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Abstract

Soil moisture and meteorological variables are strongly related to each other through different fluxes, constituting a com-
plex network of interactions and feedbacks. Therefore, a better understanding of the temporal and spatial variability of soil
moisture and its relationship with meteorological variables acquires a particular interest, especially under climate change
conditions. Based on the gap in studies addressing this topic in Argentina, this study aimed to evaluate soil moisture con-
tent (SMC) and water deficit (DEF) annual trends between 1990 and 2019 and the contribution of different meteorological
variables to those trends. To this end, simulations of SMCand DEF were performed by using a hydrological balance model,
driven by meteorological observations of 51 sites distributed throughout Argentina. Since precipitation (PP) and potential
evapotranspiration (PE) modulate the simulated soil moisture, annual PP and PE trends were also evaluated to assess the
importance of these variables on the observed soil moisture changes. Furthermore, the regional contribution of the meteoro-
logical variables to the PE trends was assessed by means of a detrended method. Trends detected in SMC and DEF suggest
an increase towards drier conditions in some areas of the country. Changes in PE were the main responsible for changes in
SMC and DEF and were more relevant than changes in PP. In sites located in the center and east of the country, maximum
and mean temperatures had a greater impact on PE. In sites located in the west of the country, changes in PE were mainly
controlled by increases in wind speed and decreases in humidity. Examining the spatio-temporal variability of soil water
and the meteorological variables that influence soil water is indispensable to assess climate-induced changes and propose
feasible climate change adaptation strategies.

1 Introduction

Soil moisture is a key variable of the climate system as it
interacts with the atmosphere through complex feedbacks by
means of the energy and water balance (Seneviratne et al.
2010). The strong dependence of soil moisture on meteoro-
logical variables makes it a reservoir potentially susceptible
to current and future climate change scenarios. In this sense,
situations of high atmospheric evaporative demand can lead
to high water deficits, which can in turn lead to the onset of
drought events with potential negative consequences on agri-
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culture. Thus, improving the understanding and documenta-
tion of the variability in soil moisture content and deficits
(i.e., trends) and the contribution of the different climate
variables to those changes is of great importance.

Many studies have analyzed soil moisture variabil-
ity based on long-term in situ observation networks (e.g.,
Amenu et al. 2005), but mainly in the northern hemisphere
(e.g., Dorigo et al. 2011). To analyze soil water trends, it is
desirable to have in situ observation networks that ensure an
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adequate coverage of spatial variability and contain records
over long periods of time. However, in regions like South
America, and particularly in Argentina, there is a lack of
long-term and spatially dense observations, a fact that con-
strains the reliability of regional analyses. Nevertheless,
alternative datasets can be derived, for example, from land
surface models or bucket models, hydrological balance
model simulations, or satellite estimations (see Senevi-
ratne et al. 2010). In particular, when model simulations
are driven by atmospheric observations, they do not suffer
from systematic errors related to atmospheric models. Sev-
eral models have been developed in different regions of the
world (e.g., Thornthwaite and Mather 1955; Baier and Rob-
ertson 1966; Smith 1992; Allen et al. 1998; Raes et al. 2009)
as well as in Argentina (e.g., Aiello et al. 1995; Paruelo and
Sala 1995; Fernandez-Long et al. 2012).

Several authors have documented positive and negative
trends in soil moisture (Holsten et al. 2009; Dymond et al.
2014; Wang et al. 2019; Li et al. 2019; Deng et al. 2020) as
well as in soil water deficits (Thomas 2000; Robinson 2006;
Cammalleri et al. 2016; Cadro et al. 2019) by focusing on
global and regional scales. The explanation or contribution
of different climate variables on the soil moisture trend can
be as simple as a positive trend in precipitation, or via more
complex interactions (see Seneviratne et al. (2010) for a
complete discussion). For example, on a global scale, Deng
et al. (2020) detected both negative trends (drying) in soil
moisture between 1979 and 2017, which they attributed to an
increase in temperature, and positive trends (wetting), which
were influenced by the combined action of temperature, pre-
cipitation, and vegetation. These authors detected negative
trends (drying) in most of Argentina and classified them
within the most extreme category of soil moisture decline
as “strong decreasing” (Deng et al. 2020). However, also in
Argentina, by using model simulations, Sheffield and Wood
(2008) observed an opposite behavior and detected soil
moisture positive trends (wetting) between 1950 and 2000,
and associated them with positive precipitation trends over
that period. In agreement with the results found by Deng
et al.(2020) and opposite to the ones of Sheffield and Wood
(2008), Dorigo et al.(2012) documented an annual negative
trend (drying) over central Argentina by analyzing trends
in soil moisture over a shorter period (1988-2010) using
satellite data and models.

Several authors have documented the effects of climate
change on different atmospheric variables in Argentina
(e.g., Skansi et al. 2013; Barros et al. 2015). The annual
mean temperature in central-eastern Argentina has increased
by 1 °C since 1970, while the mean annual minimum and
maximum temperatures have increased by 2 °C and 0.5 °C,
respectively (Miiller et al. 2021). An increase in extreme
temperatures (Barros et al. 2015) and in the frequency of
warm days and nights has also been observed since 1970
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(Miiller et al. 2021). Regarding precipitation, annual trends
studies differ depending on the time period analyzed. Shef-
field and Wood (2008) detected positive annual precipita-
tion trends between 1950 and 2000. Similarly, Saurral et al.
(2016) detected positive trends but considering a period of
100 years, until 2013. In contrast, De Barros Soares et al.
(2017) only detected significant positive trends in a region
of northeastern Argentina between 1955 and 2004, whereas
D’Andrea et al. (2019) did not detect significant trends in
annual precipitation in central Argentina in the 1984-2014
period. However, D’Andrea et al.(2019) detected positive
annual trends in potential evapotranspiration estimated by
the Penman—Monteith method in several sites located in
central-eastern Argentina. de la Casa and Ovando (2016)
also observed positive annual trends in potential evapotran-
spiration in central Argentina between 2001 and 2010.

Improving the knowledge of both the temporal and the
spatial variability in soil moisture is of particular interest in
countries like Argentina, where the economy strongly relies
on the agricultural sector. In addition, in this region, agricul-
ture is mostly rainfed, and therefore soil moisture limits crop
growth and yields. Due to the mentioned changes in climate
variables in Argentina in the recent decades, combined with
a lack of studies addressing long-term trends of soil moisture
content and water deficits over the region and the climate
contribution to these changes, the aims of this study are (1)
to analyze annual trends in soil moisture content and the
water deficit in Argentina for the 1990-2019 period, based
on a hydrological balance model driven by meteorological
observations, and (2) to analyze the contribution of differ-
ent meteorological variables on the observed soil moisture
changes.

2 Methodology
2.1 Study area and meteorological data

The data used in this study were collected from 51 Argentine
weather stations, belonging to the Servicio Meteoroldgico
Nacional (SMN) and the Instituto Nacional de Tecnologia
Agropecuaria (INTA). From each station, daily data of pre-
cipitation (PP), maximum temperature (maxT), minimum
temperature (minT), actual vapor pressure (Ea), atmospheric
pressure, sunshine duration (hours), and wind intensity
(km/h), corresponding to the 1990-2019 period, were used.
These meteorological stations were previously selected from
a database of 157 sites, by removing those presenting less
than 30 years of records; those having a high number of
missing data (see Sect. 3.2); those not measuring any of
the variables required for the analysis; or those presenting
errors in the measurements, mainly due to inconsistencies
in wind speed time series. The location and distribution of
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the 51 sites selected are shown in Fig. 1 (for more details of
meteorological stations, see also Table 3 in the Appendix).

2.2 Missing data

When working with observed data, the presence of miss-
ing data is usually the most relevant aspect in the selec-
tion of sites. Although the variables that describe soil water
used in this study—water deficit (DEF) and soil moisture
content (SMC)—do not have missing data because they are
estimated from a hydrological model that does not support
missing data, the input data to calculate them do have miss-
ing data. Thus, the missing data in the variables that feed the
hydrological balance model used—potential evapotranspi-
ration (PE) and PP—were evaluated. Given the number of
variables used in PE estimation, the decision was to tolerate
up to five missing daily data of any of the variables used in
the estimation. In this way, if a variable used to calculate
the PE (either temperature, actual vapor pressure, wind, or
sunshine duration, used to estimate solar radiation, Rs) has
missing data, the maximum amount of missing data it can
have is five data per month. As PE cannot be calculated with
incomplete data sets, missing data were estimated following
Allen et al. (1998). As for precipitation, while the World
Meteorological Organization (WMO) does not recommend
working with missing data (WMO 1989), it is possible to
incorporate estimated data (WMO 2017). To avoid losing a

large amount of data in this work, a less strict criterion was
established, and we accepted up to two missing daily PP data
in each month. However, the PP data series did not contain
a large number of missing data.

Once the PE and PP data series were obtained, the pres-
ence of missing data in each site was evaluated, and sites
with very thinned data series were removed. The goal of
this step was to avoid the use of a large number of PE data
calculated with estimated values of these variables or a large
number of estimated PP values. In this way, we worked only
with the sites with the least number of missing data and,
therefore, with the lowest number of estimated data.

2.3 Hydrological balance model simulations

To estimate soil moisture content, excesses, and water deficits,
simulations of the BHOA model (for its acronym in Spanish:
“Balance Hidrologico Operativo para el Agro”; Fernandez-
Long et al. 2012) were used. The BHOA is a one-layer bucket
model that establishes a balance between evapotranspiration,
precipitation, and soil moisture content. It is constructed from
PP and PE data, and from two soil characteristics: field capac-
ity (FC) and wilting point (WP), which allow for establish-
ing the soil drying curve. These hydrological constants were
obtained by a consensus between values determined experi-
mentally and values estimated by different methodologies,
specified in Fernandez Long et al. (2018). The BHOA does not

Fig. 1 Location of the 51
meteorological stations used in
the analysis
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explicitly contemplate vegetation characteristics or changes in
soil properties over time. The model simulations have a daily
resolution and are able to adequately represent the dynamics
and variability in soil moisture content in the Pampean region
(Fernandez Long et al. 2018; Spennemann et al. 2020).

The use of simplified representations of PE can lead to
errors in the estimation of the impact of climate change on
hydrology in general (Sheffield et al. 2012). The PE used
as an input variable to the model was estimated by the Pen-
man—Monteith method (Allen et al. 1998) (Eq. 1).

0.408A(R, — G) +y=—2=iiy(e, — €,) 0

A+y(1+0.34u,)

PE =

where PE is the reference evapotranspiration (mm/day); R,
is the net radiation on the crop surface (MJ/m?.day); G is
the soil heat flow (MJ/m?.day); T is the daily average air
temperature (°C); u, is the wind speed at 2 m high (m/s); e;
is the saturation vapor pressure (kPa); e, is the actual vapor
pressure (kPa); A is the slope of the vapor pressure curve
(kPa/°C); and y is the psychrometric constant (kPa/°C).

This complex approach of PE estimation considers all the
parameters that govern the energy exchange and heat flow
of large uniform expanses of vegetation. The Penman—Mon-
teith method requires daily data of meanT (which arise from
averaging maxT and minT), wind speed at 2 m high (i), Ea,
sunshine duration (to obtain solar radiation), and atmospheric
pressure. Some of the parameters present in Eq. 1, such as net
radiation (R) and u,, were estimated following Allen et al.
(1998).

As mentioned above, the input variables of the BHOA
model are PP and PE, along with FC and WP data, and the
output variables are the soil moisture content and water deficits
and excesses, among others. When PP is greater than PE, the
BHOA model simulates the soil moisture content in the root
zone (SMC’) as shown in Eq. 2, taking into account the soil
moisture content of the previous day plus the fraction of pre-
cipitation remaining after subtracting the PE of the day (poten-
tial deficit, PD). Any other flux is taken into account because
the model assumes that all the precipitation infiltrates into the
soil (Fernandez-Long et al. 2012).

[smc,)” = smcC,_, + PD )

where SMC] is the soil moisture content on day ¢, SMC,_,
is the soil moisture content of the previous day, and PD
is the potential deficit. On the other hand, if the day has a
negative PD (PE is greater than PP), soil moisture content
is calculated by multiplying SMC,_, by an exponential term
representing the soil drying curve (Eq. 3).

SMC!| = SMC,_,e"P/cP 3)
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where PD/CCD is the relationship between the potential
deficit and the term CCD indicates the difference between
the FC and a drying limit that prevents the soil from drying
out below a threshold, which depends on the texture of the
soil. Excesses in this model occur when the soil moisture
content exceeds the FC, and, therefore the remaining water
drains (surface and subsurface runoff) (Fernindez-Long
et al. 2012). Then:

EXC =SMC,_, + PD - FC 4)

For the purposes of this study, the soil water excess
(EXC) was added to the SMC' variable. This is because the
incorporation to SMC' of the millimeters of water that are
considered excesses according to the bucket model used
allows avoiding that the SMC' variable is limited by a maxi-
mum threshold (given by the soil FC). Then, in this study,
soil moisture content (SMC) is defined as:

SMC, = SMC, + EXC 5)

Finally, when the soil-plant system does not contain
enough water to evaporate what the atmosphere demands,
there is a water deficit (DEF). The variable that represents
the amount of water that the soil effectively loses through
evapotranspiration is the actual evapotranspiration (AE).
To estimate AE, the model considers the variation in soil
moisture content with respect to the previous time. If this
variation is negative, the soil is drying out and therefore
loses water by evapotranspiration, then:

AE = |ASMC;| + PP (6)

While, if the soil moisture variation is positive, there is
recharge and the soil has enough water to deliver what the
atmosphere demands, and then AE is equal to PE, and there
is no DEF (Eq. 7) (Fernandez-Long et al. 2012).

AE = PE (7)

It is considered that when AE is lower than PE plants
begin to suffer from water stress, so the water deficit (DEF)
is expressed as the difference between PE and AE:

DEF = PE — AE (®

2.4 Estimation of the annual trend

The daily values of SMC and DEF obtained when executing
the model were gathered (for the case of soil water defi-
cits) and averaged (for soil moisture content plus excesses)
on a monthly basis. In this way, monthly data series were
obtained for the period 1990-2019. Trends were estimated
for the annual values (mm year™'). Annual time series arise
from an accumulation or an average of monthly values and,
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because of that, the missing months have a great impact
on the annual or seasonal final value, especially when the
variable accumulates. Therefore, and considering that only
stations with few estimated PE and PP data were preserved,
annual trends were calculated with the complete database,
including the values estimated by the model.

Trends in DEF and SMC were estimated using the non-
parametric Mann—Kendall test (Mann, 1945; Kendall, 1975),
with a threshold for statistical significance of 0.1. This test is
best suited when the data do not have a normal distribution
(Yue et al., 2002), and is one of the most used tests in the
detection of trends in environmental, climatic, or hydrologi-
cal data series (Yue et al., 2002; Fernandez-Long et al. 2013;
Asfaw et al., 2018; Zuo et al., 2019). This methodology
identifies the existence of upward or downward trends but
does not quantify them. Because of that, the magnitude of
the slope when a trend was detected was determined by the
Sen slope (Sen, 1968). This estimator is statistically robust
and unbiased. Both the Mann—Kendall test and the Sen slope
admit are feasible with missing data.

2.5 Climate contribution to soil moisture trends

To find the variable responsible for the changes observed
in SMC and DEF, annual trends on PP and PE were also
analyzed. In addition, a detrended analysis of variables that

Fig.2 Annual trends for the
1990-2019 period in a water
deficit (DEF) and b soil mois-
ture content (SMC). Brown
circles indicate significant
trends to drier conditions, while
blue circles indicate significant
trends to wetter conditions.
Gray circles indicate no signifi-
cant changes

O Drier conditions O Wetter conditions

influence PE estimation was computed (Xu et al. 2006; Liu
et al. 2010). The variables evaluated were meanT, maxT,
minT, wind speed, Rs (estimated from sunshine duration),
and Ea (as a measure of atmospheric humidity). Tempo-
ral trends of each variable were removed by subtracting the
linear function given by the Sen slope of the variable in
the period 1990-2019 and its intercept. Once the individual
annual trend was eliminated, the annual PE was recalculated.
Results from detrend analysis were also complemented by
the annual trend analysis of all the variables that influence
PE estimation, using the same procedure described in the
previous section.

3 Results
3.1 Annual trend analysis

DEF increased in almost all sites, with significant responses
(Fig. 2a), indicating the occurrence of increasingly dry con-
ditions. In total, 16 sites (31%) showed significant changes.
The trends observed were positive in 15 of them, suggesting
greater soil water deficits. Only one site recorded a signifi-
cant negative trend in DEF, in the north of the country (site
F1). Sites with trends towards drier conditions were situated
in the center-west (sites MZ1, MZ2, and SJ1) and center of

Annual trends (1990-2019)

References

O No significant changes

@ Springer



1194

M. Peretti et al.

Argentina (sites CO1, CO2, CO3, and SF1) and in the west
of Buenos Aires province (sites BAS, BA7, BA12, BA13,
and BA15).

The trends in SMC were less than in DEF, but they
also suggested increasingly dry conditions in most cases
(Fig. 2b). In 11 sites, 21% of the cases analyzed showed
significant trends in SMC, and most were negative, except
for two stations in the north of the country (Fig. 2b). Nega-
tive trends indicate, in this case, a reduction in the soil water
content. Regarding water deficits, the stations located in the
center of the country showed significant trends towards drier
conditions of lower water availability, although they did not
always show significant changes in both variables. Some
sites showed significant responses in DEF and not in SMC,
as in the case of site MZ2 in the west and site CO3 in the
center of Argentina.

The results allowed the detection of certain areas in which
changes were clearer and more consistent in both variables.
The sites located in the central region of the country expe-
rienced decreases in SMC and increases in DEF. These
changes show a lower availability of soil water with time in
this area. This spatial pattern is visible given the number of
meteorological stations located in this region of the country.
Results also showed a wide spatial representativeness in the
province of Buenos Aires (constituted by all the sites with
the acronym BA), although, while the west of the province
experienced significant changes in deficiencies, no evident
pattern of decrease in SMC was observed.

Changes of greater magnitude were observed with more
frequency in DEF than in SMC (Table 1). The magnitude
of these changes is given by the percentage of change over
time (slope) with respect to the annual mean value of DEF
or SMC in that site (Relative change, Table 1). In the case
of DEF, the most important changes occurred mainly in the
center of the country, with variations of 2.5% or over per
year. The greatest change was observed in site BA12, with a
slope of 10.9 mm year™!, which corresponds to an increase of
3.2% in its average value per year in the period 1990-2019.
In addition, other sites with significant changes in annual
water deficiencies in the center of the country were SF1,
COl1, CO2, and CO3, with increases of 11.4 mm,15.0 mm,
10.7 mm, and 7.8 mm per year respectively (equivalent to
1.7%, 2.2%, 1.5%, and 1.6% with respect to their average).
In terms of SMC, the site with the highest degree of change
was SJ1, in the west of the country.

3.2 Contribution of meteorological variables
to changes in soil moisture.

Important changes in PE were observed during the
1990-2019 period; on the contrary, during the same
period, there were almost no significant changes in PP
(Fig. 3). Although the PP is highly determinative of soil
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water content, in this study, no strong signal from PP
trends was observed. PE increased in the central, central-
west, and central-east regions of the country. PE showed
a decrease only in the southern sites (Patagonian region)
and in the F1 site in the north of the country (Fig. 3). In
sites where decreases in DEF or SMC were observed, PE
consistently increased (Table 1), whereas, in site F1, a
lower PE corresponded to lower water deficits and greater
soil moisture content (increase in SMC) (Table 1). PP
accompanied this trend towards drier conditions only in
two sites, with significant negative trends (Table 1). There-
fore, changes in PE were the main ones responsible for
generating changes in soil moisture.

The results of the PE detrend analysis suggest a greater
impact of maxT and meanT—accompanied by negative
trends in actual vapor pressure (Ea) (lower relative humid-
ity)—on PE in sites with significant changes in soil mois-
ture located in the center and east of the country (Table 2,
group I). Solar radiation (Rs) was of secondary importance
in these sites. Temperatures, radiation, and humidity all
increased PE over the time period studied. This can be
observed in Table 2, since the slope of PE after eliminat-
ing the trends in these variables is always lower than the
original. Therefore, each variable contributed to increasing
PE. Figure 4a shows the scatter plot between the original
PE’s slopes and the modified PE’s slopes. The effect of the
variables on PE can be easily observed from the distance
of the points from the 1:1 line. A greater distance from the
1:1 line is observed in cases where the trends in maxT and
meanT were eliminated (Fig. 4a). On the other hand, when
the minT trend was removed, there was no impact, plac-
ing all the points near the 1:1 line (Fig. 4a). Humidity and
solar radiation (estimated by sunshine duration) showed
an important influence on PE, although lower than that of
maxT and mean T (Fig. 4c and d). Humidity in those sites
had negative trends, while radiation had positive trends
(see Appendix, Table 3).

In sites located in the west of the country (MZ1, MZ2,
SJ1, and RN3), changes in PE were mainly controlled by
increases in wind speed and decreases in humidity (Ea)
(Table 2, group II). When the trends in wind or humidity
were eliminated, the PE slopes were lower than the origi-
nal. Therefore, both variables contributed to increasing PE
in these sites between 1990 and 2019. Figure 4b shows that
the wind impact on PE was only relevant in a few sites,
located in the west of the country (group II), and that most
points are close to the 1:1 line. It is interesting to note that
while the wind changed significantly in the period studied
(see Appendix, Table 4), it only influenced the PE of sites
located in the west of the country and had no major influ-
ence on the PE of sites in central and eastern Argentina.
At group II sites, maxT and minT had no impact on PE
(Table 2).
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Fig.3 Annual trends for

the 1990-2019 period in a
Penman—Monteith potential
evapotranspiration (PE) and

b precipitation (PP). Brown
circles indicate significant
trends to drier conditions, while
blue circles indicate significant
trends to wetter conditions.
Gray circles indicate no signifi-
cant changes

4 Discussion

An increase towards drier soil conditions was detected in
some regions of Argentina for the 1990-2019 period, but
without major changes in precipitation. This result is not
consistent with the results of Sheffield and Wood (2008),
who observed positive trends in soil water in Argentina (wet-
ter conditions) between 1950 and 2000, and an increase in
precipitation. The difference in our results could be related
to the time period analyzed, as shown by Minetti et al.
(2003) and de Barros Soares et al. (2017), who also detected
positive trends in precipitation by using time periods similar
to those of Sheffield and Wood (2008). Nevertheless, studies
analyzing precipitation trends in central eastern Argentina
in more recent periods (1984-2014) (D’Andrea et al. 2019)
agree with our results.

It is worth mentioning that the soil moisture content for-
mulation (SMC, Eq. 5) in the BHOA model includes the
excess term (EXC, Eq. 4), with the purpose that the SMC is
not limited by the field capacity in the upper bound. How-
ever, this could be showing higher values of SMC when
comparing with other data sources, because it includes,
although not explicitly, runoff variables (i.e., surface, and
subsurface) inside the SMC. Despite this, the annual trends
towards drier conditions detected in our study are also con-
sistent with those found by Deng et al. (2020) and Dorigo
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Annual trends (1990-2019)

e

O Drier conditions O Wetter conditions () No significant changes
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et al. (2012), who analyzed satellite estimations of soil mois-
ture over time periods similar to the one used in our study. It
is important to highlight that both independent data sources
(i.e., satellite estimations vs. hydrological balance model)
are consistent in showing the same sign in soil water trends.
Therefore, on an annual time scale, surface soil moisture
from satellite estimations and point scale soil moisture in
the root zone from BHOA simulations, which are driven by
observations, can spatially complement each other.

An interesting feature to mention is that annual DEF
experienced more important and more frequent relative
changes than annual SMC (see Table 1). This result could
be related to the influence of excesses on annual SMC. In
this way, as SMC contains water excesses, these could have
countered moments of lack of water, i.e., water deficits. The
role of excesses in SMC could be related to an increase in
the frequency and intensity of extreme precipitation events,
particularly in the center and east of the country (Barros
et al. 2015; Camilloni 2018), affecting EXC and thus SMC.
However, further studies are needed to confirm this assump-
tion. It is possible that this growing trend in water excesses,
together with DEF negative trends, may have been respon-
sible for smoothing out the observed annual SMC trends.

The evidence of soil moisture content and water deficit
trends suggests the possible existence of trends in differ-
ent meteorological variables like PP and those used in the
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Table 2 Potential Modified PE slope without trend in:
?;irplo;zzﬁfg;rgiiﬁéii)i(s)l;pes Sitte Group PE meanT maxT minT Rs Ea  Wind
1990-2019. The values of the F1 - -7.89 -10.24 -7.87 -9990 ,-3.82 -6.40 -1.39
original PE slopes and the
modified PE slopes (with PE S1 | 221 4-0.11 1.16 0.98 1.22 2.43 2.74
recalculated after detrend in CHA2 | 7.72 595 6.56 7.29 1556 1545 1 4.88
Eﬁlza‘;fngﬁa:r:sﬁlﬂ ﬁg;d SF1 | 1018 1436 1698 754 807 1612 10.11
arrows indicate that {he variable CcOo1 | 8.47 8.11 6.28 9.79 1381 1392 784
Eomribmeggtg andir;coregse i}? IPE CO2 | 5.08 1223 1180 549 1282 128 4.9
etween 1 an 19, while
down arrows indicate a negative COo3 | 475 1108 1229 3.74 3.31 3.13 4.74
contribution to PE. The shaded co4 | 451 1254 P1.21 572 275 1010 5.72
numbers indicate the most BA12 | 1005 1484 1700 812 753 4577 894
important differences between
the original and modified slopes BA2 | 3.67 1‘ 0.23 1.74 1.98 1.87 3.11 4.52
for each site. Horizontal lines BAS | 48 1256 1293 470 1242 327 455
divide groups of sites, while site BA7 | 4.0 4\ 1.05 /]\ 1.74 333 /]\ 1.79 351 343
F1 is different from all sites . . : : : : :
BA13 | 7.09 13.07 1M4.24 6.31 5.78 5.52 5.73
BA15 | 498 1352 4.23 433 1N2.82 1199 4.68
BA10 | -1.18 -2.41 -2.09 -1.76  1-3.29 1 0.86 -0.02
SJ1 I 9.41 7.01 9.07 7.67 10.96 13.14 1 5.90
MZ2 I 6.59 1490 5.64 5.98 5.67 N49 1292
Mz1 I 6.06 13.89 5.17 4.95 5.07 1410 1 4.62
RN3 I 0.78 0.04 0.06 0.68 1.97 1.60 1-0.72

formulation of PE (see Eq. 1). Consequently, the behavior
of PE and PP (1990-2019) was analyzed, and the results
showed significant annual trends in PE and almost no sig-
nificant changes in precipitation, as mentioned earlier (see
also Fig. 3). As changes in PE were the main responsible
for changes in soil water, a detrend analysis was carried out
to determine which meteorological variables were more
important in modulating the PE trend. Positive trends in tem-
perature and solar radiation and a negative trend in humid-
ity were the main causes of the positive trend in PE in the
center and east of Argentina, with a consequent decrease in
SMC. Similar results in PE (also using the Penman—Mon-
teith formulation) and PP were documented by D’Andrea
et al. (2019) in central-eastern Argentina. These authors
documented that the decreasing trend in relative humidity
could have been the main cause of PE trends, having more
weight than temperature, by using a forward stepwise regres-
sion analysis. Despite the differences, both methodological
approaches agree in pointing to humidity as one of the vari-
ables responsible for PE trends. Similar results have been
documented in China by Liu et al. (2010), who, through a
detrend analysis, observed that an increasing trend in air
temperature and, to a lesser extent, a decreasing trend in
relative humidity, were the main causes for the increasing
annual trends of PE, also estimated by the Penman—Monteith
method.

Wind speed increased significantly both in sites in the
center and east and in sites in the west of Argentina. How-
ever, changes in PE were explained by trends in this variable
only in the west (see Appendix, Table 4). This is possibly
related to the existence of spatial variability in the sensitivity
of PE to meteorological variables. Many studies have ana-
lyzed PE sensitivity in different parts of the world, showing
widespread results. For example, Liu et al. (2010) studied
the sensitivity of PE to meteorological variables in the Yel-
low River basin in China and found that it varied in different
regions of the basin: in the upper basin, PE was more sensi-
tive to solar radiation, and in the west portion it was more
sensitive to air temperature, whereas, in the middle basin,
the northwest portion was more sensitive to wind speed and
the south portion was more sensitive to relative humidity.
Interestingly, the northwest portion of the middle basin of
the Yellow River presents climatic characteristics similar to
those of the sites in the west of Argentina used in this study,
where the greatest changes were due to trends in wind speed.
In the Tibetan Plateau, PE was most sensitive to solar radia-
tion, and to a lesser extent to mean temperature (Hu et al.
2021); while in the Changjiang basin in China, PE showed
the lowest sensitivity to wind speed, and it was most sensi-
tive to relative humidity (Gong, et al. 2006). In addition, the
sensitivity of PE may vary with seasons (Gong et al. 2006;
Zeng et al. 2021), but since we worked with annual data, this
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Fig.4 Scatter plot between a)
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b)  Wind contribution to PE
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variability was not taken into account. Therefore, a signifi-
cant trend in a meteorological variable does not determine
the cause of the changes in PE by itself; a high sensitivity
of PE to that variable is also required, and that will depend
on the site conditions.

5 Conclusions

In this study, annual trends of SMC and DEF and the cli-
mate contribution to those trends were analyzed in 51 sites
distributed throughout Argentina for the 1990-2019 period.
This was performed based on simulations from a relatively
simple water balance model (BHOA). Our results showed
that, in general, DEF significantly increased (i.e., positive
trend) in almost all sites. Significant SMC trends occurred in
fewer sites and with a minor relative change in comparison
to DEF, but also suggesting an increase in drier conditions
(i.e., negative trends) in most cases.

PE trends were the main responsible for inducing changes
in SMC, as almost no significant changes in PP were
detected. In central-eastern Argentina, which is the core
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Original PE slope (mm.year-1)

agricultural region, PE increased mainly due to the increase
in maxT and meanT, followed by increases in solar radiation
and decreases in humidity. In the sites located in the west
of the country, PE increased due to increases in wind and a
decrease in humidity. Because temperature turned out to be
one of the most important drivers of the increase in PE in
central eastern Argentina, projected increases in tempera-
ture documented by the IPCC (2021) could imply higher
PE scenarios and, therefore, higher DEF and lower SMC.
According to the results obtained in this study, increasingly
drier conditions are expected to continue to occur in this
region of the country.

Finally, examining the spatio-temporal variability in
soil water and how the meteorological variables affect it is
indispensable to assess climate-induced changes and pro-
pose feasible climate change adaptation strategies. This
is particularly important in countries like Argentina with
predominantly rainfed agriculture, as crop yields strongly
depend on precipitation and, thus, on soil moisture condi-
tions. Thus, soil water negative trends could have a negative
impact on crop yields. Depending on the time of occurrence,
they could have a higher or lower impact on this economic
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activity. Corn and soybean production are sensitive to drier
summers, while winter crops such as wheat and barley are
sensitive to water soil scarcity, especially during spring
months. Advancing in the understanding of soil moisture
behavior and the seasonality of its changes is essential to

Appendix

propose feasible climate change adaptation strategies in the
agricultural sector. Therefore, further studies are needed to
evaluate the seasonality trends of soil moisture content and
water deficits to complement this study.

Table 3 Meteorological stations used in this study. Name, latitude, longitude, and height are detailed

Code Name Lat Long Height (m) Code Name Lat Long  Height (m)
F1 Las Lomitas -247 -60.6 130 RN2 Bariloche AERO —-412 =712 840
S1 Salta AERO -249 —-655 1221 SL1 Villa Reynolds AERO —-337 —-654 486
LR1  Chilecito AERO -292 —-674 945 CR3 Paso de los Libres AERO -29.7 =572 70
CAl1 Catamarca AERO —286 —658 454 MI1 Iguazi AERO —-257 =545 270
CR1 Bella Vista INTA —-284 —-589 70 CO4 Marcos Juarez AERO -327 -622 114
SF1 Ceres AERO —-299 —-62.0 88 MZ1 San Martin (Mendoza) —-33.1 —-684 653
COl1 Cérdoba AERO -313 —-642 474 CHa2 Pcia. Roque Saenz Pefia INTA —-26.9 -60.5 90
ER1  Parana AERO -31.8 —-605 78 CHa3 Las Brefias INTA -27.1 —-61.1 102
ER2  Gualeguaychi AERO -330 -586 21 BA10 Hilario Ascasubi INTA -394 -62.6 22
CO2 Rio Cuarto AERO —-33.1 —-642 421 SJ1 San Juan INTA -314 —-683 618
BA1  Pergamino INTA -339 -60.6 65 SF2 Sauce Viejo AERO -31.7 -60.8 18
CO3  Laboulaye AERO -34.1 —-634 137 BAI11 Junin AERO -346 —-609 81
BA2  Ezeiza AERO —-348 =585 20 BAI12 Pehuajo AERO -359 -619 87
BA3 LaPlata OBS -350 -579 23 CR2 Corrientes AERO -275 —-58.8 62
MZ2 Malargiie AERO —-355 —69.6 1425 SF3 Oliveros INTA -326 —-609 26
BA4  Dolores -364 =577 9 LR2 Chamical AERO -304 —-66.3 461
BAS  Coronel Suarez AERO -374 —-619 233 ER3 Concordia AERO -313 —-58.0 38
BA6  Mar del Plata AERO -379 =576 21 CHal Resistencia AERO -275 -=59.1 52
BA7  Barrow INTA -383 -603 120 BA13 Tres Arroyos —-383 —-60.3 115
BA8  Bahia Blanca AERO —-38.7 -622 83 BA14 San Pedro INTA —-337 =597 28
NQ1 Neuquén AERO -390 -68.1 271 J1 Jujuy AERO —-244 —-65.1 905
CH2 Trelew AERO —-432 —-653 43 RN1 Viedma AERO -409 -63.0 7
CH3 Comodoro Rivadavia AERO —45.8 —67.5 46 MI2 Bernardo de Irigoyen AERO —-263 —-53.7 815
SC1  Rio Gallegos AERO -51.6 -693 19 BAIS Olavarria AERO -369 —-60.2 166
CH1 Esquel AERO —-429 =712 797 RN3 El Bols6n AERO -42.0 =715 337
BA9  Tandil AERO -372 =593 175
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Table 4 Slopes of the annual
trend of water deficits (DEF)

Annual trends

(mm year™), soil moisture Site DEF SMC EP PP meanT maxT minT Rs Ea Wind
content (SMC) (mm year"),
potentia] evapotranspiration F1 —12% 1* —7.9% 2.98 0.04%* 0.00 0.06*% —0.04* 0.03 —-0.2%
(PE) (mm year‘l' ), precipitation S1 -0.6 0.5% 2.2 4.10 0.03*  0.03* 0.03* 0.01 0.00 —0.02%*
(PP) (mm year™), mean CHa2 107% —13*% 7.7% =799 002% 003* —001 002%*  —005% 0.11%
temperature (meanT) (°C N N N N N N N N
year™), maximum temperature SF1 114 -1 10.2 -6.88 0.05 0.06 0.05*% 0.02 —0.05* 0.01
(maxT) (°C year™!), minimum Col 15* —1.4% 8.5%* -6.03 0.00 0.05* —0.02 0.06* -0.06* 0.02*
tempelrature (minT) (°C CcO2 10.7%  —1.3% 5.1% -5.15 0.02* 0.05* -—0.01 0.03* -0.02 0.01
year™), solar radiation (Rs) CO3 7.8 —10 48* 439 0.04%  006* 002 002%  —002  0.00
(MJ m™ year™ "), actual vapor w " " "
pressure (Ea) (hPa year™), and CO4 9.8 -2 4.5 -12.39 0.02 0.06 -0.03 0.02 —-0.06 -0.12
wind (km h™! year™). Slopes BAI2 109* —13  10.0% -6.74 0.06*  0.07* 0.04 0.04* —0.06* 0.1*
marked with * indicate they BA2 5.1% -02 3.7% —1.44 0.03*  0.04* 0.03* 0.02* -0.01 —0.06*
were statistically significant BAS  64%  —05  4.8* —511 0.02% 0.04% 001 004*  —002 0.2
BA7 5.9% -0.8  4.0% —8.4% 0.04*  0.06* 0.02* 0.03* -0.01 0.02
BA13  12.8% —1.8% 7.1% -7.5 0.04*  0.06* 0.02 0.02% -0.02  0.06*
BA15 8.6% -0.9% 5.0% -63  0.01* 0.02* 0.01 0.03* —0.03* 0.03*
BAI0 0.5 -0.8% —12% =37  0.02* 0.02% 0.02 0.03* 0.03 —0.05*
SIt 12.6%  —0.5% 9.4%* -3.6¥ 0.04* 0.01 0.06% —0.02 —0.11*%  0.06*
MZz2 8.4% -04  6.6% -2.09 0.02%  0.03* 0.02% 0.01 —0.02* 0.10*
MzZ1 6.1% 0.0 6.1% 020 0.04*  0.04* 0.04% 0.01 —0.05% 0.04*
RN3 2.4% 0.0 0.8% —-572 0.02%  0.04* 0.00 -0.02 0.02%  0.07*
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