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The 1970s abrupt lake level rise of Laguna Mar Chiquita in central Argentina was shown to be driven by
an increase in the Rio Sali-Dulce discharge outflowing from the northern part of the lake catchment. This
regional hydrological change was consistent with the 20th century hydroclimatic trends observed in
southeastern South America. However, little is known about the impacts of climate or land cover changes
on this regional hydrological change causing the sharp lake level rise. To address this question, the pres-
ent study aims to provide an integrated basin-lake model. We used the physically-based SWAT model in
order to simulate streamflow in the Sali-Dulce Basin. The ability of SWAT to simulate non-stationary
hydrological conditions was evaluated by a cross-calibration exercise. Based on observed daily meteoro-
logical data over 1973-2004, two successive 9-year periods referred to as wet (P1976-1985 = 1205 mm/yr)
and dry (Piogs-1995 = 796 mm/yr) periods were selected. The calibration yielded similar Nash-Sutcliffe
efficiencies (NSE) at the monthly time scale for both periods (NSEy.: = 0.86; NSEgn, = 0.90) supporting
the model’s ability to adapt its structure to changing climatic situations. The simulation was extended
in scarce data conditions over 1931-1972 and the simulation of monthly discharge values was acceptable
(NSE = 0.71). When precipitation in the model was increased until it reach the change observed in the
1970s (AP/P = 22%), the resulting increase in streamflow was found to closely match the 1970s hydro-
logical change (AQ/Q = 45%). Sensitivity analyses revealed that the land cover changes had a minor
impact on the 1970s hydrological changes in the Sali-Dulce Basin. Integrating the SWAT simulations
within the lake model over 1973-2004 provided lake level variations similar to those obtained using
observed discharge values. Over the longer period, going back to 1931, the main features of lake levels
were still adequately reproduced, which suggests that this basin-lake model is a promising approach
for simulating long-term lake level fluctuations in response to climate.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

hydroclimatic change recorded in SESA. Lake sediment studies
have revealed that this hydrological change is probably one of

The southeastern South America (SESA) region was affected by a
major hydroclimatic change at the beginning of the 1970s (Garcia
and Mechoso, 2005; Pasquini et al., 2006). A wet phase character-
ized by high precipitation and increased river discharges was re-
corded and has widely affected the subtropical plains of South
America (Garcia and Vargas, 1998). It is therefore critical to under-
stand this recent hydroclimatic transition and its environmental
impacts (Garcia and Vargas, 1998; Garcia and Mechoso, 2005;
Pasquini et al., 2006), particularly as this region is highly depen-
dent on agriculture and hydroelectricity.

In central Argentina, Laguna Mar Chiquita (30°54'S-62°51'W),
the largest saline lake in South America, saw its level increase shar-
ply in the 1970s and has clearly undergone the major 20th century
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the most important over the last millennium and have demon-
strated that Laguna Mar Chiquita is a sensitive recorder of hydro-
logical variations at different time scales in SESA (Piovano et al.,
2009). Understanding the links between lake level fluctuations
and climate variability through a modeling approach thus provides
an opportunity to explore the relationships between climate and
regional water balance. In particular, a modeling approach can al-
low a better assessment of the relative impacts of climate change
on water resources in the region. In that scope, a recent modeling
study was conducted to quantify the water balance of Laguna Mar
Chiquita and to assess the sensitivity of lake levels to water balance
components (Troin et al., 2010). The results showed that the abrupt
lake level rise in 1973 was driven by an increase in the Rio Sali-
Dulce discharge stemming from the northern part of the lake
catchment. One interesting point raised by this study was the fact
that the Sali-Dulce Basin, which only covered 19% of the total lake
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catchment area (estimated as 127,000 km?) was responsible for
92% of the 1970s lake level rise (Troin et al., 2010). In the present
study, the main objective is to use a physically-based distributed
hydrological model to simulate streamflow in the Sali-Dulce Basin
in order to provide an integrated basin-lake model able to repro-
duce the hydroclimatic transition of the 1970s. Since this region
of Argentina also encountered an important expansion of culti-
vated areas in the early 1970s due to increasing population (Hall
et al.,, 1992; Magrin et al., 2005), our hydrological modeling ap-
proach can help assess the respective roles of land cover and cli-
mate changes on the catchment’s streamflow.

Generally, physically-based distributed models are preferred for
simulating rainfall-runoff relationships under changing climatic
conditions due to their sound description of hydrological processes
and their ability to incorporate basin heterogeneity and the spatial
distribution of climate variables (Legesse et al., 2003, 2010; Setegn
et al., 2010). However, the main drawbacks to the application of
these models stem from their high demand in input data (Leavesley,
1994; Anderson et al., 2006; Borman, 2008). The lack of both mete-
orological and hydrological data is well-known in SESA (Stehr et al.,
2008). In central Argentina, the meteorological station network is
not very dense, data duration is quite short and there are many
missing data values. In addition, the hydrological data necessary
to calibrate and validate models are scarce and available at monthly
time step only. To overcome the short-comings of the meteorolog-
ical time series, some physically-based distributed models such as
the Soil Water Assessment Tool (SWAT) model (Arnold et al.,
1998) have developed their own weather generator (WXGEN;
Sharpley and Williams, 1990). Since precipitation is a major driver
of hydrologic responses (Beven, 2004; Bardossy and Das, 2008), the
accuracy of the precipitation values calculated by the weather
generator has to be evaluated prior to the modeling approach. In
particular, the statistical properties of generated precipitation need
to be examined before the implementation of the hydrological
model and alternative methods have to be considered for recon-
structing missing data.

The purpose of hydrological studies is often to investigate the
ability of models to simulate streamflow under current climatic
conditions, prior to extending their application to past and/or fu-
ture climate conditions. An important concern to such hydrological
modeling applications is to determine the ability of a catchment
model to properly reproduce streamflow for a large range of cli-
matic situations (Leavesley, 1994). In that scope, Klemes (1986)
suggested a hierarchical scheme for testing the climatic transfer-
ability of hydrological models based on cross-calibration experi-
ments. Although a few recent studies have explicitly used this
procedure for meso-scale catchments (Apaydin et al, 2006;
Shrestha et al., 2007), this type of modeling approach is still largely
unexplored because of the lack of long-term hydroclimatic time
series covering changing climatic conditions.

In this context, this study focuses on the evaluation of SWAT'’s
ability to simulate non-stationary conditions in a region of South
America characterized by a major hydroclimatic change from dry
to wetter conditions. SWAT was developed at the United States
Department of Agriculture (USDA) by Arnold et al. (1998) and is
one of the most commonly used watershed model worldwide to
assess the impacts of land cover and climatic changes on hydro-
logic cycles (Neitsch et al., 2002; Gassman et al., 2007; Borman
et al., 2007; Abdo et al., 2009). The first step of this study is to se-
lect the relevant method to fill gaps in meteorological time series.
Aside from the weather generator included in SWAT, alternative
methods such as statistical correlation methods are examined. Sec-
ondly, the ability of SWAT to simulate streamflow under changing
climatic conditions is evaluated. As such, a cross-calibration exper-
iment is performed in order to analyse the transferability of model
parameters. The SWAT simulation is then extended over the recent

past and scenario simulations are performed to determine the
respective roles of climate and land cover changes on the 1970s
hydrological change in the Sali-Dulce Basin. To this end, the SWAT
simulation is integrated in the lake model in order to evaluate the
performance of the overall basin-lake model at reproducing the
main trends of lake level variations in the hopes of better under-
standing and simulating long-term lake level fluctuations in re-
sponse to climate.

2. General description of the study area

Located in the northwestern part of the Laguna Mar Chiquita
catchment (127,000 km? from 26°S to 32°S and 62°W to 66°W;
Fig. 1), the Sali-Dulce Basin spans an area of 23,810 km? from 26°
to 28°S and from 64° to 66°W. This watershed is part the Chaco-
Pampean Plain and occupies a tectonic depression formed during
the middle Pleistocene (Krohling and Iriondo, 1999). Its topo-
graphic relief has elevations ranging from 222 m in the plain, to
1500 m in the humid piedmonts and up to 5400 m on the arid
moutainous borders (Fig. 1).

The Sali-Dulce Basin is the collector of many rivers coming from
the western arid moutainous borders (Fig. 1). It forms an alluvial
fan extending over a plain with a low gradient until the Rio Hondo
reservoir. The Rio Hondo reservoir is a large and flat water
impoundment (S=330km? depth=40m) created in 1967 for
water flow regulation and hydropower generation. Over the Sali-
Dulce Basin, the unconfined aquifer occupies most of the basin
up to 20 m below the surface (Garcia et al., 2006). It is character-
ized by loessic sediments interbedded with sandy channels and
is mostly recharged by precipitation infiltration (Figueroa et al.,
1996). The shallow aquifer of the Sali-Dulce Basin plays an impor-
tant regional socio-economic role in providing water necessary to
local communities.

Climate conditions in the Sali-Dulce Basin present long rainy
summers and mild dry winters. The annual average daily temper-
ature ranges from 13 to 20 °C between May and September and
from 21 to 28 °C between December and March with an annual
mean of 20 °C. The coldest and warmest months are July and Jan-
uary respectively. The rainy season extends from December to
March and the dry season extends from May to September. The
mean annual rainfall of the catchment area is about 993 mm. The
atmospheric circulation is characterized by northeasterly and east-
erly moisture-bearing winds that develop in response to a seasonal
low-pressure system east of the Andes. The low-pressure cell also
attracts air masses from the Pacific Anticyclone generating dry and
cold winds which gain intensity during the austral winter
(Prohaska, 1976; Hastenrath, 1991). Precipitation within the basin
is highly seasonal. Austral summer precipitation is associated with
convection and winter precipitation with equator-ward moving
cold fronts (Lenters and Cook, 1999). Orographic precipitation from
dominant easterly and northeasterly winds exceeding 1500 mm
per year occur in the northern part of the basin. The center of
the Sali-Dulce Basin receives less precipitation and is characterized
by sparse vegetation cover (Galvan, 1981; Bianchi and Yafiez,
1992).

3. Hydroclimatic changes over 1931-2004
3.1. Meteorological and hydrological data

The National Climatic Data Center (NCDC) and the CLARIS LPB
project database (http://www.claris-eu.org/) provided daily pre-
cipitation as well as daily minimum and maximum temperatures
within the basin. These data come from five stations that cover
the 1973-2004 period over the watershed (Fig. 1). Station 5 also
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Fig. 1. Location of Laguna Mar Chiquita Basin at the west of the Parand-Plata Basin. The enlarged view shows the Sali-Dulce Basin in the northern part of the lake basin. Data
used for SWAT come from meteorological stations 1 to 6 and gauging stations R3 at the Rio Hondo reservoir outlet. Data from 6 meteorological stations around the lake (black
stars) and 3 gauging stations (R1, R2, R3) were used for the lake water balance model (Troin et al., 2010).

provides data starting in 1931. The data from an additional station
(6) is used for the 1931-1972 period (Fig. 1 and Table 1).

The Laboratorio de Hidraulica at the Universidad Nacional de
Cérdoba provided monthly discharge for the 1931-2004 period
at the Hondo Station located below the Rio Hondo reservoir. A
complete time series is obtained by combining two neighboring
gauging stations well correlated over the 1967-1982 period
(r?=0.99). The corresponding drainage area represents 98% of
the Sali-Dulce Basin area (Fig. 1 and Table 2).

3.2. Replacement of missing meteorological data

Across the stations, 12% of the daily precipitation and 13% of the
temperature data (on average) are unavailable over the 1973-2004
period (Table 1). Minimum and maximum temperature data are
occasionally missing for any given day from 1973 to 2004. The
missing values in temperatures would exert a limited influence,
if any, on long-term simulation results. The weather generator
(WXGEN) program included in SWAT (Sharpley and Williams,
1990) is selected to fill-in occasionally missing daily temperature
data. Missing precipitation data duration extend from 1 day to nine
consecutive years (e.g. station 5). Compared to the influence of
missing temperature data, the influence of missing precipitation
data would be more significant on simulated streamflow. WXGEN
fills precipitation gaps based on monthly statistics calculated using
available long series of daily precipitation; its performance is not
expected to be optimum if little daily data is available. Alternative

statistical methods that were proven suitable for sparse data
(Schuol et al., 2008) or non-stationary climatic conditions (the sit-
uation of interest for the present study) are compared to WXGEN
for reconstructing missing daily precipitation data. Statistical cor-
relation methods are applied assuming that well-correlated sta-
tions indicate similar inter-annual precipitation variability.
Missing daily precipitation data is estimated from the normal ratio
method based on one reference station using monthly ratios as
follows,

_ Pm‘i
Py — (P—) Par )

where Py; is the generated daily precipitation at station i (mm of
water); Pi,; and Py, are, respectively, the monthly mean precipita-
tion at station i and at the reference station r for the month m cal-
culated over their common observation period (mm of water); and
Py, is the daily precipitation at the reference station r (mm of
water). This is a standard method in climatology (Paulhus and
Kohler, 1952) and is frequently used to correct reanalysis precipita-
tion data (Qian et al., 2006).

To identify the statistical significance of trends in monthly time
series of precipitation between stations, the analysis is confined to
a non-parametric statistical test. Spearman’s rank correlation
coefficient (r) is used to detect the existence of relationships
between stations. Of the five meteorological stations that
cover the 1973-2004 period, three stations exhibited significant
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Table 1

The name, location and main characteristics of the six meteorological stations (bracket values refer to the standard deviation of annual precipitation).

1973-2004 time period

1931-1972 time period

Longitude
(W)

Latitude

Elevation

(m)

Station

Proportion of

Average

Average

Proportion of

Average Annual

Average

Proportion of

Annual

daily missing
data (%)

23

minimum maximum

daily missing
data (%)
6

rainfall
(mm)

1621

maximum

minimum

daily missing
data (%)

rainfall

(mm)

temperature (°C)

26.5

temperature (°C)

14.2

temperature (°C)

temperature (°C)

26.21 65.21

950

Lules

1

(549)
1091

139 27.5 18

0.3*

1300 27.24 65.59

Las Canas

2

(244)

0.9
0.3
24

13.7 28

16
7

406 (201)

64.89

27.45
28.35
26.85

281
464
455

Las Termas

3

284

143
14

673 (256)
1175

65.77
65.09

4 Catamarca
5 Tucuman

27.2

30

17.7 26.2

0

946 (233)

(325)

134 28.2

0.2

512 (137)

64.60

27.67

20

6 Santiago

del Estero

2 The daily missing precipitation data for the station 2 occur only during December, 2004.
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correlations at the monthly time scale, i.e. station 1 versus station
2 (n=361, r=0.88, p-value = 0.01) and station 1 versus station 3
(n=311, r=0.83, p-value =0.01); lower correlations are found
for stations 4 and 5 (i.e. r values stay between 0.53 and 0.69).
The missing precipitation values for those two stations are
reconstructed using multiple regressions based on two reference
stations as follows,

Py = ams1 X Par1 + Q2 X Paya (2)

where Py; is the daily precipitation at station i (mm of water); P
and Py, are, respectively, the daily precipitation at the two refer-
ence stations r1 and r2 (mm of water); and @, 4 and a,,, are the
regression coefficients determined for each month (m=1-12) by
multiple linear regressions. The selected reference stations were
stations 1 and 2 for station 4 (0.53 <r<0.72; n=17) and stations
1 and 2 for station 5 (0.59 <r<0.75; n=16).

When compared to WXGEN, the statistical correlation
method provides better results in reconstructing mean monthly
and annual precipitation totals over the documented periods
(Table 3). Using multiple regressions applied month-by-month
versus year-by-year yielded higher monthly correlations for
stations 4 (from r=0.56 in winter to r=0.62 in summer) and
5 (from r=0.57 in winter to r=0.64 in summer). Classical
percentiles are calculated to evaluate the performance of both
WXGEN and the statistical correlation method in reproducing
daily precipitation distributions (Table 4). Good agreements
between observed and reconstructed daily precipitation data
are observed below the 75th percentile for most of the stations
using both methods. Some discrepancies appear for the 95th
percentile because of extreme precipitation events. The results
show a better reproduction of precipitation inter-annual vari-
ability with the statistical correlation method. Such statistical
characteristics in reconstructed precipitation data are expected
for the present study and the daily precipitation dataset gener-
ated with the statistical correlation method is therefore selected
for further model input.

3.3. Precipitation and river discharge variability

Based on the Tucuman long-term time series (Pstations = 1061
mm/yr), the annual precipitation over the 1931-1972 period
remains below the average over the 1973-2004 period
(P1931-1972 = 946 mm/yr versus Pjig73-2004=1175 mm/yr) even
though two short positive periods are observed (i.e. 1957-1960
and 1967-1969; Fig. 2a). Similarly, the annual discharge index
shows a negative cycle from the early 1930s to the middle 1970s
(Q1931-1972 = 94 m>/s versus Q1973-2004 = 150 m>[s), with a short posi-
tive period between 1957 and 1960 (Fig. 2c). Starting in 1973, two
contrasting precipitation regimes are apparent with the annual pre-
cipitation index estimated from the five stations (Fig. 2b). The first
12years are characterized by high precipitation totals
(P1973-1985 = 1205 mmy/yr) while the nine following years display
drier conditions (Py98s-1995 = 796 mmy/yr). This climatic trend coin-
cides with hydrological features, such as the annual discharge index,
which showed alternating positive (Q1973-1955 = 172 m?/s) and neg-
ative (Qjos6-1995 =118 m>/s) cycles over the 1973-2004 period
(Fig. 2c). However, while large temporal trends coincide, the short
positive cycle from 1990 to 1993 in the annual discharge index does
not match the annual precipitation index (Fig. 2b) for that time per-
iod. This discrepancy can be explained by the fact that stations 1 and
4 do not capture extreme precipitation events between 1990 and
1993. It is likely that there is a bias in the estimation of the annual
precipitation index by these two stations over 1990-1993, with an
under-representation of local climatic trends.
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Table 2
The name, location and main characteristics of the gauging station (bracket values refer to the standard deviation of discharge).
Gauging Record Latitude Longitude Catchment Average Specific Proportion
station period (S) (W) area value discharge of monthly
(km?) (m3[s) (mm/year) missing data
(%)
R3 (Rio Sali-Dulce) Hondo 1931-2004 27°30 64°52' 23,334 120 (140) 162 (78) 0

Table 3

Observed and reconstructed mean monthly and annual precipitation totals (mm) using statistical correlation methods and WXGEN over 1973-2004. Note that station 2 has

continuous precipitation data except in December 2004.

Station 1 Station 3 Station 4 Station 5
Observed Reconstructed Observed Reconstructed Observed Reconstructed Observed Reconstructed
Statistical WXGEN Statistical WXGEN Statistical WXGEN Statistical WXGEN
correlation correlation correlation correlation
January 358 354 323 104 102 85 134 154 68 181 171 170
February 257 255 265 63 62 66 73 67 105 155 146 129
March 254 253 223 73 73 65 74 85 12 128 122 137
April 131 132 111 16 16 21 24 23 0 82 60 81
May 47 48 58 4 3 11 16 15 17 36 37 25
June 26 27 42 2 2 10 8 7 8 12 12 14
July 17 18 30 1 1 6 12 5 19 21 11 0
August 18 19 28 0 0 8 13 7 18 27 15 17
September 33 29 38 6 6 7 34 35 5 43 44 17
October 86 85 46 27 18 37 43 42 38 101 95 56
November 133 133 135 30 31 31 55 50 38 109 101 108
December 241 245 134 71 71 66 74 67 70 210 214 192
Annual 1601 1598 1433 397 385 413 560 557 398 1105 1027 946
total
Table 4 ables required for running SWAT are daily precipitation along

Quantiles for observed and reconstructed daily precipitation using statistical corre-
lation methods and WXGEN over 1973-2004. Note that station 2 has continuous
precipitation data except in December 2004.

Quantiles

25% 50% 75% 95%
Station 1
Observed 3 8 20 62
Statistical correlation 4 8 20 57
WXGEN 4 8 12 49
Station 3
Observed 5 11 25 60
Statistical correlation 5 10 20 57
WXGEN 4 7 16 50
Station 4
Observed 1 4 10 40
Statistical correlation 1 4 9 37
WXGEN 0.1 3 6 32
Station 5
Observed 1 4 10 52
Statistical correlation 1 4 13 55
WXGEN 1 3 12 56

4. SWAT description and implementation
4.1. The SWAT model

SWAT is a physically-based semi-distributed model that oper-
ates at the daily time step (Arnold et al.,, 1998; Neitsch et al.,
2002). The spatial variability of land use, soil types and manage-
ment practices are accounted for by dividing the watershed into
multiple Hydrologic Response Units (HRUs) that represent a un-
ique combination of land cover, soil and slope. The climate vari-

with maximum and minimum air temperatures. In this study,
the ArcSWAT 2.1.6 Interface for SWAT2005 was used and hydro-
logical processes were considered only.

The watershed hydrology in SWAT is simulated in two phases.
The first phase is the land phase of the hydrologic cycle which cal-
culates the water balance of each HRU in order to provide the
amount of water available for the main channel of each sub-basin
at a given time step. The second phase is the routing phase which
determines the movement of water through the river network to-
wards the basin outlet (Neitsch et al., 2002). The HRU water bal-
ance is expressed as follows,

t
Wt = Wo + Z(Pz - Qisurf - ETi - Wiseep - Qilat) (3)
i=1

where W, is the soil moisture content at the time t; W, is the initial
soil moisture content; P; is the amount of precipitation on day i;
Qisurf 1s the amount of surface runoff on day i; ET; is the amount of
evapotranspiration on day i; Wisep is the amount of percolated
water through the soil profile on day i; and Qyq, is the amount of
groundwater flow on day i. All terms are expressed in mm of water.
In SWAT, water that is not removed from the soil by plant uptake or
by evaporation can percolate from the bottom of the soil profile
through each soil layer into the aquifer, depending on the soils
hydraulic conductivity (Wseep). Lateral subsurface flow (Qyq) is calcu-
lated simultaneously with percolation using a kinematic storage
routing method and occurs when the storage in any layer exceeds
the field capacity after percolation. Groundwater flow contribution
to total streamflow (Qgy) is calculated if the amount of water stored
in the shallow aquifer (feed by wip) exceeds a threshold value.
SWAT provides two approaches for estimating the portion of
precipitation that contributes to either surface runoff (Qss) or
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Fig. 2. Annual normalized indexes (I;) of precipitation obtained from (A) the station 5 over 1931-2004, (B) the five meteorological stations over 1973-2004 and (C) discharge
over 1931-2004. I; is estimated using normal standardization formula as I; = (X; — X)/X) with X; and X the total and mean annual values respectively (precipitation or
discharge). Annual values are calculated for hydrological years (November-October).

infiltration: the SCS curve number procedure (SCS, 1972) and the
infiltration method of Green and Ampt (1911). The infiltration
method is physically-based but requires input data at a finer-
than-daily time resolution. We have chosen the empirical SCS ap-
proach which is based on more than 20 years of studies involving
rainfall-runoff relationships from watersheds across the United
States and requires daily precipitation data only. Of the three
methods available in SWAT for calculating potential evapotranspi-
ration (PET), we selected the Hargreaves method (Hargreaves and
Samani, 1985), a robust approach (Heuvelmans et al., 2005) requir-
ing daily temperature only.

Model performance is evaluated at the monthly time step using
the Nash-Sutcliffe efficiency (NSE; Nash and Sutcliffe, 1970) given
by

N 2

NS=1-— |:Z;\J1 (Ol - Sl)z:| (4)
Zi:l (Oi - O)

where O; refers to the observed streamflow for month i, O is the
mean monthly observed streamflow and S; is simulated streamflow
for month i. NSE is a normalized statistic that determines the
relative magnitude of the residual variance compared to the observed
data variance and ranges between —co and 1, with NSE = 1 being the
optimal value. Moriasi et al. (2007) specified the following criteria
for interpreting model performance at the monthly time scale:
NSE values greater than 0.75 are considered “very good”, values
between 0.75-0.65 and 0.65-0.50 are considered “good” and
“satisfactory” respectively and values below 0.50 are considered
“unsatisfactory”.

4.2. Spatial database and HRU delineation

A 90-m resolution topography obtained from the Shuttle Radar
Topography Mission (SRTM DEM) was used as the basis for model-
ing processes (Fig. 1). The main channel was created from the DEM
by the ArcSWAT interface using a threshold drainage unit area of
10® m? and 31 sub-basins were obtained. The land cover classifica-
tion at a 300-m spatial resolution was obtained from GlobCover
version 2 established between 2004 and 2006. The land cover types
consist of cropland (44.53%), forests (deciduous and evergreen,
34.32%), shrublands and grasslands (19.85%), water bodies
(1.12%), urban zones (0.14%) and wetlands (0.04%). The regional
SOTER soils map for South America and a database at 1/
5,000,000 scale (SOTWIS-World Soils and Terrain Digital Dat-
abases) supplied soils information (Nachtergaele et al., 2009). Five
soil types were identified in the basin: Lithic Leptosols (LPq), Luvic
Phaeozems (PHI), Eutric Regosols (RGe), Calcaric Regosols (RGc)
and Eutric Fluvisols (FLe). The 31 sub-basins were subdivided into
120 hydrological response units (HRUs) assuming threshold levels
of 20%, 10% and 20%, respectively, that represent the dominant
land cover, soil types, and slope characteristics.

4.3. Water impoundment and management practices within the basin

Reservoirs play an important role in water supply and flood
control by reducing peak flow and supporting low flow. In SWAT,
the recommended method for calculating large reservoir outflow
is the target release approach which estimates water flow as a
function of the desired target storage. This approach tries to mimic
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Table 5

Characteristics and input variables for the Rio Hondo reservoir. Source: Laboratorio de Hidraulica at the Universidad Nacional de Cérdoba.
Input variables Definition Value
RES_ESA Surface area of the reservoir when filled to the emergency spillway (ha) 33,000
RES_PSA Surface area of the reservoir when filled to the principal spillway (ha) 31,000
RES_EVOL Volume of water needed to fill the reservoir the emergency spillway (m?) 127,000 x 10*
RES_PVOL Volume of water needed to fill the reservoir to the principal spillway (m?) 110,000 x 10*
RES_VOL Volume of water needed to fill the reservoir to the principal spillway (m?) 110,000 x 10*
RES_K Effective saturated hydraulic conductivity of the reservoir bottom (mm/h) 0?
IRESCO Outflow method Simulated target release
RES_RR Average daily principal spillway release rate (m3/s) 10
IFLOD1R Beginning month of the flood season November
IFLOD2R Ending month of the flood season June
NDTARGR Number of days required for the reservoir to reach target storage 10

¢ The hydraulic conductivity is set to zero since no seepage is assumed to occur.

general release rules that may be used by reservoir operators and is
able to simulate major outflow and low flow periods. The principal
spillway volume corresponds to the maximum flood control reser-
vation while the emergency spillway volume corresponds to the no
flood control reservation. Characteristics and input variables are
listed in Table 5.

We account for the water removed in the Sali-Dulce Basin to
meet water consumption needs. We set water use in urban zones
as equal to 341 L/day per inhabitant (http://www.canoa.org.ar/)
and calculated the average daily water removal within each reach
(i.e., on average from 2 to 28 x 10* m?) in sub-basins where the
main urban zones are located. In the present study, there is no con-
sideration of changes in consumptive water use.

5. Results and discussion
5.1. Model calibration and validation

5.1.1. Cross calibration strategy

The calibration period covers the precipitation trends observed
from 1973 to 2004. As described in Section 3.3, this time interval
includes two time-equivalent periods with contrasted climatic
conditions, referred to as the wet (A: 1976-1985) and dry (B:
1986-1995) periods. Both periods are used for the cross-calibra-
tion strategy. The implemented three-step cross-calibration exer-
cise consists in: (1) conducting a sensitivity analysis to identify
the sensitive hydrological parameters over each calibration period
(A and B) and for a period reconciling both climatic conditions
(A +B: 1976-1995), (2) adjusting the values for the selected sensi-
tive parameters and (3) validating the A and B parameter sets on
the opposite climatic period. The 1996-2004 period is used as a
common validation period for the three parameter sets. All the
28 parameters describing the hydrological cycle were included in
the sensitive analysis performed with the LH-OAT method (Latin
Hypercube One-factor-At-a-Time: van Griensven et al., 2006). De-

tails for all of the SWAT’s hydrological parameters can be found
in Winchell et al. (2007). The most sensitive parameters were ad-
justed using the autocalibration procedure included in SWAT
(Parameter Solutions Method; PARASOL; van Griensven et al.,
2002).

Table 6 gives the rank of the seven most sensitive parameters as
determined from the LH-OAT method for each calibration period.
The seven selected parameters were adjusted for each calibration
period using the autocalibration procedure included in SWAT.
The first 3 years of each calibration period equilibrate the model
to the basin conditions. The optimal value of each parameter is pre-
sented in Table 6.

5.1.2. SWAT simulation results

The model simulates the monthly mean discharge with an
acceptable accuracy over the wet and dry climatic conditions with
a low decrease in model performance between the calibration and
validation periods (Table 7). The lower SWAT performance in sim-
ulating streamflow over the wet calibration period might result
from the higher proportion of missing precipitation data. However,
the monthly discharges are simulated in an acceptable way over
the wet period for both the calibration (NSE,,.: = 0.86) and valida-
tion (NSE,e: = 0.84), underlying the relevance of the statistical cor-
relation methods for filling data gaps. The average magnitude of
simulated discharges between the calibration and validation peri-
ods is maintained below 10% (i.e. low model bias) over the wet and
dry periods showing the robustness of SWAT throughout the con-
trasted climatic conditions.

Nevertheless, the highest model performance is observed for
the entire calibration period covering mixed climatic conditions
(NSEa+g =0.91) with a better peak flow (NSE =0.81) and baseflow
(NSE = 0.74) prediction (Fig. 3), and a more realistic total volume
simulation (Qs/Q,). The A+ B calibrated parameters is therefore
considered as being the most appropriate set for a long-term sim-
ulation and selected for the following analyses.

Table 6

Rank of the seven most sensitive parameters, their range and their fitted value.
Group Parameter Description Period Period Period Range Default Period Period Period

A B A+B value A B A+B
Infiltration CN2 Initial SCS CN2 value 1 1 1 +25% Soil data  —14.0 -13.8 -13.2
Evaporation ESCO Soil evaporation compensation factor 2 2 2 0-1 0.95 0.5 0.7 0.6
Groundwater GWQMN  Threshold water depth in shallow aquifer for 3 3 3 0-1000 mm 0 990 686 890
baseflow to occur
Surface SURLAG Surface runoff lag coefficient 4 4 7 1-24 days 4 5 10 8
runoff

Interception ~ CANMX Maximum canopy stockage 5 7 4 0-10 mm 0 8.3 8.9 8.8
Crop BLAI Potential maximum leaf area index for crops 6 6 5 0-1 Soil data  0.92 0.98 0.75
Soil SOL_AWC  Available water capacity 7 5 6 +25% Soil data  24.9 24.7 24.8
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Table 7

Model performance during the calibration and validation periods. Note that the values for each evaluated period take into consideration the initialisation years.
Calibration period Evaluated period NSE discharge NSE peak flow” NSE baseflow™” Qs/Q,
A Wet calibration: 1979-1985 0.86 0.72 0.64 1.10
A Dry validation: 1989-1995 0.78 0.62 0.57 1.13
A Common validation: 1996-2004 0.61 0.37 0.30 1.15
B Dry calibration: 1989-1995 0.90 0.70 0.73 1.06
B Wet validation: 1979-1985 0.84 0.61 0.70 1.09
B Common validation: 1996-2004 0.63 0.40 0.42 1.08
A+B Mixed calibration: 1979-1995 0.91 0.81 0.74 1.05
A+B Common validation: 1996-2004 0.64 0.53 0.43 1.06
A+B Observed data conditions (M1): 1934-1972 0.61 0.59 0.51 0.82
A+B Generated data conditions (M2): 1934-1972 0.71 0.69 0.59 0.89

" Estimated during the high-flow period from January to March.
" Estimated during the low-flow period from August to October.
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Fig. 3. Observed (bold black line) and simulated (gray line) monthly mean
discharges over the calibration period for the calibrated parameter sets during
the (A) period A, (B) period B, and (C) period A + B.

The results over the 1996-2004 common validation periods
show a decrease in model performance compared to the perfor-
mance over the calibration periods (Fig. 4 and Table 7). This could
be related to errors in the observed discharge data or to an unusual
functioning of the Rio Hondo reservoir. The latter explanation is
the most likely since SWAT adequately predicts the amount of

water flowing from the Rio Hondo reservoir (as suggested by the
Qs/Q, values in Table 7) despite simulating abnormal seasonal dis-
charge patterns. Unfortunately, the lack of information on the re-
cent worsening of environmental problems in the Rio Hondo
reservoir (e.g. sediment filling, eutrophication, etc.) makes the
evaluation of this assumption difficult.

5.2. Model adaptation to changing climatic conditions

The analysis of the physical meaning of the calibrated parame-
ter sets (Table 6) illustrates the way the model adapts its structure
to climatic conditions. The most sensitive parameter is the runoff
coefficient (CN2), obtained by calculating the amount of surface
runoff following a precipitation event. Although the SCS curve
number method is empirically-based, the stability of CN2 values
over the three calibration periods (ACN2 < 1%) indicates the
robustness of the SCS method under varying climatic conditions.
The second dominant parameter is related to soil moisture deple-
tion by evaporation. The lower ESCO value for period B means that
SWAT extracts more water for evaporation from deeper levels over
the dry period. The groundwater parameter related to the thresh-
old water depth in the shallow aquifer for baseflow to occur ranked
next. The lower GWQMN value for period B indicates significant
exchanges between the shallow aquifer and the stream over the
dry period. SURLAG regulates the delay in release of surface runoff
in the stream. Large basins with a residence time greater than
1 day are particularly sensitive to SURLAG since only a portion of
the surface runoff will reach the main channel on the day it is gen-
erated. The highest SURLAG value for period B reflects smoother
streamflow hydrographs over the dry period. CANMX is related
to interception and defines the maximum amount of water trapped
in the canopy. The lower CANMX value for period A indicates a
weakening of the interception process during high precipitation
events. BLAI controls the leaf area development of a plant during
the growing season. Its sensitivity is not surprising since cropland
and forests are the main land cover types in the Sali-Dulce Basin.
However, the lower value for the combined A + B period than for
the individual A and B periods makes its physical interpretation
difficult. The last most sensitive parameter is related to available
water capacity (SOL_AWC). The adjusted values are similar over
the three calibration periods and higher (i.e. 25%) than default val-
ues in the soil database.

Table 8 summarizes the main components of the simulated
water balance over the wet and dry periods for the Sali-Dulce
Basin. Compared to the wet period, the runoff ratio (Q/P) is lower
over the dry period. This indicates that the reduction in river
discharge is proportionally higher than the precipitation decrease.
The basin’s groundwater ratio, which defines the interaction
between groundwater and streamflow, shows a higher groundwater
contribution to surface runoff over the dry period. The baseflow
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Fig. 4. Observed (bold black line) and simulated (gray line) monthly discharges with respect to the precipitation depth over the calibration (gray rectangle) and validation
periods for the calibrated parameter sets during the (A) period A, (B) period B, and (C) period A + B.

Table 8
Simulated annual water balance components using parameter sets calibrated for mixed (A + B) climatic conditions over the wet and dry periods with P, rainfall; ET, actual
evapotranspiration; Q, and Q; observed and simulated surface runoff, respectively; Qg, simulated groundwater flow; PERC water percolating from the shallow aquifer into the

deep aquifer; Qs/P the basin’s runoff ratio; Qg,/Q; the basin’s groundwater ratio; and SW, soil moisture content. All terms are expressed in mm. Note that the values for each
evaluated period take into consideration the initialisation years.

Evaluated period P ET, Q, Qs Qaw PERC Qs/P Qaw/Qs Sw

Wet: 1979-1985 1205 752 265 290 55 163 0.241 0.19 425

Dry: 1989-1995 796 631 150 161 53 4 0.202 0.33 352
contribution to streamflow in the reach remains constant over the orological stations are available for the Sali-Dulce Basin (Table 1

wet and dry periods. The deep percolation is drastically reduced and Fig. 1). Given such limited input data, a satisfactory model per-
over the dry period meaning that aquifers in the Sali-Dulce Basin formance is not expected. We therefore proposed a long-term sim-

are no longer recharged during dry periods. ulation based on two different ways of using available
precipitation data. The first method (M1) is to directly introduce
5.3. SWAT simulation under scarce data conditions the two precipitation time series (stations 5 and 6) and let SWAT

determine the spatial distribution of the precipitation (each sub-

The estimation of rainfall over the watershed area is one of the ~ basin is assigned to the nearest station). The drawback of this
most important aspects that determine the performance of a river method is to add a meteorological station not used in the initial
discharge simulation. Over the 1931-1972 period, only two mete-  calibration procedure. The second strategy (M2) is to mimic the
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spatial distribution of the precipitation that resulted from the cal-
ibration procedure by reproducing the network of the five meteo-
rological stations. To do so, the normal ratio method, based on
monthly ratios calculated over the 1973-2004 period, is used
(see Section 3.2). Station 5 is used to extend the daily precipitation
period back to 1931. The model is run using the A + B calibrated
parameters.

The estimated amount of precipitation by SWAT is higher with
the M1 (P =577 mm/yr) than the M2 method (P = 404 mm/yr) and
differences in model performances are observed (Table 7 and
Fig. 5). The highest model efficiency in reproducing surface runoff,
peak flow and baseflow is provided by the SWAT simulation per-
formed with generated precipitation data (Table 7). Both methods
underestimate total volumes over the 1931-1972 period compared
to the ones obtained over the calibration and validation periods.
This might be caused by an underestimation of areal precipitation
or a change in the basin conditions. Nevertheless, the evaluation of
these assumptions remains difficult given the scarce data
availability.

5.4. Scenario simulations

In this study, simulations under different scenario conditions
are performed in order to analyze the impacts of climate and land
cover changes on streamflow sensitivities. One of the main inter-
ests is to provide a better understanding of the increase in dis-
charge observed in the 1970s in the Sali-Dulce Basin.

5.4.1. Streamflow sensitivities to climate changes

Climatic scenarios are performed to assess the respective im-
pact of precipitation and temperature changes on streamflow.
The three predefined periods representing the wet (1976-1985),
dry (1986-1995) and mixed (1976-1995) climatic periods are used
as baseline conditions. We examined a 1-2 °C change in daily tem-
perature (Fig. 6a) and 10-20% change in daily precipitation
(Fig. 6b).

As temperature increases (decreases) by 2 °C, streamflow de-
creases (increases) by 9% (11%) compared to the mixed baseline
values with a variation of 5-12% (8-15%) between dry and wet
baseline periods respectively. A stronger temperature impact is ob-
served when the model starts from the wet situation. The impacts
of temperature on streamflow are due to its effects on evapotrans-
piration. These results highlight the forcing factors that impact ac-
tual evapotranspiration: actual evapotranspiration is less climate-
dependant and more water-dependent when water availability
decreases.

Streamflow is found to be very sensitive to the prescribed pre-
cipitation changes. When compared to the mixed baseline values, a

50
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Fig. 6. Streamflow variation in response to changes in (A) temperature and (B)
precipitation under wet (dark gray line), mixed (black line) and dry (gray line)
baseline periods.

20% increase (decrease) in precipitation results in an increase (de-
crease) by 46% (41%) in streamflow, a variation of 39-48% (30-45%)
over the dry and wet baseline values respectively. In order to illus-
trate the non-linearity of the response in streamflow to variations
in precipitation, the precipitation elasticity (¢,) of streamflow is
calculated using the formulation proposed by Sankarasubramanian
et al. (2001) as follows:

dQ/Q
ep = 1YY (5)
dp/P
Its value is higher for a 10% precipitation increase compared to
one of 20%, starting from the mixed (&,10% = 2.7 versus 0% =2.3)

and wet (gp10% = 2.9 versus gpp0x = 2.4) baseline periods. In contrast,
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starting from the dry baseline values, the precipitation elasticity of
streamflow increases as precipitation increases from 10% to 20%
(ep1ox = 1.5 versus &prox = 2.0). Similar results are seen with a de-
crease in precipitation. A small change in precipitation seems to
have larger impacts on streamflow over the mixed and wet peri-
ods. The decrease in precipitation elasticity between wet and dry
baseline conditions implies that when the catchment is wetter,
the buffering effect of soil retention decreases and precipitation ex-
cess promotes runoff generation.

5.4.2. Streamflow sensitivities to land cover changes

Northern Argentina has encountered an important expansion of
cultivated areas over the last quarter of the 20th century, largely
due to the soybean boom in Argentina (De Lima, 2001; Barros,
2004). Two scenarios of land cover change are evaluated to deter-
mine their potential contribution to the significant increase in dis-
charge of the 1970s in the Sali-Dulce Basin. The first scenario
assumes a decrease in cultivated areas compared to the present
condition. The main category of cropland representing 23.56% of
the catchment area is replaced in favor of rangeland; the corre-
sponding change is a decrease in cultivated areas by 53%. The sec-
ond scenario assumes an increase in cultivated areas compared to
the present situation. Two classes of rangeland (shrubland and
grassland) representing 19.38% of the catchment area are con-
verted into cropland; the corresponding change is an increase in
cultivated areas by 44%. SWAT is then run over the 1976-1995 per-
iod with the A+ B calibrated parameters. The first scenario pro-
duces a 12.5% decrease in mean monthly streamflow with
respect to the reference value, while the second scenario leads to
a 13% increase in mean monthly streamflow with respect to the
reference value. The streamflow changes are compensated by
changes in actual evapotranspiration values (+9%), which are
linked to variations in the water retention capacity of cultivated
areas. It also showed that changes in water consumption (+40%)
lead to relatively low streamflow variations (<8%) that seem to off-
set the impacts of the expansion of cultivated areas.

5.4.3. Insights into the driving factors of the 1970s hydrological
changes

It is of regional interest to investigate the factors responsible for
the increase in discharge of the 1970s since the abrupt lake level
rise of Laguna Mar Chiquita also coincided significantly with the
Rio Sali-Dulce discharge trends. Consequently, the impact of the
observed precipitation change between 1931-1972 and 1973-
2004 (AP/P = +22%; see Section 3.3) on the streamflow of the
Rio Sali-Dulce is evaluated starting from the 1931-1972 and
1986-1995 dry baseline periods.

The simulated mean streamflow is increased by 42% and 44%
over the 1931-1972 and 1986-1995 periods respectively. The pre-
dicted streamflow changes are in close agreement with the ob-
served changes (AQ/Q = 45%). However, uncertainties from the

estimated changes in precipitation, linked to the fact that only
one meteorological station was only available, raise doubts about
the accuracy of the simulated streamflow changes (Table 1). We
believe that the 1970s precipitation increase estimated at 22% is
over evaluated since streamflow is under- and over-estimated
prior and after 1972 respectively (see Section 5.3). Taking into ac-
count the uncertainties in the simulated discharges, our results
suggest that, while the extension of cultivated areas likely contrib-
uted to the 1970s streamflow increase in the Sali-Dulce Basin,
changes in precipitation remain the dominant driving factor.

6. Towards a hydrological basin-lake model

One important goal of this study was to provide an integrated
basin-lake model able to reproduce the hydrological trends of La-
guna Mar Chiquita levels over the 1970s hydroclimatic transition
period in central Argentina. As mentioned, streamflow in the
Sali-Dulce Basin was shown to be the main driver of the abrupt in-
crease in the 1970s level observed in Laguna Mar Chiquita given
that 92% of the lake level rise was attributed to an increase in
the Rio Sali-Dulce discharge (Troin et al., 2010). Obtaining a ba-
sin-lake model is achieved by integrating the SWAT simulation of
the Rio Sali-Dulce discharge (Qgs) performed with the A + B cali-
brated parameters into the lake model. The dynamic lake water
balance equation at the monthly time scale At is given by

AV

E:A(V)(P—E) +Qin — 7 (6)
with

Qin = Qg1 + Q2 + Qg3 (7)

where AV is the lake volume variation (m?®); A is the lake area (m?)
as a function of lake volume V; P is on-lake precipitation (m) esti-
mated from six rainfall stations located around the lake (Fig. 1); E
is the evaporation from the lake surface (m) calculated using the
Complementary Relationship Lake Evaporation (CRLE) Model (Mor-
ton, 1983; DosReis and Dias, 1998); Q;, is the water inflow from the
catchment (m?); Qg; and Qg, are the two southern river discharges;
Qg3 is the Rio Sali-Dulce discharge corresponding to 90% of Q;,; and
the y parameter refers to the water loss by evapotranspiration in
un-gauged surfaces representing 80% of the lake catchment. Its con-
stant value reflects the fact that un-gauged surfaces are not climate-
dependant as discussed in Troin et al. (2010). The corresponding
lake level is estimated as a function of lake volume, h = f{V), follow-
ing the morphometric relationship established using lake bathyme-
try (Hillman, 2003).

Lake level simulations are first performed over the 1973-2004
period using the observed and simulated Rio Sali-Dulce discharges
(Qg3). Lake level variations are well reproduced using the simulated
discharge (Fig. 7) with a model efficiency (NSE = 0.91) similar to the
performance using the observed Rio Sali-Dulce discharge
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Fig. 7. Observed (bold line) and simulated lake levels of Laguna Mar Chiquita over 1931-2004 using observed (black line) and simulated (gray line) Rio Sali-Dulce discharges.
Observed lake levels are continuous since 1967 except a gap between 1997 and 2001 where only three monthly measurements of water level are available.
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(NSE = 0.93; Troin et al., 2010). Over 1931-2004, the SWAT simula-
tion from generated precipitation data provides lake level trends
that are synchronous with those proposed by Troin et al. (2010).
However, the low lake level observed in the late 1960s until the
early 1970s is not well captured by the basin-lake model (Fig. 7).
One reason for such poor performance might come from the inad-
equate representation of watershed area rainfall from 1966 to
1971. Station 5, selected to extend the daily precipitation data of
the stations 1, 2, 3 and 4 (see Section 5.3) back to 1931, shows re-
cords of extreme precipitation events (APy9g5_1971 = +16%), specif-
ically with a wetter year in 1968 (AP=+72%). It is likely that
extreme events create a bias in the estimation of the watershed
area rainfall over the 1966-1971 period with an over representa-
tion of local climatic influence. Reasonable simulations of the
long-term lake level tendencies are therefore observed despite
the propagation of uncertainties in simulating streamflow in the
Sali-Dulce Basin. The basin-lake model allows an adequate repro-
duction of the key hydrological trends in Laguna Mar Chiquita with
low lake levels during the entire first three-quarters of the 20th
century interrupted by two moderately high lake levels centered
approximately around 1935 and 1960, followed by the 1970s rise
and high stands in the 1980s, 1990s and 2000s.

7. Conclusions

In this study, attempts are made to propose an integrated basin-
lake model able to reproduce the 1970s hydrological changes ob-
served in the Laguna Mar Chiquita catchment in central Argentina.
Since the abrupt rise of Laguna Mar Chiquita levels in the 1970s
was shown to be driven by an increase in the Rio Sali-Dulce dis-
charge, the main objective was to use the physically-based SWAT
model to simulate streamflow in the Sali-Dulce Basin in order to
decipher the respective roles of climate and land cover change on
the regional hydrological changes.

In Argentina, the meteorological station network is not very
dense; duration time series are quite short and include many miss-
ing data. The primary focus of this study was to select the relevant
method to fill gaps in daily precipitation data. Aside from the
WXGEN weather generator included in SWAT, alternative methods
such as a statistical correlation method are examined. Our analyses
of daily precipitation distributions indicate a better reproduction of
the inter-annual variability precipitation with the statistical corre-
lation method and the resulting generated daily precipitation data-
sets are selected as model inputs.

Secondly, the ability of SWAT to simulate non-stationary hydro-
logical conditions is evaluated by a cross-calibration experiment.
Based on observed daily meteorological data over 1973-2004,
two successive 9-year periods referred to as wet and dry periods
are selected. The calibration results in similar model efficiencies
at the monthly time scale over the wet and dry periods. The model
validation on the opposite climatic periods indicates a low magni-
tude of simulated discharges (i.e. low model biases) demonstrating
SWAT’s robustness to adapt its structure to changing climatic situ-
ations. The highest model performance in simulating surface run-
off, peak flow and baseflow over the 1996-2004 period is
therefore reached with a calibration period that combines both
wet and dry conditions. An extension of the SWAT simulation back
to 1931 based on generated daily precipitation data from statistical
correlation methods is proposed.

Different scenario conditions are then developed in order to
analyze the impacts of climate and land cover changes on stream-
flow sensitivities in the Sali-Dulce Basin. When precipitation is in-
creased until it reaches the 1970s precipitation change
(AP/P = 22%), the resulting streamflow increase closely matches
the 1970s hydrological change (AQ/Q = 45%). Sensitivity analyses

reveal that the extension of cultivated areas only had a minor im-
pact on the 1970s hydrological changes in the Sali-Dulce Basin.

Finally, integrating the SWAT simulation in the lake water bal-
ance model over the 1973-2004 period yields lake level variations
similar to those obtained with observed discharge values. Over
1931-2004, the general trends in lake level fluctuations are well
reproduced except for the low level in the early 1970s. These re-
sults suggest that this integrated basin-lake model is a promising
approach for simulating long-term lake level variations in response
to climate. This modeling approach may be used as a valuable tool
for simulating future hydrological responses and for reconstructing
past climatic conditions, which will improve our understanding of
climate variability in this region of South America.
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