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Abstract

Since the 1970s, agricultural production in central Argentina has shifted away from perennial crops and grasses towards annual

crops, largely soy. In this work we use observations and modeling to understand how this shift in land cover has affected the

sub-surface, surface and atmospheric fluxes of moisture and energy in a flat agricultural area. We analyze the flux tower data

from a paired site at Marcos Juarez in central Argentina during the period of the RELAMPAGO field campaign (2018-2019).

When compared to perennial alfalfa, the observations over soy show lower evapotranspiration and specific humidity, higher

sensible heat, higher outgoing shortwave radiation and soil temperature. Furthermore, water table depth is shallower below

the soy than the alfalfa sites. To better understand the long-term temporal behavior from 1970s to present, the Noah-MP land

surface model was calibrated at both soy and alfalfa sites based on RELAMPAGO data. Long-term simulation of the calibrated

model suggests that ˜95% of precipitation is evaporated in the alfalfa site with negligible recharge and runoff. In the case of

soy, ET is about 68% of precipitation, leaving nearly 28% for recharge and 4% for runoff. Observed increases in streamflow

and decreases in water table depth over time are likely linked to shifts in land cover. The changes in water table depth are

enhanced in El Nino years. Furthermore, the partitioning of net radiation shifts from latent heat to sensible heat resulting in

a 250% increase in Bowen ratio (from 0.2 to 0.7).
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 14 

Key Points: 15 

 RELAMPAGO field observations and Noah-MP modeling are used to demonstrate that 16 

the fluxes of moisture and energy differ significantly between alfalfa and soy crops in 17 

central Argentina. 18 

 Water table depth has significantly decreased, and runoff has increased over agricultural 19 

areas of central Argentina during the recent decades. 20 

 Land cover changes partly explain regional changes in water table depth, runoff and 21 

Bowen ratio in central Argentina.  22 

 23 

Abstract 24 

    Since the 1970s, agricultural production in central Argentina has shifted away from perennial 25 

crops and grasses towards annual crops, largely soy. In this work we use observations and 26 

modeling to understand how this shift in land cover has affected the sub-surface, surface and 27 

atmospheric fluxes of moisture and energy in a flat agricultural area. We analyze the flux tower 28 

data from a paired site at Marcos Juarez in central Argentina during the period of the 29 

RELAMPAGO field campaign (2018-2019). When compared to perennial alfalfa, the 30 

observations over soy show lower evapotranspiration and specific humidity, higher sensible heat, 31 

higher outgoing shortwave radiation and soil temperature. Furthermore, water table depth is 32 

shallower below the soy than the alfalfa sites. To better understand the long-term temporal 33 

behavior from 1970s to present, the Noah-MP land surface model was calibrated at both soy and 34 

alfalfa sites based on RELAMPAGO data. Long-term simulation of the calibrated model 35 
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suggests that ~95% of precipitation is evaporated in the alfalfa site with negligible recharge and 36 

runoff. In the case of soy, ET is about 68% of precipitation, leaving nearly 28% for recharge and 37 

4% for runoff. Observed increases in streamflow and decreases in water table depth over time are 38 

likely linked to shifts in land cover. The changes in water table depth are enhanced in El Ni𝑛̃o 39 

years. Furthermore, the partitioning of net radiation shifts from latent heat to sensible heat 40 

resulting in a 250% increase in Bowen ratio (from 0.2 to 0.7).  41 

1. Introduction 42 

    During the 21
st
 century, Argentina (Figure 1a) has experienced one of the fastest agricultural 43 

expansion rates in the planet (Baldi et al., 2008; Graesser et al., 2015). In many Argentinian 44 

regions, such as the province of C𝑜́rdoba (Figure 1b), the past 60 years have seen a shift in 45 

agricultural production from one that had primarily perennial crops for livestock and grasses to 46 

one based on annual crops, largely dominated by soy, with confinement of livestock into 47 

feedlots. These changes came about due to a confluence of global and national factors. 48 

Technological advances in agricultural production such as the introduction of transgenic 49 

varieties, no-till farming, and crop rotation dramatically increased crop productivity in the region 50 

(Paruelo et al., 2005). Global economic shifts such as the increasing demand of soy-based and 51 

corn-based biofuels and the incursion of China, a large importer of soy-based products, into the 52 

World Trade Organization made it economically attractive for farmers to shift to soy and corn. 53 

At the national level, Argentinian protectionist policies of the early and mid-2000s significantly 54 

benefited the agricultural industry. As a result, in two decades (1995/96 to 2014/15), the 55 

cultivated area in regions such as C𝑜́rdoba increased by 229%. Soy now dominates the landscape 56 

in the province of Cordoba accounting for nearly 60% of crops.  57 

    How can these dramatic changes in land use affect the hydrologic cycle? Some effects could 58 

parallel those of other regions of the globe that have experienced similar land use shifts, such as 59 

the Midwestern United States. In the US central region, European settlers arrived in the early to 60 

mid-19
th

 century and by 1900 agriculture had become the dominant land use type, replacing the 61 

native grasses and forests of the region (Yaeger et al., 2013). Perennial and sod vegetation gave 62 

way to intensive corn and/or soybean crops with shorter summer growing seasons, which led to a 63 

decrease in evapotranspiration (ET). Decreased ET implied that more precipitation was going 64 

into groundwater recharge and routed into streams as baseflow (Zhang and Schilling, 2006). 65 

Furthermore, the ubiquitous use of tile drainage accelerates the lateral subsurface drainage of 66 

these systems (Yaeger et al., 2013). Several studies have attributed increased baseflow in the 67 

region to changes in land surface characteristics (Zhang and Schilling, 2006; Schilling et al., 68 

2008; 2010; Xu et al., 2013).  69 

    The plains of the Pampas-Chaco in Argentina are flatter than their North American 70 

counterparts. They are sometimes referred to as hyperplanes, because their slopes are less than 71 

0.1%, their drainage systems are poorly developed, and ET dominates the water balance 72 

(Jobbagy et al., 2008). Rodriguez et al., 2020 identified transpiration as the primary component 73 

of the water budget, followed by ET and interception, for dry forests and crops in the nearby 74 

region of San Luis. In general, their modeling results showed that liquid water fluxes here are 75 

strongly controlled by the vegetation cover. Gim𝑒́nez et al., 2020 illustrated that changes in land 76 
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cover from dry forests to crop reduced ET and increased intensity of deep drainage. 77 

Consequently, changes in ET linked to agricultural practices can have dramatic consequences in 78 

the water balance of the region. Measurements and remote-sensing estimates in Argentina show 79 

that compared to annual crops, 80 

 81 

Figure 1. (a) Location of Carcarañá river basin in Argentina. (b) Elevation (m) and drainage 82 

network of the basin. (c) Location of Marcos Juarez (paired sites) and Andino (streamflow 83 

measurement location) within the watershed. 84 

perennial crops such as alfalfa have deeper roots and year-round transpiration of more than 1000 85 

mm/year compared to about 680 mm/year for single summer crops (Nosetto et al., 2015). Soil 86 

moisture is usually higher, and the water table depth is closer to the surface below annual single 87 

summer crops than in areas where perennial alfalfa is grown (Nosetto et al., 2012). Mercau et al. 88 

(2015) suggests that at inter-annual timescales, the balance between precipitation and ET dictates 89 

water table fluctuations, whereas crop choice can be a relevant control at intra-annual or seasonal 90 

timescale. They also indicated that lateral transport of water, driven by hydraulic gradients 91 

develops due to contrasting water consumption of different vegetation types. In a modeling study 92 

Zellner et al. (2020) reach a similar conclusion, as climate was the main driver of water table 93 

dynamics, but crops can influence water levels depending on the growing cycle. One of the 94 
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important consequences of changes in water table is related to flooding, as groundwater level is 95 

intimately related to the flooded area in the region (Viglizzo et al., 2009; Aragón et al., 2010). 96 

During periods of excess rains, the water table can reach the surface and cause “slow” floods that 97 

affect the region for several years (Kuppel et al., 2015). In fact, a modeling study by Lee et al., 98 

2018 linked the increasing discharge of Parana river to land cover change using a terrestrial 99 

biosphere model.  100 

    Very few studies have relied on eddy covariance data in this region due to limited in-situ 101 

measurements. Garcia et al., 2017a provided estimates of CO2 and water vapor fluxes, using 102 

eddy covariance measurements, in a dry forest of central Argentina. They identified that (1) the 103 

dry forest is a net sink of carbon, and (2) ET is the dominant vapor flux. In another study, 104 

Nosetto et al. (2020) compared the temporal patterns of CO2 and water vapor fluxes of native dry 105 

forests and pastures at two different locations to show comparatively higher ET in the forests, 106 

primarily due to increased evaporating surface causing higher intercepted water. Long-term 107 

ground water table depth records are also limited in this region. Jobb𝑎́ggy et al., 2020 illustrated 108 

that unsaturated-saturated contact zone is a critical and dynamic hub of water partition using 109 

observed water table depth analysis at different vegetation. Clearly, this region shows strong 110 

interactions between land cover and terrestrial hydrology. However, there have not yet been any 111 

paired hydrometeorological observations of eddy-covariance estimates in the region, to 112 

understand how transient changes in land cover affect the partitioning of moisture and energy. 113 

Furthermore, the link between these differences and long-term trends in water table depth, 114 

hydrologic and atmospheric fluxes has not been established. 115 

    This study focuses on the regions surrounding Marcos Juarez (Figure 1c), a town located in 116 

the Carcarañá river basin in the Pampas region of Argentina, in central-southeast of C𝑜́rdoba 117 

province. This region has experienced a dramatic transformation from mostly perennial grasses 118 

and alfalfa to annual (mostly soybean) cultivation (Figure 2) and is representative of the land-use 119 

changes in the region as a whole. Critically, the Argentinian National Institute for Agricultural 120 

Technology (INTA, for its acronym in Spanish) has an experimental alfalfa site and several soy 121 

sites in this location. Alfalfa is a perennial crop with characteristics similar to those that would 122 

have dominated the landscape in the 1970s, and soy crops are representative of the region at 123 

present. In addition, INTA has long-term water table depth observations (see section 2.1 and 124 

3.1). We deployed two eddy covariance towers within the INTA site as part of the 125 

RELAMPAGO (Remote Sensing of Electrification, Lightning and Mesoscale/ Microscale 126 

Processes with Adaptive Ground Observations) field campaign which took place in west central 127 

Argentina (Nesbitt et al., 2016; Pal et al., 2021). The RELAMPAGO project consisted of an 128 

Extended Hydrometeorology Observing Period (EHOP) from 1 June 2018 to 30 April 2019. One 129 

of the goals of the EHOP is to understand how changes in land cover have affected the 130 

partitioning of rainfall between infiltration/runoff and impacted the residence times of soil 131 

moisture and groundwater in the Carcarañá Basin’s terrestrial system. As part of the EHOP, the 132 

hydrometeorology team of RELAMPAGO installed thirty meteorological stations, including 133 

seven eddy covariance towers. The work we present in this manuscript is based on the two eddy 134 

covariance towers located within the INTA experimental site in Marcos Juarez Argentina (Figure 135 

1).  136 
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 137 

Figure 2. Evolution of land use change in Marcos Juarez, also representative of a large region of 138 

Argentina.  139 

    The goals of this manuscript are (1) to quantify the differences in energy and moisture fluxes 140 

between soy and alfalfa using high-resolution intra daily eddy covariance observations obtained 141 

from two RELAMPAGO flux towers, and (2) to understand the long-term effects of the gradual 142 

long-term shift from perennial to annual crops on surface, subsurface and atmospheric hydrology 143 

of the region with the help of a land surface model. The results from this study can be used to 144 

interpret long-term ET estimates in this region, which are also useful for INTA. Critically, the 145 

results from this study have implications for interpreting changes in water table depth based on 146 

land cover type and climate variability (such as El Ni𝑛̃o and La Ni𝑛̃a conditions). It is organized 147 

as follows: in section 2, the description of observed data, model specifications and the 148 

experimental design are discussed. In Section 3, the results are discussed and finally, the 149 

conclusions are summarized in Section 4. Additional information is provided in the Supporting 150 

Information (SI). 151 

2. Materials and Methods 152 

2.1 Long-term observations 153 

    Long-term measurements (1970-2020) of annual mean water table depth, precipitation and 154 

temperature were obtained from the agrometeorological station of the INTA Marcos Juárez. 155 

Annual runoff measurement from 1980 -2020 was obtained from the streamflow station at 156 

Andino (Figure 1c). The Carcara𝑛̃𝑎́ river drains an area of 60,000 km
2
 at Andino (60.87W, 157 

32.67S), which has long-term daily discharge information (Source: National Secretary of Water 158 

Resources). As such, Andino is downstream of Marcos Juarez as well as most of the 159 

Carcara𝑛̃𝑎́ river basin. Total runoff at Andino was further separated into baseflow and surface 160 

flow using Web-based Hydrograph Analysis Tool (WHAT) recursive digital filter method 161 

(Eckhardt, 2012). Throughout the text, significance is assessed using the Mann Kendall trend test 162 

at 95% significance level. Sequential Mann Kendall test (Sneyers, 1990; Modarres and Sarhadi, 163 

2009) was used to detect breakpoints in discharge (see Figure S1 in SI). 164 

2.2 RELAMPAGO 10-month observations 165 
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    To understand the effect of different land use types on the fluxes of energy, moisture and 166 

momentum along the subsurface-surface and atmosphere continuum, the RELAMPAGO 167 

Hydrometeorology team installed two eddy covariance towers within the INTA experimental 168 

station in Marcos Juarez (Figure 1c). One of the towers was located within an alfalfa test plot 169 

(62° 4.492'W, 32° 42.970'S), while the other one was located in a soy site (62° 5.085'W, 32° 170 

43.518'S; Figure 1c). RELAMPAGO flux measurements are part of the Integrated Surface Flux 171 

System (ISFS) (https://www.eol.ucar.edu/content/isfs-operations-relampago) maintained by the 172 

National Center for Atmospheric Research (NCAR) Earth Observing Laboratory (EOL). 3-D 173 

sonic anemometers and H2O/CO2 gas analyzers were used to measure net evapotranspiration and 174 

surface energy balance. As such, the sensible and latent heat fluxes were obtained from sonic 175 

anemometer measurements of vertical velocity, temperature and fast-response hygrometer 176 

measurements of water vapor density. Soil moisture sensors were installed at 5 cm depth. 177 

Radiation measurements were derived from the radiometers.  178 

    For this study, we analyze soil moisture (SM), sensible (SHF), latent heat fluxes (LHF, 179 

measured by the eddy covariance method), specific humidity (SH), outgoing shortwave radiation 180 

(OSR), soil temperature (ST), 2-m temperature (T2m), momentum in zonal and meridional 181 

direction (U- and V-momentum), and incoming shortwave radiation (ISR). The flux tower 182 

measurements were available from June 1, 2018 to April 1, 2019. However, good quality soil 183 

moisture data was only available from November 2018 to March 2019. Continuous groundwater 184 

measurements were obtained in the soy and alfalfa sites from both automated sensors and manual 185 

extraction by INTA and data was available from July 2018 to May 2019. 186 

    Our observations include the full crop planting-harvesting cycle. In Argentina, soy planting 187 

begins in September-October and planting ends in November, during the months of austral 188 

spring. December-February is the growing season (austral summer), and harvesting begins in 189 

March. Harvesting is completed by April-May. During the austral winter months, cover crops are 190 

sometimes planted to improve soil fertility and quality, as they were during the 2018-2019 191 

season in Marcos Juarez. 192 

2.3 Land surface modeling with Noah-MP  193 

    Land surface models compute the exchanges of water, heat, radiation and momentum between 194 

the land and atmosphere (Sellers et al., 1997; Zheng et al., 2019). In this study we use the Noah 195 

LSM (Chen and Dudhia, 2001) with multi-parameterization options (Noah-MP; Niu et al. 2011) 196 

run in a column (one-dimensional in the horizontal direction) configuration. Noah-MP calculates 197 

energy, water, and carbon dioxide fluxes between the biosphere and the atmosphere for different 198 

vegetation types, with closed energy budget and coupled water cycle. It has been previously 199 

implemented to investigate problems related to hydrologic cycle in standalone mode (Cai et al., 200 

2014; Martinez et al. 2016a) and coupled with WRF (Martinez et al., 2016b; Pal et al., 2019) or 201 

WRF-Hydro (Gochis et al., 2018; Pal et al., 2021).  202 

    We use the Noah-MP land surface model in ‘offline’ mode with a groundwater scheme (Niu et 203 

al. 2007) to better understand the physical processes in the two sites with different vegetation and 204 

evaluate these processes for periods when we do not have observations (Figure 3a). The Ball-205 

https://www.eol.ucar.edu/content/isfs-operations-relampago
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Berry scheme was chosen for modeling stomatal resistance. Other parameterizations of Noah-206 

MP were left as default; such as Monin-Obukhov scheme for surface layer drag, Jordan scheme 207 

for partitioning precipitation into rainfall and snowfall etc. (Niu et al., 2011). We do not analyze 208 

carbon fluxes in this work, so the carbon and dynamic vegetation module was not used. In the 209 

model, vegetation is represented by generic plant functional types, so the model needs to be 210 

calibrated regionally for best results. To better represent the soil state and ground water-soil 211 

moisture interaction, we modified the model soil column to have 14 layers (Table S1 in SI) 212 

extending from the surface to 4m below (following Miguez-Macho and Fan, 2012; Martinez et 213 

al., 2016a) while the default Noah-MP has only 2m deep soil column (with 4 layers).  214 

 215 

Figure 3. (a) Noah-MP groundwater model structure (adapted from Niu et al., 2007), zi = height 216 

of soil layers, ψ = water head, Q = recharge rate (mms
-1

), z∇ = water table, bot = bottom layer, 217 

Wa = water stored in the aquifer (mm), Rsb = subsurface discharge (mms
-1

), (b) LAI and (c) Root 218 

depth climatology used in the model simulation for Soy and alfalfa. 219 

    The model is run with prescribed atmospheric conditions from Global Land Data Assimilation 220 

System (GLDAS; Rodell et al., 2004) extracted for Marcos Juarez (nearest grid point from 221 

GLDAS). First, we performed two independent experiments named ‘Noah-MP SOY’ and ‘Noah-222 

MP ALFALFA’ where the model configuration remains unchanged except for the vegetation 223 

parameters in the model. The vegetation parameters varied depending on the type of crop were 1) 224 

leaf area index (LAI), 2) root depth (RD), 3) maximum carboxylation rate (VMAX) in the 225 

Farquhar photosynthesis model (Farquhar et al., 1980), 4) the slope parameter (MP) and 5) the 226 
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intercept parameter (BP) in the Ball-Berry stomatal conductance model (Ball et al., 1987). 227 

VMAX, BP and MP controls the ET by controlling the stomatal resistance (rs,i). 228 

1

𝑟𝑠,𝑖
= 𝑀𝑃

𝐴

𝑐𝑎𝑖𝑟
 

𝑒𝑎𝑖𝑟

𝑒𝑠𝑎𝑡(𝑇𝑣)
𝑃𝑎𝑖𝑟 +  𝐵𝑃 

Where ‘A’ is photosynthesis rates per unit LAI of leaves, which is controlled by VMAX. Cair is 229 

the CO2 concentration at leaf surface, Pair is the surface air pressure. Eair and esat are vapor 230 

pressure at leaf surface and saturation vapor pressure at leaf surface temperature, respectively. 231 

Simulated ET is highly sensitive to these parameters of Noah-MP (Cuntz et al., 2016). Other 232 

vegetation parameters (e.g. leaf reflectivity, stem reflectivity, vegetation height, height of lower 233 

canopy bound etc.) for the Noah-MP ALFALFA and Noah-MP SOY simulations were kept as 234 

default Noah-MP values of ‘Grasslands’ and ‘Croplands’ modified IGBP MODIS 20-category 235 

vegetation, respectively. The soil type was taken as silty clay loam for both the sites.  236 

    The climatology of LAI and RD for the two vegetation types were obtained from literature 237 

(Figure 2 of Garcia et al. 2017b). Alfalfa grows during the whole year and have a deeper root 238 

system (3.5 m), while soy crops occupy the field only 4-5 months. In Noah-MP, we provided the 239 

root depth monthly climatology and prescribed monthly LAI climatology (Figure 3b, 3c) from 240 

Garcia et al., 2017b. As such, we did not use dynamic root or dynamic vegetation calculations. 241 

There are some remotely sensed LAI products available in this region, but they do not accurately 242 

represent the LAI climatology of these two specific vegetations, so we relied on this local 243 

literature reported LAI estimates. The two short-term simulations Noah-MP ALFALFA and 244 

Noah-MP SOY were performed to calibrate and validate the model at the two sites (see section 245 

2.3.1 and section 3.3). The complete list of modeling experiments is presented in Table 1.   246 

Table 1. List of experiments performed in this study. 247 

Name of 

simulation 

Simulation 

period 
Vegetation Forcing Purpose 

Noah-MP 

ALFALFA 

June 1, 2018 – 

April 1, 2019 
100% alfalfa GLDAS 

Calibration and 

validation 

Noah-MP SOY 
June 1, 2018 – 

April 1, 2019 
100% soy GLDAS 

Calibration and 

validation 

Noah-MP 

ALFALFA LT 

January 1, 1970-

December 31, 

2018 

100% alfalfa GLDAS 

Long term 

estimates of 

water budget and 

surface fluxes 

Noah-MP SOY 

LT 

January 1, 1970-

December 31, 

2018 

100% soy GLDAS 

Long term 

estimates of 

water budget and 

surface fluxes 

 248 

    Using the calibrated model (see section 2.3.1) we performed two long-term simulations for 249 

100% alfalfa and 100% soy conditions for the period January 1970 – April 2019 (Noah-MP 250 

ALFALFA LT and Noah-MP SOY LT, respectively in Table 1). The calibrated parameters for 251 
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the two vegetation types are used in the long-term simulations, and the GLDAS forcing for 1970-252 

2019 is used to capture the interannual variability of the model inputs. These simulations provide 253 

components of annual water budget in the two different vegetation scenarios. It is worth 254 

mentioning here that these two scenarios are the two extremes of land use, and the actual 255 

transient land use would fall somewhere in between. However, this kind of experiment helps us 256 

understand the possible largest extent of transformation in hydrology due to land use change in 257 

this region. In our modeling experiment we do not take into account the effect of lateral flow 258 

(which might be generated by heterogeneous land cover) at inter-annual time scale. We spin up 259 

the model for 40 years for both scenarios and use the final SM and water table depth as the initial 260 

condition for the analyzed simulations.  261 

 2.3.1. Calibration 262 

    In Noah-MP, ET is most sensitive to the vegetation parameters VMAX, BP and MP (Cuntz et 263 

al., 2016). So, these parameters were obtained by calibration of the model based on 264 

RELAMPAGO flux tower observations of daily LHF at both the sites. All other parameters of 265 

the model were kept constant as the default configuration (section 2.3). The calibration was 266 

performed in a shuffle complex evolution method (Duan et al., 1993) minimizing the root mean 267 

square error (RMSE) of daily LHF data. Python SPOTPY package (Houska et al., 2015) was 268 

used to carry out the calibration. By this method, we can make realistic estimates of land surface 269 

variables at these two sites using Noah-MP (which previously had default generic crop 270 

parameters). The model was calibrated separately with respect to daily LHF data at both the sites 271 

to obtain the above-mentioned vegetation parameters. It is worth remembering here that our main 272 

goal from these modeling exercises is to obtain realistic water and energy balances for these two 273 

types of vegetations. LHF is a major part of both energy and water balance (as ET). Hence, we 274 

preferred to calibrate the model based on the common link (ET) of these two budget equations. 275 

The model was validated on the other variables during the same time period (June 1, 2018 – 276 

April 1, 2019) at those sites. 277 

    The results of calibration and validation is included in Table 2. For the soy (alfalfa) site, the 278 

parameters found were: VMAX = 132.425 (136.734), BP = 1580.63 (2041), MP = 6.89 (5.95). 279 

The model performance was validated against SHF and SM, at daily scale, at both the sites. The 280 

performance was significantly improved from the default parameter combinations, which 281 

underestimated the latent heat fluxes at both the sites. These calibrated parameters were used in 282 

the long-term simulations Noah-MP ALFALFA LT and Noah-MP SOY LT. 283 

3. Results 284 

3.1 Analysis of Long-Term Data 285 

    In 1970, the water table was nearly 11 m deep, however there has been a steady rise 286 

(statistically significant decreasing trend) of the water table and now it is approximately 2 m 287 

below ground at Marcos Juarez (Figure 4a). This trend does not seem to be related to climatic 288 

variables, e.g., precipitation and temperature. Annual mean precipitation shows a slight 289 

statistically non- significant decreasing trend (Figure 4b) and annual mean temperature shows a 290 

statistically 291 
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Table 2. Calibration and validation of Noah-MP at daily scale at the two sites. CC = correlation 292 

coefficient, RMSE = root mean square error. 293 

 
Alfalfa site Soy site  

CC RMSE CC RMSE 

Calibration 
Latent heat 

flux 
0.78 32.61 0.65 37.45 

Validation 

Sensible heat 

flux 
0.62 24.62 0.64 20.1 

Top layer 

soil moisture 
0.57 17.56 0.49 17.74 

 294 

significant increasing trend (Figure 4c).  295 

 296 

Figure 4. Long-term timeseries of annual mean (a) water table depth, (b) precipitation and (c) 297 

temperature at Marcos Juarez based on the Agrometeorological Station of the INTA Marcos 298 

Juárez and manual water table depth observations.  299 

    Streamflow at Andino has a statistically significant increasing trend, especially after 2000 300 

(Figure 5). The increasing trend in total flow is result of both increased baseflow (statistically 301 

significant trend) and surface flow (statistically non-significant trend, Figure 5a). The year 2000 302 

was found to be a year of change-point of trend (sequential Man-Kendall test, Figure S1 in SI). 303 

After 2000, baseflow has increased in the months of March and April; whereas surface flow has 304 

increased remarkably in February, March and October (Figure 5b). The combined effect of 305 

surface runoff and baseflow has resulted in the overall increase in streamflow at the Andino 306 

gauging station (Figure 5b-Figure 5d).    307 

3.2 Analysis of the RELAMPAGO data  308 

    The analysis of the RELAMPAGO flux towers data is limited to the period June 1, 2018 to 309 

April 1, 2019 which corresponds to the EHOP. Figure 6 presents values at (1) sub-daily, (2) daily 310 

and (3) monthly timescale.  311 

   Hourly fluxes of sensible and latent heat in the soy and the alfalfa site show different 312 

characteristics. Diurnal cycles of LHF and SHF at both sites peak around 16 UTC (1 PM local 313 
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time, Figure 6a, 6d). The difference in magnitude is nominal at nighttime, and it increases during 314 

daytime. During most months, LHF (SHF) was higher at the alfalfa (soy) site than in the soy 315 

(alfalfa) site. The highest differences in the diurnal cycles of LHF (SHF) is found in December      316 

 317 

Figure 5. (a) Annual mean streamflow at Andino 1980-2016. Linear fit lines (solid straight lines) 318 

are also included. Monthly mean streamflow before and after 2000 separated into (b) total, (c) 319 

baseflow and (d) surface flow. cms = cubic meter per second.  320 

(October). Sub-daily values of LHF (SHF) are comparable in the months of January and March 321 

(February and March). (2) Daily values of LHF are higher for alfalfa during most of the year, 322 

except for January, February and March, which correspond to the peak of the soy growing 323 

season when the annual crops are transpiring vigorously (Figure 6b and 6e). Daily values of SHF 324 

are much higher for Soy in all months, except February (Figure 6e). (3) Monthly mean values 325 

reinforce these facts (Figure 6c, 6f). LHF for alfalfa (soy) peaks in December (January). SHF for 326 

alfalfa (soy) peaks in February (December). This is related to the phenology of crops in this 327 

region (see section 2.2 and Figure 3b-3c). Crops transpire most during the end of growing season 328 

when they are mature. At the beginning of growing season, sensible heat is maximized. Based on 329 

our eddy covariance measurements, the accumulated 10-month ET of soy was found to be 330 

approximately 550 mm while for alfalfa it was around 880 mm. 331 

    In addition to sensible and latent heat, we analyzed specific humidity (SH), outgoing 332 

shortwave radiation (OSR), soil temperature (ST), T2m, U- and V-momentum and incoming 333 

shortwave radiation (ISR) measurements from the two sites. SH is higher at the Alfalfa site in all 334 

months except February and March at sub-daily, daily and monthly scale (Figure 7a-7c). The 335 
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difference is largest in January. This indicates that the atmosphere above alfalfa is more humid 336 

due to higher transpiration of the plants. OSR is higher at the Soy site in all months (Figure 7d-337 

7f). This is likely related to higher albedo of Soy when compared to Alfalfa. This radiative effect 338 

alters the net incoming solar radiation. Soil temperature is higher at the Soy site in all months, 339 

except January and February (Figure 7g-7i), and this is linked to the higher SHF in the soy plot 340 

(Figure 6d-6f). No significant difference was found for T2m, U- and V-momentum and ISR (not 341 

shown). This indicates that thermodynamic properties are altered by the change in vegetation, 342 

but not the dynamic properties.  343 

    Water table is shallower at the soy site (Figure 8) by more than 1 meter and this difference 344 

increases in summer months when we see a sharp increase in water table following the first rains 345 

(November- February). We also see that the automated water table depth measurements 346 

(continuous line) agree with the manual observations (points). It is worth mentioning here that 347 

these measurements are critical in this region, as satellite estimates like GRACE fail to show the 348 

variation in water table depth (Figure S2 in SI), most likely due to its coarse resolution. 349 

 350 

Figure 6. Diurnal, daily and monthly values of latent (a, b, c) and sensible heat flux (d, e, f) 351 

respectively at Marcos Juarez as observed by EOL towers during RELAMPAGO. 352 

    3.3 Model validation 353 

    When compared to observations, the Noah-MP calibrated model performs realistically for both 354 

the sites (Figure 9). LHF at the soy site was well represented by the model, except for some high 355 

daily values in October and December (Figure 9a). LHF at the alfalfa site was slightly 356 

underestimated during some days in the Spring and overestimated in the Summer months (Figure 357 

9b). SHF was slightly underestimated by Noah-MP at the soy site and overestimated at the 358 

alfalfa site (Figure 9c, 9d). The model does a reasonable job (Figure 9e, 9f) in simulating the top 359 

layer SM (0-5cm), unfortunately we do not have SM observations until November of 2018. The 360 

discrepancies between model simulated fluxes and observations can be attributed to the simple 361 

structure of the Noah-MP model and calibration of limited variables within the model. Noah-MP 362 

assumes uniform soil with depth, uniform root distribution throughout the soil layers, ignores 363 

hydrologic redistribution which can play a role in modifying the amounts of SHF and LHF. 364 
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However, for the purposes of this study we are interested in comparing the representation of the 365 

two different vegetation types to understand the long-term effect of such changes in the fluxes of 366 

energy and moisture. Also, realistic land surface modeling complements the observations in 367 

terms of gap filling of missing values, which are common in these types of measurements.  368 

 369 

 370 

Figure 7. Diurnal, daily and monthly values of specific humidity (a, b, c), outgoing shortwave 371 

radiation (d, e, f) and soil temperature (g, h, i) respectively at Marcos Juarez as observed by EOL 372 

towers during RELAMPAGO. 373 
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 374 

Figure 8. Water table depth at Marcos Juarez as measured by INTA during RELAMPAGO 375 

period. 376 

 377 

Figure 9. Calibrated Noah-MP model output at soy (a, b, c) and alfalfa site (d, e, f) as compared 378 

with EOL flux tower observation during RELAMPAGO period. Missing/ unusual soil moisture 379 

data is omitted from the plots. 380 
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3.4 Long-term water and energy balance of the two experiments 381 

    To understand how changes in agricultural practices might have changed the fluxes of water 382 

and energy, we performed two idealized long-term Noah-MP simulations for the period 1970-383 

2018. In one simulation we set the land cover as soy (Noah-MP SOY LT, Table 1), while in the 384 

other simulation was alfalfa (Noah-MP ALFALFA LT, Table 1).  Both simulations have the 385 

same atmospheric forcing for the 49-year period. The annual mean values of different 386 

components of the water budget (P = ET + R+ SR, where P = precipitation, ET = 387 

evapotranspiration, R = Recharge, SR = surface runoff, ignoring storage) of the two simulations 388 

are shown in Figure 10.  389 

    At the Alfalfa site, long-term average water balance reveals that ET is the dominant 390 

component (Figure 10a). Most of the incoming precipitation is evaporated (94.5%). Little goes 391 

into the aquifer as recharge (4.6%), along with negligible surface runoff (0.9%). This kind of 392 

partitioning of precipitation is realistic in this region (Rodriguez et al., 2020; Gim𝑒́nez et al., 393 

2020). This is due to high evaporative potential of alfalfa, adequate water availability, and 394 

flatness of the region which results in very little surface runoff. The partitioning of incoming 395 

precipitation is different at the soy site (Figure 10b). In this case, a significant amount of 396 

precipitated water goes into aquifer as recharge (28.4%). This is a result of significantly less 397 

evaporation at the soy site (68.1%), when compared to alfalfa. The surface runoff component at 398 

the soy site is slightly higher (3.5%), but still negligible compared to the evaporation and 399 

recharge.       400 

    Hence, changing pasture to cropland results in four-fold increase in runoff and six-fold 401 

increase in deep recharge. These results are consistent with previous literature and observations 402 

(Nosetto et al, 2015; Rodriguez et al., 2020). The change in land use in this region results in 403 

more recharge, which contributes to a shallower water table depth and higher baseflow observed 404 

in recent years (Figure 3 and Figure 4). In other words, the moisture that would have entered the 405 

atmosphere in alfalfa vegetated region, is being accumulated below ground due to the shift in 406 

land use to soy. This shift in regime transforms the subsurface hydrology in terms of water table 407 

depth, baseflow and SM.  408 

    Analyzing the partitioning of available energy defined as the summation of latent heat flux 409 

(LHF) and sensible heat flux (SHF (Shuttleworth 1993), we find that LHF is the dominant 410 

surface flux component in both the vegetations (Figure 11). However, the balance is significantly 411 

different when comparing alfalfa and soy. LHF accounts for 85% of available energy over alfalfa 412 

while it accounts for 59% over soy. On the other hand, the 15% of the available energy over 413 

alfalfa goes into SHF, while it is 41% over soy. The Bowen ratio (
𝑆𝐻𝐹

𝐿𝐻𝐹
) reiterates this fact with 414 

mean of 0.2 over alfalfa and 0.7 over soy. Interestingly, there is a statistically significant 415 

increasing trend in Bowen ratio in the Noah-MP SOY LT simulation (p = 0.014), which is 416 

consistent with Zeng et al. 2020, and indicates a possible global warming signature further 417 

enhanced by agriculture. In other words, the recent atmosphere is having a significantly higher 418 

sensible heat flux in the spring and summer months, compared to previous decades and this is 419 

highlighted only in the soy simulation. This could also have a potential impact on the overlying 420 
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atmosphere, given this region is characterized by strong land-atmosphere coupling (Ruscica et 421 

al., 2015).  422 

 423 

Figure 10. Long term annual estimates of precipitation, ET, runoff and recharge in (a) 100% 424 

alfalfa and (c) 100% soy simulations. Average partitioning of water in (b) alfalfa and (d) soy as 425 

calculated over the period 1970-2018. 426 

 427 

Figure 11. Long term annual estimates of LHF and SHF in (a) 100% alfalfa and (c) 100% soy 428 

simulations. Bowen ratio is shown with green line (secondary axis). Average partitioning of 429 

available energy in (b) alfalfa and (d) soy as calculated over the period 1970-2018. 430 

3.5. Idealized transient land cover analysis 431 
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    In the previous section, 100% soy and 100% alfalfa ideal simulations were used to estimate 432 

the long-term changes in the water fluxes. However, we would like to estimate the effect of a 433 

transient land cover which is similar to what happened historically (Figure 2). To estimate the 434 

transient moisture and energy fluxes, we used the yearly land cover changes for the region from 435 

Figure 2. It is important to highlight that, in reality, land cover in the region changed from mostly 436 

grasses and perennial crops like alfalfa, to a mixture of annual crops including soy, corn, wheat 437 

and other crops. Our simulations greatly simplify this complexity by assuming that the land 438 

cover is composed of a mixture of only alfalfa and soy. Furthermore, we do not account for the 439 

use of cover crops, despite the fact that these are sometimes used during the winter months. This 440 

will provide a first-order idea of the transient fluxes but will likely not reflect the actual historical 441 

conditions. The annual values were calculated based on a weighted “tile” approach commonly 442 

used in land surface models. For example, i
th

 year values of latent heat flux (LHi) were calculated 443 

as  444 

𝐿𝐻𝑖 =  
𝐿𝐻𝑎𝑙𝑓𝑎𝑙𝑓𝑎 ∗ (% 𝑎𝑙𝑓𝑎𝑙𝑓𝑎) +  𝐿𝐻𝑠𝑜𝑦 ∗ (% 𝑠𝑜𝑦)

100
 

    This method was followed for other variables as well (Figure 12a-12d). The figures reveal that 445 

a gradual land use change pattern from alfalfa to soy, results in decreased LHF and increase 446 

SHF. Similarly, annual recharge and runoff increases over time. Our results show a decreasing 447 

trend of ET, increasing trend of SHF, increasing trend of annual recharge (not statistically 448 

significant), and increasing trend of surface runoff (not statistically significant). Nonetheless, 449 

these long-term trends agree in sign with the observations. Increased recharge and runoff are 450 

reflected in increased baseflow and storm flow of Carcarañá river (Figure 4). Along with 451 

decreasing water table depth, this poses a higher flooding risk in the region in recent years, 452 

which is reported in many studies (Aragón et al., 2010, Nosetto et al., 2012).  453 

    Finally, we argue that the change in water table depth over the years is partially linked to the 454 

transient recharge estimates. It is important to highlight that we are not directly simulating 455 

absolute values of water table depth because we lack information about the specific yield of the 456 

unconfined aquifer and because we cannot simulate lateral groundwater flow in the one-column 457 

Noah-MP configuration (Niu et al., 2007). Due to these uncertainties in the groundwater scheme, 458 

we can only infer how changes in the water table depth could be related to changes in recharge. 459 

We see a slight increase (not statistically significant) in annual recharge throughout the period 460 

(Figure 12c), and therefore, the simulated trend in recharge would not solely account for the 10m 461 

decrease in water table depth found in observations (Figure 4a).  However, we find significant 462 

temporal correlation (R = 0.54) between interannual changes in water table depth change and 463 

transient recharge (Figure 13). This indicates that changes in recharge driven primarily by 464 

climate variability as represented by Noah-MP, correlate well with water table depth 465 

observations. This result agrees with Mercau et al. 2015, who related annual changes in water 466 

table depth to annual balance between precipitation and evaporation (P-E). However, these 467 

changes are also controlled by the type of vegetation. For example, changes in water table depth 468 

are more pronounced when there is soy rather than alfalfa (Figure 14). This is notable in the El 469 

Ni𝑛̃o years (when precipitation is higher than normal in SESA, Cai et al., 2020). While alfalfa 470 
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can still use most of the excess water as ET, land planted with soy experiences comparatively 471 

larger changes in water table depth (with the help of more recharge, from Figure 13). This can 472 

pose a difference of as large as 1 m between these two vegetation types. In the La Ni𝑛̃a years 473 

(precipitation below normal in SESA), vegetation las less impact on water table depth change, 474 

since less water is available for recharge. Hence, we conclude that interannual variability in 475 

recharge, and groundwater table depth are partially controlled by interannual climate variability 476 

and partially controlled by vegetation type. As such, the probability of large changes in water 477 

table depth during ENSO events is exacerbated when the land cover is switched from alfalfa to 478 

soy. 479 

 480 

 481 

Figure 12.  Long term estimates of annual mean (a) latent heat flux, (b) sensible heat flux (c) 482 

recharge (d) runoff and (e) water table depth according to the land use estimates of Figure 2. The 483 

dashed lines show the linear trends. Decreasing trend of ET was found statistically significant at 484 

95% (p = 6.6x10
-6

), increasing trend of SHF was found statistically significant at 95% (p = 485 

2.07x10
-5

), increasing trend of annual recharge was not found statistically significant at 95% (p = 486 

0.2665), increasing trend of surface runoff was not found statistically significant at 95% (p = 487 

0.0016). 488 

4. Conclusions 489 

    In the past decades, there has been a dramatic shift of land cover in central Argentina from 490 

perennial to annual crops. These changes came about due to technological advances, global 491 
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economic shifts and national policies. In this work we use detailed observations and modeling to 492 

understand how the shift in land cover has also affected the sub-surface, surface and atmospheric 493 

fluxes of moisture and energy. Long-term observations have shown that, despite slightly 494 

decreasing precipitation, streamflow in the region has increased primarily due to baseflow. In 495 

addition, water table depth has decreased significantly since the 1970s. The RELAMPAGO field 496 

campaign provided us the opportunity to observe the hydrometeorology of the region using a 497 

paired eddy-covariance tower site in Marcos Juarez, Argentina. We installed the towers within 498 

the INTA experimental station which has an alfalfa experimental site along with soy crops. The 499 

alfalfa experimental site reflects conditions similar to those that prevailed in the 1970s, while the 500 

soy site is characteristic of the land cover of today.  501 

    Our observations reveal that ET and specific humidity are higher at the alfalfa site, particularly 502 

for the period of July-December. The alfalfa site also has deeper water table depth. On the other 503 

hand, sensible heat, outgoing shortwave radiation and soil temperature are higher at the soy site. 504 

The higher sensible heat in the soy crop between June and December is particularly striking. No 505 

significant differences were found in the other variables such as 2-m temperature, U- and V-506 

momentum and incoming shortwave radiation. These observations were also used to calibrate 507 

Noah-MP land surface model parameters for this region.  508 

 509 

Figure 13. Timeseries of transient Noah-MP recharge and observed inter-annual variation in 510 

water table depth. 511 
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    Long-term Noah-MP simulations reveal that different land-surface properties affect the 512 

partitioning of rainfall between ET, recharge and runoff. ET is significantly higher for alfalfa. 513 

Long term simulations reveal that ~95% of precipitation is evaporated in the alfalfa site with  514 

 515 

Figure 14. Effect of vegetation on the changes in WTD in different climatic years as simulated 516 

by Noah-MP. El Ni𝑛̃o and La Ni𝑛̃a years were identified based on Oceanic Ni𝑛̃o Index 517 

(https://ggweather.com/enso/oni.htm). The solid lines show the linear trends in the data.  518 

negligible recharge and runoff. On the other hand, ET in the soy site accounts for ~68% of 519 

precipitation. The recharge significantly increases in case of soy (~28% from ~5% in alfalfa). 520 

Runoff also increases from 0.9% in alfalfa to 3.5% in soy. Significantly higher recharge in soy 521 

would result in higher baseflow and shallower water table, as we have seen in the observations. 522 

However, the simulated increase in recharge in the transient simulation is not able to account for 523 

the dramatic observed change in water table depth.  It is important to highlight that our 524 

experimental setup is highly simplified, with predefined LAI and root values and only one crop 525 

type in each simulation. More realistic estimates would require flux tower observations over 526 

other types of crops such as winter wheat, corn and cover crops. These land cover types likely 527 

have characteristic moisture and energy fluxes in between the soy and alfalfa. Furthermore, we 528 

do not explicitly simulate water table depth due to the fact that the one-dimensional model does 529 

not account for lateral groundwater flow and unknown aquifer related data. However, these 530 

results show that, given identical climate conditions, the different land covers result in a very 531 

different partitioning of precipitation. Higher recharge in the soy scenario contributes to higher 532 

water table depth and more runoff. The effect on water table depth is even more pronounced in 533 

El Ni𝑛̃o years when higher than normal precipitation is available, and the soy scenario shows 534 

more significant changes in water table depth than the alfalfa scenario. 535 

https://ggweather.com/enso/oni.htm
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    Our results suggest that the large-scale changes in land cover in Argentina have likely affected 536 

sub-surface, surface and atmospheric fluxes of moisture and energy. When compared to 537 

perennial land cover, annual crops such as soy result in a shallower and more variable water 538 

table, increased runoff driven by baseflow increases, decreased ET and increased sensible heat. 539 

In other words, much of the water that was going into the atmosphere in the 1970s is now going 540 

into the surface and subsurface. Furthermore, the energy that was being used to evaporate the 541 

water is now going into sensible heat, and this results in a dramatic 250% increase in the Bowen 542 

ratio. The implications of this shift in atmospheric fluxes of moisture and energy will be the 543 

focus of future work. 544 
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