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ABSTRACT

The influence of the Water Table (WT) and the capillary fringe plays a critical role in soil water dynamics, affect-
ing plant-available water, soil moisture, evapotranspiration, and Land Surface Temperature (LST). This study exam-
ined the functioning of the aquifer-soil-plant-atmosphere system such as transpiration, evaporation, plant root water
uptake and capillarity to assess how the WT and the capillary fringe affect LST. Field measurements were integrated
with satellite data, including WT depth, precipitation records, and satellite-derived products such as LST, Normalized
Difference Vegetation Index (NDVI), and potential evapotranspiration from reanalysis data (ERA5-Ag). The research
was conducted in a shallow aquifer within the Salado River watershed, Buenos Aires Province, Argentina, over the
period 2007-2023. Results revealed a strong inverse relationship (R? = 0.74) between the WT and LST. This relation-
ship was modeled using an equation valid during the summer months, when atmospheric demand is high and soils
are dry. The approach was validated using measurements from nearby piezometers, yielding a bias of —-0.17 m and
a root mean square deviation (RMSD) of 0.44 m. Satellite-derived LST was shown to effectively reflect the influence
of the WT on plant transpiration under water-stressed conditions. By isolating the effect of evaporation, this method
offers a novel means of indirectly assessing the hydrogeological status of shallow aquifers.
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1. Introduction

The WT and the capillary fringe are critical phenom-
ena in soil water dynamics, directly affecting water avail-
ability for plants, evapotranspiration processes, and con-
sequently, the land surface radiative temperature.

Both the WT and the capillary fringe are influenced
by the relationship between atmospheric and hydraulic
pressure. The upper limit of the capillary fringe is
not sharply defined; rather, it constitutes a transitional
zone where pore water content gradually decreases until
reaching a region where pores are filled exclusively with
air. This is particularly relevant for shallow aquifers un-
der vegetation stress conditions, where deep roots can-
not benefit from capillary rise. As a result, the system'’s
LST increases in response to the limited availability of
water for the transpiration process.

The depth of the WT varies depending on factors
such as topography, precipitation, and soil characteris-
tics, while the capillary fringe may extend from just a
few centimeters in sandy soils to several meters in clayey
soils due to differences in pore size 2.

When the WT is near the surface, the capillary fringe
may reach the root zone, providing an additional water
source, especially during periods of agricultural drought.
Root depth and water extraction capacity are adapted to
local soil conditions and water availability®4], thus en-
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abling plants to access water from the capillary fringe.
In scenarios with a shallow WT, roots tend to develop
closer to the surface and draw water directly from the
capillary fringe. This becomes particularly important in
soils with high water retention capacity, such as clay-
loam soils found in low-slope areas with a humid temper-
ate climate. Therefore, in the absence of precipitation in-
puts and under sustained evapotranspiration, soil mois-
ture decreases, leading to a drop in the WT.

In a conceptual model where no precipitation en-
ters the system (i.e., the vadose zone is dry), evapora-
tion approaches zero. Under these conditions, the cap-
illary fringe plays a key role by supplying water to plant
roots. In the context of the water deficit, a shallow
WT and a well-developed capillary fringe promote tran-
spiration and significant leaf development, reflected in
high NDVI values.
face through the release of water vapor, which absorbs

Transpiration cools the land sur-

heat during the process (resulting in high NDVI values),
thereby reducing land surface temperature (Figure 1a).
In contrast, a deeper WT and a limited capillary fringe
may reduce water availability for transpiration, leading
to diminished leaf development (a decline in NDVI) and
resulting in an increase in surface temperature (Figure
1b). The relationships among the WT, the capillary
fringe, plant roots, and transpiration have significant ef-
fects on LST.

Deep Groundwater Level Conditions

| i ‘.‘ ‘.“.‘ >LST
5—‘.-"'?‘:‘ ol 4+ Transpiration
G NDVE -

¥

Unconfined aquifer

PPT: Precipitation; Ev: Evaporation

(b)

Figure 1. Conceptual model of system functioning in the study area. (a) Shallow WT; (b) Deep WT.

The conceptual model shown in Figure 1a and Fig-
ure 1b highlights that the interaction between the WT,
the capillary fringe, LST, and transpiration is essential
for understanding land surface processes and dynamics.
These processes account for geological, geomorphologi-

cal, climatic, and biological factors that influence ground-
water behavior, typical of flatland regions such as the
Salado River watershed in the Pampean region of Ar-
gentina >,

The WT and soil texture directly influence the de-
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velopment of the capillary fringe, which in turn deter-
mines the depth and distribution of the plant root sys-
tem. This relationship regulates the energy availabil-
ity within the system, controlling both the magnitude of
transpiration and heat transfer processes.

This study focuses on understanding the function-
ing of the aquifer-soil-plant-atmosphere system in a
sector of the Pampas region, Buenos Aires Province, Ar-
gentina, using both in situ data and satellite-derived in-
formation. The hypothesis is that LST may respond to
the influence of WT dynamics. This is assessed through
the analysis of in situ observations (WT and precipita-
tion) and satellite and reanalysis derived products in-
cluding (LST, Hargreaves potential evapotranspiration
(ETp), potential water deficit (PPT-ETo), and NDVI) over
the period from February 2007 to December 2023.

2. Background

Several studies have explored the relationship be-
tween soil moisture, the WT, and LST, considering di-
verse geographic settings and methodologies. In this
context, Kappelmeyer!”l conducted in situ soil temper-
ature measurements at a depth of 1.5 m to detect frac-
tures carrying warm water, although the study did not
specify the location, duration, soil type, or vegetation.

In contrast, Chase[®] carried out research in south-
ern Alberta, Canada, on glacial sediment soils and salt
flats covered by grasslands, using airborne remote sens-
ing to measure radiative temperatures over large areas.
Subsequently, Myers and Moore[°! performed a one-day
summer study in the Midwestern United States, using
airborne thermal radiometers to correlate surface tem-
perature with aquifer thickness in glacial sediments.

With the advent of remote sensing, it became pos-
sible to measure radiative temperatures over extensive
areas. Accordingly, Heilman and Moore ' conducted a
study in South Dakota (USA) on tilled glacial deposit soils
planted with oats, wheat, barley, and corn. They used
both in situ measurements and data from the Heat Ca-
pacity Mapping Mission (HCMM) to relate daytime land
surface temperature to WT depth.

More recently, Alkhaier et al.['!] conducted a year-
long study on loam-textured soils without vegetation,

under a climate characterized by hot, dry summers and
cool, humid winters. They employed numerical simula-
tions and in situ measurements of both shallow and deep
WT to assess how shallow groundwater influences land
temperature and surface energy balance.

Similarly, Pablos et al.!*?! investigated soil moisture
dynamics and LST over daily and seasonal timescales in
the Duero River Watershed (Spain) over a four-year pe-
riod. Although the study did not specify soil or vegeta-
tion types, it combined in situ measurements with satel-
lite data from the Moderate Resolution Imaging Spectro-
radiometer (MODIS) mission.

In a comparable line of research, Hamzeh et al.[13]
examined the relationship between WT and LST in south-
western Iran on saline, unvegetated soils, using Landsat
8 imagery. Finally, Subzar Malik et al.['* analyzed the
effect of WT on soil moisture, surface temperature, and
LST in alluvial agricultural soils during the six months
preceding the monsoon season in the Tawa River Water-
shed (India), using both in situ data and Landsat 8 im-
ages.

Collectively, these studies highlight a range of
methodologies covering different seasonal periods, cli-
mates, WT depths, soil types, vegetation covers, and
satellite sensors. However, none of them focus specifi-
cally on the integrated functioning of the system as ad-
dressed in this study.

3. Materials and Methods

The processing and analysis chain for field data,
satellite products, and reanalysis datasets was con-
ducted using MATLAB, QGIS, and Excel spreadsheets, fol-
lowing the workflow outlined in Figure 2.

3.1. Field Data

3.1.1. Water Table Measured from Piezome-
ter P10

The WT data were measured from piezometer P10
(La Madrugada ranch), located in the sub-watershed of
Del Azul stream on the southern slope of the Salado River
(latitude: -36° 22.6; longitude: -59° 29.3'; elevation:
69.9 m a.s.l.), Buenos Aires Province, Argentina (Figure
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3a and Figure 3b). This piezometer is part of a monitor-
ing network of 35 wells established by the Large Plains
Hydrology Institute!*! (https://ihlla.conicet.gov.ar),
and data can be accessed in the network’s database (http:
//www.azul.bdh.org.ar). The WT data were recorded
discontinuously for the 2007-2023 time series. Auto-
matic, instantaneous measurements (one reading per
hour) are available from February 2007 to October 2010,
and from May 2017 to December 2022. Manual mea-

e

| l

surements (one reading every 15 days) were taken from
June 2011 to June 2016 and from May 2023 to Decem-
ber 2023. The data collection equipment consisted of a
GENICA LF 324 water level logger (with an accuracy of
+5 mm) for instantaneous records and a level probe (+5
mm measurement error) for biweekly measurements.
The lithological description of the borehole where the
piezometer was installed is provided in Appendix A, Fig-
ure Al.

Satellite and Reanalysis Data
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Figure 2. Workflow diagram with different temporal resolutions: daily and monthly scales.
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Figure 3. (a) Location of the study area highlighting the watershed of the southern slope of the Salado River (Orange area,
40000 km?) and the sub-watershed of Del Azul Stream (Gray area, 6200 km?). The meteorological station Azul-Aero and the
piezometer used (P10) are located within Del Azul Stream sub-watershed; (b) Detail of the location of the piezometer P10 on a
true-color composite Google Satellite image. The central point (red square) indicates the reference pixel location used for the
analysis with satellite-derived data.
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3.1.2. Precipitation from Argentine Nation-
al Meteorological

Precipitation data were obtained from the online
repository of the National Meteorological Service of Ar-
gentina (https://www.smn.gob.ar). The precipitation
values obtained from this repository (PPT_nms) cover
the 2007-2023 period and are provided as daily records
in mm/day. The closest weather station is located in the
city of Azul (referred to as Azul-Aero), approximately 55
km from the location of the piezometer.

Considering the effect of precipitation is essential
when analyzing the influence of the WT and the capillary
fringe on LST. Heavy rainfall can saturate the soil, mask-
ing the contribution of the capillary fringe to the transpi-
ration process. Therefore, an exclusion criterion was ap-
plied: all records with rainfall during the two days prior
to the satellite overpass were removed. The other two
exclusion criteria applied are described in Sections 3.2.1
and 3.2.3.

Once the WT and precipitation data were compiled
and reorganized, a temporal analysis was conducted to
identify groundwater recharge and discharge periods,
based on sustained rises or declines in the WT and cor-
responding precipitation trends.

3.2. Satellite and Reanalysis Data

Satellite-derived products were obtained from the
ClimateEngine.org repository (www.climateengine.org).
The selected pixel (30 m x 30 m) for data extraction is
located approximately 950 m northeast of the piezome-
ter (Figure 3b). Since the piezometer is located within
a parcel cultivated with seasonal pasture, a nearby area
dominated by natural grasslands used for cattle grazing
was selected. The difference in WT depth due to this spa-
tial shift is considered negligible, as the terrain slope is
approximately 0.052. Therefore, the measurements can
be regarded as representative for the analysis.

3.2.1. Hargreaves ETp Product

The ETp uses a simplified approach that requires
only temperature and incoming radiation data!'®l, This
model can be applied to estimate ETp using a wide range
of datasets, including the global ERA5 and ERA5-Ag re-
analysis datasets. The latter is a daily surface meteoro-

logical dataset specifically designed for agricultural and
agroecological studies, covering the period from 1979
to the present. It is based on the hourly ERA5 reanal-
ysis data from the European Centre for Medium-Range
Weather Forecasts (ECMWF), with ERA5-Ag providing
post-processed and aggregated data for direct use in
agricultural applications. The data are adjusted to a
higher-resolution topography, offering a spatial resolu-
tion of approximately 9.6 km and a daily temporal reso-
lution (mm/day). Detailed information and data access
are available through the Copernicus Climate Change
Service['7],

This product was used to identify peak soil water
demand (daily/monthly) and to compute the water bal-
ance between PPT_nms and ETp. These metrics com-
plement the analysis presented in Section 3.1.2, as they
help to isolate days and months of the year during which
precipitation does not interfere with the influence of the
capillary fringe on plant transpiration.

The choice of the Hargreaves method is based on
its simplicity, the low data requirements (only tempera-
ture and radiation), and the high compatibility with re-
analysis datasets such as ERA5-Ag. The latter provides
daily data with a spatial resolution of 9.6 km, enabling
the analysis of daily temporal patterns that ensure the
applicability of the proposed conceptual model.

3.2.2. LST Product

The LST product from ClimateEngine.org is an op-
erational Level 2 product derived from Landsat 7/8/9
satellites through a multi-step process involving data ac-
quisition, atmospheric correction, surface emissivity es-
timation, and final LST calculation, as follows:

e  Thermal data acquisition: Thermal measurements
are obtained from the thermal bands of the ETM+
sensor (Landsat 7) and TIRS sensors (Landsat 8/9).
These thermal bands provide the radiance values re-
quired to compute LST.

¢ Radiometric correction: The digital numbers are
converted to radiance values through radiometric
calibration of the imagery.

e Atmospheric correction: This step is based on at-
mospheric profiles obtained from reanalysis mod-

els, including the National Centers for Environmen-


https://www.smn.gob.ar
www.climateengine.org

Land Management and Utilization | Volume 01 | Issue 03 | September 2025

tal Prediction (NCEP) and NASA’'s Modern-Era Ret-
rospective analysis for Research and Applications
(MERRA).

e  Surface emissivity estimation: Surface emissivity is
estimated using global emissivity datasets, particu-
larly the ASTER Global Emissivity Database (GED).

e LST calculation: A Single-Channel Algorithm based
on the radiative transfer equation is applied to con-
vert thermal radiance into brightness temperatures.
These are then corrected for emissivity and atmo-
spheric effects using atmospheric profile-derived
parameters to retrieve LST.

The spatial resolution of the final LST product is 30
meters (resampled from the original thermal bands of
60 and 100 meters), and the temporal resolution is in-
stantaneous, based on satellite overpass (every 8 days,
when combining multiple Landsat missions), specifically
at 10:10 a.m. LST is reported in degrees Celsius (°C).

A more detailed description of the methodology
used for this product can be found in Malakar et al.[18]
and Li et al.[*°], Additionally, Niclos et al.[?") provide val-
idation of the Landsat 9 TIRS-derived LST product over
vegetated areas, showing an accuracy of approximately
1K

3.2.3. PPT-ETo Product (Potential Water
Deficit)

The potential water deficit is an index that relates
precipitation (PPT) and reference evapotranspiration
(ETo, mm/month). When the value is negative, it in-
dicates that precipitation is insufficient to sustain the
evapotranspiration process, which may signal potential
drought or water stress for vegetation.

To support a more robust analysis of the LST, this
product was used to identify the months within the time
series that exhibit the highest water deficit. In humid
and sub-humid regions such as the study area, summer
is typically the period with the highest water demand,
during which evapotranspiration exceeds precipitation,
and the most significant water deficits are observed.
Accordingly, analyses were focused on these periods—
when the soil is drying out and no water is stored within
the root zone of the soil profile—thus eliminating the
“noise” generated by precipitation in the vadose zone.

This represents the final exclusion criterion, as ref-
erenced in section 3.1.2. Therefore, water input to the
analyzed system can be attributed solely to upward flow
from the WT and the capillary fringe.

3.2.4. NDVI Product

A common satellite-derived index used to assess
vegetation vigor is the Normalized Difference Vegetation
Index (NDVI) 22221 which ranges from -1 to 1, with val-
ues 0.5 to 1 indicating high vegetation vigor.

NDVI data were used to assess vegetation dynam-
ics over the analyzed time series, following the approach
proposed by Holzman et al.[?3], who linked NDVI and
satellite derived LST with the evapotranspiration pro-
cess. Within this conceptual framework, a bare soil sur-
face characterized by low NDVI and high LST indicates
conditions where evaporation is nearly absent. Con-
versely, a surface with low LST and high NDVI values rep-
resents active vegetation cover, associated with transpi-
ration occurring near its maximum potential.

In this study, NDVI was derived from Landsat
7/8/9 imagery, based on the difference in reflectance be-
tween the red (visible) and near-infrared (NIR) spectral
bands. The spatial resolution is 30 m, and the temporal
resolution corresponds to the satellite overpasses (rang-
ing from 1 to 16 days).

3.3. Normalized Land Surface Temperature
Index (NLI)

A Normalized Land Surface Temperature Index
(NLI) was applied as an indicator of water availability for

the evapotranspiration process, as shown in Equation 1:

NLI = (LSTi — LSTmin)/(LSTmax — LSTmin) (1)

Where:

e  LST;is the land surface temperature corresponding
to the pixel at the time of satellite overpass;

¢ LSTmax is the maximum land surface temperature
recorded for that pixel across the multi-year time
series;

¢  LSTmin is the minimum land surface temperature

recorded for that pixel across the same time series.
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NLI values range from 0 to 1, where:

e Values near 0 indicate thermally favorable condi-
tions for evapotranspiration, i.e., relatively low pixel
temperatures;

e Values near 1 indicate thermally extreme condi-
tions, with temperatures approaching the historical
maximum for the pixel, which implies limitations
for evapotranspiration.

4. Results

In the southern flank of the Salado River, evapotran-
spiration processes greatly exceed those of infiltration
and runoff, resulting in WT fluctuations associated with
aquifer recharge and discharge periods. Discharge pe-
riods are particularly relevant for this study and vary ac-
cording to the hydrogeological cycle considered, depend-
ing on antecedent precipitation and soil moisture within

the vadose zone. Within this context, and following the

established methodological framework, the results are
presented. Table 1 shows basic statistics for the 2007-
2023 time series of the analyzed variables.

The values presented in Table 1 show that when
the WT reaches its minimum depth, close to 0.58 m,
there are no apparent limitations on the occurrence of
the evapotranspiration process. In this case, the NLI
tends toward values near 0, indicating that the tem-
perature of the pixel associated with the area where
the piezometer is located approaches the LSTmin. Con-
versely, when the WT reaches values near the maximum
depth of 5.36 m, the connection between the aquifer and
the atmosphere weakens or is interrupted, resulting in
the suppression of the evapotranspiration process. Un-
der these conditions, the NLI tends toward 1, and the cor-
responding pixel shows temperatures near the LSTmax.
This situation can be interpreted as a functional discon-
nection between the subsurface system and the depth of

the vegetation roots.

Table 1. Descriptive statistics of the analyzed variables for the entire 2007-2023 time series: LST, WT, PPT_nms, and ETp using

the Hargreaves method.

Statistic Smoothed LST [°C] WT [m] PPT_nms [mm/day] ETp [mm/day]
Maximum 44.4 5.36 173.5 7.8
Minimum 7.0 0.58 0.0 0.5
Average 24.1 2.90 2.5 3.2

During the analyzed period, eight hydrogeological
cycles were identified. Each hydrological cycle is com-
posed of discharge and recharge periods (Figure 4). Dis-
charge periods are characterized by prolonged declines
in the WT caused by annual precipitation below the av-
erage and a high water deficit (PPT-ETo). Recharge peri-
ods are characterized by a rise in the WT due to high pre-
cipitation and elevated soil moisture in the vadose zone.
This distinction is clearly observed in Cycle 1, when from
2008 to 2011, precipitation remained below average,
leading to a decline in WT from 2.34 m to 5.63 m (the
maximum decline observed in the study period). Then,
in 2012, precipitation nearly doubled the average, result-
ing in a rise of the WT to 1.38 m.

Identifying the discharge periods is essential for
this study, as they represent the moments when the con-
tribution of precipitation to the aquifer is minimal. The

maximum daily values of Hargreaves ETp (mm/day), de-

rived from ERA5-Ag reanalysis data, occur in January
and correspond to the peaks of soil water consumption.
The daily water deficit, calculated as the difference be-
tween PPT_nms and Hargreaves ETp for precipitation-
free days, ranges between -4.1 and -6.8 mm/day in Jan-
uary. Daily statistics for the month of January are pre-
sented in Appendix A, Table A1.

Figure 5 presents an analysis of satellite imagery
captured by the MODIS sensor (RGB143 bands), identi-
fying two distinct aquifer states. January 2010 followed
more than three consecutive years of below-average pre-
cipitation (blue dashed line), which led to a WT decline
to 4.7 m (Figure 4) and resulted in a hydrological deficit.
In contrast, September 2014 was preceded by 18 months
of above-average WT levels (orange dashed line), along
with abundant rainfall during that year. This combina-
tion caused the WT to rise to approximately 0.7 m below
the surface (Figure 4), resulting in flooding in the lower
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watershed. The hydrological deficit condition is evident
in Figure 5a, while excess water is indicated by the black-
colored areas in Figure 5b.

Figure 6 shows the monthly relationship between
the WT and LST for the 2007-2023 period. The corre-
lations are positive in most months, except for February
and March, where they are negative. January showed the
strongest correlation, with an R? of 0.74, indicating that
there is no influence from surface water inputs during
this period, and that the variation in LST is explained by
the WT depth. Therefore, January was selected for the de-
tailed analysis. This choice also aligns with the seasonal
period analyzed by Myers and Moore[®!, Heilman and
Moore 1%, Hamzeh et al.[*3] and Subzar Malik et al.[*5].
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The values of the monthly potential water deficit
(PPT-ETo) were used to identify the January months
with the highest water deficit, ensuring that the capil-
lary effect can be observed. Table 2 shows the difference
between monthly precipitation and reference evapotran-
spiration (PPT-ETo) for January during the analysis pe-
riod. The years 2011 and 2019 were excluded from the
analysis due to excess water, which may have influenced
surface temperature due to increased soil moisture in
the vadose zone.

The vegetation status for the selected January mon-
ths shows NDVI values ranging from a minimum of 0.27

to a maximum of 0.74, while LST values range from a

maximum of 44.4 °C to a minimum of 30.5 °C.
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Figure 4. Fluctuations of the daily WT data together with annual PPT_nms. Eight hydrogeological cycles are identified between
solid black lines, each comprising recharge and discharge periods of the aquifer for the 2007-2023 series. The horizontal dashed

lines represent the annual averages of PPT_nms and WT data.
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Figure 5. Influence of the WT under two different hydrological conditions, shown over a true-color composite image (RGB143)
from sensor MODIS instrument aboard EOS-Aqua/Terra satellites. White dashed lines indicate the boundaries of the upper,
middle, and lower watersheds. (a) Drought in January 2010, with limited surface water and deep WT levels due to hydrological
deficit; (b) Flooding in September 2014 with shallow WT levels, where black tones in the image indicate very wet soils or surface

water.
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Figure 6. Linear regressions of daily WT levels versus daily LST for the period 2007-2023. The dataset was filtered to remove
the effects of precipitation.

Table 2. Water availability (PPT-ETo) for the month of January.

Year Month PPT-ETo [mm]
2008 Jan -64.4
2009 Jan -177.3
2010 Jan -92.4
2011 Jan +2.7
2012 Jan -119.0
2013 Jan -136.0
2014 Jan -13.6
2015 Jan -60.1
2016 Jan -56.6
2017 Jan -83.4
2018 Jan -94.4
2019 Jan +11.7
2020 Jan -124.6
2021 Jan -64.8
2022 Jan -17.0
2023 Jan -113.9

A scatterplot was generated between WT and NLI
in order to fit a function that describes the behavior of e

the aquifer-atmosphere system, resulting in Equation 2:

WT = o - ePNU

Where:

¢ «isthe WT influence factor coefficient (meters)

e eisthe exponential function

e {3 isthe thermal influence factor coefficient (dimen-

(1)

sionless).

NLIis the Normalized Land Surface Temperature In-

dex (dimensionless), defined in Equation 1.

Equation 2 indicates that when the NLI approaches

zero, the WT depth is at its minimum, implying maxi-

mum influence of the aquifer on the plant transpiration

process. Under these conditions, the LSTi tends to con-

verge toward the LSTmin value. An exponential func-

tion was selected for the fit based on the characteristic
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behavior of groundwater level declines, which often fol-
low an exponential trend due to the nature of water flow
in aquifers and the hydraulic properties of the porous
medium. As the WT declines, the hydraulic pressure gra-
dient decreases over time and with distance from the dis-
charge point, resulting in a flow pattern that can be de-
scribed by exponential functions.

Figure 7 illustrates the interpretation of this corre-
lation. When the NLI approaches zero, the curve inter-
sects the shallowest WT level attainable by the aquifer
that still ensures water supply for plant transpiration.
Under these conditions, plant roots are able to extract

water directly from the capillary fringe, promoting maxi-
mum foliage development (indicated by NDVI values ap-
proaching their upper limit). As water vapor is released
during transpiration, latent heat is absorbed from the
system, cooling the land surface, and reducing the LSTi.
Therefore, the influence of the WT on the plant is at its
highest (Figure 7). Conversely, when the temperature
ratio approaches one, the influence of the WT on root
water uptake becomes negligible. As a result, transpira-
tion decreases, which is reflected by an increase in LST.
This interpretation aligns with the conceptual model de-
scribed in Figure 1.

LST min @ Maximum transpiration
30.5°C
T T T T Minimumtranspiration* LST max
T T 44.4°C
NDVI (max)
NDVI (min)
0 s
LI P A i
Maxdiun ¢ | Capillary fringe WT
e —
influence 2 e, T \ M
L e
- o ....,'.o.'”.
= K A AT X T
= Watertable T o
. Capillary fringé'r--... WT . .
4 A influence factor = Minimun
. influence
5 | \ __—" Thermal
influence
<« - 0,74 NLI n
Water Table @ @ factor
6 J
0.0 0.2 0.4 0.6 0.8 1.0

(LSTi - LSTmin) / (LSTmax - LSTmin)

Figure 7. Behavior of the WT Influence Factor on transpiration, NDVI, and LST.

5. Model Evaluation

To evaluate the fitted exponential function, data
from piezometers belonging to the monitoring network
of the Large Plains Hydrology Institute in the Del Azul
sub-watershed (southern slope of the Salado River),
Buenos Aires Province, were used. The analysis in-
cluded seven piezometers located in the middle-lower
sub-watershed, with in situ WT measurements corre-
sponding to January 2018. This year was selected be-
cause the recorded precipitation was minimal and no
aquifer recharge was observed, resulting in a significant
hydrological deficit (-94.4 mm). This ensures the appli-
cability of the proposed model under conditions of lim-

ited recharge.

Comparisons were made between observed and
modeled WT values by applying the developed exponen-
tial function. The lithological description of the bore-
holes where the piezometers were installed is similar >/,
Therefore, the comparison is considered valid based on
the available knowledge in the database (http://www.
azul.bdh.org.ar), which shows that fluctuations in the
unconfined aquifer’s WT exhibit spatially consistent be-
havior and representativeness.

The data used and the associated statistics are pre-
sented in Table 3 and Table 4. The most significant
differences were observed at piezometers P20 and P06,
likely due to variations in the subsurface lithological pro-
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file compared to the lithology on which the model was
developed. Soil profiles with higher clay content induce
greater capillary rise compared to silty-sandy soils. Ad-
ditionally, the presence of calcrete layers may act as a
sealing barrier, limiting the upward movement of the

WT table and partially confining the aquifer. However,
this does not mean that plant roots cannot penetrate
these calcrete layers. In the remaining piezometers, the
discrepancies between observed and modeled WT levels
were minimal.

Table 3. Measured and estimated WT values, and differences for model validation.

Piezometer Modeled WT [m] Measured WT [m] Modeled-Measured WT [m]
P03 2.18 1.87 +0.31
P05 2.37 2.24 +0.13
P06 1.92 2.47 -0.55
P07 2.07 1.61 +0.46
P08 2.16 2.36 -0.20
P09 2.53 2.16 +0.37
P20 2.67 2.03 +0.64

Table 4. Standard deviation (SD) of the differences, root-mean-square difference (RMSD; the quadratic sum of bias and SD).

BIAS [m] SD [m]

RMSD [m]

0.17 0.41

0.44

Figure 8a shows the NDVI distribution map, with
most values ranging between 0.50 and 0.70, indicat-
ing significant leaf development associated with plant
transpiration processes. Figure 8b displays the mod-
eled WT influence in the lower sub-watershed of the

59°0

36°S

37°S

(a)
59°0

Azul stream, along with the differences observed at
each piezometer used in the evaluation. A homoge-
neous WT distribution is observed across the central-
southern and western sectors, with increasing depth
toward the northwest.
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I T
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Modeled WT &
7
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Figure 8. (a) NDVI map over the lower Azul sub-w watershed in the model evaluation area; (b) Map showing the influence of the
modeled WT and the locations of the piezometers used for validation. The numbers in white rectangles indicate the differences
between measured and modeled values. The maps correspond to January 28, 2018, and were generated using Landsat 8 imagery

with a spatial resolution of 30 meters.
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6. Conclusions

This study presents a detailed analysis of a shal-
low aquifer and its interaction with the soil-plant-
atmosphere system, proposing a model capable of evalu-
ating the effect of the WT on plant transpiration. To this
end, WT data from the Pampeano Aquifer located in the
Azul Creek sub-watershed (southern slope of the Salado
River) were integrated with satellite observations and
reanalysis products.

The main findings indicate that LST derived from
satellite data can reveal how WT dynamics and the cap-
illary fringe affect plant transpiration, as reflected in the
thermal behavior of the land surface. Results show that
the connection between the aquifer and the atmosphere
follows an exponential function, whose validity depends
on the near-minimum moisture content in the vadose
zone. Under these conditions, LST becomes a reliable
proxy for subsurface conditions.

To characterize the aquifer using LST, the param-
eters of an exponential function—defined by the WT
influence factor and a thermal factor—must be esti-
mated under the following conditions:

1. There must be no water input from precipitation,
ensuring the aquifer is in a discharge state.

2.  The daily water balance must be negative, indicat-
ing no water availability in the vadose zone for
plant transpiration (soil evaporation under such
conditions should be negligible).

3. The monthly water balance must also be signifi-

cantly negative.

When these conditions are met, it is possible to esti-
mate the upper and lower bounds of WT influence using
LST data obtained from satellite imagery.

The scatterplot between WT and the NLI based on
16 years of data allowed for the definition of the WT
influence factor (o) and the thermal factor (f3) included
in Equation 2, with = 1.89 m and {3 = 0.74. Once these
parameters were determined, the model was validated
using in situ WT measurements from seven piezometers
recorded in January 2018, yielding a BIAS of 0.17 m and

aroot-mean-square difference (RMSD) of 0.44 m. These

values indicate that the method performs well as an in-
direct estimator of the aquifer’s hydrogeological condi-
tions.

This work represents an advancement over previ-
ous studies that employed LST as an indicator under dif-
ferent hydro-environmental conditions. Unlike earlier
approaches, this method excludes the effect of soil evap-
oration from the system analysis, allowing for the devel-
opment of a more robust model based on an exponential
function that more accurately captures WT declines and
their influence on aquifer dynamics, vegetation, and LST.

The practical implications of this study are rele-
vant for water resource management in agricultural and
pastoral regions lacking extensive in situ monitoring.
The methods developed here may be applied to other
aquifers, provided the established conditions are met.
In a context of increasing climate variability and more
frequent extreme events, this methodology offers a valu-
able tool for monitoring shallow aquifers.

Finally, it is concluded that, given a sufficiently long
time series of WT measurements, satellite data, and
products derived from the integration of satellite and re-
analysis information, the proposed method can be repli-
cated in other regions with similar environmental set-
tings.
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Appendix A
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Figure A1. Lithological description of the borehole where piezometer P10 is installed.
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Table A1. Descriptive statistics of the analyzed variables for the month of January.

Date Original LST Smoothed (LSTi-LSTmin)/ WT ETp PPT_nms-ETp NDVI
[°C] LST [°C] (LSTmax-LSTmin) [...] [mm] [mm] [mm] [-.]

2008/01/17 40.62 39.89 0.68 3.08 5.34 -5.34 0.44
2009/01/03 43.69 44.41 1.00 4.08 6.27 -6.27 0.33
2009/01/19 41.34 42.51 0.86 4.32 6.01 -6.01 0.32
2013/01/06 31.56 30.49 0.00 1.59 6.47 -6.47 0.74
2014/01/17 44.92 38.91 0.60 2.92 6.61 -6.61 0.48
2015/01/12 40.96 38.53 0.58 2.16 6.66 -6.66 0.35
2016/01/07 39.13 37.49 0.50 2.54 6.00 -6.00 0.33
2016/01/23 36.45 38.01 0.54 2.65 4.57 -4.57 0.31
2016/01/31 3411 35.28 0.34 2.75 4.50 -4.50 0.27
2017/01/17 44.80 43.21 0.91 3.59 6.80 -6.80 0.38
2018/01/20 39.53 36.73 0.45 2.68 6.10 -6.10 0.27
2018/01/28 36.06 37.80 0.52 2.77 5.75 -5.75 0.34
2021/01/20 35.87 31.53 0.07 2.39 6.28 -6.28 0.64
2022/01/31 30.30 32.66 0.16 2.37 4.14 -4.14 0.61
2023/01/10 46.03 39.40 0.64 3.27 6.48 -6.48 0.50
Maximum 46.03 44.41 0.00 4,32 6.80 -4.14 0.74
Minimum 30.30 30.49 1.00 1.59 4.14 -6.80 0.27
Average 39.02 37.79 0.52 2.88 5.86 -5.86 0.42
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