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Abstract: This study aimed to assess the hydrological response and resilience of watersheds in
a neotropical region to identify regions sensitive to climate variations, enabling the development
of adaptive strategies in response to global environmental changes. This study applied Budyko’s
framework using Fuh’s hydrological model rewritten by Zhou to estimate hydrological response and
Budyko’s metrics (deviation and elasticity) to estimate hydrological resilience to climatic changes in
26 watersheds in southeastern Brazil. The proposed modeling was able to capture the differences
among the watersheds, with “m” values ranging from 1.79 to 3.63. It was possible to rank the
hydrological resilience from low to high across watersheds using Budyko’s metrics, where the
highest values of elasticity were found in watersheds with a higher percentage of forest cover. The
sensitive analyses showed that watersheds with higher “m” values are more sensitive to changes
in precipitation and potential evapotranspiration. The results also demonstrate that mean elevation
and stream density were two key variables that influence the “m” value; these physiographic
characteristics may alter the water and energy balance of the watershed affecting the water yield.
A relationship between watershed’s hydrological response and resilience was proposed to identify
critical areas for the stability of water yield in the watersheds, providing a guide for public policy
and suggesting ways to help the management of water resources in watersheds.

Keywords: hydrological model; water resource; climate change; watershed resilience

1. Introduction

Global warming has been increased by the anthropic emission of greenhouse gasses,
modifying the hydrological cycle, accelerating evapotranspiration, and altering the rainfall
regime [1]. The neotropical region has warmed by 0.7 °C over the past fifty years, and this
increase may cause damage to ecosystems, food production, and energy generation [2].
Climate change is impacting water availability and watershed resilience given its depen-
dence on climate conditions and seasonality [3-5]. Currently, global problems faced by the
population include droughts and floods, related to global changes in climate and land use,
which interfere in the availability of water [2].

Global alterations in climate and land use are widely acknowledged as primary
drivers of hydrological variability. Consequently, their interplay holds the potential to
exert a significant impact on the future dynamics of water supply and flow regimes.
Models derived from Budyko’s framework, capable of simultaneously integrating the
physiographic features of watersheds and climatic variables, are essential for an informed
assessment of future water resources [4,6-12]. Within this context, hydrological models
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assume a pivotal role in predicting water and energy balances for unmonitored watersheds,
a critical concern in contemporary hydrology [13].

Hydrological models are able to simulate future climate scenarios, making it possi-
ble to estimate water yield and consequently assist in the creation of public policies for
sustainable water use and management [2]. Simulations of future climate scenarios in
South America have identified trends of a reduction in flows in the north and northeast
regions, while for the south and southeast regions, there is an increase, and these variations
are directly related to variations in precipitation [14,15]. Hydrological models based on
Budyko’s framework [16,17] have been created, adapted, and used to predict water and
energy balances in watersheds [18], such as the models of Turc [19] and Pike [20], which
are empirical equations that do not take into account the physiographic features of the
watershed, such as topography, forest cover, and soil properties. Thus, in order to improve
those models, some studies have suggested adding an adjustable parameter, “m” or “n”,
which represents the characteristics of the watershed, the “second generation of equations
based on Budyko’s framework” [4,6,7,11], and Fuh’s model rewritten by Zhou [4] is the
only one that has streamflow as an independent variable.

Another tool used to assess the effects of climate change is the calculation of some of
Budyko’s metrics such as dynamic deviation and elasticity, which measure the hydrological
resilience of the watershed [3], which represents the ability to absorb change and maintain
or recover its hydrological function quickly after a disturbance such as drought [3,21].
Hydrologically resilient watersheds are those with stability and/or predictability of water
yield in the face of changes in environmental conditions (e.g., climate changes), while
non-resilient watersheds are subject to undergo changes in water yield, affecting water
availability to the population [3]. In contrast to previous studies that focused exclusively on
Budyko’s metrics [3,22] or only on hydrological models [4,6,7,11], the combination of both
methods may offer a valuable approach for the conservation and management of water
resources, especially in the context of climate change. This integrated approach not only
enhances the understanding and prediction of fluctuations in water availability but also
provides critical insights into water resource dynamics in the watershed.

The southeastern region of Brazil encompasses a range of climate zones, resulting in
varied hydrological responses. This region frequently experiences water scarcity issues,
exacerbated by land use changes driven by agriculture, urbanization, and deforestation,
and climate change, including altered precipitation patterns and an increased frequency of
extreme weather events. Integrating Budyko’s metrics with hydrological models may pro-
vide a comprehensive framework for understanding and managing the complex dynamics
of water resources in southeastern Brazil. The effects of climate change on water resources
in this region are projected to materialize in the coming years, as documented in several
scientific studies [2,5,14]. Therefore, identifying watersheds that exhibit vulnerability to
these changes is crucial, particularly within tropical regions that are likely to experience
the initial and most pronounced effects of climate change [23].

In this context, the objective of this study was to assess the hydrological response and
resilience of watersheds in southeastern Brazil in order to identify regions characterized
by sensitivity to climate variations, thereby facilitating the establishment of an adaptive
strategy in response to global environmental changes. Therefore, quantifying the potential
changes in water resources under climate change and their physiographic features is
important for water managers and policy-makers to develop sustainable water resource
strategies for this region, especially in tropical and subtropical regions, where the effects of
climate change are expected to be among the earliest to emerge.

2. Materials and Methods
2.1. Study Area
This study covers the southeastern region of Brazil, including the states of Sao Paulo,

Minas Gerais, and Parana. The population of this region is around 80 million, approximately
40% of the total population of Brazil. In addition, the southeastern region encompasses
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the main economic activities, and it is also responsible for more than 65% of the country’s
hydroelectric plants [24], and urban and industrial concentrations in this region are crit-
ical factors to guide public policy planning and propose ways to manage and conserve
water resources in watersheds. In this context, the watersheds of this study were selected
according to the criteria of the availability of climatic and discharge data, considering only
time series with at least 10 years of data, not necessarily consecutive, in different streams,
avoiding two points in the same river. Koppen—Geiger climatic classification at the regional
scale is shown in Figure 1 [25]. The average annual precipitation ranged between 1235 mm
and 1612 mm, and the average annual temperature ranged between 21 °C and 25 °C across
the watersheds.
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Figure 1. Location of 26 long-term monitoring watersheds selected for this study (W1-W26). Képpen—
Geiger climate classification for the studied watersheds. (A) Tropical (f) without dry season, (m)

monsoon, (w) with dry winter, (C) humid subtropical, (fa) oceanic climate, without dry season, with
hot summer, (fb) oceanic climate, without dry season, with temperate summer, (wa) with dry winter
and hot summer, (wb) with dry winter and temperate summer. SP, MG, and PR represent the states
of Sao Paulo, Minas Gerais, and Parand, respectively.

2.2. Physiographic Features and Land Use of Watersheds

To characterize the 26 watersheds, the hydrographic network of the 26 watersheds was
extracted from the multi-scale ottocodified hydrographic base of ANA (Agéncia Nacional
de Aguas—National water agency) [26] with a scale of 1:50,000. Stream density was
calculated by dividing the linear extension of the hydrographic network by the area of
each watershed. Elevation was obtained using the digital elevation model (DEM), with
a spatial resolution of 30 m, created from the SRTM (Shuttle Radar Topography Mission)
of USGS (United States Geological Survey) [27]. The maximum, average, and minimum
elevation values, as well as the maximum, average, and minimum slope (in %) of each
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watershed, were obtained from the DEM. Soil texture was obtained from the SoilGrids
database with a spatial resolution of 250 m [28]. The average vertical distance to the nearest
drain (HAND—height above the nearest drainage) is a measure indirectly related to soil
depth and was obtained from the AMBDATA database using a threshold of 50 pixels with
a spatial resolution of 30 arc seconds [29] (Table 1).

Table 1. Physiographic features of 26 watersheds: area, stream density, soil texture, elevation, slope,
hand, and percentage of different land uses of watersheds for the year 2018; ‘'NDVI’ represents the
mean (dry and wet season) normalized difference vegetation index for the native forest. The land use
“others” represents non-forest natural formation.

Stream

Elevation Slope HAND Land Use

Watershed Area Density Clay  silt Sand Max  Mean  Min Mean Mean  Agriculture Urban Forest Others NbVI
km? km km~—2 % m % cm %
Wi 3344 2.5 35 17 48 1004 765 526 3 54 52 1 44 3 0.44
W2 66 17 33 14 53 1052 853 656 7 142 70 1 28 1 0.47
W3 471 22 21 12 67 514 433 351 3 41 96 1 3 0 0.45
W4 1457 2.0 37 16 48 1028 756 483 4 78 56 5 34 5 0.45
W5 188 24 34 16 51 765 615 465 5 73 76 1 21 2 0.48
Wé 31 3.8 33 14 53 1006 778 551 8 122 85 9 5 1 0.45
W7 14,184 1.8 37 24 39 1850 915 749 12 156 18 0 81 1 0.43
W8 6262 23 32 17 52 1289 879 468 4 81 60 5 23 12 0.44
W9 2,004 2.2 32 17 52 1218 862 485 6 62 54 12 33 1 0.46
W10 1520 2.1 33 20 47 1131 868 604 6 60 43 0 53 4 0.43
W11 927 19 32 17 52 1555 1058 564 9 120 72 2 25 1 0.40
W12 3653 2.4 33 14 53 705 527 347 4 54 87 1 11 1 0.48
W13 387 17 28 15 58 1555 1147 742 9 131 76 0 24 0 0.40
W14 269 15 39 18 44 871 702 532 3 83 84 6 9 1 0.45
W15 582 2.7 28 15 58 766 625 485 4 40 90 2 8 0 0.48
W16 275 14 32 17 52 1288 1002 715 7 159 57 1 41 1 0.44
W17 1586 1.8 39 18 44 1074 780 486 5 72 70 4 25 1 0.47
W18 17,326 21 37 17 47 1721 1097 473 5 76 77 2 18 3 0.44
W19 704 2.0 32 17 52 524 415 305 4 42 92 3 5 0 0.44
W 20 438 15 36 23 41 1335 753 182 11 157 15 0 85 0 047
w21 443 1.8 33 14 53 1058 798 539 5 78 70 4 25 1 0.46
W22 450 15 32 17 52 1273 1027 780 5 98 63 1 31 5 0.46
W23 79 2.1 18 12 70 489 420 350 3 38 94 0 6 0 0.48
W24 850 2.1 31 14 55 697 559 420 4 60 76 1 22 1 0.48
W25 4295 2.1 32 17 52 1226 859 485 5 59 62 7 30 1 0.46
W26 45 22 33 14 53 541 476 411 3 51 87 0 12 1 0.46

The percentages of urban area, forest cover (native and planted), and agricultural area
(agriculture and pasture) were obtained from land use maps derived from the 4.1 collection
of MapBiomas [30], with a resolution of 30 m, for the year 2018. In these 26 watersheds,
variations of 3% to 85%, 5% to 96%, and 0% to 12% were found for forest cover, agriculture,
and urban area, respectively. Mean NDVI (normalized difference vegetation Index) values
were calculated for the native forest areas of the watersheds using Landsat 8 satellite images,
with a resolution of 30 m, referring to the rainy period (January to March) and the dry
period (July to August) of the year 2018 [31], with the mean of these two periods assigned
to each watershed.

2.3. Climatic and Hydrological Data

The monthly precipitation data (mm) were estimated using CHIRPS (Climate Haz-
ards Group InfraRed Precipitation with Station data—version 2.0 final) with 0.05° res-
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olution satellite imagery [32], with average monthly flow (m?/s) obtained in discharge
stations of the 26 watersheds taken from the DAEE (Departamento de Aguas e Energia
Elétrica—Department of Water and Electricity) database for the period from 1980 to 2016.
The annual flow was calculated from the average monthly flow normalized by the wa-
tershed area (mm/year). The potential evapotranspiration (mm) was calculated using
the Thornthwaite (1948) method using the maximum air temperature and minimum air
temperature (°C) data [33] with a spatial resolution of 0.25° x 0.25°, available for the
period from 1980 to 2013, and from the NASA-POWER (National Aeronautics and Space
Administration—Prediction Of Worldwide Energy Resource) database with a spatial reso-
lution of 0.5° x 0.5°, used to fill the period from 2014 to 2016, as the first source was limited
to the period from 1980 to 2013. All data were integrated in the annual scale. The entire
data series of precipitation, potential evapotranspiration, and annual streamflow have the
same data extension according to each watershed. The main limitation was the flow data,
which ranged from 11 to 37 years. From the available annual streamflow data, the same
years of rainfall and potential evapotranspiration data for watersheds were selected.

2.4. Hydrological Model

According to Budyko’s framework [16,17], the actual evapotranspiration (E) is the
result of a functional balance between the water supply in the atmosphere, represented by
precipitation (P), and the energy availability of the system, represented by the potential
evapotranspiration (PET). Thus, under conditions of adequate water supply, actual evap-
otranspiration will be limited by energy availability, while under conditions of adequate
energy supply, actual evapotranspiration will be limited by water availability.

The need to better understand the dynamic of this function led to the emergence
of several analytical solutions, such as the method of Fuh [6] adapted by Zhou [4]. The
inversion of PET/P to P/PET offers some advantages. First, the PET value is always greater
than zero and relatively stable in a given region, as it is determined by the available energy.
On the other hand, P in some regions can reach zero, which could lead to infinite PET /P
values, whereas using the P/PET makes it possible to define limiting values (minimum
and maximum). Second, due to the difference in the boundary ranges, the use of P/PET
allows for the most effective quantification of the hydrological sensitivity of R/P to P/PET
instead of PET/P. In this work, the model of Fuh [6] rewritten by Zhou [4] was used on an

annual basis (Equation (1)).
o 1
P\ """ P\~
T+ (PET) ] B (PET) @

where P = precipitation (mm); PET = potential evapotranspiration (mm); R = streamflow
(mm); and “m” is a dimensionless parameter that represents the physiographic features of
the watershed.

P

2.5. Model Calibration and Validation

For model calibration, streamflow, potential evapotranspiration, and annual precip-
itation of the 26 watersheds were used in Equation (1) to determine the “m” values for
the watersheds. The hydrological model was calibrated by selecting a random sample
of 80% from the entire watershed database, leaving the remaining 20% for model vali-
dation. Validation was performed by comparing the R/P predicted by the model with
the R/P recorded in the discharge stations (Figure S1), and three performance indicators
were selected to validate the model: coefficient of determination (R2?); Willmott’s index
of agreement (d); and root mean square error (RMSE). After calibration and validation
processes, a curve was fitted using simply R/P and P/PET to provide the “m” value for
each watershed using nonlinear least squares with start at m = 2 [4]. The calculation was
performed using the Rstudio interface (version 1.1.423) of R software.
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2.6. Analysis of the “m” Value

A relationship was established between the “m” value and the water yield coefficient
(R/P values) for all 26 watersheds. The physiographic features of the watersheds, with the
same resolution data of 30 m (area, stream density, elevation, slope, land use, and NDVI),
were related to the “m” values with a multiple linear regression model (stepwise method)
and covariance analysis (Figures S2 and S3), and the relationship between the “m” value
and hydrological resilience of the 26 watersheds was made using a threshold of elasticity
(median of the elasticity values) and a threshold of “m” value taken from the median of
26 watersheds.

A sensitivity analysis of the hydrological response to P and PET was performed for
two watersheds in the west of Sao Paulo (W10 and W20) and another two in the east of
Sao Paulo (W12 and W19), which prescribed an increase/decrease of 20% in P and PET to
predict the variability of “m” and the R/P coefficient.

2.7. Hydrological Resilience

Dynamic deviation and elasticity [3] were calculated to determine drought resistance
and water yield resilience in the watersheds, respectively, but these metrics were adapted
using the indexes of the hydrological model of Zhou [4]. In this study, two distinct temporal
periods were defined for analysis: a cold period, consisting of five years with lower
temperatures, and a warm period, encompassing five years marked by higher temperatures,
for each watershed. This selection of five-year periods was made to emphasize responses
potentially associated with interannual climate variability rather than responses to isolated
and exceptional weather events, as supported by previous research [3,22]. Thus, the wetness
index (WI) (precipitation/potential evapotranspiration = P/PET), which is reciprocal to the
dryness index (DI) (potential evapotranspiration/precipitation = PET/P), and the water
yield coefficient (WYC) (flow /precipitation = R/P), which corresponds to the evaporative
index (EI) (actual evapotranspiration/precipitation = ET/P), was used to calculate the
hydrological resilience [3,4,22].

Dynamic deviation is defined as the change in the water yield coefficient due to the
change from the cold to the warm period, representing the watershed’s resistance in terms
of changes in water production to changes in climate (e.g., warming or drying).

Two components were calculated:

a.  Static deviation (s) resulting from inherent characteristics of the watershed that are
assumed to be constant over time, based on WYC observations from the cold period.
Watersheds with s < 0 exhibit lower than expected water yield before warming based
on predictions of the theoretical Budyko’s curve (“m” values from 26 watersheds),
while watersheds with s > 0 show water yield higher than expected.

s = WYCM,cool - WYCB,cool (2)

where s corresponds to the static deviation; WYCyy .40 corresponds to the average of
the five cold years; and WYCp ,, corresponds to the value calculated from Budyko’s
curve of the cold period.

b.  Dynamic deviation (d) obtained from changes in the watershed over time, considering
the WYC of the warm period corrected by the static deviation (s). Dynamic deviation
close to zero means high resistance to drought.

d= WYCM,wurm - WYCB,warm -5 3)

where d is the dynamic deviation; WYCy yarm is the average of the warm period;
WYCB yurm is the value calculated from Budyko’s curve of the warm period; and s
corresponds to the static deviation.

Elasticity can be used as an indicator of hydrological resilience in watersheds in terms
of predicting water yield under interannual climate variability conditions. Elasticity (e) was
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calculated from the ratio between the variation in the wetness index (WI) and the water
yield coefficient (WYC), encompassing the same periods of five cold and warm years. The
elasticity of the watershed is the deviation from Budyko’s curve following interannual
climate variability (along the two axes of Budyko’s theory).

€= (Wlmux - WImin) / (WYCR,max - WYCR,min) (4)

where Wl,;x corresponds to the maximum value of the wetness index; WI,,,;,, corresponds
to the minimum value of the wetness index; WYCR 4y is the difference between the
maximum value of the water yield coefficient and the maximum value of the water
yield coefficient calculated from Budyko’s curve (WYCR jyax = WYCiyiax — WYCp jax); and
WYCR in is the difference between the minimum value of the water yield coefficient
and the minimum value of the water yield coefficient calculated from Budyko’s curve
(WYCR yyin = WYCpin — WYCp pin). A watershed exhibits high elasticity when its WI un-
dergoes significant changes with climate warming, while the WYC changes only minimally.
Conversely, a watershed demonstrates low elasticity when the WYC responds substan-
tially to variations in WI. In this study, we employed the median elasticity value across all
watersheds to evaluate the relative resilience of these hydrological systems.

3. Results
3.1. Model Calibration and Validation

From the calibration and validation of the hydrological model, it was possible to
calculate the “m” values from the curves fitted for all watersheds using annual data.
Figure 2 shows the scattering of annual R/P and P/PET for all watersheds. The average
wetness index (P/PET) for all watersheds ranged from 0.8 to 1.5, the average water yield
coefficient (R/P) ranged from 0.2 to 0.5, and the average “m” value ranged from 1.79 to 3.63,
with median m = 2.96. The watershed with m = 3.63 (green curve in Figure 2) showed
averages of P/PET = 1.2 and R/P = 0.3; thus, a large part of the rain evaporates and
produces less flow as 30% of the rain. Meanwhile, the watershed with m =1.79 (blue curve
in Figure 2) showed averages of P/PET = 1.3 and R/P = 0.5; thus, comparatively, less of the
rain is evaporated and more is converted to flow as 50% of the rain.

0.81 —
- 351
g m=2.93 i
0.61
. e 3.0 - :
& :
K 0.44 :
297 4
0.2
2.0 -
0.01

OTO OTS ‘ITO 1?5 2TO 2t5 3?0
P/PET
Figure 2. Curves (in gray) of the hydrological model fitted for all watersheds using annual data
(black dots), with “m” values calculated for color curves. The red curve is the global curve with

m =293 % 0.02 (p < 0.001) (average “m” value over the 26 watersheds); the blue and green curves
represent watersheds with m = 1.79 and m = 3.63, respectively.
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The R/P ratio represents the amount of rain that becomes streamflow in the long term.
Figure 3 demonstrates a significant relationship between “m” values and the R/P ratio,
with a coefficient of determination (R? = 0.561). Specifically, as the “m” value decreases, the
R/P ratio increases, indicating an enhanced conversion of precipitation into streamflow.
Additionally, it is noteworthy that data points exhibiting higher “m” values and lower R/P
ratios are associated with elevated potential evapotranspiration (PET) values.

R?=0.561

0.51
—_
a
S~
o
=
bt
@
"5 041 PET
% 1100
9 1200
o @® 1300
2 @ 1400
> ~
r 0.3 ®,
2
‘;“ Global “m”

0.21

o

20 25 3.0

w

“m” value

Figure 3. Relationship between the ratio of the water yield coefficient (R/P) to “m” value. Global “m”
with m =2.93 & 0.02. The size of the circles represents the values of PET. The black line represents

the trend of the relationship between the "m" value and the water yield coefficient. The gray area
represents the confidence interval.

3.2. The Factors Influencing “m” and Sensitivity Analysis

From the fitted multiple regression model, we found a relationship between the
mean elevation (m) and stream density (km km~2), with the “m” values obtained for the
26 watersheds. These two physiographic features that correlated with the “m” value were
statistically significant, with stream density controlling the prediction more (Table 2).

Table 2. Coefficients estimate, standard error, significance level, and coefficient of determination of
the physiographic features of the watersheds.

Physiographic Coefficients Standard Significance Determination
Features Estimate Error Level Coefficient
Mean elevation (A) 0.0009774 0.1190814 p <0.01 R? = 0.9791
Stream density (B) 1.0959935 0.0003056 p <0.001 -

The sensitivity analysis (Figure 4) showed that, for watersheds with a high “m” value,
W10 and W19, a decrease or increase of 20% in precipitation results in a greater decrease
(—30% and —37%, respectively) or increase (27% and 38%, respectively) in R/P, respectively,
while W12 and W20, which have low “m” values, resulted in a smaller decrease (—27%
and —11%, respectively) or increase (26% and 9%, respectively) in R/P, respectively.

For potential evapotranspiration in W10 and W19, a decrease of 20% in PET results in
an increase in R/P (34% and 47%, respectively), and an increase of 20% in PET results in a
decrease in R/P (—25% and —31%, respectively); in W12 and W20, which have low “m”
values, a decrease of 20% in PET results in an increase in R/P (32% and 11%, respectively)
and an increase of 20% in PET results in a decrease (—23% and —9%, respectively) in R/P.



Sustainability 2024, 16, 8910

9of 16

1.0 P q 1.0 * PET b
.
.
0.8 q 0.8 s B
.
. W20 .
. .
0.6 q . i . 4
. .« WIO0 & E *
[ . o .
5 . W12 = "
‘ R e I (4 ) % .
0.4 . 1 7 . 04 N . WOl
. o - )
. . ..
.
0.2 : P 0.2 3 . .
.
P e R
. . * « W19
0.0 — . : . . . . ‘ 00 - : . . . ‘ . ‘ . )
-100 -80 -60 -40 -20 0 20 40 60 80 100 -100 -80 -60 -40 -20 0 20 40 60 80 100
Changes in P (%) Changes in PET (%)

Figure 4. Sensitivity analysis for the watersheds W10 (m = 3.38), W12 (m = 2.79), W19 (m = 3.49), and
W20 (m = 1.79), where the X-axis represents changes in percentage in P or PET. P denotes precipitation,
R the streamflow, PET the potential evapotranspiration, and R/P the water yield coefficient.

3.3. Watershed’s Hydrological Resilience

The values of static deviation (s) were obtained, for the 26 watersheds, which ranged
between —0.04 and 0.15. Only two watersheds had s < 0 and, therefore, exhibit a lower-
than-expected water yield before warming based on the predictions of Budyko’s curve. The
other 24 watersheds had a value of s > 0, which represents a higher-than-expected water
yield from the predictions of Budyko’s curve (Table 3).

Table 3. The dominant land use of each watershed is indicated (land use); five-year cool periods
(characterized by the lowest average temperatures) and five-year warm periods (marked by the
highest average temperatures); changes in temperature during shift from cool to warm period (AT),
mean annual values of precipitation (P), potential evapotranspiration (PET), streamflow (R), water
yield coefficient (R/P), and wetness index (P/PET); “m” values; and Budyko’s metrics [static (s) and
dynamic (d) deviations and elasticity (e)] of 26 watersheds.

Cool Warm AT P PET R
Watershed Land Use Period Period €0 (mmy) (mmy!) (mmy-) R/P P/PET m s d e
W1 Forest 1988-1992  2005-2009 0.4 1386 1268 407 029 1.09 2.94 0.06 —0.02 8.05
W2 Agriculture 1990-1994  2006-2011 0.1 1424 1270 506 036 1.12 2.48 0.03 —0.04 298
W3 Agriculture  1983-1992  1997-2006 1.0 1273 1435 233 0.18 0.89 3.40 0.08 —0.03 345
W4 Forest 1992-1996  1998-2008 0.7 1432 1293 543 0.38 1.11 2.29 0.03 0.00 7.26
W5 Agriculture 1991-1998  2007-2013 0.9 1394 1314 419 0.30 1.06 2.75 0.03 0.05 2.04
W6 Agriculture  1989-1993 19952000 0.3 1432 1384 387 027 1.03 3.02 0.02 0.01 4.50
W7 Forest 1989-1996  1999-2007 0.1 1533 1059 633 041 145 2.85 0.06 0.11 3.85
W8 Agriculture  1988-1993  1995-2000 0.6 1563 1311 583 037 1.19 2.58 0.05 0.03 1.20
W9 Agriculture 1986-1991  2005-2012 0.3 1384 1174 381 028 1.18 3.63 0.13 —0.07 3.56
W 10 Forest 1987-1993  2007-2014 0.1 1372 1165 425 031 1.18 3.15 0.08 0.02 3.44
W11 Agriculture 1984-1995  2003-2012 0.2 1523 1160 519 034 131 3.37 0.15 —0.09 3.75
W12 Agriculture 1991-1995  2004-2009 0.9 1284 1407 322 025 091 2.79 0.08 —0.09 1.93
W13 Agriculture  1988-1999 20002007 0.8 1550 1134 576 0.37  1.37 3.12 0.14 —0.06 248
W 14 Agriculture 1981-1985  1986-1993 0.6 1589 1333 495 031 1.19 3.17 0.11 —0.06 3.02
W15 Agriculture  1980-1987  2000-2009 1.3 1368 1394 305 022 098 3.38 0.14 —-0.12 237
W16 Forest 1989-1996  2011-2016 0.3 1612 1346 534 033 1.20 3.00 0.06 0.05 1.07
W17 Agriculture  1989-1994  1998-2003 0.8 1426 1271 474 033 1.12 2.75 0.00 0.03 5.27
W 18 Agriculture 1981-1997  2004-2011 1.0 1461 1238 439 0.30 1.18 3.24 0.09 —0.05 4.88
W19 Agriculture  1986-1993  2001-2007 0.9 1296 1418 243 019 091 3.49 0.03 0.06 0.94
W 20 Forest 1980-1988  1989-1994 0.1 1383 1077 767 055 1.28 1.79 —0.02 —-0.02 4.25
W 21 Agriculture 1980-1986  1987-2013 0.3 1420 1272 526 037 1.12 2.38 0.04 —0.02 1.68
W 22 Agriculture 1985-1997  2003-2009 1.1 1593 1279 568 036 1.25 2.92 —0.04 0.16 5.57
W 23 Agriculture 1984-1991  2002-2006 14 1235 1476 250 020 0.84 2.98 0.05 —0.04 7.49
W24 Agriculture  1989-1995  2007-2015 0.1 1364 1345 387 028 1.01 2.78 0.06 —-0.09 251
W 25 Agriculture 1987-1991  2004-2008 0.2 1330 1169 404 030 1.14 3.10 0.08 —0.01 4.70
W 26 Agriculture  1994-2000  2002-2009 0.8 1338 1490 256 019 0.90 3.35 0.08 —-0.03 3.15
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The dynamic deviation values ranged between —0.12 and 0.16, representing the
vertical deviation of the warm period in relation to Budyko’s curve (after interannual
climate variability). Of all the watersheds, 16 had 4 < 0; 1 watershed had d = 0; and
9 watersheds had 4 > 0.

The elasticity values ranged from 0.94 to 8.22, considering the median as being equal
to 3.5; 13 watersheds showed values of ¢ < 3.5, having low resilience, while the other
13 showed values of e > 3.5, having high resilience (Table 3).

4. Discussion
4.1. Model Calibration and Validation

The calibration and validation of the hydrological model obtained the following
performance indicators: d equal to 0.75 (Willmott’s index of agreement—the higher its
value, the better the model’s performance); R? equal to 0.33 (coefficient of determination);
and RMSE of 0.08 (root mean square error). Several studies that used hydrological models
obtained, after calibration and validation, d ranging from 0.68 to 0.96, R? ranging from
0.29 to 0.99, and [34-40] values comparable to those found in our study.

4.2. “m” Values of Watersheds

The results showed that two key physiographic features influence the “m” value and
contribute to the water yield in the watersheds, and these characteristics can alter the water
and energy balance of the watershed. The characteristics found were elevation and stream
density. Elevation is an indicator of environmental conditions that can mainly affect the
temperature gradient [40], showing a positive effect on water yield [41]. The slope can
influence the soil water holding capacity and, consequently, the water residence time in the
soil [4,42]. Lower slopes can contribute to water yield [43], while more pronounced slopes
may cause significant changes in the flow [44]. The stream density is a key geomorphic char-
acteristic that provides insights into soil texture and infiltration capacity, which indicates
the extent of rivers (km) in the area of the watershed (km?), and it generally has low values
in regions with low permeability and flat relief [45]. Yildiz [46] found an increase in water
yield with an increase in stream density. In comparison to other studies, Abatzoglou [47]
found that precipitation seasonality, soil water holding capacity, topographic slope, and
the fraction of snowfall were correlated with Budyko’s framework parameter (“m” or “w”
value). In another study assessing global patterns of climate and land cover effects on
water yield, the results revealed a significant correlation between “m” values and forest
cover, watershed slope, and watershed area [4]. And several studies have demonstrated
strong correlations between “m” or “w” values and forest cover through the analysis of
hydrometeorological variations and vegetation dynamics [39,48-52].

4.3. Watershed'’s Hydrological Resilience

In this study, elasticity values ranged from 0.94 to 8.22. Similar values were found,
in the Eastern Mediterranean, with elasticity values ranging between 2.87 and 9.85, and
the findings suggest that forests growing under consistently dry conditions may develop a
range of hydrological and eco-physiological adaptations to drought, resulting in greater
hydrological resilience [22]. In another study conducted in the upper Hailar River Basin,
China, an elasticity value of 8.03 was reported; the analysis identified multiple factors
influencing elasticity, with the key hydrological drivers being those that contribute to certain
changes in evapotranspiration, including seasonal precipitation and eco-physiological
dynamics [53]. All of these studies considered elastic watersheds with ¢ > 1, and non-elastic
watersheds are those that have a value of e < 1. In this study, an elasticity threshold equal
to 3.5 was considered to represent more or less resilient watersheds, and not just represent
watersheds with or without hydrological resilience.

The results demonstrate watershed responses to a transition in a short period of
time from cold to warm conditions, providing a conceptual basis for understanding and
predicting how interannual climate variability can affect water yield according to the
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hydrological resilience of each watershed. Climate change can affect water yield in a
watershed [54], but not all ecosystems will respond uniformly, because climate change
varies geographically [55,56], and the type of vegetation, especially forests, can influence
the streamflow [57,58].

The 26 watersheds have, on average, 65% of predominantly agricultural land use
and 28% of forest area (including native and planted forests). In this study, the highest
values of elasticity were found in watersheds with a higher percentage of forest cover.
The same relationship was found in the study conducted by Creed [3], in which areas
with different types of forests showed greater hydrological resilience, and older forests
helped to minimize the effects of climate variations on evaporative rates. The main factors
that influence elasticity are hydrological and ecological mechanisms, which are part of the
physiographic features of watersheds and which involve the structure and composition of
vegetation and anthropic action [3]. The anthropic factor that affects elasticity is land use in
watersheds, such as agriculture and forests, and since water yield in the watershed tends
to decrease with warming, vegetation will respond through transpiration, according to the
evaporative demand of the system, being able to consume more or less water [59-61].

4.4. Study’s Limitation

We recognize that this study’s limitations may impact the inferences that can be drawn
from this study, but they may also provide opportunities for new research. According to
the multiple regression model of the physiographic features with the “m” values, there was
no statistically significant correlation with land use (forest cover, agriculture, urban area,
and NDVI), making it impossible to change (simulation) the “m” values from the change in
the predominant land uses in each watershed. The main limitation was the low variation
in forest cover in the 26 watersheds. Only 2 watersheds had more than 80% of forest cover;
the other 24 watersheds varied from 3 to 53%, with a gradient of 50% to 100% of native
forest cover missing. Several studies were able to find strong correlations between the
parameters of Budyko’s model with forest cover and NDVI, analyzing climatic variations
and vegetation dynamics, using watersheds ranging from 30% to 100% forest cover, in
order to quantify their effects on water yield in watersheds [39,48,49,51,52,62].

The sensitivity analysis showed that a smaller “m” value corresponds to a decrease
in the hydrological response sensitivity to alterations in precipitation (P) and potential
evapotranspiration (PET). This observation stands in contrast to the findings of Zhou [4],
whose study indicated that within highly humid environments (P/PET > 1), hydrological
responses exhibited minimal sensitivity to variations in the “m” value or the P/PET ratio.
Conversely, in environments characterized by extreme drought conditions (P/PET < 1),
their research revealed that lower “m” values were associated with an increased sensitivity
of the R/P ratio to changes in both “m” and P/PET. We recognize that all the watersheds
in this study are situated in humid environments (P/PET > 1); this limitation restricts the
generalizability of our results and underscores further investigations in watersheds with
more pronounced drought conditions.

4.5. Management Implications

According to the estimates of the population in Brazil, the population of the State of
Sao Paulo is around 46 million, approximately 22% of the total population of Brazil. These
people depend on water yield in watersheds, and the water supply will probably be affected
by climate change [54]. In addition to the effects of climate change, forest and agricultural
management activities can have significant consequences to the hydrological resilience of
watersheds [63]. Some studies indicate that the increase in forest cover may reduce water
yield in the watershed [64,65], but others suggest that there will be an increase in water
yield from the production of moisture carried out by evapotranspiration, consequently
contributing to cloud formation and precipitation [22,66]. In this study, it was possible to
verify that the higher the “m” value, the lower the R/P ratio, which means that watersheds
with higher “m” values have a low water yield, possibly due to physiographic features.
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The relationship between the “m” value and hydrological resilience of the 26 water-
sheds can be observed in Figure 5, using a threshold of e = 3.5 (median of the elasticity
values) and a threshold of m = 2.96 taken from the median of 26 watersheds. It is possible
to observe that the watersheds in red have low resilience and a high “m” value (m > 2.96);
in contrast, green watersheds are in a favorable situation, with high resilience and a low
“m” value (m < 2.96), which means that the physiographic characteristics of these water-
sheds contribute to the water yield. Meanwhile, yellow watersheds represent intermediate
situations, in which they have low resilience, but they also have a low “m” value (m < 2.96),
or they have greater resilience but a high “m” value (m > 2.96).

S
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Figure 5. Relationship of “m” values with hydrological resilience (elasticity) of the 26 watersheds. The
size of the circles represents the values of R/P (water yield coefficient). The red circles (I) represent
watersheds with e < 3.5 and m > 2.96; yellow circles (II and III) represent watersheds with e > 3.5
and m > 2.96 and e < 3.5 and m < 2.96; and green circles (IV) represent watersheds with e > 3.5 and
m < 2.96.

Budyko’s metrics and the hydrological model provide a direction to assist the conserva-
tion and management of water resources under conditions of interannual climate variability,
demonstrating important implications for understanding and predicting changes in water
resources. Figure 5 and Table 4 can be used to identify sensitive areas for water yield,
identified by quadrant I. These areas need greater attention in the management of water
resources since land use activities, such as deforestation, agriculture, pasture, and urban-
ization, can have significant consequences for water yield [3,4]. Researchers have shown
that in large watersheds, the change in forest cover has limited effects, no effect, or even
positive effects on water yield [67-70]; thus, it is important to consider the type of vegeta-
tion present in the watershed, especially forests, as factors that influence the hydrological
resilience and physiographic features of the soil [3,4]. Therefore, the addition of forest cover
through forest restoration can help hydrological processes, increasing moisture, carried
up by evapotranspiration and consequently contribute to precipitation [66], especially in
humid tropical areas like the southeastern region of Brazil. Most of the watersheds in
this study had P/PET values ranging from 0.8 to 1.4, and in these cases, the increase in
forest cover can reduce the temperature of the Earth’s surface and, consequently, decrease
potential evapotranspiration [67,70,71].
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Table 4. Description of the quadrants in Figure 5: watershed resilience, water availability, main
purpose, and limitations of increased forest cover.

Quadrant Watle:shed WateI: . Main Purpose of Increased Forest Cover Limitations of Increased Forest Cover
Resilience  Availability
-Restricted
I Low Low -Improve resilience and physiographic features ~ (However, could be increase diluted
over time)
. . . -Allows increase of <30% in the
I High Low -Improve physiographic features watershed area
I Low High ‘Improve resilience -Allows increase of >30% in the
watershed area
v High High -Improve flow regulation and water quality -Not restricted

5. Conclusions

The hydrological model on the local scale responded even with small variations
in the physiographic features of the watersheds, indicating the sensitiveness to these
variations, allowing for recommendations for management practices to be made. Flow
regionalization studies are normally used to grant rights to use water resources. However,
these studies are based on past observed values and do not consider the effect of land use
on water availability. Thus, models that consider the factors of global change are important
complements for the sustainable water management of watersheds. The combination of
“m” values and hydrological resilience contemplates the characteristic of water yield and
becomes a strategy to adapt to global changes, identifying regions that are more sensitive
to changes in climate and land use. Considering the change in land use with the removal or
introduction of forests as a potential modifier of the evapotranspiration process, the results
can assist in the definition of better strategies for the use of forests as mitigators of climate
change for the maintenance of water yield in watersheds. The results of this study provide
a basis to guide the planning of public policies aimed at water resources and to plan and
guide land use in watersheds.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/su16208910/s1, Figure S1: Model validation through the
relationship between predicted and observed values of R/P of the hydrological model. R? represents
the coefficient of determination, “d” represents Willmott’s index of agreement, and RMSE represents
the root mean square error; Figure S2: Relationship between “m” value and physiographic features
of the 26 watersheds; Figure S3: Diagnostic plots from linear regression analysis. The “Residuals
vs. Fitted” plot shows the residuals spread around a horizontal line, indicating that the model is
simulated in a way that meets the regression assumptions. The “Scale-Location” shows an almost
horizontal line with spread points. The “Normal Q-Q” shows that residuals are normally distributed.
The “Residuals vs. Leverage” shows that there is no influential case.
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