd&ased on the Manning's
equation. The fact that stream stage data werdablaifacilitated the process for
correcting flow data.

We assumed that the source of error was in thealidrparameters (i.e. channel slope,
roughness and cross section) and derivative fumefoovided in the spreadsheets more
than in the stream stage readings. Hence, thesenptars were re-calculated based on
empirical relationships and GIS analysis for a hgpocal river cross-section building
on previous field observations. Although these mess should be performed on the
field and for the channel cross section where theam stage readings are collected,
these actions were not viable given the substadiséince between us (France) and the
study area (Argentina) when the problem arose.

The relationship A*R*was solved for stream stages increasing by 0.om 0 to 7 m;
the coefficients of channel roughness were estithase0.070 up to 1 m, as 0.055 from
1to 2 m, as 0.045 from 2 to 3 m, and as 0.040 f8aim 7 m. Variations in the channel
roughness with channel depth build on field recegnce of vegetation cover within the
channel and bank materials. The channel slope stasated in 0.0015.

Hourly streamflow rates were re-calculated using ffarameters described above.
Comparison between original and re-calculated flolata revealed significant
differences of magnitude, especially during periotiow flow (Fig. 3.6). Inspection of
annual flow volumes showed that calculated floviesewere reduced by 74 Rrf2009)
and 77 hr (2010) relative to the original flow data. Suchiierence clearly explains
the errors in the original Water Balance Model.tlis point, it should be noted that
simulation of streamflow data was based on errosgauged data, so that the RainOff-
empirical model required be re-parameterized andagain.

100 2009 . 2010

Original data
10_ ...................................................................................................

Flow discharge (log)

!
i Corrected data
1
T

0.1 T T T T T T T T T T T

Figure 3.6: Original and corrected series of hourly flow data (gauged) for the upper Sauce
Grande River over the years 2009 and 2010.

2.1.4. Water Balance Model re-running

Series of corrected flow data were used to re-tatieunonthly volumes of surface
inflow as originally (see Section 1.1.2, p. 123)ldhe Water Balance Model was run
again (Fig. 3.7). Visually and statistically, simtibn of month-end volume was suitable
for both scenarios. Trends in simulated month-ealdinae were similar to those of
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measured data, so that errors from simulation wengy small (less than 4 %).
Furthermore, the coefficient of efficiency reveajeetfect model fit for both scenarios.
This indicated that the new series of streamflowadaere re-calculated and re-
simulated accurately.

Month-end reservoir volume Errors in simulated month-end volume
160 2009 2010
Period n ME SD RMSE RE (%) OE (%) CE
140 Annual
_Measured 2009 12 B33 2.5 4.0 2.9 91.7 1.0
---------- Simulated (1) (42) (27) (48) (3.8) (91.7) (1.0

---- Simulated (2)
2010 12 34 2.7 4.0 3.2 75.0 1.0

(0.1) (46) (3.3) (0.2) (66.7) (1.0)

Entire period
2009-10 24 3.2 25 40 3.1 83.3 1.0
(22) (3.7) (4.1) (2.0) (79.2) (1.0)

100

Reservoir volume (hm®)
o5
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o
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References:
n = number of months considered; ME = Mean Error; RMSE = Root Mean Square Error; RE = relative error; OE = Overestimation rate;
CE = Efficiency Coefficient. (1) Simulated from measured data; (2) Simulated from calculated flow data.

Figure 3.7: Measured and simulated month-end reservoir volume over the period 2009-

2010 (verification period) based on corrected series of gauged and simulated streamflow

data Errors in simulated month-end volume are shown in the table to the right; errors in
simulation using series of simulated flow data are presented in parentheses.

2.2. PATTERNS IN THE RESERVOIR HYDROLOGY

Building on previous results, storage variationsthe Paso de las Piedras reservoir
depend on the interactions between rainfall anthearinflow entering the reservoir and
storage losses by evaporation, seepage, waterrawthtland flow release downstream.
Time series for each of these hydrologic componemtse inspected to explore
dynamics in the reservoir hydrology over time. Notine series assessment was
effectuated over the period for which data wereagdiilable for all components of the
balance equation (1989-2010) to facilitate furtt@mparisons.

2.2.1. Patterns in inflow components

Monthly volumes of direct rainfall averaged 1.7 *hwith maximum in 8.2 hrh(Fig.
3.8). Time series described high deviations from hilstoric mean; rainfall volumes
were twice the mean for 12.5 % of months, and wlenee times the mean for 3.8 % of
months. However, the distribution was skewed toritlet (skewness = 1.8); 61.4 % of
months remained below the mean and 4.5 % of maetttsded zero rainfall.

Series of surface inflow from headwater sources #imioutaries described high
deviations from the historic mean as well, althotigh magnitude of such deviations
was notably higher than that for series of direghfall. Surface inflow averaged 7.2
hm® with minimum in 3.3 hmand maximum in 83.4 hinthis was more than 10 times
the historic mean. In spite of the high magnitufi¢he deviations, the distribution was
notably right-tailed (skewness = 6.8); surfaceawflfor 72.3 % of months remained
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below the historic mean.

Inspection of linear trends in the data seriesakethat inflow volumes declined with
time. Tthe slope value of the linear function wagative for both series, although the
decreasing trend was sensibly higher for the seesurface inflow (-0.01 hfhper
month) than for the series of direct rainfall (42chn? per month).

Direct rainfall upon the surface of the reservoir lake
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Figure 3.8: Temporal trends and descriptive statistics of monthly series of inflow volume by
inflow component over the period 1989-2010.

Patterns of seasonality

Autocorrelations for series of direct rainfall (Fi§.9) showed significant positive
deviations from zero at lags 1, 11-14 and 25, agadifscant negative deviations from
zero at lags 18 and 41. Deviations were closed@usitive threshold at lags 35-38 and
close to the negative threshold at lags 43 and'Bi. indicates a tendency to 6-month
seasonality with rainfall maxima (rain season) frmvember to February (late spring-
early summer) and rainfall minima (dry season) frbtay to August (late autumn-
winter). However, significant deviations from zeda not occur cyclically over the
years, suggesting notable inter-annual variationthé magnitude of rainfall amounts
for both the rainy and the dry seasons.

Patterns of seasonality in series of surface inflawere less clear (Fig. 3.9).
Autocorrelations showed significant positive deiaas from zero at lags 11 and 25, and
deviations were close to the positive thresholthgs 14, 19 and 30. This suggests that
there is two annual maxima that tend to occur paélyg in summer (February) and in
late spring (November), although large volumeswfaxe inflow may occur randomly
during winter months (June and July). Seasonalitponthly minima was unclear.
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Direct rainfall upon the surface of the reservoir lake
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Figure 3.9: Correlograms of monthly series of inflow volume by inflow component showing
autocorrelation functions at 66 lags. Thresholds for significant autocorrelations were defined
by two standard errors above and below the zero mean.

2.2.2. Patterns in outflow components

Inspection of time series of reservoir evaporatiewvealed yearly cyclic variations with
maximum in January (up to 5.0 Aprand minimum in June (0.4 Hjn mean monthly
evaporation was 2.1 hir{Fig. 3.10). Dispersions from the historic med{@®s hn?)
remained within the inter-quartile limits indicagirabsence of evaporation extremes;
however, the historic mean was 0.3 *hgneater than the historic median indicating
greater occurrence of high evaporation rates. Nwter-annual variations in the
magnitude of annual evaporation maxima respondediiations in the surface of the
reservoir lake (i.e. the greater the surface of ldles, the greater the volume of
evaporation) more than to variations in the effectates of evapotranspiration.

Time series of water release were highly scattareshagnitude and in time, with no
clear periodicity (Fig. 3.10). The historic mean3(&nT) was exceeded by three times
for 12.9 % of months, and the maximum volume obsgrfNovember of 2002) was
more than 23 times the mean (78.6%hnDespite random episodes of water release
where large volumes of water were evacuated doeestr monthly volumes of water
release were equal to zero for 72 % of months.

The temporal extent of the time series of the remgitwo outflow components was
too reduced to effectuate an accurate charactiemzadtlean monthly volumes of water
withdrawal over the period 2009-2010 averaged 8 ith maximum in January (6.9
hm®) and minimum in June and July (5.0 hritable 3.1); extreme values were not
observed. Note, these values were averaged basédoogears of data so that they
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should be read carefully. Rates of reservoir seepagre measuresh situ over the
years 2009 and 2010 and averaged 0.034™rthis is 0.09 hrhper month (for a 30-day
month) and 1.1 hfhper year. Variations between measures were nblgigiSD =
0.0001 ni.s?).

Evaporation from the surface of the reservoir lake
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Figure 3.10: Temporal trends and descriptive statistics of monthly series of outflow volume
by outflow component over the period 1989-2010.

Table 3.1: Monthly and annual volumes of water withdrawal (hm?) over the period 2009-
2010. Mean monthly and annual volumes in bold.

Year J F M A M J J A S (@] N D Annual

2000 78 69 74 68 61 56 57 63 54 60 538 5753
2010 59 52 55 47 48 44 43 42 45 48 444 5584

Mean 69 6.0 65 58 55 50 50 53 50 54 48 56 866.

Series of reservoir evaporation and water releageated decreasing trends with time
(Fig. 3.8). Yet, the slope value of the linear fiimes indicated that the decreasing trend
in monthly volumes of water release was signific@n2 hni per month), whilst the
decreasing trend in monthly volumes of evaporati@s negligible (0.0009 hirper
month).

Decreasing trends with time were also observedgdaes of monthly water withdrawal
over the period 2009-2010 (Fig. 3.11). These figdioppose those of Raskovsky
(2009), who found that water withdrawals were iasiag since 2006 at rates of 0.01
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hm® per month. Similarly, inspection for temporal ierbased on historic rates of water
demand showed clear increasing tendency with tDoaceivably, decreasing trends in
water withdrawal by the end of the observation gubare related to the water crisis of
2009, where the reservoir water levels reachegelew warning for active reserves.

[A] Measured series (2009-2010) [B] Historic records of water demand
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Figure 3.11: Temporal trends in water withdrawal based on [A] series of measured data
over the period 2009-2010, and [B] historic records of annual water demand.

Variations in rates of reservoir seepage betweeasuares were negligible, even if the

reservoir volume varied notably across the yea®©2B8@ep decline) and 2010 (gradual

increase). Furthermore, mean rates of reservopagge over the observation period

were highly consistent with previous measuremenglenon the base of the dam

embankment for maximum conditions of water stor@gelitres per second; Buraschi

al., 1999). This suggested that the pressure exeytdaelreservoir water column exerts

very little influence on the rates of reservoir g&ge. Hence, mean monthly seepage
volumes (0.09 hi) were assumed as constant for the entire periotsgrvation.

Patterns of seasonality

Autocorrelations for series of monthly evaporatrenealed clear 6-month seasonality
(Fig. 3.12). The most significant positive deviagofrom zero occurred cyclically at

lags 12, 24, 36, 48 and 60, indicating that evapmramaxima occur once per year
during the spring-summer months with peak in Deaam@month 12). The most

significant negative deviations from zero occurlicadly at lags 6, 18, 30, 42, 54 and
66, indicating that evaporation minima occur onee year during the autumn-winter

months with minimum in June (month 6).

Similar patterns were found for series of watehdiawal (Table 3.1), which described
relative 6-month seasonality in response to varyirager needs throughout the year.
Annual maxima occurred during the warmest montrecénber to March) with peak in

January where water needs are the highest. Annuaian occurred during the coldest
months (June to September) with minimum in Jung-Addiere the water needs are the
lowest.
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Figure 3.12: Correlograms of monthly series of outflow volume by outflow component
showing autocorrelation functions at 66 lags. Thresholds for significant autocorrelations were
defined by two standard errors above and below the zero mean.

Series of water release described unclear pattdresasonality (Fig. 3.12). Significant
correlations occurred at lags 1-13, 31 and 54-B@icating that water release occurs
randomly, and that the frequency, duration and ntade of episodes of water release
is highly variable over time.

2.2.3. Patterns in water storage

Series of mean monthly reservoir volume describet wariations between years (Fig.
3.13). The reservoir was nearly full over two markeeriods (1991-93 and 2001-04),
and remained near 25 % its active capacity ovemptreods 1999-2000 and 2009-10.
Mean monthly reservoir volumes over the monitonregiod averaged 213.2 Rpwith
maximum in 343.0 hthand minimum in 93.1 hfn Trend analysis indicated that the
reservoir volume decline with time significantly.2thn? per month).

Although monthly reservoir volume showed clear peigity over time (Fig. 3.13),

autocorrelation functions at 66 lags did not shdearc patterns of seasonality. This
suggested that seasonal patterns of reservoir wluare longer than 66 months, and
hence autocorrelations were run over the entireogesf observation (264 months).
Interpretation of results suggested two seasonabdes of water storage (high and
low) spaced of about 5 and 7 years (Fig. 3.8). Mhaxn negative deviations from the
zero mean at lags 69 and 208 indicate that minimater storage occurs 139 months
apart (~12 years); maximum positive deviations fitv® zero mean at lag 125 indicate
that maximum water storage occurs 56 months (~3syeapart from episodes of
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minimum water storage. Residuals of the autocdroglafunction indicated that the

duration of episodes of high and low waters was@pmately equal (66 months, on

average, or 5.5 years); however, maximum significlviations from the zero mean
revealed that raising trends were steeper andeshetd years) than declining trends (~7
years).

Monthly series of reservoir volume
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Figure 3.13: Temporal trends, descriptive statistics and correlogram of series of monthly
reservoir volume over the period 1989-2010. The correlogram shows autocorrelation
functions at 264 lags (entire period).

2.3. RESERVOIR SIZE-YIELD-PERFORMANCE

The Water Balance Model permitted to respond thméxecipal questions: (1) Given
historic inflow volumes, which is the active stoeagize required to meet a target
demand at some level of reliability? (2) Given tkservoir capacity required to meet
demand, which is the firm yield of the reservoiBY Given the storage capacity of the
reservoir and the firm yield, which is the dam poi to release water downstream?

These relationships were evaluated on an annu& besed on reservoir size-yield-
performance analysis (see Section 1.3, p. 124 ulResre presented below.
2.3.1. Storage-yield relationships

Simulation of annual active storage requiremenedusequent peak analysis based on
the 33-yr period (1978-2010) since dam closure.(Bid4). The sample series was
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repeated once to assure that the critical period w@mprised entirely within the
observational period; this provided a sample saied6 years. The minimum reservoir
storage (i.e. the minimum volume required to thsereoir operatesSyn) used in
simulation was equivalent to the dead volume (2¥nd); simulations were solved to
give low volumes of initial storageS}i;] because the first years of the series represent
initial conditions of water storage after dam clasin 1978.
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Figure 3. 14: Storage-yield relationships for the Paso de las Piedras Reservoir based on
historic inflow data over the year 1978-2010. The sample series was repeated one time to
assure that the critical period was comprised within the observational period.

The sequence of annual active storage requiremiénts illustrated in Figure 3.14. The
critical period for reservoir operation was aboudt years; the period for reservoir
drawdown took 8 years and the period for resemedill took 6 years. Maximumia,
and minimum K] storage requirements during the critical periednpitted to size the
reservoir in 200.2 hfhand 26.4 hrf) respectively. Note, the critical period fell aet
end of the first sequence, which suggest that i take about 30 years before critical
declines occur; this is highly consistent with timer-decadal patterns of rainfall
variability reported for the area of interest (Ssetion 2.1.1 in Chapter 1, p. 34) and is
discussed in the Discussion section. Furthermdre,léngth of periods of reservoir
drawdown and refill is highly coincident with theservoir seasonality (see above).

Inspection of annual yield reliability (i.e. yeanghere storage requiremenks were
greater tharg,,) revealed that the firm yield for water supply(ithe yield that can be
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delivered without failure over the 66-year periedys 65 hrii per year; this is 73 % the
mean annual inflow volume (89.3 AmThe resulting reliability associated with the
firm yield was consequently 100 % (Figure 3.14) o 65 hm, the reservoir can not
assure water supply without failure. Actual reséryield is below this value (58.4 Hm

in 2010) and so the actual reservoir performance loa said to be 100 % reliable.
Nevertheless, annual yield in 2009 reached 75 kime yield reliability for such volume
is only 30 % and it may take about 8 years befoeeréservoir recovers from a failure.
Assessing these relationships is essential fromam@agement perspective and requires
to be investigated directly.

2.3.2. Storage-release relationships

Storage-release relationships were explored tonasti the inflow volume required to
assure water release downstream given the maxinunage capacity required to meet
water demand. Estimations were based on two scenafireservoir operation policies
for water release based on Vogelal. (2007): fraction of inflows (FOI) and drought
management (DM) policies.

Scenario 1: Fraction of Inflow policy (FOI)

The FOI scenario assumed that any fraction of dnimflaw exceeding the reservoir
firm yield will be released downstream; annual voés of direct rainfall and reservoir
evaporation were not considered. Mean annual infi@er the observation periogd][
was 89.3 hrfy given a firm yield of 65 hr) the FOI scenario indicates that, on average,
24.3 hni could be released downstream every year. Inspeaifothe difference
between annual inflow and firm yiel@{Y] over the period of record revealed that
inflow volumes exceeded the firm yield by 91 %. Eading volumes ranged from 91.0
hm® to 1.2 hni, and averaged 27.8 Rrgx19 hnt).

Based on historic inflow records, the FOI scenandicates that the reservoir
performance to yield up to 65 Riper year should not be compromised by operatiéns o
downstream flow maintenance. However, FOI scenalid not consider initial
conditions of water storage or evaporation procgssdich may induce substantial
variations in water levels.

Scenario 2: Drought Management policy (DM)

Scenario 2 combines the FOI policy with the DM pgliwhich implies that flow
release will occur only if the reservoir storagei®ve a buffer zone defined by some
critical level from a management perspective. Ldaded processes of water loss are
considered herein, and annual inflow volume inctutlee entire range of hydrologic
inflows. Scenario 2 assumed:

= a firm yield of 65 hm per year and mean annual evaporation losses Bft26
per year,

= a variety of total annual inflow volumes (i.e. 0@ inflow and direct rainfall)
that could be expected to occur for return intex\zdl2 to 1000 years, and

142



Section 2
Results

» a storage threshold for water release defined leyflihod control level (164
m.s.l.). The 164 m-level defines ideal storage donmts from a management policy
perspective. Above this threshold, water levels ametrolled by flow release (or
spills if water levels exceed 165 m.s.l.); belows tthreshold, storage is conserved
for periods of drought and hence no water releasars.

Simulation assumed that annual release downstreamurs only if (i) annual inflow
volume exceeds the annual volume of storage Iq€8e$ hnf), and (ii) the fraction of
inflow contributes to exceed the 164 m-level thoddhlnitial storage conditions used
three levels that are critical for dam managem@nt50 m.s.l. (10 % of active storage;
red warning), (i) 155 m.s.l. (25 % of active swgea yellow warning), and (iii) 163
m.s.l. (82 % of active storage; 1-m below the floocahtrol level). Additionally,
simulation used initial storage levels based onmstarage conditions over the period
of record (160 m.s.l).
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Figure 3.15: Storage-release relationships for the Paso de las Piedras reservoir as fraction
of varying annual inflow volumes. The contribution of varying inflow volumes to variations in
water storage is simulated based on different levels of initial storage.

As shown in Figure 3.15, results indicated that pogitive variation in water storage
entraining reservoir release requires of inflowwnoés higher than 2-yr inflow (103.9
hm®): in other words, 2-yr inflow was nearly equal thenual outflow volume and
hence it will unlikely entrain reservoir release atgver the initial conditions of
reservoir storage. Furthermore, simulation revetiatireservoir release will occur only
under initial conditions of high reservoir storaged for inflow volumes higher than 5-
yr inflow (128.8 hni); below 163 m-level, the probability of water ra$e to occur is
very low regardless of the inflow magnitude. Pregioesults revealed that the reservoir
recovery period was about 6 years. Hence, storglgage simulation for the Drought
Management scenario suggests that it could takes rii@n 6 years before reservoir
release occurs whether initial storage conditiordaw.
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2.4. THE DEGREE OF IMPOUNDMENT

The ability of the Paso de las Piedras Dam to stdlew volumes within its reservoir
and to control patterns of flow downstream was @at@d using a suite of indices
widely available in literature: then index, the Impounded Runoff Inde®l], the Yield
Index [YI] and the Release IndeRl] (see Section 1.4, p. 127). Input parameters to
calculate the indices used:

= active storage capacit@[equal to 324.5 hfhand

* mean annual inflow volumep] equal to 89.3 hrhwith 23.8 hni standard
deviation pl.

The reservoir behaviour for water supply

The estimateg ando were used to compute the standardized net inflopdr a given
reservoir yield Y] as expressed in Equation 3.8. Thendex provided information on
whether the reservoir operates on within-year oryoaer yield requirements relative to
the historic behaviour of inflow volumes. Given aefficient of variation of annual
inflow volume equal to 0.3, the net inflow for them yield wasm = 1.0; this indicates
that the reservoir may yield up to 65 hper year without failure or, in other words, that
variations in inflow volumes over time do not commise the reservoir to meet annual
requirements for water supply.

However, a standardized net inflow volume equalumity is on the limit between
within-year and carryover yield requirements sd #Hray variation in the water demand
may determine very different reservoir operatiopadcedures. For example, the net
inflow volume for actual yield requirements (58.th%) is m = 1.3; this implies that
inflow volumes are large enough to the reservoietsi¢ghe annual demand and releases
the exceeding volume downstream. If the water dehireereases to 75 hhper year (as

in 2009), therm = 0.6; this implies that inflow volumes are not egh to meet annual
yield requirements, so that water demand is metgusiater stored in preceding years.
In cases wherm < 1, water release downstream is very unlikely tocuoc

The dam potential for river impoundment

The potential of the dam to disrupt the longitudlinantinuity of water fluxes was
evaluated based on the ratio of active reservgiaci#y [§ and supply yield Y] to
mean annual inflow|f]. Estimations used the maximum volume of reseryoid
without failure over the historical record (firmejd) so thatm = 1.

Results indicated that the hydrologic magnitudehef dam was almost four times the
magnitude of inflow volumesQl = Su = 3.63), and that the proportion of annual yield
for water supply relative to mean annual inflow wasy high {1 = Y/u = 0.73).Su
andY/u relationships for the Paso de las Piedras Reseamaply great dam potential to
disrupt the longitudinal continuity of the sauceafidte River. First, the active capacity
of the reservoir allows to store inflow volumes pweore than three years and a half;
considering mean annual volumes of storage loss/bporation and yield, the reservoir
potential for impoundment will be even great€l (= 4.64). Second, if reservoir
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evacuation occurs, the fraction of inflow availatielow release once the annual yield
requirements were met is only 27 % the mean arinfialv (R =t - Y = 24.3 hnl).

Figure 3.16 illustrates the Impounded Runoff In§@X and the Yield IndexYI] on an
annual basis so th@ll = SQ andYI| =Y/Q, whereQ = annual surface inflow. Note that
annual releaseR] equals the difference of annual yield to anna#lbiv so thatRl =1 —

Yl only if YI <1, as no water release will occur if the annuaéreoir yield is greater
than the annual inflow volume. Results showed &matual yield requirements were met
for 91 % of yearsYI < 1), which implies that the degree of impoundmetdtive to the
reservoir function was of 9 % over the 33-yr ofaek Nevertheless, annu@ll were
above unity for all years of record and were abthe meanQI for 58 % of years,
which evidences the great potential of the dambsoeb annual floods and peak flows
within its reservoir.

Infow QI=3.63 I Annual inflow —— Mean annual inflow

(hm®)  YI=0.73 —=— Annual index ---- Standard deviation  [Ql] [Y]]
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Figure 3.16: Annual Impounded Runoff Index [QI] and Yield Index [YI] showing the degree
of hydrologic regulation of the Sauce Grande River after closure of the Paso de las Piedras
Dam in 1978. Annual volumes of surface inflow are also illustrated.
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This chapter has assessed the hydrology of the &adas Piedras Reservoir
robustly. It determined the dam potential to stimféow volumes within its reservoir
and to control patterns of flow downstream relativethe reservoir capacity and the
human requirements for water supply. The assessaighese relationships provided
the basis to quantify the degree of disruptiorheftiydrological continuity of the Sauce
Grande River induced by the dam. The results frbim investigation are discussed
below.

DISCUSSION AND CONCLUSIONS

3.1. PATTERNS IN THE RESERVOIR HYDROLOGY

The Water Balance Model for the Paso de las PieBeservoir indicated that the
reservoir hydrology depends on the interactions/éen surface flow and direct rainfall
entering the reservoir, water losses by evaporaimhseepage, reservoir yield for water
supply, and flow release for downstream maintenaRoem Table 3.2, it is clear that
the most important components of the reservoir whédance are the surface inflow
from headwaters and tributaries and the reservagldyto meet human water
requirements. The relative magnitude of resenaéease, whether occurs, is moderate.

Table 3.2: Patterns in inflow and outflow components of the water balance of the Paso de
las Piedras Reservoir

Hydrologic Relative Annual Inter-annual Temporal
component magnitude seasonality variability trend
Surface Very high 2 annual peaks High Low
% inflow (82 % of total inflow) (summer and spring) decrease
g Direct Low 6-month High Low
Z rainfall (18 % of total inflow) (max. in spring- decrease
summer)
Evaporation Low 6-month Storage- Relatively
(18 % of total outflow) (max. in summer) dependent constant
< Seepage Very low Relatively constant Relatively Relatively
g (6 % of total outflow) constant  constant
5 Yield High 6-month Demand- High
O (withdrawal) (47 % of total outflow) (max.in summer) dependent increase
Release Moderated Unclear Very high High
(29 % of total outflow) decrease

3.1.1. Synchrony in the seasonality of inflows and outflows

Except for reservoir release which was highly scatt in time without clear

146



Section 3

Discussion and Conclusions

periodicity, major inflow and outflow componentsvealed similar patterns of
seasonality (Table 3.2). Annual patterns of reseimfiow were synchronized to those
of water demand: annual maxima of direct rainfalll surface inflow tended to occur
by late spring and summer, there where human andoemental water needs are
highest.

The distribution of monthly rainfall over the anhggcle described high monthly totals
from November to February (rain season) and lowthigriotals from May to August
(dry season). Such pattern of seasonality is charatic of the South-western Buenos
Aires and La Pampa regions (Labragal, 2002; Penalba and Robledo, 2005; Setn
al., 2006; Forte-Laet al, 2008; Gabellat al, 2010). Furthermore, low monthly totals
in late autumn and winter and high monthly totadsspring and summer indicate a
summer monsoon rainfall regime consistent with the tropical and subtropical sei
of South Eastern South America (Zhou and Lau, 18Bfjués-Paeglet al, 2002; Gan
et al, 2004; Grimmet al, 2005; Veraet al, 2006; Grimm, 2011). Even if the area
situates within an extra-tropical temperate zor& $3, we consider appropriate to refer
to a monsoon regime influenced by the strengtheoinige South Atlantic Convergence
Zone during summer (Marengo and Seluchi, 1998; et al, 1999; Barrost al,
2000; Barros and Doyle, 2002).

The hydrological system within the river basin @&@nfed, so that the seasonality of
surface inflow is influenced by the seasonal cyfleainfall. However, there were two
clear annual maxima, one in mid spring (Novembamny ane in mid summer
(February), and annual minima were unclear. Ungbedterns of annual minima were
strongly related to the high inter-annual variapidf inflow volumes (see next section);
low inflow volume in December and January may beplared by rates of
evapotranspiration that were higher than rainfafitabutions during the rain season.

Similar patterns of flow seasonality were found; é&xample, within dry regions of
eastern Australia (Hainest al, 1988; McMahoret al, 2007c; Kennarcet al, 2010).
The most interesting fact within these regionshiat tannual maxima of rainfall and
surface flow occurs during the spring and summasa@es, in opposition to other dry
regions of the world, like Mediterranean climatediere summers are dry (Strahler,
1981) and so water availability is out-out-phaséhwiespect to the water demand
(Batallaet al, 2004; Kondolf and Batalla, 2005)

3.1.2. Inter-annual variability vs inter-annual reliability

Despite the overall synchrony in seasonal pattefnservoir inflows and outflows,
there was great contrast in the inter-annual belavof such patterns (Fig. 3.17).
Reservoir outflows (except for water release) regubayclically year after year; inter-
annual variations in magnitude were related to gmh@dnd linear variations in water
storage and human water demand, respectively, amegse hardly noticeable from one
year to another. In opposition, inflow componentssatibed high inter-annual
fluctuations in both the magnitude and the timihg@mnual maxima and minima.

Inflow variability and outflow reliability (constay) combine to generate high
fluctuations in the effective water available toragge (Fig. 3.17). Inflow volumes were
higher than outflow volumes for 37.1 % of monthdjieh contributed to monthly
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increase of up to 40 hhin reservoir volume; in some cases, inflows weréigh that
entrained large volumes of reservoir evacuatiores€hepisodes are evidenced by steep
declines in the monthly water storage curve (Fi§j7B
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1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010

Water Balance Components
— Monthly variation in reservoir storage — Monthly inflow — Monthly outflow

Figure 3.17: Monthly variations in the components of the reservoir water balance over the
period 1989-2010.

Correlation analysis (Table 3.3) indicated thatudt®9 % of variations in water storage
were driven by fluctuations in inflow components5&7 < r < 0.642). Surprisingly,

correlation coefficients between water storage aodtrolled patterns of reservoir
outflow were non significant. This suggested thainthly decrease in water storage
over the long term was related to reservoir evapmranore than to dam operations to
water yield or storage control. In addition, sigraht correlations indicated that the
magnitude, frequency and duration of episodes ai dalease were highly driven by
inflow volumes relative to the actual storage witthe reservoir (r = 0.492).

Table 3.3: Correlation coefficients between components of the reservoir water balance

Direct Surface Change in
rainfall infow  Evaporation  Yield Release storage

Direct rainfall 1.000

Surface inflow 0.631 1.000

Evaporation 0.253 0.137 1.000

Yield -0.112 -0.102 -0.059 1.000

Release 0.248 0.492 0.092 -0.228 1.000

Change in storage 0.642 0.557 -0.172 -0.053 -0.060 1.000

Inter-annual variability in the effective water dahle to storage and supply purposes is
a common characteristic of reservoir systems opgratithin sub-humid and semiarid
regions (Graf, 1999; Vogdt al, 1999; Glintneet al, 2004; Wurbs, 2005; Hofkt al,
2007; McMahoret al, 2007c). Water availability depends on the refaiop between
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rainfall, soil retention and evapotranspiration égiven time interval (Thornthwaite,

1948), so that inter-annual fluctuations in thigtienship were explored based on the
Thronthwaite’'s water balance. The water balance w@sputed monthly over the

period 1978-2010 for the upper river basin (sodocesurface inflow) and for the Paso

de las Piedras Reservoir itself (Fig. 3.18) to stigate both temporal variations in

moisture since dam closure and spatial variatiomaaisture relative to the situation of
sources for direct rainfall and surface flow. Thédr aspect was of particular interest
because reservoirs in semiarid areas are usualpyesurface flow that originates in

more humid upland areas (Schmandt, 2010).

Annual moisture conditions were estimated usingMiogsture Index MI] based on the
Thornthwaite’s monthly water balance as follows:

_ 100* Water surplus—60* Water deficiency
PET

Mean annuaMlIs indicated that the climate type for the uppeeriasin is moist sub-
humid, whereas the climate type within the lowastaa near the Paso de las Piedras
Reservoir is dry sub-humid. These climate typesegugvalent to semiarid (BSk) and
humid subtropical (Cfa) climates in Kdppen classifion (Strahler, 1981), and are
comparable to the central-western portions of timédd States and eastern Australia,
respectively (Feddema, 2005). Higher moisture dords for the upper river basin are
conceivably related to the effect of the VentaniauMtain System, which imposes
wetter-than-normal conditions within the higherameand precipitation maxima over
the north-eastern slopes (Gaspairial, 2008; Gil, 2009). Since surface inflow from
headwaters and tributaries represents 82 % ofothéinflow, patterns of water storage
within the reservoir will be influenced by moistrohte in spite that moisture conditions
near the reservoir lake are dry.

Mi

(3.11)

Sequential analysis of annullls revealed high variability in water availabilityer
time, which has direct implications for the sussdiity of human, agricultural and
industrial water requirements. Annual moisture d¢bois fluctuated between humid;B
climate (e.g. the climate type of Uruguay) and seidiclimate (e.g. the climate type of
North Patagonia) in both sites. Within the uppeeribasin, inter-annual variations in
moisture described clear humid trends from 1980satty 2000s, and a clear tendency
to dryness during the last years of record; vaneiin annual moisture in Paso de las
Piedras revealed similar patterns, although th®49&re notably dryer.

These results match the findings of Gil (2009) amfall anomalies within the upper

river watershed, and are highly consistent witmfedi anomalies observed on the
regional scale (Scian, 2000; Camgtoal, 2009; Bohret al, 2011). For example, these
studies reported cyclic periods of humidity thatked in intensity during the mid

1980’s, early 1990’s and early 2000’s; the yearf12@nd 2002 were identified as
extreme humid in the central parts of the regidme @riest events occurred from 2005
to 2009, the year 2008 identified as the driest geeoss the entire region.

A number of studies at the regional and nationalesc(e.g. Scian, 2000; Penalba and
Vargas, 2004; Kruse and Laurencena, 2005; N@fied, 2005; Penalba and Robledo,
2005; Forte-Layet al, 2008; Penalba and Llano, 2008) reported thafrdguency of

extreme drought declines since 1940, and thatatiimfcrease since the 1970s. Very
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few studies documented the actual tendency to aingitions (e.g. Andrést al, 2009;
Campoet al, 2009; Bohret al, 2011), conceivably because the temporal lengtihef
time series used by most studies rarely exceedgetire2000.
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Figure 3.18: Relationship between annual rainfall [P] and evapotranspiration [PET] for the
upper river basin and the area near the Paso de las Piedras Reservoir. Annual climate types
were defined based on the Moisture Index [MI] of Thornthwaite (1948).

Inspection of rainfall trends over the period afar (1971-2010) clearly suggested the
beginning of a dry climate cycle since 2005. Inter-decadal rainfall variability é&dps
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the reason for which the critical period for actsterage capacity occurred by the end
of the observational period since dam closure (28¥B)). Despite water storage within
the reservoir described clear 5- to 7-yr seasondhe storage decline observed during
recent years is the strongest over the entirevesdiistory.

3.1.3. The causes of inter-annual variability in inflow components

Patterns in reservoir inflows over the observateniod described strong inter-annual
variability. Although such variability may resultom the combination of a number of
large-scale phenomena (Garreatdal, 2009), most studies argue that tleNifio-
Southern Oscillation (ENSO) phenomenon is the getagource for rainfall variability
in South Eastern South America (Ropelewski and &t§lpl987; Aceituno, 1988;
Ropelewski and Halpert, 1989; 1996; Baretsal, 2000; Grimmet al, 2000; Andreoli
and Kayano, 2005; Kayano and Andreoli, 2007; Zami®0608; Grimm, 2011). Hence,
we confronted monthly variations in inflow compotseto ENSO episodes to assess the
degree of correlation between both phenomena wiki@rarea of interest.

An array of ENSO definitions has been formulateddifferent researchers worldwide;
the ENSO definition used within this research igieglent to that of Trenberth (1997)
and is summarized in Table 3.El Nifio episodes were defined by 5-month running
means of the SST Index for the Nifio 3.4 region (5°8, 120°-170°W) exceeding 0.4
°C for at least 6 consecutive months (positive aalgjnconverselyl.a Nifia episodes
were defined by 5-month running means of the S®lExrremaining below -0.4 °C for
at least 6 consecutive months (negative anomalythAEI Nifio (or La Nifig episodes
are related to a basinwide warming (or coolingjh#f tropical Pacific Ocean, they are
referred to as Warm (or Cold) ENSO.

Ropelewsky and Halpert (1987; 1989; 1996), her&naéferred to as RH87, RH89 and
RH96, respectively, examined and documented seasndsregions of strong and
consistent ENSO-rainfall relationships for both EN$hases. For the region of La
Pampa, the authors found that Warm ENSO-rainféditimships are positive and tend
to occur from November through February. ConverseGold ENSO-rainfall
relationships are negative and stronger from Jaoraugh December. These periods are
referred to as WE and CE seasons, respectively.

To analyze variability in rainfall and surface flowe used the Standardized
Precipitation Index (SPI) of McKeet al. (1993) and its equivalent version for flow
analysis which we decided to call Standardized Rundex (SRI). The SP(or SRI)
simply consists in the standardization of rainf@t runoff) observations based on
probability density functionsZ&-N [0,1]), so that any significant deviation from thero
mean is assumed as anomalous (Mc&teal, 1993; Guttman, 1999; Lloyd-Hughes and
Saunders, 2002).

The SPI and SRI were computed on a monthly scaledban series of rainfall for Paso
de las Piedras and series of runoff from the hetatgjatime series span the period
1971-2010 as data were available for both variabESISO-rainfall (-runoff)

relationships were inspected separately for thedWtE CE seasons identified by RH87,
89, and 96 for La Pampa region. Monthly SPI and &Rlies were averaged for each
season over the entire period of record; seasorahalies were identified from mean
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SPI (SRI) deviations form the zero mean exceedmey#0.5 threshold. Analysis of

correspondence between ENSO episodes and rainfabff) anomalies was performed
by simply computing the frequency of associatiddete that this procedure matches
that used by Scian (2000) to give continuity tovpes studies on regional ENSO-
rainfall relationships.

Table 3.4: Recurrence and duration (in months) of Warm and Cold ENSO episodes since
1970. The ENSO definition was based on Trenberth (1997). Shaded cases indicate coupled
events where the SST Index remained of the same sign.

Cold ENSO ola Nifa

Warm ENSO oEl Nifio

Begin

Jul 1970
Jun 1973
Sep 1974
Sep 1984
May 1988
Sep 1995
Aug 1998
Jul 2007
Jul 2010

End
Jan 1972
Jun 1974
Apr 1976
Jun 1985
Jun 1989
Mar 1996
Mar 2001
May 2008
Apr 2011

Duration
19
13
20
10
14
7
32
11
10

Begin

Apr 1972

Aug 1976
Jul 1977

Oct 1979
Apr 1982
Aug 1986

Mar 1991
Feb 1993
Jun 1994
Apr 1997
Apr 2002

Aug 2003
May 2004
Jul 2006

Jun 2009

End
Mar 1973
Mar 1977
Jan 1978
Apr 1980
Jul 1983
Feb 1988
Jul 1992
Sep 1993
Mar 1995
May 1998
Mar 2003
Feb 2004
Jul 2005
Feb 2007
Apr 2010

Duration
12

7
16
19
17
8
10
14
12
7
15
8
11

Deviations of averaged series of the SPI and SRhisWE season (Ng\Feh) and for

the CE season (Jun-Dec) are illustrated in Figut®.3PDeviations during th&/E season
showed certain inconsistency between runoff andfatkiseries in terms of frequency,
intensity and timing. Ten seasons revealed pos#ivamalies simultaneously for both
series (67 to 83 % of the positive anomalies olexkia both series), from which only
five occurred under warm ENSO (1977, 1978, 1998818nd 2010). SPI and SRI
deviations during theCE seasorrevealed similar patterns; eleven seasons revealed
significant negative deviations simultaneously {35 % of the negative anomalies
observed in both series), from which only 6 werasmcdent with Cold ENSO (1988,
1995, 1998, 2000, 2007 and 2010).

In opposition to what was expected, ENSO-rainfaitl &aNSO-runoff relationships

during the WE and the CE seasons were unclearhdsrsin Table 3.5, the frequency
of occurrence of positive anomalies*JAinder Warm ENSO was similar during both
the WE season (39 to 70 %) and the CE season (568 %) for both series; in the case
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of rainfall series, WE-A relationships were stronger during the CE seaJdre
correspondence between negative anomaligsgd Cold ENSO was of between 36
and 53 % and was slightly stronger during the C&sase. The proportion of rainfall (or
runoff) anomalies occurring under non-ENSO condgiovas notable during both
seasons (27 to 43 %).

Warm ENSO season (WE)

Runoff nov,-feb, Rainfall nov,-feb,
1.0 1.0
0.5 054
& 0.0- & 0.0
0.5+ 0.5+
-1.0 -1.0

1975 1980 1985 1990 1995 2000 2005 2010 1975 1980 1985 1990 1995 2000 2005 2010

Cold ENSO season (CE)

Runoff jun-dec Rainfall jun-dec

1.0 1.0

-0.5+ -0.54

-1.0

-1.0

1975 1980 1985 1990 1995 2000 2005 2010 1975 1980 1985 1990 1995 2000 2005 2010

Figure 3.19: Deviations of averaged series of the SPI and SRI for the WE season (NovO-
Feb1) and the CE season (jun-dec). Years WE (E/ Nifio) and CE (La Nifia) are indicated with
‘w” and ‘c’, respectively.

Building on these findings, we can not affirm theséence of strong response of local
rainfall variability and ultimately, runoff varialiy, to the ENSO phenomenon, at least
during the WE and CE seasons defined by RH87, RidA8 RH96. WE-A
relationships during the WE season and CHEefationships during the CE season were
moderate to weak, and there were significant ireveENSO-rainfall (-runoff)
correlations during both seasons. WEré&lationships accounted for 14 to 36 % of the
associations for both series; CE-felationships were slightly weaker (10 to 27 %).
Furthermore, there were significant deviationsegighositive (e.g. 1997 during the WE
season, Fig. 3.19) or negative (e.g. 1978 durimyGE season, Fig. 3.19) occurring
under non-ENSO conditions (Table 3.5).

Inspired on the results of Labraghal. (2002),Scianet al. (2006) investigated positive
and negative rainfall anomalies (wet and dry ex&gesaents) occurring in La Pampa
region under non-ENSO conditions. The authors fotimat a great proportion of
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extreme dry and wet events were connected to amesrialhorizontal patterns of water
vapour transport occurring at the scale of Southtdfa South America (SESA). A
number of studies reported a complexity of atmogphprocesses involved in the
natural variability of rainfall regimes across SE®4g. the seasonal displacement of the
South Atlantic Convergence Zone (SACZ), anomalethe sea surface temperature of
the nearby Atlantic Ocean, and turbulent disturkarassociated with the subtropical jet
(Nogués-Paegle and Mo, 1997; Liebmaetral, 1999; Barrost al, 2000; Barros and
Doyle, 2002; Liebmanet al, 2004).

Table 3.5: Frequency (%) of positive and negative anomalies of averaged SPI and SRI
values occurring under ENSO conditions (WE, CE) and non-ENSO conditions (N) during (a)
the WE season and (b) the CE season. Frequency analysis encompasses the period 1971-
2010.

Positive anomalies (+0&8 Negative anomalies (-0
(a) WE season WE CE N WE CE N
SRI 38.5 23.0 38.5 35.7 35.7 28.6
SPI 70.0 10.0 20.0 14.3 42.9 42.9

Positive anomalies (+0&§ Negative anomalies (-0§
(b) CE season WE CE N WE CE N
SRI 54.5 27.3 18.2 20.0 53.3 26.7
SPI 58.3 25.0 16.7 23.0 46.2 30.8

These findings indicate that inter-annual vari&piln the effective water availability
within the river basin respond to anomalies in #t@ospheric circulation associated
with both ENSO and non-ENSO events. This impliecoanplexity of processes
affecting the magnitude, timing and frequency anfal regimes and runoff processes
year after year, and such complexity remains toinvestigated directly. The low
predictability of extreme dry and wet events withine area is the greatest threat for
water availability from a management perspective.

3.2. DROUGHT AND WATER DEMAND: CONSTRAINTS FOR
RESERVOIR MANAGEMENT

Inter-annual fluctuations in the effective wateraidable for supply purposes are the
greatest threat for water storage management imagdmegions (Graf, 1999; Vogeit
al.,, 1999; Guntneret al, 2004; Wurbs, 2005; Hoffet al, 2007; McMahonet al,
2007c). To inspect how dry and wet episodes hafleeimced reservoir storage over
time, mean annual SPIs and SRIs calculated ove2-mdnth scale over the period
1971-2010 were compared to mean annual water &dgeation over the period 1989-
2010 (Fig. 3.20).

Despite the overall low predictability of flow anmdinfall anomalies within the river
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basin, results revealed clear tendency to drynassvétness) every five to six years,
especially during the last decades (Fig. 3.20). ddbeless, negative (or positive)
anomalies showed high inter-annual variations igmitade and hence in severity. For
example, 5 to 6 years revealed significant negatesations (SRI/SPI < -1) over the
period of record, although only one year classiisdcextreme dry (SRI/SPI < -2; 2009).
Similarly, 5 to 7 years classified as wet (SRI/SRI) but only 2002 and 2003 described
deviations close to the extreme wet threshold (SIRIA 2). This indicates that droughts
(or floods) may be expected to occur with certaasenality, yet the severity of such
events is less predictable.
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Figure 3.20: Deviations of mean annual SRI/SPI indices (1971-2010) and mean annual
reservoir water level elevation (1989-2010). SRI/SPI deviations between the +1 threshold
indicate normality. The SPI and SRI indices were computed monthly over a 12-month time
scale, where each monthly value is standardized based on the values recorded over the 12

preceding months and relative to the same 12-month period over the entire period of record.

From Figure 3.20, the influence of flow and raihfahomalies on reservoir storage is
clear. The early 1990’s and 2000’s were very humidthat reservoir storage increased
close to (or beyond) the maximum capacity. Increasvater levels were managed by
operations of controlled flow release (except foe tyear 2002 where the reservoir
overflowed; Fig. 3.20); during the early 1990’spvil release downstream was
substantial and related to dam operations to lowgereservoir levels prior to initiate
actions of restoration to prevent infiltration (8&r, 2004). On the other side of the
scale, mid and late 1990’s and late 200’s weretagxtreme dry, and so the reservoir
storage declined. Logically, flow release duringsi periods did not occur.

At this point, it should be noted that both SRI &EI deviations described clear
decreasing trends with time (only SRI trend showrrigure 3.20). The recurrence of
drought during the second half of the observati@miool increased, and attained
maximum severity by the end of the period wheremesr levels declined alarmingly.
These aspects evidence the beginning of a drimatdi cycle as discussed above.

The last decade of the reservoir history is ofipaldr interest because it encompasses
the reservoir overflow in 2002 and the steep decimwater storage since 2005 (Fig.
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3.20). Reservoir overflow occurred in responsenftow volumes that peaked in more
than 1000 ms’ and entered into a reservoir already top full fizeva Provincia, 11
November 2002). According to the local news pather,exceeding volume would have
reached more than 80 Ansurpassing notably that of October 1984 whereédkervoir
overflowed for the first time in its history. Regéess of this extreme wet event, the
actual reservoir volume declines since 2005 (Seeose2.4 in Chapter 1, p. 53). Marini
(2009) reported that the reservoir surface aread®t January 2005 and January 2009
decreased by 1145 ha, this is 35.6 % the initiase area; the equivalent decrease in
reservoir volume was 174 Hn{53.6 % the active capacity). Such decrease in the
reservoir volume may be explained by surface infllmumes that were between 59
and 83 % the mean annual inflow volume and betvefeand 92 % the mean annual
water losses by evaporation and yield.

In the context of increasing water demand due tpufadion growth and increased

recurrence of drought, how do dam managers dedl degclining water storage?

Conservation storage procedures seem to be noedaffective. An alert system to

lowering storage reserves has been implementedtéy2D00’s, and many actions were
undertaken to reduce volumes of reservoir yielee(Skapter 1). Yet, the water demand
during the last decade increased by 25 % (MBB, 20éskovsky, 2009) and at

present, reservoir yield is near the maximum voltina¢ the reservoir can supply at 100
% reliability.

Maintaining reservoir reliability to meet water deseduring drought or low flow
conditions with low predictability is a key considgon in water supply management
(USACE, 1991). Results from this investigation skdwhat the reservoir may yield up
to 65 hni per year without failure (i.e. firm vyield); abotkis volume, the reservoir
reliability decreases significantly (e.g. 30 % ability for 75 hnt annual yield) and so
the reservoir requires of carryover procedures ¢etnthe annual water demand. If the
annual yield equals 95 Hngmaximum yield capacity), the period of time regdito the
reservoir recovers from a failure could take uplBoyears. Increasing water demand
combines to the scarcity and variability of watesaurces to generate low resilience to
reservoir storage. These aspects impose the gredfiaéenge to management of the
Sauce Grande River, and so require further attenticorder to delineate alternatives
for reservoir optimization.

3.3. THE DEGREE OF IMPOUNDMENT OF THE SAUCE GRANDE
RIVER

Building on reservoir size-yield-performance anayéMcMahon and Mein, 1978;
McMahon and Adeloye, 2005; McMahat al, 2006), this chapter has evaluated the
dam potential to release water downstream basdtieorelationships between historic
inflow volumes and the reservoir yield requiredrieet water demand. The firm yield is
73 % the mean annual inflow volume (89.3hrand the net inflow equals 1 given
annual inflow CV equal to 0.3 (characteristic omfeerate regions, McMahoet al,
2007b); this indicates that the reservoir may yigicto 65 hm per year without failure
or, in other words, that variations in inflow volesover time should not compromise
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the reservoir to meet annual requirements for waipply.

However, a standardized net inflow volunrmg fequal to unity is on the limit between
within-year and carryover yield requirements. Sgeraonservation over time increases
significantly as the net inflow decreases belowtyVogel et al, 1999), so that any
variation in the water demand may determine verffedint reservoir operational
procedures alternating between (i) within-year agerprocedures (where the reservoir
releases a fraction of inflow every year) charastier of temperate regions, and (ii)
carryover storage procedures (where water is ceaedeto use in further years) more
characteristic of semiarid regions (Voget al, 1999; McMahonet al, 2007b;
McMahonet al, 2007d).

The ratios of reservoir storage and yield to meanual infow Eu and Y/y,
respectively) for the Paso de las Piedras Reserdicated great dam potential to
disrupt the longitudinal continuity of the sauceadte River. First, the active capacity
of the reservoir is 3.6 times the mean annual milmlume; second, the fraction of
inflow available to flow release once the annualdirequirements are met is only 0.27
the annual inflow (24.3 hfp High storage capacity relative to the hydrologic
magnitude of the river and a reservoir yield near% mean inflow volumes are
characteristic of water supply reservoirs withirmseid regions of the world (e.g.
Australia and South Africa, McMahaet al; 2007d, western USA, Graf, 1999; Vog|
al., 1999; Kondolf and Batalla, 2005; Graf, 2006, Metdianean countries, Batalét
al., 2004; Hoff et al, 2007; Lorenzo Lacruet al, 2010; and semiarid regions of
Brazil, GUntneret al, 2004), where carryover sotrage procedures ard hkedy to
occur due to the water scarcity, the high rategwaporation, the unpredictability of
climate and the recurrence of drought.

Results from storage-release analysis revealedhbatolume of annual reservoir yield
coupled to water losses by evaporation and seelsageeater than the mean annual
runoff volume (91.2 hff). This indicates that, on average, downstream ffuadully
eliminated due to water retention in the reservBurthermore, simulation for the
Drought Management Scenario revealed that reseretease will occur only under
initial conditions of high reservoir storage and foflow volumes higher than 5-yr
inflow (128.8 hnj); in conditions of low initial storage, it couldke more than 6 years
before any flow release occurs. Elimination or exte reduction of runoff below the
impoundment has greatest implications for the divbyarology and morphology of the
river downstream; these implications are revisitaalstly in the following chapters.

3.4. APPLICABILITY OF THE METHODS USED IN ANALYSIS

The objective of this chapter was to quantify tlegrée of flow regulation induced by
the Paso de las Piedras Dam on the Sauce Granee Riv meet this purpose, this
chapter has examined how the reservoir volume respdo variations in inflow
components over time, and has quantified the pradidy of flow release relative to
such variations. The ultimate purpose of this itigasion was to identify the dam
potential to disrupt the hydrological continuitytble Sauce Grande River relative to the
capacity of its reservoir and human requirementsvetter supply.
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A simple Water Balance Model based on the modeYeidng (2004) for the Fena
Valley Reservoir has been developed for the Paslasi®iedras Reservoir to capture
dynamics in the reservoir hydrology over time. e ttontext of the present research,
the model had triple applicability. First, it petted to verify the viability of the
variables used in the water balance equation imghted (Sokolov and Chapman,
1974), as well as the reliability of the data sexsed in analysis. Second, as the model
simulates variations in water storage relativenteractions between inflow and outflow
components, any component of the balance equateon be estimated based on the
relationships between the remaining componentsrdThhe relationships between
inflows, outflows and water storage for the PasdadePiedras Reservoir provided the
basis to simulate scenarios of flow release asatifon of the reservoir size, function
and performance. The model performance to simwat&tions in reservoir storage,
yield and release was suitable, and the resultgiged meaningful information on the
reservoir dynamics relative to its function for easupply. These aspects validate the
applicability of the model as tool for dam manageme

Although the balance equation used in the Wateariwa Model is fairly simple, the
measure of the reliability of hydrologic variabless more complex. Model results
during the calibration period were very low (2 to%4); however, large errors were
detected in series of measured flow data. Furthexntbe reliability of climatic data
was moderate to low and evaporation processes e&rmated; understanding the
magnitude of evaporation from water supply resesvon semiarid regions is an
important component of reservoir management (Latveal, 2009). These aspects
impose a high degree of uncertainty relative tah@ viability of the variables involved
in the balance equation, and (ii) the reliabilifytbe model results outside the period
used for calibration. This investigation provided@nsistent basis on which to base
further research efforts to improve the model pennce, especially based on series of
gauged data over the long term.

Despite the high degree of uncertainty relativéh®accuracy of the results, the Water
Balance Model provided a consistent platform tofqrem reservoir size-yield-
performance analysis (McMahon and Mein, 1978; Mcbfaland Adeloye, 2005;
McMahon et al, 2006). Although investigating these relationshigpsvay beyond the
scope of the present research, the interest ofappsoach was that it permitted to
estimate the dam potential to flow release as atimm of the reservoir reliability to
meet its vital purpose for water supply. Assessh@ge relationships is very important
from a dam management perspective; such underatangdiat the basis of future
planning to improve the reservoir performance toeimboth yield and release
requirements.

Storage-yield analysis provides information on ¢hkey variables defining the reservoir
performance to meet a target demand: the activerueis capacity, the firm reservoir
yield, and the reservoir reliability (McMahaat al, 2007d). Meaningful information on
the impounding potential of the dam was obtaineddimg on these relationships.
Evaluation of the degree of impoundment exertedhleyPaso de las Piedras dam used
three simple statistics: (i) the ratio of storaggacity to mean annual inflow, (ii) the
ratio of reservoir yield to mean annual inflowj)(&nd the ratio of reservoir release to
mean annual inflow.
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The impact of the reservoir operation on the hyalyiml conditions downstream will
depend primarily upon the ratio of storage capattynean annual inflow (Batallet
al., 2004; Kondolf and Batalla, 2005; Graf, 2006). Hwer, in reservoirs operating for
water supply within semiarid regions, the magnitade the frequency of flow release
downstream will be highly constrained by the raiforeservoir yield to mean annual
inflow (Vogel et al, 1999; Vogelet al, 2007). Ultimately, the fraction of inflow that is
not yielded to meet human needs may be considerbd teleased downstream (Vogel
et al, 2007). In spite of their simplicity, these mesriprovide an essential comparison
between the hydrologic magnitude of the river ane hydrologic magnitude of the
dam, and hence on the dam potential to reduce frdowinstream (Graf, 2006).

3.5. CONCLUSIONS

This chapter provided substantial information oa tlverall hydrology of the Paso de
las Piedras reservoir and on the dam potentiaisiupt hydrological processes along
the Sauce Grande River. Analysis revealed thatrveseinflows describe relative
annual seasonality with high inter-annual variadiomhereas reservoir outflows (except
for water release) describe marked annual seaspmaih high-inter-annual constancy.
Inspection for variations in water storage reveatggh fluctuations from month-to
month, and correlation analysis suggested that sadhtions were strongly related to
variations in inflow components; the magnitudegérency and duration of episodes of
dam release were highly dependent on inflow volumetstive to the actual storage
within the reservoir.

The patterns of flow regulation exerted by the Pdesdas Piedras Dam are intrinsic to
the dam purpose for water supply within a dry subsld climate region, where
droughts are recurrent and severe with low prekbiiittya. Water storage is conserved for
periods of drought, and reservoir evacuation occaksost exclusively during
sequences of humid climate. Inter-annual variationsvater availability to storage
impose the greatest challenge to reservoir operatiod so the assessment of processes
underlying climate variability requires specialesition.
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n INTRODUCTION

Previous results revealed that reservoir inflons drnven by varying climate
conditions inducing strong intra- and inter-anntiattuations in the effective water
available for storage purposes. On the other haservoir outflows are constrained by
the dam purpose for water supply; large volumewater are withdrawn annually (73
% of the mean annual runoff) and the remaining mauis conserved within the
reservoir for periods of drought.

The reservoir storage capacity is four times theatimannual inflow volume. This
implies great dam potential to absorb the full emd flows within its reservoir, and
hence to disrupt longitudinal fluvial processesrowgange of time scales. In addition,
large reservoir storage capacity combines to daematipnal procedures (conservation
storage) to generate long water residence timeghwlead to changes in the water
properties by reservoir stratification and eutrgghipn. Regulation and alteration of
running waters from headwater sources will impagi/\seriously on the hydrology and
water quality of the river downstream.

This chapter evaluates the dam impacts of firsteQrie. the impacts that occur
immediately after dam closure and that depend tljrean the dam operational
procedures and the outlet type. Analysis focusesmanof the three primary changes
recognized by Petts (1984) namely changes in Y& fiow regime and the river water
quality with focus on the river thermal regime. Téssessment of these variables was
strongly motivated by the actual river state betbe impoundment (Fig. 4.1). Changes
on the sediment load of the river downstream werssiclered of less concern relative to
the magnitude of changes in the former two vargbleote, the sediment trapping
efficiency of the dam was assumed nearly as gied08 % of the sediment delivered
from headwater sources.

Analysis of change in the river flow regime andhe river water temperature builds on
the quantification of two key parameters based @rdMnd Stanford (1993; 1995a):

(1) the magnitude of change, i.e. the intensity of gearelative to natural
conditions, and

(i) the discontinuity distance, i.e. the distance avieich changes are apparent.

Quantification of changes in terms of magnitude diglance from dam closure was
based on the comparison of river flow and thernoalditions occurring synchronically
upstream and downstream from the impoundment awer. t

Results are structured into two sections asses$iagges in the river flow regime and
the river water temperature separately. Intercommes between both variables are
examined in the Discussion section.
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/
River state downstream from the dam

Figure 4.1: Actual state of the Sauce Grande River for two reference reaches located
upstream and downstream from the Paso de las Piedras Dam.
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SECTION

1 METHODS

1.1. QUANTIFYING DAM IMPACTS ON THE RIVER FLOW REGIME

Dam impacts on the downstream river flow regime ewveassessed using a
methodological suite including (i) the Indicator§ lydrologic Alteration approach
(IHA, Richter et al, 1996), (ii) the Range of Flow Variability appréafRVA, Richter
et al, 1997), and (iii) the Environmental Flow Comporsgeapproach (EFC, Mathews
and Richter, 2007). Combined, these approachew atispecting the degree to which
the river flow regime below the dam has been alterelative to the ‘natural’
unregulated flow regime over time.

For the purpose of this research, the IHA, RVA &t methods were adapted to
provide a comparison between unregulated (upstreamd) regulated (downstream)
daily flow conditions over the period 1989-2010.isTIiperiod was dictated by the
availability of concurrent streamflow data for bather systems; the use of the same
period of time in comparisons was considered maoitalsle due to the effects that
climate variability may have on the results. Syodic comparison of flow conditions
permitted to determine unregulated attributes ftbat should be repeated downstream
in case of absence of hydrological alteration.

Series of flow data used in analysis include (i)ly]ddow discharge at Chacra La
Blanqueada GS (upstream), and (i) daily flow deésge at Bajo San Joseé
(downstream). Flow data for the river upstream sigsulated using RainOff-empirical
modelling, and flow data for the river downstreamsvestimated based on rates of flow
release (see Chapter 2 for detailed information samulation and estimation
procedures). As unregulated flow data were avalamler the period 1956-2010, this
series were used to characterize major attributeBow such as the magnitude of
characteristic flows, the thresholds for bankfudwf and overbank flooding and the
distribution of flows over the water year, amongestvariables.

The properties of the IHA, RVA and EFC methods explained below. In all cases,
analysis was performed using the IHA Program of Wh&ure Conservancy and Smythe
(2001).

1.1.1. Computing flow statistics

Flow attributes for the regulated and the unregalaivers were quantified using the
Indicators of Hydrologic Alteration approach (IHA)HA is based on a set of
descriptive statistics of flow based on the panadaf natural flow regime (Pofét al,
1997). Hence, the method considers the five atgof the river flow regime that are
critical for the geomorphic and ecologic integmtfythe river system: the magnitude, the
timing, the frequency, the duration and the ratetainge of flows. As shown in Table
4.1, flow regime attributes are described using fijvoups of metrics.

Groups 2, 3 and 4 focus on the magnitude, duratioring, and frequency of extreme
flow events having the greatest influence on therrimorphology and the stream
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ecosystems, whereas Groups 1 and 5 measure thedl dedraviour of flows decisive to
the geomorphic and ecologic structure of the reygmtem. In spite of the simplicity of
these metrics, they encapsulate the overall hydiolbehaviour of the river (Graf,
2006) face to the lack of previous studies on ier flow regime, and hence have great
potential to quantify dam impacts on the river loyjdgy downstream. Most of the
metrics presented in Table 4.1 were computed tviirdo characterize the main
attributes of the natural flow regimsefnsuPoff et al, 1997) over the long term (1950-
2010), and (ii) to quantify shifts in each attrieutetween regulated and unregulated
flow conditions over the period 1989-2010.

Table 4.1: Descriptive statistics of flow included within the IHA method and implications of
each metric for the river morphology and the stream ecology. After Richter et al. (1996) and
Graf (2006).

IHA group Hydrologic metrics

Geomorphic implicateon Ecologic implications

Group 1:
Magnitude of
monthly water

Mean (or median) for
each calendar month

Size of active channel
Channel pattern
Geomorphic complexity

Habitat availability or
suitability
Environmental constancy

conditions and functional surfaces and/or contingency
Group 2: 1-, 3-, 7-, 30-, 90-day Space available for river Environmental stress and
Magnitude annual maximum flow  processes: floodplain sizedisturbance (or species

and duration of
annual extremes

1-, 3-, 7-, 30-, 90-day
annual minimum flow

and overall channel
morphology

triggers)
Structure of physical

Dominant particle size of habitat conditions, plant

bed materials

Limit for sediment
transport and storage

Channel maintenance

Particle size distributions

of bed material

species distribution and
colonization

Group 3:
Timing of
annual extremes

Julian date of 1-day

maximum (or minimum)

Interactions between
erosive flows, stabilizing

Seasonal nature of
environmental stress

vegetation and depositionand/or life-cycles

processes

strategies

Group 4: No. of high (or low)
Frequency and pulses per year

duration of high
and low pulses

Channel mobility, change Pulsing behaviour of
in functional surfaces and environmental variation

depositional regimes

depositional processes

Lateral (channel-

Mean duration of high (or Magnitude of erosive and floodplain) exchange

Spatial extent of active

Rate and frequency of

area of functional surfacesntra-annual cycles of

environmental variation

Overall erosion/stability Entrapment of organisms

low) pulses
Group 5: Mean of positive (or
Rate and negative) differences
frequency of between consecutive days
changes in ,
water No. of raises (or falls)
conditions

of channel and banks

and drought stress
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1.1.2. Assessing the range of flow variability

The Range of Variability Approach (RVA) determirtes hydrological requirements of
a river system (Richtest al, 1997) based on ranges of natural variabilitydach flow
attribute measured in Table 4.1. Ranges of vartghare calculated using parametric
(or non parametric) measures of central tendendydmviation (& or inter-quartile
range). These values, expressed as a range oftaloleepalues for each flow attribute,
represent théargetsfor flow management (Fig. 4.2). The fundamentadaapt of RVA

is that the regulated river should be managed a@h svay that the annual value of each
flow attribute falls within the range of variatioof such attribute under natural
conditions (Richteet al, 1998).

Range of variability

Flow rate

Pre-dam period
(or unregulated flow)

Post-dam period
(or regulated flow)

River impoundment

Time

Figure 4.2: Conceptual scheme of the Range of Variability Approach (RVA). Modified from
Richter et al. (1997).

1.1.3. Evaluating Environmental Flow Components

The Environmental Flow Components approach (EF@)adatest component included
in the IHA methodological suite. EFC was developgdvathews and Richter (2007) to
provide an additional hydrological characterizati@sed on five major flow states that
are critical for the river morphology, ecology awdter quality (Fig. 4.3; Table 4.2).

The interest of the EFC approach relies on its toabpplicability. First, the method

divides and classifies the hydrograph into setsgebmorphic and ecologically

significant flow conditions. Second, the methodnpés to calculate the magnitude,
frequency, duration, timing and rate of change givan flow state over time.

The threshold for each EFC category was calculbgsdd on long-term series (1956-
2010) of daily flow discharge for the unregulateatr upstream. The magnitude of high
flows for a given return period (i.e. the flooddreency) was estimated by fitting series
of annual maximum daily flow to the Gumbel extrewedue distribution (Gumbel,
1958).
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Environmental Flow Components

Large floods ———

Small floods

AN

Low flows High flow pulses
/ \ / \ Extreme low flows

Time

Figure 4.3: Conceptual scheme of the Environmental Flow Components approach (EFC).

Table

After Mathews and Richter (2007).

4.2: Environmental Flow Components and implications for the river morphology,

ecology and water quality. After Hersh and Maidment (2006) and Mathews and Richter

(2007).
Hydrologic Geomorphic Ecologic Water quality
EFC definition implications implications implications
Extreme Infrequent low Deposition of  Restricted Unsuitable in-
< lowflows flows (10" small-sized aquatic habitat channel water
g £ (subsidence percentile of all material with limited quality
08 flows) low flows) connectivity
_l S
L 8 Lowflows Median flow Soil moisture  Suitable aquatic Suitable in-
%‘8 (base flows) conditions, with and habitat with channel water
.y variability groundwater longitudinal quality
=~ table connectivity
maintenance
High flow  In-channel high Channel Lateral Restore in-
pulses flows of short  maintenance, connectivity channel water
duration prevent (near-channel quality after
S vegetation water bodies) prolonged low
2 = encroachment flow
9 § Small Flows greater  Floodplain Lateral Restore water
L & floods than theQ, maintenance, connectivity quality in
(ID%G (over_bank lateral mobility  (river- _ roodeain water
T '; flooding) fl_ood_plaln), bodies
= Large Flows greater &%?rr\l;mance
floods than theQq
(floodplain
flooding)

168



Section 1

Methods

1.1.4. Assessment of the river flow predictability

The metrics used to quantify the predictabilitynatural variations in daily flows were
based on Poff and Ward (1989) and were computedyuke IHA program. The flow
predictability index was used to measure the tealgmedictability of flow states using
two additive components: the flow constancy (measirthe flow invariance; C) and
the flow contingency (measure of the flow periogiciM). The flow predictability
index ranges from 0 to 100 %, where 100 % indicaittger fairly uniform flows where
the constancy proportion (C) is high, or varialewk with fixed periodicity where the
contingency proportion (M) is high.

The flood regime (i.e. the regime of flows fallinove the&Q, threshold) was evaluated
using three metrics: (i) the flood frequency, ctdbted as the mean number of floods per
year, (ii) the flood predictability, calculated & maximum proportion of all floods
falling in any 60-day period common to all yearsthe record, and (iii) the flood-free
season, calculated as the maximum number of 365 algr all the water yeas during
which no floods occurred.

1.1.5. Quantification of the degree of hydrologic alteration

The set of flow statistics presented in Table 4eteacalculated for the unregulated and
the regulated river based on concurrent seriesaity ow data over the period 1989-
2010. The natural ranges of variability in eactwflattribute were estimated based on
series of unregulated flow upstream.

The degree of hydrological alteration downstrears estimated depending on whether
the values of regulated flow fall within the rangienatural variability calculated for a
given flow attribute. The equation used is expréssefollows:
HA = Fo-F
E (4.1)

where HA] is the degree of hydrological alteration for aayi flow attribute, o] is the
frequency of years in which the flow value obserdesvnstream fell within the target
range, andHg] is the frequency of years for which such valuesvexpected to fall
within the target range. The hydrological altematfor a given attribute equals zero if
Fo = Fg; positive deviations ofA indicate that flow values fall inside the RVA tatg
more often than expected, and negative deviatiwisate the opposite.

To quantify the magnitude of hydrological alteratizve used simple measures of
dispersion or variation, depending on whether fhkiatistics were computed using non-
parametric (medians) or parametric (means) stedistespectively. The coefficient of
dispersion €CD] for each flow attribute were calculated as folfow

(75" percentile- 25" percentile
mediat (4.2)

CD=

The coefficient of variation [CV] and the magnitudiechange [MC] are the analogous
measures of deviation for parametric statisticsenhCV is expressed as shown in
Equation 4.3.
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H (4.3)

1.2. QUANTIFYING DAM IMPACTS ON THE RIVER WATER
TEMPERATURE

Assessment of the dam impacts on the water gudlitiye river downstream focuses on
the river water temperature, a fundamental paramaftenvater quality and stream
ecology (e.g. Webb, 1996; Poole and Berman, 20@issi2, 2006; Webbt al, 2008;
Hannahet al, 2008b). Longitudinal patterns of other importevatter properties such as
dissolved oxygen, pH, electrical conductivity andtom composition were evaluated
by Beauger (2012) and are discussed briefly.

1.2.1. Temperature data collection

Eight temperature data loggers (Hobo Pendant Teatyper ONSET Computer
Corporation) were deployed within the main riverachel above and below the
impoundment. Water temperature sampling sites welected based on distance from
the dam, site accessibility, channel morphology apdrian vegetation. Additionally,
one logger was installed in the weir draining resgrseepage into the main channel,
and two loggers were installed in two oxbow lakekty the impoundment. All the data
loggers were cross-calibrated and clocks synchednfslannalet al, 2009) to record
water temperature every 15 minutes during summ@® 20id winter 2010.

Hourly observations of air temperature were prodidg ADA for two meteorological
stations (Saldungaray MS and Paso de las Piedrasdei8ed upstream and adjacent to
the reservoir, respectively. The use of two statiovas considered appropriate to
highlight any meteorological variability due to feifences in altitude and exposure
along the river. Rainfall and river flow dischangzords were also provided by ADA.
However, these data were excluded from the andbgsiause of the very low variability
of river flow across the two monitoring periods.

Two 30-day data sets of continuous hourly recordeevassembled for all air and water
temperature gauging sites. The time series spaot gpdriod recorded during austral
summer 2009 ranging from late February (day 58pte March (day 87), and a cold
period recorded during austral winter 2010 randiog late June (day 173) to late July
(day 202). These periods of high quality data wdresen to assess water temperature
sensitivity under strong meteorological influence.

1.2.2. Time series assessment and thermal metrics

Patterns of air and water temperature were insgdayeabsolute differences in daily
temperatures during the summer and winter sampiedse The descriptive statistics
used for thermal characterization of the time sefieable 4.3) were adapted from Chu
et al. (2010). They include a set of temperature metgsvalent to those proposed by
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Poff et al. (1997) to characterize the five critical compomseait the river flow regime.
Note, high and low daily temperature in Table 4@respond to the ¥5and 2%'
percentiles, respectively. Additionally, stationdtation differences in water
temperature were inspected by plotting the seasm@an, maximum and minimum
temperature for each siteersus distance from the dam. Seasonal maximum and
minimum values correspond to the daily means restbah the hottest and the coldest
days of each series, respectively.

Table 4.3: Metrics used in the characterization of air and water temperature series.

Thermal regime Ecological and water quality

component Temperature metric relevance

Magnitude Mean daily temperature (°C) Absolute thermal values
Maximum daily temperature (°C) defining specific biological,

High daily temperature (°C) physical and chemical

. reactions/responses
Median temperature
Low daily temperature (°C)
Minimum daily temperature (°C)
Frequency Area under the mean seasonal temperatudow often thermal events of
of all gauging stations (°C) a particular magnitude occur
Timing Day of maximum (Julian day) When do temperatures of a
Day Of minimum (Julian day) certain magn|tude occur,

Start of high daily temperature (Julian day)gf]‘\éir\;\?atsgregggigcomgical

Start of low daily temperature (Julian day) implications

Duration Length of high temperature (number of  Period of time associated
days) with temperature of a certain
Length of low temperature (number of day$hagnitude

Rate of change Mean daily range (°C) How quickly temperature
Maximum daily range (°C) changes in magnitude

Minimum daily range (°C)

1.2.3. Classification of diurnal regimes of air and water temperature

Daily patterns in air and water temperature wergpécted using a cluster-based
classification based on relative differences in #ghape (timing) and the magnitude
(size) of diurnal regimes. The Regime Shape andnilade Classification technique
(RSMC) was developed by Hannahal. (2000) for hydrograph classification, and has
been widely evaluated in many studies assessieg fiow, air temperature and rainfall
regimes over a range of time scales (e.g. Hatral, 2000; Bower and Hannah, 2002;
Bower et al, 2004; Kansakaet al, 2004; Hannalet al, 2005). This study represents
the first application of the RSMC approach to teeegsment of river water temperature
regimes.

To classify theegime shapeegardless of the absolute magnitude of the thgraphs,
hourly air and water temperature records for betisens were standardized by day and
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by station using z-scoregt (= 0, ¢ = 1). This gave a data matrix with 24 columns
(hourly temperature observations) times 570 lingtipn-days); 300 station-days
corresponded to the summer period (10 gaugingostatk 30 days) and 270 station-
days corresponded to the winter period where ona k@ger was lost (9 gauging
stations x 30 days). Station-days for air and watenperature during summer and
winter were classified together into groups of samdiurnal regime form.

The magnitude classificatiomwas based upon four indices: the daily mean, maxim
minimum, and variance of hourly temperatures. Thediees were calculated daily for
each station and season, regardless of the tinfinlgeothermographs. Within-station
differences in each index were standardized seggrédr each 30-day observation
period using z-scores. Station-days of air and memperature during summer and
winter were classified together into groups of &amregime magnitude, i.e. similarities
in the behaviour of the four indices.

For both regime shape and magnitude, classificatias achieved using Hierarchical
Cluster Analysis (HCA) and Ward's linkage methodand/s algorithm was selected
because it produced relatively dense clusters wmtiall within-group variance (c.f.

Hannahet al, 2005). The structure of the cluster dendrograthtaeaks of slope in the

agglomeration schedule plot were used to estinteeappropriate number of clusters
(regime classes).

1.2.4. Quantification of the climatic sensitivity of diurnal water
temperature regimes

We used the novel Sensitivity Inde[[to evaluate the sensitivity of water temperature
regimes to air temperature conditions during thmarser and winter periods. T84 was
devised by Boweet al (2004) to complete the conditional entropy analgeveloped
by Krasovskaia (1996) and Krasovskaia and Saelth@®7). The index works with any
previous regime classification, and permits to agrsregime shape and magnitude
attributes separately. Same as the RSMC approadch,study represents the first
application of theéSl to water temperature assessment.

The computation of th81 uses a set of six equations calculated in twoestalgirst, the
stability of air and water temperature regimes by site entjified using an Equitability
Index [El]. Based on the concept of entropy (Krasovskai@®5)L%I| considers the
probability of occurrence of one regime class agjaal the possible regime classes as
expressed in Equation 4.4. Second, the associdbemgeen water and air temperature
regime classes are evaluated as dbeditional probability[P(Y;|X;)] of observing a
particular water temperature regimg][¥s conditioned by each air temperature regime
[Xi] and vice versa, i.&(Xi]Y)).

n

-2PInP
=1

El=—i ' (4.4)
Inn
The Sl is computed based upon the ratio exfuitability [E] between water and air
temperature regimesg[Y]:E[X]). The ratio of equitability defines two different
scenarios of sensitivity as follows:
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= If E(Y) > E(X), then Equation 4.5 is used to produce a valuevdmt O and +1
(positive scenario).

oo 2(n1 )(_”Zx(P(Y/X)InP(Y/X )J (P(xi/vj)lnp(xi/vj)jJ s

Inn Inn,

= If E(Y) < E(X), then Equation 4.6 is used to give a value betwé&eand 0 (negative
scenario).

Sl=-1-

1 i P(Y; /X)) InP(Y; /X)) P(Xi/Yj)In P(X;/Y;) P
2(n,n,) | 4 Inn, Inn, %)
Positive and negative scenarios represent thetidineof sensitivity (Fig. 4.4). Negative
Sl values indicate that a limited number of water gemature regimes occur under a
variety of air temperature conditions. Conversggsitive Sl values indicate that a
variety of water temperature regimes occur undeilai air temperature conditionSl
values approaching -1 or +1 both designate levelasensitivity; the difference is in
the direction of the associations. Values closerdm indicate a sensitive situation,
where a single water temperature regime is obseuveldr particular air temperature
conditions (Boweet al, 2004).

A\ VARRE A>§<A R
W, W, W, W, W, W, W W, W,
i pa— — 0 - — i
g Insensitive - Sensitive P Insensitive :
Negative scenario - Positive scenario
Alrtemperature is more variable | i Water temperature is sensitive : | Air temperature is less variable :
than water temperature to air temperature than water temperature

Figure 4.4: Conceptual illustration describing the direction and the level of meteorological
sensitivity of water temperature regimes. Modified from Bower et al. (2004).

1.2.5. Inspection of structural characteristics of the stream

The influence of the stream structure on seasamdlspatial variations in river water

temperature was determined using principal compoaealysis (PCA). In spite of the

reduced size of the population data (eight wateperature sites), PCA was performed
to reduce variables of potential influence into e ®f linear combinations of

uncorrelated factors reflecting a fraction of vhiii#y in water temperature regimes.

The variables selected to use in Pi@®olve a set of indicators of topographic influenc
(riparian vegetation cover, stream orientation sitel elevation), morphologic influence
(bed channel slope, number of upstream pools afflésri wetted area and the
width:depth ratio), and groundwater influence (&leal conductivity of running
waters).

The value assigned to each control variable wasulzed as mean of observations
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madein situ or percentage of surface area within riparian gofRgparian zones were
digitized in ArcGIS over a straight river sectioh I,00 m-length upstream of each
water temperature site; this length was selectiadive to the total length of the sample
reach (15 km) and based on common distances usethén studies linking riparian
buffers to stream temperature (e.g. Frimpengl, ; Mooreet al, 2005; Malcolmet al,
2008; Hannatet al, 2008a; Chuet al, 2010; Groonet al, 2011). The optimal width of
the riparian zone depends on many variables suatoasnant tree species, channel
morphology and stream style (Mooet al, 2005); as the overall river morphology
exhibits a single meandering channel, the latératd of the riparian zone were defined
by the boundaries of the active (bankfull) channel.
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2 ResuTs

2.1. DAM IMPACTS ON THE DOWNSTREAM RIVER FLOW REGIME

Dams interrupt the hydrologic continuity of streamrsd rivers by intercepting flow
from the headwater areas (Kondolf, 1997) and bytroimg the patterns of flow
discharge within the river downstream (Petts, 198t)dies assessing the effects of
dams on the river flow regime downstream documeduction in the magnitude and
frequency of floods, increase in the permanend®asé flows and alteration of the flow
seasonality (e.g. Batalkt al, 2004; Kondolf and Batalla, 2005; Magilligan ancsiNw,
2005; Graf, 2006).

This section evaluates the impacts of the PasasiPiedras Dam on the flow regime of
the Sauce Grande River based on the understanditige aupstream ‘natural’ flow
regime gensuPoff et al. 1997). The degree of hydrological alteration iretiby the
dam is examined based on comparisons between eentudlow conditions for the
unregulated and the regulated rivers.

2.1.1. Changes in the attributes of the river flow regime

We used a set of metrics describing the flow regmegnitude, timing, frequency,
duration and rate of change (Table 4.1) to quaniggtream-downstream shifts in the
river hydrology. Themagnitudeof flows refers to the quantity of water per umibé at
any given time interval. Flows of a given magnitunteeur with a certain regularity
(timing) and have an associatiEdquency(or recurrence) anduration (or persistence).
The degree to which flowhangesrom one magnitude to another indicates the regime
(in)stability throughout the annual cycle (Rich&tral, 1996; Poffet al, 1997).

Magnitude and timing of monthly flows

The distribution of mean monthly flow over the watgear (Fig. 4.5) indicated a

complex river flow regime (sensu Pardé, 1933) iitesthat it originates exclusively

from rainfall. The hydrograph peaked in spring (€bv.) and in late summer-early

autumn (Mar.-Apr.), in connection to the rainiesinths of the rainy season. The period
of low flow was coincident with the dry season €laiutumn and winter) and recorded
the lowest levels in July. A secondary episodeosi flow was observed during the

rainy season in connection to high evaporationsratearacteristic of early summer
months (Jan.-Dec.).

Mean monthly flow was 2.5 frs* with high variability CV = 1.1). Mean monthly
flows over the monitoring period were highly scedte especially during the spring
season (1.0 €V < 1.4); the magnitude of median flows and monitiefficients of
dispersion were low for all months (0.4GD < 0.5). High coefficients of variation and
low coefficients of dispersion suggest coupled afaifity and constancy in the
behaviour of the unregulated river, where episatfdsw flow with long duration are
alternated by episodes of high flow with short disraand high magnitude.
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Figure 4.5: Annual distribution of mean monthly flow within the unregulated Sauce Grande
River over the period 1956-2010. The water year starts in July.

The annual hydrograph below the dam was clearlyedsed (Fig. 4.6; Table 4.4).
Mean monthly flow was reduced near to or below linest threshold of natural
variability for most months, except for the monthJaly where mean monthly flow was
increased by 10 %. Flow reduction was moderatddvioduring spring months (e.g. 20
% in November) and peaked during late summer moj@é<£6). In addition, monthly
means fell outside the natural range of variabifity many years and, as a result,
indices of hydrologic alteratioiH@) were negative for all months.
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Figure 4.6: Annual distribution of mean monthly flow within the regulated river over the
period 1989-2010. Ranges of variability were calculated using the same period of time.
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Median flow was equal to minimum flow (0.28 1) for all months (Fig. 4.6), and the
inter-annual persistence of minimum flow duringuamh and late winter months was
greater than 75% (i.e. the third quartile). Thidigated notable increase in the low-flow
duration relative to the unregulated river upstream

Persistence of low flows within- and between-yaatsnately contributes to alter the
hydrograph seasonality by suppression of flow \mlitg throughout the water year.
Long-term monthly means revealed that summer peats suppressed, spring peaks
were reduced and delayed, and winter minima wecee@ased. Conceivably, mean
monthly flows provide a better expression of chamgéhe flow seasonality because
they are equally affected by episodes of flow r&deduring humid years and persistence
of low flows during dry years.

Table 4.4: Changes in the magnitude of mean monthly flow (m3.s!) from the unregulated
river upstream to the regulated river downstream over the period 1989-2010. Significant
values per metric in bold.

Unregulated river Regulated river Rate of Change Hydrological
Month Means  C. Var. Means  C.Var. Magnitude % Alteration
Jul 1.48 0.69 1.63 1.69 0.15 10.2 -0.94
Aug 1.88 0.84 1.15 1.87 -0.72 -38.5 -0.94
Sep 2.18 0.70 1.13 1.52 -1.05 -48.0 -0.86
Oct 3.08 1.27 1.81 1.21 -1.27 -41.2 -0.47
Nov 3.48 1.79 2.78 2.54 -0.70 -20.2 -0.59
Dec 2.41 1.10 1.48 1.71 -0.93 -38.6 -0.73
Jan 2.23 1.03 1.33 1.37 -0.90 -40.2 -0.71
Feb 2.25 0.55 0.78 1.26  -1.47 -65.5 -0.71
Mar 2.43 0.63 0.83 2.21 -1.60 -65.8 -0.94
Apr 2.56 0.93 151 2.19 -1.05 -40.9 -0.86
May 1.91 0.74 1.39 1.96 -0.52 -27.4 -1.00
Jun 1.59 0.89 1.22 1.63 -0.37 -23.3 -0.87

Magnitude, timing and duration of annual flow extremes

The magnitude and timing of annual flow extremesenaspected for various flow
durations including daily (1-day), weekly (7-dagpnthly (30-day) and seasonal (90-
day) time scales. For a given year, 1-day maximanmn{inimum) flow is the highest
(or lowest) daily flow; multi-day maximum (or minum) flow is the highest (or
lowest) flow averaged over the multi-day scale wfadion.

The distribution of annual flow extremes over tinéire monitoring period (1956-2010)
gave evidence of strong intra- and inter-annuabdity in the flow regime magnitude
(Fig. 4.7). Annual maxima were highly scattered foost years; the ratio of annual
maxima to annual means averaged 44.6 and peakd®7d in 2003. The flashy
character of flows was evidenced by the reducedninade of 7- day maxima relative
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to 1-day maxima; differences in magnitude of 1-dexima respect to 30-day maxima
were notable, and 90-day maxima (not shown in &yuvere nearly as low as 90-day
minima for most years of record. Annual minima wareariant for all the durations

considered in analysis, which indicated that treelffow season has very long duration.

The mean date of maximum flow was day 80°(March) and the mean date of
minimum flow was day 207 (36July). Overall, dates of maximum and minimum flow
were synchronized with the timing of the annualrogdaph; however, dates of annual
extremes were highly scattered in time so thatetlséstistics must be read with caution.
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Figure 4.7: Magnitude of annual flow extremes for different durations within the
unregulated river (1956-2010) and the regulated river (1989-2010). Ranges of natural
variability for each flow duration were calculated based on the comparison period.

Comparison between unregulated and regulated flmvdions over the period 1989-
2010 revealed that the dam was very effective ttuge annual flow extremes of all
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durations (Fig. 4.7; Table 4.5). The most dramaliift occurred in the magnitude of
annual maxima: 1-day maximum flows were reduced/®y%, on average, and fell
outside the range of natural variability in all y@af record A = -1). Note, the
magnitude of 1-day maxima remained notably below ldwest threshold of natural
variability for all years of record except for osmgle episode of extreme-high flow.
The degree of hydrological alteration and the magiei of change in annual maxima
for the remaining flow durations declined as thalgsis window expanded and more
and more years fell within acceptable ranges abbdity (-0.8 <HA < -0.7).

Table 4.5: Changes in the magnitude of annual extreme flows (m3.s™!) from the unregulated
river upstream to the regulated river downstream over the period 1989-2010. Significant
values per metric in bold.

Unregulated river  Regulated river Rate of Changeklydrological

High extremes Means C.Var. Means C.Var. Magn. % Alteration
1-day maximum 121.6 1.04 25.4 3.92 -96.1 -79.1 01.0
7-day maximum 26.9 1.05 9.3 2.71 -17.5 -65.2 -0.81
30-day maximum 8.3 0.77 4.6 1.72 -3.7 -44.8 -0.75
90-day maximum 4.3 0.58 2.8 1.46 -1.5 -34.2 -0.69
Unregulated river  Regulated river Rate of Changelydrological
Low extremes Means C.Var. Means C.Var. Magn. o Alteration
1-day minimum 0.9 0.01 0.3 0.73 -0.6 -64.3 -1.00
7-day minimum 0.9 0.01 0.3 0.73 -0.6 -64.3 -1.00
30-day minimum 0.9 0.03 0.4 1.25 -0.5 -59.6 -1.00
90-day minimum 1.1 0.28 0.6 1.44 -0.5 -47.9 -1.00

Shifts in annual minimum extremes were similaritose in annual maximum extremes,
although the degree of hydrological alteration weiseme for all flow durationdHA =
-1). Mean 90-day minimum flow was reduced by 48th&; reduction of annual minima
increased with decreasing duration up to -64 %d.fday minima.

Significant changes occurred in the timing of anrx@remes, and especially in annual
maxima. The mean date for 1-day maximum withinrthher downstream was day 186
(5™ July); this was 106 days delayed relative to 1-thximum within the regulated
river and was almost the date of 1-day minimum flgpstream. Mean date for 1-day
minimum downstream was day 178 {2June); despite annual minimum downstream
was advanced of 29 days, both dates fell withirstae calendar season (winter).

Frequency and duration of hydrologic pulsing

This section quantifies the number of times thaghhiand low-flow pulses occurred
within a given year and measures the mean duratisuch pulsing. High- and low-
flow pulses were identified from daily flows excéegithe 75" percentile threshold or
remaining below the 25 percentile threshold, respectively. Quantificatioh the

frequency and duration of flow pulsing gives an resgion of environmental and
geomorphic variability within the river system (Rfer et al, 1996; Magilligan and
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Nislow, 2005).

The unregulated river revealed relatively high floenstancy throughout the water year
(Table 4.6). Results showed that, on average, épssof subsidence flow (flows lower
than 1.0 ms®) may occur twice per year and have long duratiéh days), whereas
episodes of high flow (flows higher than 12.8. 1) may occur four times per year with
very short duration (1.4 days).

Table 4.6: Changes in the frequency and duration of high- and low-flow pulses from the
unregulated river upstream to the regulated river downstream over the period 1989-2010.
Significant values per metric in bold.

Unregulated river Regulated river  Rate of ChangeHydrological

Low pulses Means C.Var. Means C.Var. Magn. % Alteration
Count (per year) 2.3 0.5 1.0 1.9 -1.4 -59.3 -0.75
Duration (days) 40.0 0.8 228.7 1.6 188.8 472.5 -0.84
Threshold (Ms? 1.0 - - - - - -
Unregulated river Regulated river  Rate of ChangeHydrological
High pulses Means C.Var. Means C.Var. Magn. o Alteration
Count (per year) 4.3 0.5 0.2 2.4 4.1 -95.0 -0.95
Duration (days) 14 0.3 6.6 27 51 353.0 -1.00
Threshold (Ms? 12.8 - - - - - -

The effects of the dam in increasing the flow cansy were clear (Table 4.6). Both
low and high flow pulses were reduced in frequeaisgt increased in duration notably.
The most critical shift in low-flow pulsing was adéd to increased pulse duratidh?d(

= -0.85) more than to reduced pulse frequerntA € -0.75). In the case of high-flow
pulsing, changes were significant for both the dimecy HA = -0.95) and the duration
(HA =-1.0) of high pulses.

Rate of change in daily flows

This final section evaluates shifts in the varidpibf daily flow conditions over the
water year. The most common technique used to aagpeual flow variability is the
coefficient of variation of daily flowsQV]. Annual CVs within the unregulated river
(1956-2010) ranged from 0.5 to 8.7 and averagedmt!® high deviation $D = 1.6).
Annual CVs were greater than 1 for 95 % of years of recodicating strong within-
year variability; yet, annuaCVs were highly scattered and so suggested that the
magnitude of annual flow variations may vary coesithly from year to another.
Downstream, annualVs (1989-2010) ranged from 0.1 to 6.8 and averag2dwith
high variability €D = 1.5). Despite apparent similarity in the varidyiof upstream
and downstream flows, coefficients of variation dstveam were near zero for 55 % of
years of record and hence indicated great frequearicgtagnant downstream flow
conditions.

Inspection of the number of annual flow reversaks. how many times flow changes
from a rising trend to a falling trend, mice versa permitted to quantify relative
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variations in annual flow regardless of the absolmagnitude of such variations (Fig.
4.8). Long-term (1956-2010) flow variability analkyswithin the unregulated river

showed that the natural annual hydrograph was ceetpof about 40 flow reversals
(on average) with moderate to low inter-annualalality (CV = 0.29). This indicated

that daily flows over the water year tend to rigel dall with a certain seasonality
common to all years, in spite that variations ia thagnitude of such flows may vary
considerably from one year to another. The lattgreat was evidenced by relatively
high coefficients of variation for mean rise raf@$0) and mean fall rates (-0.54).
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Figure 4.8: Number of annual flow reversals within the unregulated river (1956-2010) and
the regulated river (1989-2010). Ranges of natural variability for flow reversals were
calculated based on the comparison period.

The most statistically significant upstream-doweatn shift over the comparison period
(1989-2010) occurred in rising flow rates, whiclsck#bed an average decrease of 61 %
and a value of hydrologic alteration close to uri}.94). Reduction in recession rates
was negligible (0.6 %), although fall rates feltside the range of natural variability by
90 % HA = -0.89). The average number of reversals deadelage’l %, and annual
reversals remained below the suitable thresholgnbility 83 % of times over the 22-
yr observation period.

Reduction in the number of annual reversals impidkattered hydrograph, where the
duration of flows of similar magnitude was increds®tably after river impoundment.
It should be noted that in years where large vokigfewater were evacuated from the
dam, the number of reversals of the downstreamduydph was significantly greater
than that for the unregulated flow upstream (eeg. wears 1993, 1994 in Figure 4.8).
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This gives evidence of the pulsing character ofwfleeleases inducing artificial
variations in daily flows which frequency throughaloe year is notably higher than that
for the natural flows.

2.1.2. Changes in environmental flow components

This section summarizes major hydrologic changtsr aiver impoundment using the
Environmental Flow Components (EFC) approach basedprior flood frequency
analysis (See Section 1.1.3, p. 167). The purpbédoad frequency analysis was to
estimate the recurrence interval of high flows tai determinant for (i) the ecologic
and geomorphic integrity of the river system, aiddam management and design.
Flood frequency analysis used series of annual maxi daily flow discharge and
annual maximum daily peak discharge for the ungdl river over the period 1956-
2010; results are illustrated in Figure 4.9.

RIVER STAGE A5 FLOOD FREQUENCY
Characteristic cross-sectional profile i Gumbel extreme value
Upper Sauce Grande River T distribution
Return  Daily flows Peak flows
period  (Q, m’s") (Qp, m’s")
2-yr 91.1 287.7
5-yr 195.1 419.7
10-yr 270.9 507.1
20-yr 3141 591.0
50-yr 389.5 699.5
100-yr 446.0 780.8
1000-yr 632.6 1049.5

Figure 4.9: Flood magnitude and frequency within the upper Sauce Grande River (1956-
2011).

River stages by flood frequency were inspecteddasea characteristic channel cross-
section for the upper river. The upper river flothsough a slightly entrenched valley
that averages 135 m width and 7 m depth (ceilingthaf Terrace Il, or active
floodplain). Canyons in some river sections aresagrable lower and so the width of
the active floodplain enlarges; in other sectidhe, canyons are so deep that the width
of the active floodplain matches that of the actmleannel. Despite the channel
geometry defining different channel widths for dwvaamnk flooding, the bankfull stage in
terms of discharge at which the channel maintenaosost effective was defined by
daily flows of 91.1 ms* with peak in 287.7 fhs* (2-yr return interval). Flows above
this threshold were categorized as floods; theetifice betweesmall floodsandlarge
floodswas defined by the flow magnitude for 10-yr retimerval (271 m.s* with peak

in 507 ni.s?).

Environmental flow components within the unregullatever are illustrated in Figure
4.10. The upstream river exhibited low flows ovér%% of days during the 55-yr
period of monitoring; the frequency of extreme lBaws was 10.3 %. The remaining
proportion corresponded to episodes of high flawmf which the frequency of small
and large floods was much reduced (1.6 and 0.28%pectively).

182



Section 2
Results

Unregulated river
500 < comparison period ———»

400

w

=)

o
1

Large flood threshold

Daily flow (m®.s™)

200+

100

[ I
____________ ’ - Small flood threshold

|
‘ \

1960 1965 1970 1975

1980 1985 1990 1995 2000 2005 2010

Regulated River

I
I
I
o ! 100
N L e
. 2 | Small flood threshold 1 491.5 .
Environmental flow ® : ~ 75
o )
components 3 E
—— Large Floods ol g 50
—— Small Floods ; I s
High Flow Pulses =1 T
Si Q 25
Low Flows |
Extreme Low Flows I L R A ALl
| 0 ——
I

1990 1995 2000 2005 2010
Figure 4.10: Environmental flow components within the unregulated river (1956-2011) and

the regulated river (1989-2011). Thresholds for EFC were calculated based on the entire
observation period; quantification of changes used the comparison.

Inspection of EFC for the unregulated and regulateers over the period of
comparison (1989-2010) revealed that the greategtact of the dam was the
suppression ofloods (Fig. 4.10; Table 4.7). Small floods were fullyn@hated, and
only one episode of flooding was observed over2bgr period of observation. Such
episode was related to the large flood of Novend®€2 (greater than th@,og), which
caused the reservoir overflows for the second timés history. A second impact
related to this episode was the extreme increasberflood duration (624 %) due to
dam-controlled flood recession. The largest flo@torded upstream occurred in
October 2003, although in that case the flood waly fabsorbed within the dam
reservoir.

On the other side of the scale, results showedttigatmagnitude oéxtremelow flows
was dramatically reduced by 70 %, whereas extraweflow duration was increased
notably (821 %); increased duration led to redurctiothe extreme low-flow frequency
(-33 %) due to increased persistence of similav femnditions over time. Changes in
high flows were similar to those observed for low flows (Taldle). The major
upstream-downstream shift was the increased hah-fbersistence (+468 %) with
dramatic decrease in the high-flow frequency (-88 %
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Table 4.7: Changes in the attributes of Environmental Flow Components (EFC) from the
unregulated river upstream to the regulated river downstream over the period 1989-2010.
Significant values per metric in bold.

Unregulated river Regulated river Rate of Change
EFC Means C. Var. Means C. Var. Magn. %

g Magnitude 0.9 0.0 0.3 0.0 -0.6 -69.6
L Duration 41.4 0.7 381.2 1.1 339.8 821.2
% Timing 238.8 0.2 331.8 0.2 93.0 50.8
;<' Frequency 1.4 0.8 1.0 1.9 -0.5 -33.3
YW Threshold (fis') 0.9

Magnitude 16.3 0.4 7.2 0.6 9.1 -55.7
5 Duration 10.9 0.2 63.9 0.9 53.0 485.9
% Timing 338.3 0.2 289.2 0.3 49.1 26.8
T Frequency 8.7 0.3 11 1.6 -1.7 -87.6

Threshold (ms?) 1.8
- Magnitude 134.7 0.4 - - - -
8 Duration 12.4 0.3 - - - -
= Timing 134.9 0.3 - - - -
UE) Frequency 0.4 1.5 0.0 0.0 -0.4 -100.0

Threshold (Ms")  91.1
- Magnitude 486.8 0.0 482.1 0.0 -4.7 -1.0
8 Duration 14.5 0.1 105.0 0.0 90.5 624.1
é Timing 298.0 0.1 315.0 0.0 17.0 9.3
Ss Frequency 0.1 3.3 0.0 4.8 0.0 -50.0

Threshold (Ms?)  270.9

Flood suppression, reduction in the magnitude aaduency of low and high flows,
and increased duration in all flow components immelyuced flow variability below the
impoundment. The timing of episodes of low and Higlv over the annual cycle was
altered significantly, especially regarding episoad extreme low flow (Table 4.7).
Interestingly, shifts in the timing of extreme-hif§bws were not much significant, as
large floods entering the reservoir entrain somepegrtion of flow released
downstream.

2.1.3. Flow predictability

Previous results indicated high constancy of lawflconditions alternated by episodes
of high flow with short duration. Furthermore, aysa$ of annual flow extremes
revealed that the magnitude, frequency and timingxtreme-high flows were highly
scattered respect to average flow conditions. Thepects suggest a flashy flow regime
and an event-driven river configuration. This gsmttievaluates the degree of
predictability of the river flow regime based onngpterm series of flow for the
unregulated river.
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The flow predictability index [Pr] revealed thatragulated flows were moderately to
highly predictable (58 %). Yet, flow predictabilityas influenced by the frequency of
fairly uniform episodes of low flow, where the ctarscy component [C] was notably
higher than the flow contingency or periodicity RE€/= 0.94). Accordingly, the
predictability of overbank flooding (i.e. the pretibility of flows greater than th@,)
was very low (28 %). This indicated that there easahear flood seasonality or, in other
words, that floods are seasonally unpredictablee dverage flood-free season was 7
consecutive years, and so the flood frequencyutatkd as the mean number of floods
per year, was below unity (0.7).

2.2. DAM IMPACTS ON THE RIVER WATER TEMPERATURE

This section evaluates the influence of flow regataon the thermal behaviour of the
Sauce Grande River downstream from the Paso dei¢mkas Dam. Patterns of river
water temperature were quantified at multiple riskes deployed above and below the
impoundment (Fig. 4.11), the upstream sites senangreference of natural river
thermal conditions. Analysis focused on a summdraawinter period to understand the
complex response of river water temperature tadn operation procedures inducing
regulated patterns of flow, and (ii) hot (or coldg¢ather conditions inducing thermal
stress. Note, results from summer water temperatssessment can be found in Casado
et al (2013).

B Air temperature
station

A \\Vater temperature
station

8 12

kilometres

Figure 4.11: Map showing the location of air (A) and water (W) temperature gauging sites.
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2.2.1. Changes in temporal patterns of river water temperature

Patterns of river water temperature were inspefdedwo sample periods of 30 day-
length spanning varying atmospheric conditionsrpaustral summer 2009 (day 58 to
87) and austral winter 2010 (day 173 to 202); theseods may be referred to as
‘summer’ and ‘winter’ to facilitate interpretatioof results. Concurrent patterns of air
temperature, rainfall and streamflow were inspedtecvaluate meteorological and
hydrological influence on river water temperatunerinlg each period. Note, flow
variability over the monitoring periods was verwl¢Fig. 4.12) so that streamflow and
rainfall series were excluded from the analysisnfR# during the summer period was
55 mm, and river flow averaged 1.0fsh upstream and 0.33%1 downstream, with
little fluctuation & = 0.21 ands = 0.01 nis’, respectively); rainfall during the winter
period was 24 mm, and river flow averaged 1.6&mupstream and 0.29 %t
downstream, with little fluctuatiors(= 0.29 ands = 0.01 nis?, respectively).
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Figure 4.12: Series of hourly flow and daily rainfall over (a) the summer period and (b) the
winter period.

Summer patterns of air and water temperature

Series ofair temperaturerevealed strong seasonal and diurnal fluctuat{éng. 4.13
Table 4.8). Four episodes of high daily temperatuth short duration (2 consecutive
days) occurred simultaneously at both sites A1 ARdThe hottest episode started on
day 71, with the maximum daily temperature attaiomedday 72. Both sites cooled
markedly on day 73, and daily temperature remaloedover 4 consecutive days. A
second episode of low daily temperature was obdeovedays 61-63, although with
lower intensity. Maximum daily ranges were up tc°@8A1l) and 15°C (A2), and
averaged 12°C and 10°C, respectively.

186



Section 2

Results
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Figure 4.13: Time series of hourly air and water temperature over the 30-day summer

period.

Table 4.8: Summer thermal patterns by (a) air temperature site and (b) water temperature

site. Maximum values per metric in bold.

Temperature (a) Air temp. (a) Water temperature
metrics (* C) Al A2 W1 W2 W3 W4 W5 W6 W7 W8
Minimum temp. 6.1 9.3 182 17.2 16.0 153 156 15.7 157 1538
Low temp. 17.8 187 205 203 182 18.1 188 19.1 19.2 193
Median temp. 206 21.3 215 217 189 190 198 20.1 20.1 20.3
High temp. 245 246 222 226 195 199 204 209 210 214
Maximum temp. 33.0 34.1 253 246 205 215 220 229 236 242
Mean temp. 210216 213 214 188 189 195 199 20.0 20.3
Area under the mean 0.5 0.4 04 04 10 10 10 10 09 0.8
Day of max. temp. 72 72 72 72 72 72 72 72 72 72
Day of min. temp. 73 73 76 76 74 74 75 76 76 76
Start of high temp. 58 58 58 58 58 58 58 58 58 58

71 71 70 70 70 70 71 71 70 70
Start of low temp. 61 61 62 62 62 61 62 62 62 62

73 73 74 74 73 73 73 73 73 73
Length of high temp. 2;2 2;2 3;3 3;3 3,3 33 32 32 33 33
Length of low temp. 2;2 3;1 2;6 2;6 1,7 2,6 2;6 2;6 2,6 2;6
Mean daily range 12.2 10.2 16 21 16 19 20 24 3034

Note: days are expressed in Julian dates and durations are expressed in number of days.
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Between-station differences in the absolute magdeitof air temperatures may be
explained by the geographical situation of thessieéig. 4.11). Site Al is at higher
elevation than A2, which may explain the relativatpoler mean and median
temperatures. Smaller diurnal ranges at site A2passibly due to close proximity to
the reservoir and the moderating influence of #ke lon air temperature.

Temporal variations in series @fater temperaturevere synchronized broadly with
those observed for air temperature (Fig. 4.13 TduB. All water temperature sites
attained daily maximum temperature on day 72 amalecdoon day 73 (same as air
temperature), except for sites W1 and W2 that ebae day 74. Daily minimum

temperatures were attained on days 74 to 76 (1 tay® lag compared with air
temperature), and the period of time associatel lgiv temperatures was longer and
steadier than for air temperature sites (6 congsaxdays).

Winter patterns of air and water temperature

Temporal fluctuations ofir temperaturesduring the winter period showed a net
tendency to cooling (Fig. 4.14 Table 4.9). The egés of warmest temperature
occurred during the first half of the sequencedh Isites although with short duration
(1 to 2 days); maximum temperature was attainedulsameously on day 179. The
second half of the period was notably cooler, gundasles of low temperature had very
long duration (8 days). The minimum temperature atained on days 198 (Al) and
196 (A2). Diurnal fluctuations were slightly lowt#ran those for the summer period in
both sites, and averaged 10.4 °C in Al and 9.1n°82. Between-station differences
revealed the effects of topography and proximitytie reservoir lake affecting the
absolute magnitude of the thermographs same dsd@ummer series.
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Figure 4.14: Time series of hourly air and water temperature over the 30-day winter period.
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Synchrony in patterns of air and water temperatiuneng the winter season was less
apparent than that for the summer seasonwAtker temperaturesites warmed on day
181-182, and maximum daily temperature was attagieulltaneously on day 185 (6
days lag compared to air temperature). The sitekedmn day 193 (except for W2 that
cooled on day 195), and minimum temperatures witagad on days 198-199 (same as
Al but 2-3 days lag compared to A2). Episodes ghhand low temperature showed
durations longer than 6 consecutive days for tdksi

Table 4.9: Winter thermal patterns by (a) air temperature site and (b) water temperature
site. Maximum values per metric in bold.

Temperature (@) Air temp. (a) Water temperature
Metrics (°C) Al A2 W1 W2 W3 W4 W5 W6 W7 WS
Minimum temp. 0.7 16 6.0 5.6 10.0 75 76 6.7 6.3
Low temp. 46 4.4 6.7 6.8 105 84 84 76 73
Median temp. 79 8.2 82 87 114 99 99 92 91
High temp. 11.9 10.9 9.2 9.7 122 10.7 109 10.3 10.0
Maximum temp. 17.3 159 120 124 13.9 135 132 128 126
Mean temp. 80 7.8 82 85 114 Tﬁ 98 98 91 89
Area underthemean 05 05 05 04 0.0 -‘§ 02 02 03 04
Day of max. temp. 179 179 185 185 185 2 185 185 185 185
Day of min. temp. 198 196 199 199 199 @ 199 199 199 199
Start of high temp. 173 173 180 181 173 ? 174 174 174 174
179 179 188 188 182 181 181 182 182
Start of low temp. 195 193 193 195 193 193 193 193 193
202 202 202
Length of high temp. 2;3 1;3 6;1 6;1 2;5 1;6 1,6 1;6 1;6
Length of low temp. 8 8 2;5 8 71 7,1 8 8 8
Mean daily range 104 9.1 12 19 1.2 14 15 16 1.7

Note: days are expressed in Julian dates and durations are expressed in number of days.

Spatial variations in patterns of water temperature

Inter-comparison of water temperature sites reveapatial differentiation in the
absolute magnitude of the thermographs during lp&thods (Tables 4.8 and 4.9).
Whilst differences in the thermal behaviour of sit¥1 and W2 (above the dam) were
negligible, water temperatures immediately below dlam were considerably cooler in
summer and considerably warmer in winter. Furtheenonean daily temperatures
showed clear warming (summer) and cooling (winteends in the downstream
direction (W3-W8), and the magnitude of daily fluctuations inae@ with distance
from the dam during both periods.

Comparison between the thermal magnitude of thegutated and the regulated river
during the summer period evidenced the effect of the dam in depressing wate
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temperature downstream (Fig. 4.15). The differenceean temperature between the
dam outlet and site W2 (immediately upstream) wa3 C; below the dam, mean daily
temperatures remained below the unregulated summan (21.4 °C) over the entire
monitoring period and for all sites, except for thstal sites W7 and W8 (Table 4.8).

SUMMER WINTER
Mean T (°C) Mean T (°C)

B High: 22.0 P High: 13.0
. Low: 17.0 . Low: 8.0
4 8 4 8
kilometres kilometres
A A
o o1
§ 5
c
5 3
S =
£ £
o o
© ®
i g

-1.1 °C in mean temp.
+0.4 °C in mean temp.

Water temeprature (°C)

T
12.5 15
Distance from the dam (km)

—B- summer mean RWT — Winter mean RWT ____t____ Seasonal range 0.01 Thermal gradient

Figure 4.15: Spatial distribution of mean water temperature and longitudinal profile of
mean, maximum and minimum water temperature by monitoring period. Dam outlet
temperatures were recorded on the weir draining reservoir seepage into the river channel.
The scale of representation of the river segment below the dam was increased by 2 times.
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The summer warming trend in the downstream diracti@s clear. Warming rates
between the dam outlet and site W3 (river kilomett@) averaged 1.6 °C with
maximum in 1.9 °C and minimum in 1.1 °C. Mean waégnperature between sites W3
and W4 (river kilometre 4.2) remained relativelyealy, although minimum
temperature decreased by 0.2 °Ckrdownstream from site W4, water temperatures
described a steady increase with the exception afmall decline in minimum
temperature between sites W4 and W5 (river kiloen81B).

Mean water temperature at the dam outlet duringMinger period was 4.2 °C warmer
than the mean water temperature recorded withirutiregulated river over the same
period (Table 4.9). As a result, the thermal magtet of the regulated river was
significantly higher than the thermal magnitudeha natural river upstream (Fig. 4.15),
especially in the vicinity of the impoundment wherean daily temperatures rarely
dropped below the unregulated winter mean (8.4 T@grmal gradients between the
dam outlet and site W3 revealed substantial coohritpe downstream direction (-0.75
°C.km?), although the cooling trend declined with diserimm site W3 to site W6
(river kilometre 11.1). Downstream from site W6 .4C°C.kni"), the cooling trend
intensified and water temperatures at the dist@sswere nearly as cool as those
recorded upstream from the impoundment.

The warming (or cooling) trend in river water terrgdare below the dam was non
linear, and rates of increase (or decrease) inrvi@beperature were notably higher for
sites located in the vicinity of the dam. It is bag the scope of this research to
understand inter-site thermal differences as altre$wexternal control factors such as
upland shading or groundwater influence; howeues, gotential effects of the stream
structure on river water temperatures are evaluéteefly in further sections and
discussed robustly in the Discussion section.

2.2.2. Changes in the magnitude and timing of diurnal water
temperature regimes

Upstream-downstream shifts in the attributes ofrdilthermal regimes were evaluated
using a classification approach based on the ‘siapeng) and ‘magnitude’ (size) of
diel cycles (RSMC; Hannaét al, 2000). Despite series of air and water tempegatu
during both periods were classified together, prietiation of results was performed for
the summer and winter periods separately to inspegsonal variations in the thermal
impacts of the dam.

Prior to classification, air and water temperatda¢a sets were inspected. The diurnal
thermographs showed that the daily temperaturemnaroccurred typically just before
sunrise and the maxima after solar noon in bots@ea Hence, diurnal cycles were
demarcated to begin at 0900 hours for all themtadiays. This ensured that the rising
limb, peak and falling limb of daily cycles werecapsulated on the ‘thermal response
day’ for analysis. Regimes are referred to by g id which they begin.

Diurnal regime shape (timing)

Inspection of the cluster dendrogram and agglonwmeraichedule plot suggested that
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five clusters provided an informative classificatiof the data sets (Fig. 4.16). The
regime shape classes were identified as follows:

Class A — Symmetrical diurnal cycle with gradual onset to @dut peak at 18(
hours and gentle cessation (225 station-days)

ClassB — Steep rise towards an early peak at 1500 hourst sluoation peak ar
rapid cessation (150 station-days)

Class C — Early peak at 1600 hours followed by extended m@oas(81 station-
days)

Class D — Late rise into an extended peak at @t®urs with gradual cessation
station days)

Class E — Multi-peak thermograph with highly fluctuating air tengiares during
winter days (16 station-days; not shown)

The main difference between regime shape classeswhe timing and duration of the
diurnal peak. Whilst classes B and C exhibitedyeanld steep peaks, classes A and D
revealed gentle onset and cessation with a longetidn. Diurnal cycles for classes C
and D appeared to be uneven across the day, ivéicat a long-term (multi-day)
cooling and a warming trend, respectively (Fig64.1

3+—— CLASSA ——— 3——  CLASS B

Temperature (z-scores)
Temperature (z-scores)
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Figure 4.16: Standardised (z-scores) hourly records of air temperature (120 station-days)
and water temperature (450 station-days) by regime shape class. The thick black line shows
the average value for each shape class.
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Analysis of class frequency by site (Table 4.10eeted clear dominance of one single
class for each site, suggesting that there is@c#y regime shape by site. Except for
sites W1 and W3, all sites revealed the same dorhislaape class during both the
summer and the winter period and so interpretatioresults is seasonally invariant;
seasonal shifts in dominant regime shape class&¥foand W3 respond to the channel
morphology and materials at the sites and are atedurobustly in the Discussion
section.

Table 4.10: Frequency (as fractional proportion of days) of diurnal regime 'shape’ classes by
(a) air temperature site and (b) water temperature site. Class frequency is computed
separately for the summer period and the winter period. Bold numbers indicate the dominant
class by site.

Summer series

Shape (a) Air temp. (b) Water temperature

class Al A2 w1 W2 w3 W4 W5 W6 W7 w8
A - 0.27 0.13 0.73 0.10 087 080 0.90 040 0.13
B 0.77 0.60 0.10 0.07 - - - - 053 0.80
C 0.23 0.13 0.0 0.13 0.07 013 0.3 0.0 0.07 70.0
D - - 0.67 0.07 0.83 - 0.07 - - -
Winter series

Shape (a) Air temp. (b) Water temperature

class Al A2 w1 W2 w3 W4 W5 W6 W7 w8
A - - 047 040 053 - 047 0.60 0.10 0.07
B 0.60 0.57 0.10 0.07 0.17 - - - 063 0.60
C 0.13 0.17 0.10 0.20 0.10 - 023 020 020 0.13
D - - 0.33 033 0.20 - 0.30 0.20 0.07 0.20
E 0.27 0.27 - - - - - - - -

Spatial correspondence of dominant regime shamsedapermitted to assemble water
temperature sites into groups of similar diurngimee shape, especially for sites located
below the dam. Class A was observed to dominate fsde W4 to W6, revealing
relative homogeneity in the river thermal behaviafter a distance of about 4 km
below the dam and similarity with unregulated cdiods (site A2). Spatial constancy in
dominant classes of diurnal regime shape was disereed for sites W7 and W8,
which revealed clear dominance of Class B simiardbminant patterns for air
temperature. This indicated potential equilibrataond synchronisation of distal water
temperatures with the atmosphere.

Diurnal regime magnitude

Based on the cluster dendrogram and agglomeratbiedsile plot, three clusters
provided a robust classification of the magnitufl@io and water temperature diurnal
regimes (Fig. 4.17). The magnitude classes can rbenged to give a relative
temperature classification as follows:
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Class1 — Cool day with the lowest minimum and maximum terapares (14
station-days)

Class 2 — Warm day with intermediate minimum and maximum terafures (22
station-days)

Class 3 — Hot day with the highest minimum and maximum temapges (20
station-days)

CLASS 1 CLASS 2 CLASS 3

Temperature (z-scores)
! '

L ; ; ;
Min. Max. Mean Var.

-3-4 ; : ;
Min. Max. Mean Var.

Min. Max. Mean Var.

Figure 4.17: Standardised (z-scores) hourly records of air temperature (120 station-days)
and water temperature (450 station-days) by regime shape class. The thick black line shows
the average value for each magnitude class.

Magnitude classification did not reveal broad d#feces between sites (Table 4.11).
The three classes exhibited broadly the same frexyuacross all the sites and during
both periods, with a slightly preponderance of watays (Class 2). This suggested
sequencing and synchrony of change in the relat@gnitude of diurnal regimes within

and between sites regardless of temporal and bpatiations in absolute temperatures.

Composite classification

A composite classification was achieved by comlgniagime shape and magnitude
classes. Because not all of the regime classes w&®ent within air and water
temperature series, both series were treated selyara

Series ofair temperatureshowed 9 composite classes of diurnal regime duath the
summer and the winter periods, whereas 12 and d$s dombinations were possible,
respectively (Table 4.11). The dominance of ClasgeBrly peak and steep daily
fluctuations) over the full range of regime magdéauclasses was evident in both
periods (68 % in summer and 58 % in winter); dunvigter, the frequency of Class E
(multi-peak cycles) was also significant (26 %).

Composite classification revealed thedter temperature regimesgere less stable (the
full range of possible regime shape and magnitushebinations occurred; Table 4.11).
Class A (symmetrical diurnal cycle) dominated diealuring both periods (50 % in
summer and 45 % in winter), although hot days Withh diurnal amplitude dominated
in summer (Class 3A) and cool days with low diuraaiplitude dominated in winter
(Cla