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Abstract

In recent years, human activities have impacted surface water and groundwater and their
interactions with natural water bodies. Lake Cuitzeo is one of Mexico’s most important
water bodies but has significantly reduced its flooded area in recent years. Previous studies
did not explicitly evaluate the combined effects of hydrological variables on lake dynam-
ics, limiting the understanding of how basin-scale processes influence lake-level. The
objective of this study is to evaluate the change in spatio-temporal patterns of hydro-
logical variables under climatic and anthropogenic stress in the Lake Cuitzeo endorheic
basin. The proposed methodology uses the SWAT model to analyze at the basin scale,
land use and land cover changes, and trends in precipitation and their effect on hydro-
logical processes. Consequently, groundwater flow interactions were assessed for the
first time for the Cuitzeo Lake Basin using an automatically coupled SWAT-MODFLOW
(v3, 2019), despite limited observational data. A statistically significant change in mean
precipitation was detected beginning in 2015, with a decrease of 10.22% compared to the
1973-2014 mean. Land use and land cover changes between 1997 and 2013 resulted in
a 26.20% increase in surface runoff. In contrast, estimated evapotranspiration decreased
by 1.77%, potentially associated with the reduction in forest cover. As a combined effect
of decreased precipitation and land use and land cover change, groundwater percolation
declined by 6.34%. Overall, the combined effects of climatic variables and anthropogenic
activities have altered lake-aquifer interaction.

Keywords: hydrological processes; surface water-groundwater interactions; water bodies;
mathematical modeling

1. Introduction

In recent years, water resources have been negatively affected in both quantity and
quality, encompassing rivers, lakes, and groundwater. The primary drivers of these adverse
changes are anthropogenic activities [1-3]. Key factors stemming from human actions
include the growth of urban centers, which increases the demand for drinking water
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and food. This demand leads to the expansion of agricultural areas that consume large
amounts of water and fertilizers. Consequently, these activities promote changes in land
use and land cover (LULC). Additionally, climate change and deforestation contribute to
extreme weather events. As a result, anthropogenic pressures and climatic variability alter
hydrological patterns.

Due to their interactions with both surface water and groundwater (SW-GW) sys-
tems, lakes are sensitive to the combined effects of anthropogenic pressures and climatic
variability. Consequently, their dynamics are driven by multiple factors, most notably
climatic variables (precipitation and temperature), LULC change, sediment transport, and
groundwater—surface water interactions [4-7].

As a climatic variable, precipitation exhibits spatial and temporal variability depending
on its origin, showing either global or localized patterns [8-10]. Furthermore, precipitation
varies annually and monthly, with different statistical characteristics. The annual precip-
itation series exhibits trend variations that can be categorized into normal, dry, or wet
sequences [11-13]. However, changes or anomalies within a time series can affect these
statistical characteristics. Consequently, several studies apply graphical and statistical
analyses to identify potentially atypical values or change points [14,15].

The lake-aquifer connection is defined by the relationship between the lake’s water
level and the elevation of the water table, as well as the geohydrological characteristics
(GHCs). However, assessing the water table in the aquifer is challenging, as it is closely
linked to calculating percolation and recharge, variables that have the highest level of
uncertainty in quantification [16,17]. Moreover, research indicates that the recharge entering
the aquifer can be delayed by days, months, or even years, depending on the soil properties,
geological composition, and the depth of the water table [18,19].

In recent years, hydrological models have been widely used as tools to assess the effects
of climatic and anthropogenic stresses on hydrological patterns, particularly LULC change
and climate change [20-24]. These models provide insights into the relationship between
soil variables (e.g., slope, LULC, and soil type) and climatic variables (e.g., precipitation and
temperature) for estimating water percolating into the unsaturated zone and quantifying
surface runoff. Therefore, several studies have used hydrological models to estimate
percolation and groundwater recharge to be used as input information for groundwater
flow models [25,26], emphasizing the importance of the basin as a fundamental unit for
water resource management [27,28].

This manual coupling of models (a hydrological and a groundwater flow model) has
the main advantage of providing a spatially and temporally distributed representation
of recharge, calculated from precipitation, to the groundwater model. However, these
approaches assume no interactions between groundwater flow and rivers or lakes [29].
Nevertheless, hydrological processes in endorheic basins are inherently more complex
due to their closed drainage conditions and interactions between SW-GW [30-33]. Conse-
quently, integrated modeling approaches have been presented frequently in recent years,
as they allow establishing key relationships between surface water and groundwater
(SW-GW) interactions, such as spatiotemporal recharge processes, bidirectional stream—
aquifer exchanges, groundwater contributions to baseflow, and the influence of groundwa-
ter levels on surface hydrological responses [34-38].

The SWAT-MODFLOW model (v3, 2019) [39] enables evaluation of SW-GW interac-
tions through a coupled hydrological system. This coupled model combines the SWAT
model [40], a widely used, basin-scale, physically based hydrological model [41-43], with
the MODFLOW-NWT model (v.1.3.0, 2022) [44], which is a prominent groundwater flow
model that has undergone multiple versions since its creation in 1988 [45]. The two models
interact by using percolation data calculated from SWAT, which is linked to each cell in
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MODFLOW as input data. Additionally, the exchange fluxes between cells defined as
streams can be estimated.

Lake Cuitzeo (LC), the second-largest water body in Mexico, is located in the central-
western region of the country. It is a shallow water body that regionally collects the
discharges from the basin and the aquifer, playing a critical role in environmental services
in the area. Mendoza et al. [46] reported that from 1975 to 2000, LC’s area decreased by
15%, falling from 346 to 300 km?Z. However, in recent years, the lake has reduced its flooded
area and experienced lower water levels [47]. Research on the LC has focused on climatic
variables and LULC change within the watershed [46,48,49]. In 2023, Correa-Gonzélez et al.
conducted a comprehensive analysis of the SW-GW system in Lake Cuitzeo Basin (LCB)
through a manual coupling of SWAT-MODFLOW), calculating a groundwater recharge of
182 hm3 per year. However, these studies did not explicitly evaluate the combined effects
of SW-GW hydrological variables on lake dynamics, limiting the understanding of how
basin-scale processes influence lake-level. For this reason, proposes a methodology for
endorheic basins based on the spatio-temporal analysis of surface and subsurface hydrolog-
ical variables to evaluate changes in hydrological patterns under climatic variability and
anthropogenic pressures. The approach aims to identify the main basin-scale processes con-
trolling lake storage dynamics, particularly under data-scarce conditions. The methodology
proposes an automatically coupled SWAT-MODFLOW at the basin—aquifer scale to analyze
how precipitation and LULC change affect hydrological processes (evapotranspiration,
surface runoff, percolation, groundwater recharge, and groundwater flow). This study also
evaluates, for the first time, the connections between the lake and the groundwater level
despite limited data. This approach provides a more robust evaluation of hydrological
pattern changes and contributes to identifying the factors that influence the decline in LC.

2. Materials and Methods
2.1. Study Area

The LCB is an endorheic basin covering an area of 4000 km?. The maximum flooded
area is 353.95 km?2, which accounts for 8.98% of the total basin area. According to
CONAGUA [50], the mean annual precipitation is 797 mm, and the average tempera-
ture is 17.4 °C. The highest surface runoff in the basin occurs from southwest to northeast,
flowing towards LC, with the mainstream being the Grande River of Morelia. Elevations in
the area exceed 3000 m above sea level (masl), while the plains near LC have elevations
around 1830 masl (Figure 1). The predominant LULC in the basin is agriculture, with irri-
gated farming concentrated in the plains near the lake and seasonal agriculture distributed
throughout the region.

The LCB recharges the Morelia-Queréndaro aquifer (MQA), which has a surface area
of 3507 km?. There are approximately 963 extraction wells and 23 springs discharging
within the MQA. The average annual water extraction from the aquifer is 160.1 million
cubic meters, primarily for urban and agricultural purposes [51].

The MQA is characterized by its heterogeneity and anisotropy, predominantly func-
tioning as an unconfined aquifer with localized semi-confined conditions attributed to
clay accumulations near LC. The area is dominated by extrusive igneous rocks found
in the higher altitude zones, with basaltic materials comprising 34.15%, tuff 16.82%, and
andesite 7.41%. In the plains near the lake, lacustrine and alluvial deposits are predominant,
representing 9.02% and 8.13%, respectively. Breccia, volcaniclastic material, rhyolite, dacite,
siltstone, and conglomerate are also present, each making up less than 5% of the area
(Figure 2).
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Figure 1. Location of the Lake Cuitzeo Basin and the Morelia-Queréndaro aquifer.
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Figure 2. Geology of the Morelia-Queréndaro aquifer.

2.2. Methodology

This study presents a methodology for evaluating changes in hydrological patterns in
the LCB using coupled SWAT-MODFLOW (v3, 2019) modeling (Figure 3). The analysis
focuses on monthly hydrological variables at a basin scale, including precipitation, surface

runoff, evapotranspiration, percolation, recharge, and groundwater flow. First, the SWAT

model (v2012) is used to model and calibrate two periods of georeferenced LULC data
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to evaluate LULC changes. Basin-scale precipitation estimated by SWAT is examined to
identify and validate change points and trends within the time series using the cumulative
sum (CUSUM) test and the Mann—Kendall (M-K) test to assess the statistical significance of
any identified trends. Once change points are detected, the annual precipitation series is
visually analyzed for potential anomalies, and Student’s t-test is employed to determine
whether the mean differences between the identified periods are statistically significant.
This integrated analysis allows assessing how LULC changes, and precipitation jointly
influence surface runoff, evapotranspiration, and percolation. In the second stage, the
MODFLOW-NWT (v.1.3.0, 2022) groundwater flow model is implemented through Model
Muse [52]. Subsequently, the groundwater model is integrated and calibrated into the
coupled SWAT-MODFLOW model.

Inputdata
Geohydrological characteristics, pumping rates,
lake levels, and stream network
(RCH, WEL, RIV, and CHD packages)
p P
( Input dat
R ogte MODFLOW
Precipitation, temperature, soil type, DEM, and
land use, and land cover GROUNDWATER FLOW
. /
Inputdata | '
7
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SURFACE HYDROLOGICAL BALANCE SW-GW INTERACTIONS
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HYDROLOGICAL
l PATTERN CHANGES HYDROLOGICAL PATTERN CHANGES
Surface runoff, Groundwater recharge and
ANALYSIS OF CHANGING POINTS AND TRENDS evapotranspiration, groundwaterTlow
percolation
CUSUM, M-K, and t-Student tests

Figure 3. Methodology for the analysis of hydrological pattern changes in basin-aquifer interactions.

2.2.1. SWAT Model

The SWAT model is a physically based, sub-aggregated hydrological model that
calculates the daily surface water balance through Hydrological Response Units (HRUs).
The water balance is determined using the following equation [53]:

t
SWi = SWo + Y (Rany — Quury — Ea = Weeep — Qo) (1)
i=1

where SW; is the final soil water content (mm), SW is the initial soil water content on day
i (mm), ¢ is the time (days), Ry, is the amount of precipitation on day 7 (mm), Qs is the
amount of surface runoff on day i (mm), E, is the amount of evapotranspiration on day
i (mm), Weep is the amount of water entering the vadose zone of the soil profile on day
i (mm), and Qg is the amount of return flow on day i (mm).

2.2.2. MODFLOW Model

MODFLOW-NWT uses a Newton-based linearization approach to simulate three-
dimensional groundwater flow based on the solution variables of MODFLOW-2005. The
following equation illustrates its symbolic form:

]<hn71)hn — Rnfl —I—](hnil)hnil (2)
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where nn and n — 1 are the nonlinear iteration counters for the current and previous iterations,
respectively, ] is the Jacobian matrix, /" ~! is the groundwater height at iterations n and
n — 1, and R is the residual vector that represents the cell-by-cell errors in the water balance.
R is calculated by adding all the inputs and outputs of each cell.

2.2.3. SWAT-MODFLOW Model

The SWAT-MODFLOW model integrates the SWAT 2012 model with MODFLOW-
NWT [44]. This integration between the two models is accomplished by disaggregating
HRUs into individual polygons. These disaggregated HRUs (dHRUs) intersect with the
grid cells of MODFLOW-NWT, allowing for the exchange of variables between SWAT and
MODFLOW. The interactions between groundwater flow and streams are calculated using
the river package in MODFLOW.

2.2.4. Cumulative Sum Test

The CUSUM test is a widely used non-parametric sequential graphical method for
identifying change points in precipitation series [54,55]. The CUSUM test detects change
points by analyzing the cumulative sum of deviation O;-O,,, where O; is the value at index
i of the observed series and Oy, is the mean of the observed series. An increasing sequence
indicates a wet period (above the mean), while a decreasing sequence indicates a dry period
(below the mean). A sequence that fluctuates around the mean is considered normal.

2.2.5. Mann—-Kendall Test

The M-K test is a non-parametric method used to identify statistically significant
trends in climatic and hydrologic time series data [56-58]. The M-K test is calculated

as follows:
n=1l n +1 (xf B xi) >0
S=1Y Y sign(xj—ux;),sign(xj—x)=0 (xj—x)=0 (3)
i=1 j=i+1 -1 (xj—x) <0
S+1
== _ 4
Var(S)"? @

Z is used to evaluate the presence of trends. A positive Z value indicates an increasing
trend, while a negative Z value suggests a decreasing trend. If | Z| < 1.96, there is no
statistical evidence of a trend at the 95% confidence level. Additionally, if the p-value > 0.05,
the null hypothesis (Hp), which states that there is no significant trend, is not rejected.

2.2.6. Student’s t-Test

Student’s t-test is a parametric test used to determine whether a precipitation time
series reveals a statistically significant change between two time periods [59-61].

_ |m %

t ®)
Si/a+
1 2 —1 2
S = \/(”1 + )S1ntgnz )s2 ©)

where x; and x; are the calculated means of the first and second periods, while s;? and
s,2 are the variances for each period. Additionally, 1 and 1, are the number of values
in each subseries. The critical values for this test are obtained from Student’s ¢-test using

n — 2 degrees of freedom and a significance level of 5%.
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2.2.7. Model Calibration

The calibration of the surface hydrological model is based on statistical metrics com-
monly used in hydrological models [62]. These parameters include the coefficient of
determination (R?; Equation (7)), the Nash-Sutcliffe efficiency index (NSE; Equation (8)),
and percentage bias (PBIAS; Equation (9)).

The calibration of the groundwater flow model is performed using the percolation data
calculated from the SWAT model. Based on this recharge, the hydrogeological parameters
of the groundwater model are adjusted using the mean absolute error (M AE; Equation (10))
and root mean square error (RMSE; Equation (11)).

2
R2 — Yie1(0; = Om)(S; — Sm) )
VIt (0, — 0m)* (S, — 5u)?
(0, =S
NSE =1 == 5 (8)
iz1(O; = Om)
XL 0i-S;
PBIAS = o x 100 9)
n . G.
MAE = # (10)
(0= S)°
RMSE = 1_17 (11)

where O; is the value at index i of the observed series, Oy, is the mean of the observed
series, S; is the value at index i of the simulated series, S, is the mean of the simulated
series, and n is the number of values present in the observed and/or simulated series.

2.3. SWAT Application

The configuration of the sub-basin model was developed using a digital elevation
model (DEM) in raster format with a pixel resolution of 200 m. Georeferenced data on
LULC and soil types were incorporated using the same characteristics as the DEM. The
modeling period spans from 1973 to 2020, with a monthly time step. A total of two hydro-
metric stations (HS) and ten climatological stations were utilized (Figure 4a). Streamflow
data were obtained from BANDAS [63], while the precipitation and temperature series
were extracted from CICLOM [64] and SMN [65]. The distribution of soil types in the
watershed is illustrated in Figure 4b. The assessment of LULC change was conducted using
georeferenced geographic data from 1997 and 2013. The georeferenced data for the DEM,
soil types, and LULCs were sourced from INEGI [66]. The reclassification of LULC was
performed according to the database within the SWAT program. The basin includes ten
LULCs: agricultural, water, non-forested wetlands, residential, evergreen forest, deciduous
forest, mixed forest, grassland range, barren land, and brush range (Figure 4c,d). Based on
the DEM, slope, LULC, and soil type, 51 sub-basins were created, resulting in 543 HRUs
for 1997 and 505 HRUs for 2013. Evapotranspiration was calculated using the Hargreaves
method [67].

2.4. SWAT-MODFLOW Application

The characterization and boundary conditions of the aquifer were defined both spa-
tially and temporally. The aquifer was discretized into 2000 x 2000 m cells as a single
unconfined layer, with top and bottom elevations based on the DEM and a total thickness
of 300 m. The bottom and lateral boundary conditions were set as no-flow boundaries. The
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inputs and outputs considered within the aquifer included recharge (RCH), groundwater
extraction (WEL), water exchange with rivers (RIV), and constant head boundary condition
cells (CHD).
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Figure 4. (a) Digital Elevation Model (DEM) and the locations of hydrometeorological stations;
(b) soil type; (c) land use for 1997; and (d) land use for 2013. The categories are as follows: Wetlands-
Non-Forested (WETN), Agricultural (AGRL), Residential (URBN), Water (WATR), Range-Grasses
(RNGE), Range-Brush (RNGB), Forest-Deciduous (FRSD), Forest-Evergreen (FRSE), Forest-Mixed
(FRST), and Barren (BARR).

Figure 5 illustrates the model configuration in SWAT-MODFLOW. Observation points,
pumping rates, the stream network, and LC are shown in Figure 5a. The GHCs were
proposed according to the aquifer’s geology (Figure 5b). The stream network and LC
discretization are depicted in Figure 5c. LC was discretized using 92 cells, with elevations
assigned based on the DEM, resulting in a mean elevation of 1823.16 masl. The stream net-
work used in MODFLOW was also discretized and generated within SWAT. Groundwater
extraction was assumed to be constant over time, with an annual total of 181.07 hm3. The
pumping rates for each model cell are provided in Figure Alb in Appendix A.

The coupling of the SW-GW system models was carried out automatically through the
SWAT-MODFLOW interface for QGIS [35,68]. The spatial discretization of the recharge is
also detailed in Figure Ala in Appendix A. The percolation rate calculated using the SWAT
model is 158.94 hm3 per year, and was applied to two zones according to CONAGUA [69]:
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Zone 1 is located in the lacustrine plain, while Zone 2 is located in the upper areas of the
basin, where the GHCs are characterized by extrusive igneous rocks (Figure 5d).
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Figure 5. Model configuration in SWAT-MODFLOW. (a) Groundwater observation points, pumping
rates, stream network, and Lake Cuitzeo; (b) geology unit discretization; (c) stream network and
Lake Cuitzeo discretization; and (d) recharge zone.

2.5. Calibration of Models

The simulated period was carried out from 1970 to 2020, including a three-year warm-
up period from 1970 to 1972. The model was calibrated using the 1997 LULC dataset and
validated using the 2013 LULC dataset within the SWAT framework. Consequently, the
same set of calibrated parameter values was applied to both LULC scenarios. Table A1l
in the Appendix A presents the parameter ranges and calibrated values for each LULC
condition. Table 1 presents the adjustment achieved for the two LULC data (1997 and 2013)
using SWAT and SWAT-MODFLOW. The calibration in both LULC data utilizes observed
data from two HS. At HS1, the observed streamflow measured 2.36 m3/s. However, all
three models underestimated this flow, with predicted values of 2.01, 2.11, and 2.05 m3/s.
R? for the three models is approximately 0.57. NSE demonstrates the best fit in the coupled
SWAT-MODFLOW model, with a value of 0.55. PBIAS ranges from 5.96 to 14.92. In the case
of HS2, the mean stream flow is 4.60 m3/s. In contrast, the three simulations overestimate
this flow with predictions of 4.96, 5.02, and 6.20 m?/s. The R? remains ~0.5 for all three
models, and the NSE values range from 0.39 to 0.25. The coupled model exhibits the highest
PBIAS at 34.59.
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Table 1. Comparison of monthly mean streamflow and statistical metrics.
Streamflow
LULC/Model Station Period oMm.! S.M.1 R2? NSE PBIAS
m®/s m3/s
LULC 1997 /SWAT HS1 1973-2002 2.36 2.01 0.57 0.49 14.92
Calibration HS2 1973-1984 4.60 4.96 0.49 0.39 —7.73
LULC 2013/SWAT HS1 1973-2002 2.36 211 0.57 0.25 5.96
Validation HS2 1973-1984 4.60 5.02 0.51 0.39 —8.96
HS1 1973-2002 2.36 2.05 0.57 0.55 12.86
LULC2013/SWATMODELOW ey 19731984 4.60 620 049 025  —3459
! Observed monthly mean (O.M.), simulated monthly mean (S.M.).
Figure 6 compares the streamflow at the HSs used for model calibration in the SWAT-
MODFLOW for the 2013 LULC data. HS1 presents a base flow of approximately 0.5 m?/s
during the early years of the observed series, which decreases over time. The simulated
streamflow maintains this base flow throughout the modeling period. However, the direct
flow is underestimated. In contrast, at HS2, the model overestimates both the base flow
and the direct flow.
(a) 20
~—Observed ~ — Simulated
@ 15
E
3
E
g
7]

(k)

45

30

Streamflow (m?¥/s)

1111973
MN9T7 [~
11978 |£

Figure 6. Streamflow calibration in SWAT-MODFLOW. Comparison of observed and simulated
stream flow series: (a) HS1 from 1973-2002, and (b) HS2 from 1973-1984.

Groundwater model calibration was performed using data from 12 groundwater obser-
vation points (GOP) located in different geological units within the MQA, with information
available for the years 2008 and 2017. Table 2 presents the observed and simulated water
table levels along with the adjustments made in the GOP. Model performance was assessed
using statistical adjustment metrics, MAE and RMSE, calculated for each geological unit.
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The MAE varied between 4.15 and 24.03 m, while the RMSE ranged from 5.29 to 24.60 m.
The best model fit was achieved in the lacustrine deposits, whereas the lowest fit was
observed in the basaltic unit. In most GOP, the water table levels are underestimation.
Conversely, in 2017, the model overestimated water table levels, except at the groundwater
observation points located in the basalt unit. The distribution of calibrated GHCs can be
found in Figure A2 in Appendix A.

Table 2. Comparison simulated and observed water table level by geological units and statistical metrics.

Geolosical Water Table Level (2008) Water Table Level (2017)

eologica

Unfi;t Observed Simulated Observed Simulated MAE ! (m) RMSE ! (m)
(masl) (masl) (masl) (masl)

Volcanoclastic 1851.85 1824.4 1803.45 1807.02 24.03 24.60
Alluvial 1835.45 1833.50 1825.71 1833.20 14.27 17.83
Acid tuff 1837.38 1834.62 1824.70 1833.24 5.66 6.35

Lacustrine 1836.18 1833.10 1832.03 1832.24 4.15 5.29
Basalt 1947.00 1948.67 1995.00 2013.17 7.33 10.69
1 Mean a® Absolute error (MAE), root mean square error (RMSE).

Figure 7 illustrates both observed and simulated water table levels, with a trend
showing an R? greater than 0.92. In 2008, most observation wells presented a water table
level between 1857 and 1832 masl, except for those located in the basaltic rock, which
exhibited levels of 2017 and 1877 masl. However, in 2017, most observation wells recorded
lower water table levels, with water table levels shifting between 1788 and 1838 masl. The
well located in the basaltic unit recorded a decrease of 27 m, resulting in a water table level
of 1995 masl.

(a) 2050 (b) 2050

_— , —_— .
% 2000 | R?=0.9378 3 2000 1 R?=0.9238
e =
% 1950 - % 1950 1
D @
] 3
< 1900 - < 1900 -
2 . 2
© ]
= =
3 1850 1 9 1850
E 90“ E * '.’
: : E o] o0
= 1800 - & 1800 1
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Observed water table level (masl)

Observed water table level (masl)

Figure 7. Observed and simulated water table levels for (a) 2008 and (b) 2017.

3. Results
3.1. Precipitation

From 1973 to 2020, the mean precipitation was 854.40 mm per year, as calculated using
SWAT-MODFLOW (later presented in Table 6). The M-K test was applied to the entire time
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series to evaluate the presence of a monotonic trend alongside the CUSUM test, which
identified five distinct periods (Table 3). The analysis revealed that the complete series
from 1973 to 2020, as well as four out of the six periods analyzed (1973 to 1981, 1982 to
1990, 1991 to 1998, and 1999 to 2007), did not show a significant trend, indicating a normal
variability range. However, a statistically significant dry period was observed from 2008 to
2020. The graphical analysis of the annual precipitation time series, using the CUSUM test,
is shown in Figure A3a in Appendix A.

Table 3. Dry and wet sequences determined by the M-K test with a significance level of 0.05.

Period S V4 p-Value Trend Sequence
1973-2020 34 0.293 0.769 No significant N-S!
1973-1981 8 0.730 0.466 No significant N-S!
1982-1990 4 0.313 0.755 No significant N-S!
1991-1998 —6 —0.620 0.536 No significant N-S!
1999-2007 9 0.716 0.474 No significant N-S!
2008-2020 —40 —2.380 0.017 Significant downward D-S!

! Normal sequence (N-S), dry sequence (D-S).

Additionally, Student’s t-test was applied over the same period as the MK test, as
well as over another period determined from the monthly precipitation time series (see
Figure A3b in the Appendix A). This analysis indicated a significant change in mean
precipitation during two couple of periods: from 1982 to 1990 compared to 1991 to 1998,
and from 2008 to 2014 compared to 2015 to 2020 (Table 4). While a difference in the mean
precipitation was observed between the periods 1982 to 1990 and 1991 to 1998, both the
M-K test and CUSUM test suggested that the series remained within the normal variability
range, with no clear evidence of a structural change.

Table 4. Change in mean precipitation according to Student’s ¢-test for n — 2 degrees of freedom.

Period 1 Mean 1 Period 2 Mean2 T-Value "(l"‘;(?_rl(:lg;} Significance
1973-1981 852.69 1982-1990 785.59 1.41 1.75 No
1982-1990 785.59 1991-1998 901.45 2.3 1.75 Yes
1991-1998 901.45 1999-2007 903.19 0.14 0.14 No
1999-2007 903.19 2008-2020 840.90 1.45 1.72 No

200820141  906.89 20152020  762.16 3.25 1.8 Yes

! Change in the mean identified by graphical analysis (Figure A3b in Appendix A).

Figure 8 illustrates the spatial distribution of annual precipitation for the period
from 1973 to 2007, which had an average annual precipitation of 863.96 mm. This period
exhibited two distinct zones of precipitation: lower values, ranging from 678 to 834 mm
per year, were found in the lacustrine plain, while higher values from 834 to 1252 mm per
year were recorded in the highlands in the southwest of the basin.

The spatial analysis of annual precipitation trends is conducted over two periods:
1973 to 2007 and 2008 to 2020. During the first period, two trend zones are identified: an
increasing trend and a non-significant trend. The non-significant trend is associated with
the lowest precipitation zones of the basin, while the highest precipitation zones correspond
to the increasing trend. However, during the period from 2008 to 2020, the trend shifts
from increasing to decreasing, indicating a dry period (Figure 9a,b).
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Figure 8. Mean annual precipitation from 1973 to 2007.
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Figure 9. Trends analyzed by the M-K test for: (a) 1973 to 2007, and (b) 2008 to 2020. Changes in the
mean annual precipitation are assessed using Student’s t-test. Changes in mean compared to the
period from 1973 to 2007 are shown for: (c) 2008 to 2014, and (d) 2015 to 2020.
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Further analysis of the mean precipitation reveals an interesting change in 2015.
Consequently, the spatial analysis of precipitation is divided into three periods: 1973 to
2007, 2008 to 2014, and 2015 to 2020 (Figure 9¢,d). Precipitation anomalies are compared
against the spatial distribution for the 1973 to 2007 period (Figure 8). In the western zone,
precipitation increases by up to 155 mm per year, while in the eastern zone, it decreases by
115 mm per year. After 2008, the changes in precipitation align with the decreasing trend
zone, showing lower anomalies of 397 mm per year, which represents a 46% reduction
compared to the basin’s average annual value of 863.96 mm. Starting in 2008, a dry period
with a statistically significant downward trend emerged. In addition, within this period, a
statistical change in the mean precipitation occurred beginning in 2015, showing a decrease
of 10.22% compared with the mean from 1973 to 2014. Notably, this decrease is concentrated
in the area with the highest precipitation within the basin.

3.2. Land Use and Land Cover Change

The primary LULC (for the year 1997) in the watershed is agriculture, which accounts
for approximately 39.79% and 43.09% of the aquifer area. The second most prevalent LULC
is forest, encompassing deciduous, evergreen, and mixed forests, which make up about
21.56% to 23.1% of the area. Brush and range grasses are also significant, representing 20.7%
t0 23.95%. Other LULCs include water bodies (9%), urban areas (2.31% to 5.61%), wetlands
(0.35% to 1.67%), and barren land (<1%), which make up lower percentages. Between 1997
and 2013, the most notable changes in LULC were observed in urban areas, agriculture,
and evergreen forests, which each increased by 3.29% and evergreen forests by 5.76%. In
contrast, mixed forests decreased by 6.69%, and grass pastures declined by 3.19%. Changes
in other LULCs were generally less than 1% (Table 5).

Table 5. Land use and land cover distribution in LCB for 1997 and 2013.

LULC 1997 km? 2013 km? 1997% 2013% % Change
WETN 65.37 13.76 1.67 0.35 -1.32
AGRL 1559.13 1688.48 39.79 43.09 +3.30
URBN 90.66 219.62 2.31 5.61 +3.29
WATR 359.70 340.04 9.18 8.68 —0.50
RNGE 481.73 356.73 12.29 9.10 -3.19
RNGB 456.73 454.38 11.66 11.60 —0.06
FRSD 336.59 312.56 8.59 7.98 —0.61
FRSE 73.16 298.76 1.87 7.63 +5.76
FRST 495.08 233.18 12.64 5.95 —6.68
BARR 0.00 0.64 0.00 0.02 +0.02

3.3. Changes i3.3 Change in Evapotranspiration, Surface Runoff, and Percolation

The LULC change calculated in 2013 relative to 1997 resulted in a 26.20% increase in
surface runoff. In construct, estimated evapotranspiration decreased by 1.77% (possibly
induced by the decrease in forestry cover), and percolation declined by 6.34%. The hydro-
logical balance, calculated for the 2013 LULC, applying SWAT-MODFLOW, shows only
a small difference in magnitude compared to SWAT (Table 6). An uncertainty and error
assessment of recharge estimates from observed and simulated surface runoff is presented
in Table A2 in the Appendix A.

Figure 10 illustrates the temporal distribution of precipitation, surface runoff, evapo-
transpiration, and percolation. A decrease in precipitation during the period from 2015 to
2020 led to a significant 47.60% reduction in surface runoff, a 2.78% decrease in evapotran-
spiration, and a 36.02% decrease in percolation when using the 1997 LULC.
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Table 6. Comparison of the effect of the land use change on the hydrological balance of the basin.

Simulated Precipitation Surface Runoff Evapotranspiration Percolation
LULC/Model Period (mm) (mm) (mm) (mm)
LULC 1997 /SWAT 1973-2007 863.96 43.22 704.22 43.24
LULC 2013/SWAT 2008-2020 840.09 54.54 691.70 40.50
LULC 2013/SWAT-MODFLOW  1973-2020 854.40 55.36 693.30 45.32
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(wuw) youns aoepNg / uoNe|0DIad
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Figure 10. Temporal distribution of precipitation, evapotranspiration, runoff, and percolation. This
figure compares LULC in 1997 for the period from 1973 to 2007, with LULC in 2013 for the pe-
riod from 2008 to 2020. Precipitation (Prec), evapotranspiration (Et), surface runoff (Run), and
percolation (Perc).

Evapotranspiration values range from 250 to 891 mm per year (for both LULC data),
with the highest levels occurring in the southwestern part of the basin, where the com-
bination of forest and agricultural is at its peak. Conversely, there is a decrease in these
values in the central-eastern zone of the basin, largely due to the increase in urban land.
In the lake plain area, evapotranspiration exhibits an increase in the eastern section and a
relatively small decrease in the western section, with intervals falling between 559 and 656,
and 656 and 693 mm per year (Figure 11a,b).

Surface runoff and percolation display a similar spatial pattern, closely linked to
the distribution of precipitation. The highest values in the basin are found in the upper
southwestern region, while the lowest values are located in the lower lakes and southeastern
areas. In addition, both variables show a decrease in sub-basins experiencing dry periods,
particularly in the mean values from 2015 to 2020. Notably, an increase in runoff has been
observed mainly in urban areas (Figure 11c—f).

3.4. Groundwater Flow

The highest percolation rates are observed in two primary areas: the southwestern
zone and the northern region of the lake. However, the findings indicate that only a
portion of this percolation contributes to immediate recharge. In Zone 1, it is assumed
that recharge to the aquifer occurs exclusively through percolation. However, in Zone 2,
located in the higher altitude area of the basin where basalts and andesites are prevalent,
percolation is delayed due to the greater depth of the water table compared to the rest of
the MQA. To account for this delay, the groundwater delay time coefficient is applied in
the SWAT-MODFLOW model.

Figure 12a—d illustrate the water table levels at the beginning of the modeling period
(after the warm-up in 1973), as well as in 1980, 1990, and after the simulation in 2020.
The water table levels range from 1557 to 3080 masl, with the elevation near the lake
approximately 1820 masl. In 1973, groundwater movement was primarily parallel to the
basin’s topography, flowing towards the lake. However, by 1980, a drawdown in the water
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table was evident both in the northern and southern parts of the basin, which became

more noticeable by 1990, probably due to an associated increase in agricultural and urban
activities. In 2020, the water table rose to 1557.31 masl in the urban zone and 1606 masl in
the northern portion of the basin. This drawdown in the water table has led to changes in
the regional dynamics of groundwater flow.
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Figure 11. Spatial distribution of evapotranspiration (a,b), percolation (c,d), and surface runoff
(e,f) for the periods 1973 to 2007 (left) and 2008 to 2020 (right). In the simulation, land use for 1997
was applied for 1973 to 2007, and land use for 2013 was applied for 2008 to 2020.
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Figure 12. Simulated water table levels for the years (a) 1973, (b) 1980, (c) 1990, (d) 2010, and (e) 2020.

4. Discussion

This paper proposes a methodology for endorheic basins based on the spatio-temporal
analysis of surface and subsurface hydrological variables to evaluate changes in hydrologi-
cal patterns under climatic variability and anthropogenic pressures. The approach aims
to identify the main basin-scale processes controlling lake storage dynamics, particularly
under data-scarce conditions. This study provides a quantitative evaluation of the spatio-
temporal pattern changes in the Lake Cuitzeo Basin through coupled SWAT-MODFLOW
modeling. Mathematical modeling is an essential tool in understanding SW-GW systems.
In recent years, the integration of SW-GW models has facilitated an integrated assessment
of hydrological basins such as groundwater recharge and river-aquifer interactions [70,71].
The SWAT model has been widely applied globally for tasks such as calculating recharge,
managing agricultural practices, and analyzing LULC changes [72-76]. Similarly, the
MODFLOW model is one of the most commonly used models for GW systems analysis

https:/ /doi.org/10.3390/hydrology13010041


https://doi.org/10.3390/hydrology13010041

Hydrology 2026, 13, 41

18 of 27

worldwide [77-79]. Therefore, the coupling of SWAT and SWAT-MODFLOW enables the
evaluation of various SW-GW system interactions [80,81].

The implementation of a robust mathematical model to assess various SW-GW in-
teractions through the coupling of SWAT and SWAT-MODFLOW involves adjusting the
statistical metrics used in mathematical models. Although limited data hindered a more
precise calibration of the statistical metrics, the results are comparable to several stud-
ies that utilized the SWAT model [82,83] and the MODFLOW model [84,85] indepen-
dently, but with the benefit of the use of an integrated and coupled hydrological model
in SWAT-MODFLOW.

The relationship between the flooded area of LC and climatic variables has been
established in previous studies [86]. According to this study, the precipitation time series
indicates dry periods between 1940 and 1960, 1980 and 1990, and 1995 and 2000, which
correspond to reductions in lake area observed in 1942, 1946, and 1962. In 1986, the LC
area decreased by about 16% to 251 km?, coinciding with the lowering of the water table
observed since 1980, driven by reduced precipitation and increased groundwater pumping.
In 2022, several media outlets reported that nearly 70% of Lake Cuitzeo had dried up as a
result of extreme drought conditions [87]. Therefore, based on the aforementioned studies,
a relationship can be established with the decrease in basin-scale precipitation observed
since 2015. Hernandez-Bedolla et al. [88] predict that climate change will lead to a 23%
decrease in surface runoff and an 11.4% decrease in recharge in the southwestern region
(Grande River of Morelia sub-basin) between 2015 and 2039. This decrease is attributed to
a decline in mean annual precipitation ranging from 11.8% to 14.8%. In the current study, a
similar decrease in precipitation of 10.22% was observed for the period from 2015 to 2020.
However, due to the spatial distribution of precipitation, this corresponds to reductions of
47.60% in surface runoff and 36.02% in percolation.

The LCB is predominantly composed of agricultural soils, forests, and pastures.
Changes in LULC within the LCB have been analyzed using satellite images from 1975 to
2000, with specific examinations in 1975, 1986, 1996, 2000, and 2003 [46,89]. There was a
slight increase in infiltration areas during the 1975 to 2000 period, while the most significant
LULC changes occurred between 1986 and 1996 (analyzed from 1975 to 2003). Following
the devastating 1985 earthquake in Mexico City, substantial urban growth was recorded in
Morelia, leading to a doubling of the urbanized percentage area in the basin [89].

In previous studies, the calculated mean annual values of percolation and recharge
were found to be similar to those obtained in this work using the SWAT model, which
showed a mean value of 161.39 hm?. Other studies reported mean values of 182 hm? [90]
and 169.672 hm?® [91]. The difference in percolation calculated between the two land
uses was 9.59 hm?, with the 2013 LULC showing a higher value. These results align
with Mendoza [46] who noted that areas with greater infiltration increased from 1975
to 2000. However, with the implementation of the coupled SWAT-MODFLOW model,
a distinction can be made between percolation (the amount of water infiltrating from
the deeper soil layer) and actual groundwater recharge (the amount of water effectively
entering the aquifer). This distinction is due to the GHCs of the unalerted igneous rocks
(basalt, andesite, and tuff) found in the topographically high areas of the southwest basin.
The recharge zone coincides with the findings of CONAGUA [50], which calculated a mean
annual percolation of 160.1 hm?, based on a hydrological water balance in a portion of the
aquifer near the lake (2030 km?).

The GHCs of basalt are complex and understudied in the MQA. Several studies
have indicated that primary porosity in basalts is not significant due to its low values,
which raises concerns about the sustainability of this type of aquifer in the long term [19].
However, secondary porosity, which includes fractures and faults, plays an essential role in
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the recharge and discharge of basaltic aquifers [92]. In the reviewed studies on the MQA,
secondary porosity is often overlooked [50,51,69]. It is suggested that recharge in extrusive
igneous rocks may involve different dynamics, such as preferential flow paths [50,69].

In the 1970s, groundwater flow was directed towards the lake plain and LC, indicating
a contribution of the aquifer to the lake through the direct connection at the bottom of the
lake. However, in recent years, groundwater flow has shifted from the lake towards the
lake plain and the northern part of the basin. Additionally, areas with higher percolation
have experienced reduced recharge due to the GHCs of igneous rock. These dynamics of
groundwater flow are consistent with findings published by CONAGUA [69].

The resulting uncertainty in the estimated recharge is between 0.2495 and —1.28781 mm
per year for LULC 2013 (Table A2 in Appendix A). This level of uncertainty does not affect
the main conclusions regarding lake—aquifer interactions, which are primarily controlled
by groundwater intensive exploitation rather than recharge variability. Simulated ground-
water levels in the areas surrounding the lake fell below the lake bottom beginning in
1990 (Figure 12c), with a mean difference of about 4 m between simulated and observed lev-
els (Table 2). These results indicate that, despite the quantified uncertainties, the direction
and magnitude of lake-aquifer interactions remain robust.

The length of the streamflow record and the limited number of hydrometric sta-
tions constrain the calibration, as well as the assessment of LULC change effects. The
performance at HS2 shows relatively low NSE and PBIAS values compared with those
recommended in the literature [62,93]. Due to its spatial location, HS2 may reflect urban
inflows or withdrawals that influence the observed streamflow; nevertheless, it provides
valuable information for constraining model performance at the basin scale, and its per-
formance is comparable to that reported in similar studies [94,95]. This overestimation
may propagate into the hydrological balance components, particularly surface runoff and
percolation. Furthermore, calibration under both LULC scenarios relied on the same ob-
served stream flow data from two hydrometric stations. Consequently, the hydrological
balance estimates may attenuate the apparent impact of LULC changes on percolation and
groundwater recharge.

Another limitation of this study relates to the groundwater model arising from data
scarcity, which requires us to discretize the aquifer as a single layer with a constant thickness
of 300 m and assume constant groundwater pumping throughout the modeling period.
According to CONAGUA studies, the aquifer is characterized as a single hydrogeological
unit [50,69], and previous investigations of the MQA have adopted similar discretization
schemes [90,91]. The assumption of constant pumping may lead to an overestimation of
groundwater extraction during the early years of the simulation; however, this represents
the only pumping information available for the study area. Moreover, this simplification
has been applied in previous applications of MQA [90,91], and comparable assumptions
are commonly reported in international groundwater modeling studies [96,97].

The representation of LC does not include a detailed model that incorporates lake
characteristics, such as evaporation, water level variations, and bathymetry. The inclu-
sion of this information would improve the representation of lake processes and could
enable the identification of additional factors contributing to the observed reduction in
lake storage. Incorporating lake water levels and bathymetry would allow evaporation
to be estimated indirectly through water balance relationships. Previous studies have
identified evaporation and lake geometry as critical controls on lake storage, especially in
shallow lakes, where small decreases in water level can lead to disproportionate losses in
volume [98,99]. Furthermore, representing the lake under transient conditions would allow
the quantification of lake—groundwater interactions [100,101].
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5. Conclusions

This article proposes a methodology for endorheic basins based on the spatio-temporal
analysis of surface and subsurface hydrological variables to evaluate changes in hydrologi-
cal patterns under climatic variability and anthropogenic pressures. The approach aims
to identify the main basin-scale processes controlling lake storage dynamics, particularly
under data-scarce conditions, through coupled SWAT-MODFLOW analysis of the LCB.
This analysis assesses the main hydrological processes (evapotranspiration, surface runoff,
percolation, groundwater recharge, and groundwater flow) and the interaction within the
SW-GW system. It is particularly valuable in areas where data is limited or scarce. The anal-
ysis is carried out at the basin scale, which serves as a fundamental unit for understanding
water systems.

The proposed methodology involves a mathematical model that couples basin and
aquifer systems on a macro scale to evaluate their interdependent interactions. The first
stage includes calibrating a SWAT model to assess precipitation at the basin scale and
evaluating two different LULCs to quantify the effects of LULC changes on surface runoff,
percolation, and evapotranspiration. In the second stage, the SWAT model is coupled with
the MODFLOW-NWT model to evaluate recharge and groundwater flow dynamics.

Precipitation and LULC changes at the basin scale are treated as independent variables
in SWAT, while the dependent variables include surface runoff, evapotranspiration, per-
colation, recharge, and groundwater flow. Precipitation is analyzed using comprehensive
graphical and statistical analysis to identify statistically significant trends and changes in
order to identify points of change, trends, and quantify whether a statistically significant
change is occurring. For its part, land use is quantified in terms of its relative change since
1997 and is used as input information to assess its effect on the main hydrological processes
within the hydrological model.

Once the effect of precipitation and LULC change has been analyzed, the SWAT-
MODFLOW model is coupled to quantify recharge. The implementation of a coupled
model facilitates the creation of a robust coupled model, which helps reduce uncertain-
ties associated with mathematical modeling while providing significant temporal and
spatial discretization of variables affecting lake storage. Despite the limited information
available from the study area, the calibration achieved with the SWAT model and SWAT-
MODFLOW is deemed acceptable. Furthermore, the statistical metrics for two LULCs in the
surface runoff and percolation analysis indicate that the SWAT model effectively predicts
SW processes.

The results show that due to climate change and anthropogenic activities, changes in
regional hydrological dynamics have substantially altered groundwater flow within the
basin. The decreases in precipitation have reduced percolation rates and, when combined
with groundwater extraction and GHCs of the aquifer, have led to a notable drop in water
table levels, thereby altering groundwater flow dynamics. The evidence of the impact of
anthropogenic activities within the basin indicates that the lake once consistently received
water from the aquifer. However, due to the effect of climate change on hydrological
processes, GHCs, and groundwater extraction, the regional groundwater flow has been
altered, causing the lake to contribute to groundwater flow and leading to a substantial
reduction in its storage.

This study shows the complexity of hydrological processes in endorheic basins and
their SW-GW interactions. The results show the effect of climatic variables, such as pre-
cipitation, and the influence of anthropogenic activities, such as withdrawals and land
use change. The combination of climate change and human pressure has reversed the
flow between the lake and the aquifer, causing a significant decrease in lake water levels.
These findings underscore the vulnerability of endorheic basins to natural and anthro-
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pogenic changes and highlight the need to develop more detailed simulation models that
incorporate surface-subsurface interactions.

This study is presented as the first to evaluate the interactions between the surface
and underground systems in order to understand their effect on the storage capacity of LC.
Although this initial model has several limitations due to data scarcity, the main constraints
include the lack of a detailed representation of the lake and the limited length of the
streamflow series. In addition, the model excludes other groundwater processes, such
as preferential groundwater flows and spring discharges. These limitations could result
in an underestimation in the calculation of percolation and recharge. Nevertheless, the
groundwater flow model was calibrated with acceptable results, providing a useful basis
for evaluating lake—aquifer interactions.

Future research should address the limitations of this study by employing a more
complex simulation setup, including the detailed integration of the lake and other processes
into the groundwater flow model. This will enable the conceptual representation of the
lake and the quantification of its water balance at the basin scale. Additionally, future
studies should evaluate the short- and long-term effects of climate change by incorporating
precipitation and temperature to assess their impact on groundwater recharge and lake
storage, and also evaluate measures for the recovery of the LC.
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CUSUM  Cumulative sum
DEM Digital elevation model

LCB Lake Cuitzeo Basin

LC Lake Cuitzeo
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HRU Hydrological Response Units
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Figure Al. Model configuration in SWAT-MODFLOW for the modeling period of 1973-2020.
(a) Recharge discretization calculated in SWAT with annual mean values, and (b) Pumping rate
distribution (in m® per day) with constant values throughout the modeling period.

Table A1l. Model Parameter Ranges and Calibration Values by Land Use and Land Cover.

Parameter Range Units AGRL FRSD FRSE FRST RNGE RNGB WATR BARR WETN URBN
ESCO 0-1 dimensionless 0.7 0.7 0.675 0.7 0.6 0.6 0.01 0.65 0.5 0.01
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LAT_TIME 0-180 days 40 40 40 40 40 40 40 40 40 40
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Figure A2. Spatial distribution of calibrated values. (a) Hydraulic conductivity, in m per day;
(b) specific storage (adim); (c) specific yield (adim); and (d) groundwater delay time, in days.
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Table A2. Uncertainty and error assessment of recharge estimates from observed and simulated

surface runoff.

Streamflow Recharge
LULC/Model Station Period oM.1 S.M.1 Error Error Error
m3/s m3/s m3/s m mm/afio
LULC 1997 /SWAT HS1 1973-2002 2.36 2.01 0.35 0.0028 0.2817
Calibration HS2 1973-1984 4.6 4.96 —0.36 —0.0029 —0.2898
LULC 2013 /SWAT HS1 1973-2002 2.36 2.11 0.25 0.0020 0.2012
Validation HS2 1973-1984 4.6 5.02 —0.42 —0.0034 —0.3381
HS1 1973-2002 2.36 2.05 0.31 0.0025 0.2495
LULC2013/SWAT-MODFLOW 355 1973 1984 46 6.2 16  —0.0129 12878
! Observed monthly mean (O.M.), simulated monthly mean (S.M.).
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Figure A3. Graphical analysis: (a) dry and wet sequences, and (b) changes in mean precipitation
according to Student’s t-test for n — 2 degrees of freedom.
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