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ABSTRACT

A sensitivity study of the impact of a groundwater scheme on hydrometeorological variables in coupled
land–atmosphere simulations over southern South America is presented. It is found that shallow water tables
in the groundwater scheme lead to reduced drainage and even upward capillary fluxes over parts of the central
and southern La Plata basin. This leads to an increase in the simulatedmoisture in the root zone, which in turn
produces an increase in evapotranspiration (ET) over the southern part of the domain, where ET is water
limited. There is also a decrease in the near-surface temperature, in the range 0.58–1.08C. During the dry
season, the increases in ET and relative humidity over the central La Plata coincide with an increase in
precipitation downstream. Including groundwater leads to an increase in precipitation over parts of the
central and southern La Plata basin during the early rainy season (October–December). The overall increase
in ET and precipitation over the southern La Plata basin during the early rainy season is 13% and 10%,
respectively. The additional precipitation comes from both an increase in the availability of atmospheric
moisture when the groundwater scheme is used and its effect on the atmospheric instability. In the La Plata
basin, including a representation of groundwater increases simulated precipitation and partially alleviates a
warm and dry bias present in simulations without realistic subsurface hydrology.

1. Introduction

Land surface conditions and soilmoisture patterns play
an important role on local and regional climates (e.g.,
Betts 2004, 2009; Pielke 2001; Cotton and Pielke 2007;
Seneviratne et al. 2010). Betts (2009) finds a tendency to
an increase in precipitation when the relative humidity

(RH) near the surface is higher due to enhanced evapo-
transpiration (ET), which in turn produces a lower lifting
condensation level (LCL) and favorable conditions for
the development of instabilities in the atmosphere.
However, Pan et al. (1996) suggest that the increase inET
might enhance precipitation if the convective boundary
layer is already relatively dry and well developed. This
suggestion is supported by the study by Findell and
Eltahir (2003), who find that even over wet soils the
probability of precipitation is low if the atmosphere is
very stable. Findell and Eltahir (2003) also find that
convective precipitation develops over both wet and dry
soils under similar instability conditions, with larger
precipitation amounts over wet soils. In amodeling study,
Schär et al. (1999) describe how an increase in soil
moisture can lead to an increase in precipitation via
several and possibly simultaneous mechanisms, including
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the increase of moisture in the atmosphere from en-
hanced ET, the increase of moist static energy (MSE) in
the lower levels and the ensuing increase in convective
instability, and the decrease of radiative cooling of the
surface, which further increases the moist entropy flux
into the boundary layer. As shown by Findell and Eltahir
(2003), the sign of the feedback between soil moisture
and precipitation depends on different factors, including
the moisture available at low levels, the atmospheric
stability, and the large-scale circulation.
The role of soil moisture in the evolution of atmo-

spheric conditions has been found to be important for
the weather and climate of South America. In a mod-
eling study, de Goncalves et al. (2006b) obtain improved
7-day weather simulations when more realistic soil
moisture fields are used as initial conditions as opposed
to mean climatological estimates. Saulo et al. (2010)
found a larger sensitivity in the 10-day forecasts of
precipitation for a low pressure event over Argentina
when drier initial conditions were used for the soil
moisture field. Doyle et al. (2013) obtain an improve-
ment in the simulation of a mesoscale convective system
over northern Argentina by updating the map of soil
properties and improving the initial condition of the soil
moisture field. At the seasonal time scale, Collini et al.
(2008) find that during the early stages of the South
American monsoon, precipitation over the South
American monsoon region is more sensitive to dry soil
moisture anomalies, showing a decrease in precipitation
due to reduced moisture contribution from both local
and upstream sources. Sörensson and Berbery (2015)
find that seasonal regional simulations are better ini-
tialized during the wet season (September–February),
when the difference between the initial soil moisture
and the equilibrium state of the model is smaller. In
general, regions within and in the vicinity of the La Plata
basin have been considered a hot spot for land–
atmosphere feedbacks (e.g., Dirmeyer et al. 2009b),
which exhibit a positive and substantial feedback be-
tween soil moisture and precipitation (e.g., Zeng et al.
2010; Sörensson and Menéndez 2011; Spenneman and
Saulo 2015).
Shallow unconfined aquifers are a fundamental com-

ponent of the hydrologic cycle that may affect the soil
moisture content in the layers close to the surface, in-
cluding the root zone (Fan et al. 2013; Fan 2015). Kuppel
et al. (2015) showhow the shallowwater tables (1–3mdeep)
in the Argentinean Pampas are strongly coupled with
the variations in the terrestrial water storage (TWS),
which in turn is highly correlated with ET over the
region. Using data from the Global Land Data As-
similation System (GLDAS), Chen et al. (2010) find a
trend in TWS closer to observations from the Gravity

Recovery and Climate Experiment (GRACE) when
they combine the original model output (from the Noah
model, which does not include a representation of the
groundwater) with groundwater storage data from wells
within the southern La Plata basin. Several modeling
studies have shown that a representation of groundwater
dynamics within models for weather and climate studies
can substantially affect the simulation of soil moisture
and evapotranspiration over South America (e.g., Niu
et al. 2007; Miguez-Macho and Fan 2012; Koirala et al.
2014). In particular, the La Plata basin is one of the re-
gions where the groundwater impact on other simulated
hydrologic variables is expected to be larger, as the es-
timated water table is relatively shallow over this region
(e.g., Fan andMiguez-Macho 2010; Fan et al. 2013). This
is consistent with the physical picture provided by ob-
servations, as suggested by the studies fromKuppel et al.
(2015) and Chen et al. (2010).
Modeling studies over the United States suggest that

the increase in ET and soil moisture induced by
groundwater schemes can in turn modify near-surface
conditions such as 2-m temperature and the patterns of
precipitation (Anyah et al. 2008; Jiang et al. 2009; Barlage
et al. 2015). Given the strong coupling between soil
moisture and precipitation over southern SouthAmerica,
and the impact of groundwater schemes on the simulation
of soil moisture and evapotranspiration, we expect a
stronger effect of a groundwater scheme on simulated
near-surface conditions and precipitation over the region.
In a companion paper (Martinez et al. 2016), we

conducted offline simulations (i.e., with prescribed at-
mospheric conditions) with Noah-MP (Niu et al. 2011)
and the groundwater scheme developed by Miguez-
Macho et al. (2007). We found an increase in the simu-
lated moisture in the root zone and on ET over parts of
the La Plata basin and the southern Amazon. Here we
extend our previous work by studying two fully coupled
land–atmosphere simulations with the Weather Re-
search and Forecasting (WRF) Model: using Noah-MP
with and without the groundwater scheme developed by
Miguez-Macho et al. (2007). In this study we focus on
the effects of the groundwater scheme on the simulation
of some hydrometeorological variables over southern
South America, including near-surface temperature and
precipitation.

2. Methodology

a. Model configuration

The modeling system used in this study is WRF,
version 3.4.1 (Skamarock et al. 2008). The model
domain includes the La Plata basin and most of the
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Amazon basin (Fig. 1). Three boxes are drawn and used
throughout the text to broadly represent the ‘‘southern
Amazon’’ (208–88S, 688–548W), the ‘‘central part of the
La Plata basin’’ (UPLP; 288–208S, 648–548W), and the
‘‘southern La Plata basin’’ (LOLP; 388–288S, 678–548W).
Some details of the configuration of the model are
shown in Table 1. The physical parameterizations are
the same as in previous studies of the hydrometeorology
of the La Plata basin, which have provided a consistent
representation of the temperature and precipitation
fields over southern South America (Lee and Berbery
2012; Lee et al. 2013; Müller et al. 2014; Sörensson and
Berbery 2015). Spectral nudging is used in the simula-
tions, forcing wavelengths of 1467km (wavenumber 3)
and longer, similar to Lee et al. (2013). The goal is to
preserve characteristics of the large-scale circulation
(Miguez-Macho et al. 2004), while allowing for the de-
velopment of perturbations at smaller scales due to the
land–atmosphere interactions. In addition, we extended
the soil column to a depth of 4m and divided it into 14
layers, according to the configuration used by Miguez-
Macho and Fan (2012). In this configuration, the top 2m
of the soil column (which is the root zone in the model)
contains 10 layers, instead of the default four layers of
the Noah-MP and Noah LSMs. Having more layers
in the top of the soil column is necessary because of
the larger gradients near the surface. Although having

deeper soil would be ideal, the 4-m-deep soil column is a
compromise between including shallow water tables in
the resolved soil column and computational constraints.
When the water table is deeper than 4m, an additional
layer is added between the bottom of the resolved soil
column and the water table (see Miguez-Macho et al.
2007). The configuration of Noah-MP is the same as
used in a companion paper (Martinez et al. 2016).
The horizontal grid size is 20 km, at which we can

resolve potential land surface effects due to contrasts at
the mesoscale while maintaining computational effi-
ciency for these continental-scale simulations. This grid
size (20 km) is similar to that used in recent process
studies over the region of interest [between 12 and 36km
in Lee and Berbery (2012), Müller et al. (2014), and
Sörensson and Berbery (2015)], and it represents a
higher resolution compared with recent climate simu-
lations for South America [;50km in Solman et al.
(2013)]. The period of simulation is from 1 January 2006
to 31 December 2009 (4 years). The analysis of de
Goncalves et al. (2006a) suggests that the spinup time
for soil moisture in the region of interest is between 12
and 18 months. On the other hand, Sörensson and
Berbery (2015) found that the skill in seasonal pre-
dictions improves if the model is initialized during the
wet season September–February. This suggests that the
spinup time could be reduced by starting the simulations
during the wet season. Therefore, we initialize the
model during the wet season (January), and we run
continuous simulations for four years. Initial conditions
for the water table are derived from equilibrium simu-
lations that use 30-yr averages of recharge (Fan and
Miguez-Macho 2010). After the first few months of
simulation, no systematic trends are observed. In addi-
tion, the soil states and the effects of the groundwater
scheme observed during and after the first simulated dry
season (June–August 2006) are very similar to those

FIG. 1. Model domain and definition of regions of interest. Red
(blue) contour represents the La Plata (Amazon) basin. The upper
box is used to represent the southern Amazon, the middle box is
used to represent the central La Plata basin, and the lower box is
used to represent the southern La Plata basin.

TABLE 1. Model configuration options.

Option Model configuration

Microphysics WSM6
Longwave radiation scheme RRTM
Shortwave radiation scheme Dudhia
Surface layer Monin–Obukhov (Janjić)
Planetary boundary layer Mellor–Yamada–Janjić
Cumulus convection Betts–Miller–Janjić
Land surface model Noah-MP
Horizontal grid size 20 km
Vertical levels 39
Soil layers 14, bottom at 4m below

ground level
Bottom boundary condition FD (opt_run 5 3),

GW(opt_run 5 5)
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observed in 10-yr-long simulations (with 30 years of
spinup) using prescribed atmospheric conditions, as
obtained in our companion paper (Martinez et al. 2016).
Because of the nearly stationary characteristics of the
present coupled simulations and their similitude to our
multidecadal offline simulations, we exclude only the
first 5 months from the present analysis.
The groundwater scheme used in this study [hereaf-

ter the Miguez-Macho and Fan (MMF) groundwater
scheme] was developed byMiguez-Macho et al. (2007).
More recently, the MMF scheme was implemented in
the Noah-MP land surface model as one of the ‘‘run-
off’’ options (Barlage et al. 2015). The MMF ground-
water scheme includes a representation of a shallow
aquifer and its interaction with the soil column above.
The groundwater storage in each grid cell of the aquifer
is determined by the balance between the vertical flux
to/from the unsaturated soil layers, the lateral fluxes
with its eight nearest coplanar neighbors, and sub-
surface runoff (Miguez-Macho et al. 2007). The MMF
groundwater scheme has been previously used in sev-
eral studies using offline simulations (e.g., Miguez-
Macho et al. 2007; Miguez-Macho and Fan 2012) and in
coupled land–atmosphere simulations (e.g., Anyah
et al. 2008; Barlage et al. 2015). In the present study,
fully coupled land–atmosphere simulations with the
MMF groundwater scheme are compared with simu-
lations that have free drainage as boundary condition
at the bottom of the soil column in order to assess the
effects of the groundwater scheme on soil moisture,
evapotranspiration, near-surface conditions, and pre-
cipitation over southern South America. We will refer
to the simulations with the MMF groundwater scheme
as the GW simulations, and to those with the free
drainage bottom boundary condition as FD simula-
tions. The slope parameter in the FD simulations has
been changed from its default value of 0.1 (i.e., drain-
age only at 10% of the value determined by gravity and
hydraulic conductivity) to 1.0 (i.e., full drainage ac-
cording to gravity and hydraulic conductivity), in order
to assess the full effect of the groundwater scheme. The
initial conditions of the water-table depth, and the
parameters of the groundwater scheme, were obtained
by Fan and Miguez-Macho (2010), assuming equilib-
rium conditions among long-term estimates of evapo-
transpiration, precipitation, runoff, and the lateral flow
of groundwater over South America.

b. Diagnostic variables

We use measures of the LCL, the maximum convec-
tive available potential energy (MCAPE), and the
maximum convective inhibition (MCIN), as estimated
for an air parcel with the largest equivalent potential

temperature in the lowest 3 km of the atmosphere, to
quantify the effects of the near-surface changes on the
atmospheric structure and stability (see NCAR Com-
mand Language documentation at https://www.ncl.ucar.
edu). While these diagnostics are unable to synthesize
all the complexity of the vertical structure of the simu-
lated atmosphere, and the corresponding details leading
to stable or unstable conditions, an analysis of the LCL,
MCAPE, and MCIN is useful in the interpretation of
the potential mechanisms behind the changes in pre-
cipitation from our simulations. These diagnostics have
been also used in previous studies (e.g., Lee and Berbery
2012; Lee et al. 2013).

c. Comparison to observations

We compare near-surface temperature and pre-
cipitation from the FD simulations with two reference
datasets to identify some of the biases of our WRF
simulations. For temperature, we use the Climatic
Research Unit time series, version 3.21 (CRU TS3.21),
product (Jones and Harris 2013), and for precipitation
the TRMM 3B43 product (Huffman et al. 2007;
Huffman and Bolvin 2014). The averages during the
June–August (JJA) and October–December (OND)
seasons throughout the 2006–09 period are shown in
Figs. 2 and 3 for temperature and precipitation, re-
spectively. The temperature fields in the FD simula-
tion are in general similar to those from the CRU
during both seasons (Fig. 2). WRF tends to underes-
timate near-surface temperatures over northwestern
Brazil in both seasons. During JJA, the FD simulation
produces higher temperatures over the southern La
Plata basin. During OND, the FD run also tends to
simulate higher temperatures over both the central
and southern La Plata. The overall seasonal patterns
and changes in precipitation are also well represented
by WRF (Fig. 3). During JJA, the FD simulation
tends to underestimate precipitation over northern
Bolivia, southern Brazil, and Uruguay. Solman et al.
(2013) find a similar bias when comparing observa-
tions with seven simulations that follow the protocol
from the Coordinated Regional Climate Downscaling
Experiment (CORDEX; see their Fig. 3c). During
OND, the FD simulation underestimates precipita-
tion over the central and southern La Plata basin. The
spatial location of this bias is similar to that reported
by Solman et al. (2013) for the DJF season (see their
Fig. 3f).
WRF exhibits biases in different variables over South

America (e.g., Ruiz et al. 2010; Lee 2010), likely due to
problems with different components of the model, as is
the general case for different regional climate models
(RCMs) over the region (e.g., Solman et al. 2013). For
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example, previous studies report good skill of some
parameterizations in some regions of South America,
but a poor performance in other regions of the continent
[see Solman and Pessacg (2012) for a comprehensive
sensitivity study with MM5]. Despite the importance of
reducing biases in the model, the present sensitivity
study focuses on the differences between two model
configurations (namely, with and without a groundwater
scheme). In particular, no attempt to calibrate themodel
has been made. Some comments about the biases in the
GW and FD simulations with respect to the reference

datasets CRU TS3.21 and TRMM 3B43 are included at
the end of section 3.

3. Results

Two simulations have been performed for the entire
period 2006–09, with and without the MMF groundwater
scheme. The use of full multiyear simulations, as opposed
to multiple simulations for just one season (as in Anyah
et al. 2008), responds to the need for allowing the
groundwater scheme to operate during the dry season

FIG. 2. Near-surface temperature according to (left) the CRU TS3.21 dataset, (center) the FD simulation, and (right) their difference
averaged during (top) JJA and (bottom) OND.
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and assessing its accumulated impact during transition
seasons. This strategy has been suggested but not ex-
plored in previous studies (e.g., Anyah et al. 2008). The
analysis of the dry season itself also allows the identifi-
cation of the effects of the groundwater scheme on soil
moisture and evapotranspiration when the effects of
precipitation on these variables are at a minimum.

a. Recharge and water-table depth

The MMF scheme introduces a dynamic water-table
depth ZWT and a vertical flux between the shallow

aquifer and the unsaturated soil layers [recharge
(RECH)]. Seasonal averages of both variables (which
are exclusive of the GW simulation) are shown in Fig. 4.
The water table can be within the resolved soil layers,
and the RECH flux can be upward, from the aquifer to
the soil layers above due to capillary forces, depending
on the vertical gradient of moisture content. In contrast,
in the FD simulation the flow of moisture in the bottom
of the deepest soil layer is only downward and is solely
determined by the action of gravity and the hydraulic
conductivity of the soil. In the GW simulation, the

FIG. 3. Precipitation according to (left) the TRMM 3B43 dataset, (center) the FD simulation, and (right) their difference averaged during
(top) JJA and (bottom) OND.
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FIG. 4. (top) Average moisture flux between the shallow aquifer and the soil layers above (RECH) during (left)
JJA and (right) OND. Negative values represent upward flux. (bottom) Average water-table depth (i.e., ZWT)
during (left) JJA and (right) OND.
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interaction with the shallow aquifer makes the drainage
of moisture from the soil layers above it to be slower
compared with the FD simulation, where no aquifer is
included. In those regions where the flow is from the
aquifer to the soil layers above, the soil moisture in the
unsaturated layers can increase in the GW simulation,
while it may be decreasing in the FD simulation as a
result of continuous draining [see, e.g., Miguez-Macho
and Fan (2012) for a detailed analysis of these fluxes].
Over the La Plata basin, the vertical flux between the

aquifer and the unsaturated layers is upward over some
regions, due to capillary forces in the GW simulation
[blue regions in Fig. 4 (top), most pronounced during the
dry season]. Both the reduction of the drainage rate and
the existence of an upward capillary flux increase soil
moisture in the GW simulation with respect to the FD
simulation. Upward capillary fluxes are larger during the
dry season because of a decrease in themoisture content
of the unsaturated soil layers (from evapotranspiration
and runoff) above the shallow aquifer and the conse-
quent increase in the moisture gradient. The largest ef-
fects take place in regions and seasons where the water
table is more shallow and where the evapotranspiration
is predominantly limited by the availability of water (as
opposed to radiation), including parts of Bolivia, the
Pantanal (both regions included in the box we are calling
‘‘southern Amazon’’), and the central and southern La
Plata basin during the dry season JJA (Fig. 4, bottom).
Kuppel et al. (2015) report water-table depths mostly

in the range 1–3m over the western Pampas (368–348S,
648–618W), where the current simulation shows values
deeper than 5m. Observations compiled by Fan and
Miguez-Macho (2010) show values smaller than 2.5m
for other regions in the La Plata basin. Their model re-
sults also suggest a water-table depth shallower than
2.5m over northern Bolivia, the Pantanal region, and
the La Plata basin (Fan and Miguez-Macho 2010). The
closer the water table is to the land surface, the slower is
the soil moisture drainage or the larger the upward
capillary flux. On the contrary, the deeper the water
table, the more the decoupling between the groundwa-
ter and soil moisture in the unsaturated zone. Because
the vertical flux of moisture depends on the depth to the
water table, our simulations may underestimate the ef-
fect of the groundwater over the La Plata basin by
simulating a deeper water-table distribution compared
with a more realistic distribution. The overestimation of
the water-table depth (i.e., deeper than in reality) could
be a result of the lack of calibration of Noah-MP and/or
the groundwater parameters. While no attempt to cali-
brate Noah-MP to improve the estimates of ET has been
made, the groundwater parameters were obtained from
long-term conditions (;30 years) of ET, precipitation,

and runoff (Fan and Miguez-Macho 2010) that are not
necessarily representative of WRF long-term means,
which are not available for this study because of com-
putational constraints.

b. Dry season (JJA)

As mentioned in the previous paragraph, as a conse-
quence of the reduced drainage of soil moisture or the
existence of an upward flux of moisture from the aquifer
to the unsaturated soil layers above, the moisture in the
top 2m of the soil (root zone of the model) SM2m is
larger in the GW simulation compared to the FD sim-
ulation (Fig. 5). The largest increase is observed over
those regions where the water table is shallower (see
Fig. 4). The increase can be larger than 20% of the ab-
solute value in the FD simulation over parts of the La
Plata basin. As a direct result of more moisture in the
root zone, there is an increase in ET in the GW simu-
lation (Fig. 5). This increase is larger over the central La
Plata basin, the Pantanal region, and northern Bolivia,
where ET is predominantly limited by water availability.
On the contrary, no evident increase in ET is observed
over northwestern Brazil (western Amazon), where ET
is limited by radiation (e.g., Fisher et al. 2009). Because
of the small values of the simulated ET during the dry
season over these regions, the relative increase in the
GW simulation can be as large as 50% of the values in
the FD simulation. However, absolute values of more
than 0.5mmday21 extra ET are also observed over the
central La Plata basin in the GW simulation. This dif-
ference between the GW and FD simulations is statis-
tically significant.
The increase in ET is associated with a decrease in

sensible heat flux (not shown), which in turn decreases
the near-surface temperature (e.g., the 2-m temperature
T2m; Fig. 5). The decrease in T2m can be larger than 18C
over those regions where ET increases the most (central
La Plata, Pantanal, and northern Bolivia). The increase
in ET also induces an increase in near-surface specific
humidity (e.g., the specific humidity at 2m AGL Q2m;
Fig. 5). The near-surface winds seem to play a role in the
distribution of the excess of specific humidity, producing
an accumulation of moisture over the west of the central
La Plata and some transport to the northwest of the
southern La Plata region. Note that the increase in
specific humidity over the central La Plata is a sub-
stantial fraction of its total value in the FD simulation.
During the dry season, this extra moisture is not con-
sumed by precipitation because of the seasonal mini-
mum in local rainfall.
The dry season JJA corresponds to the austral winter,

with relatively high values of the LCL and low values of
downward shortwave radiation (SWDOWN), convective
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available potential energy (e.g., MCAPE), and pre-
cipitation (RAINRATE) over the La Plata basin
(Fig. 6). The decrease in near-surface temperature and
the increase in near-surface humidity lead to a decrease
in the LCL and SWDOWN (from increased cloudiness) in
the GW simulation. However, both changes are a small
fraction of the absolute values of LCL and SWDOWN in
the FD simulation. Over the southern Amazon, there is
also a visible increase in MCAPE, with values larger
than 10% relative to the FD simulation. Some increase
in MCAPE is also observed over the southern La Plata
basin. There is an increase in precipitation in the GW
simulation over southeastern South America (including
Uruguay and southern Brazil), which seems to be col-
located with the dry bias in the FD simulation (see
Fig. 3), downstream of the regions in the southern
Amazon and the central La Plata where an increase in
ET and near-surface moisture is observed (see ET and
Q2m in Fig. 5 and the 850-hPa winds in Fig. 6). The
magnitude of the increase in precipitation is small in

absolute value, but larger than 10% relative to the FD
simulation values (cf. the absolute precipitation FD and
the difference GW 2 FD in Fig. 6).
Note that the differences in SM2m, ET, and Q2m are

statistically significant (Fig. 5) over larger areas than in
the case of other variables. The differences in MCAPE
and precipitation (Fig. 6), although systematic and
physically consistent with the changes in ET, are not
statistically significant.

c. OND season

We describe now the observed changes in hydro-
climatological conditions during the early rainy season
(OND), when the largest difference in precipitation
between the FD and GW simulations was observed.
Figure 7 shows the mean absolute values of SM2m, ET,
T2m, and Q2m in the FD simulation (Fig. 7, top) and the
corresponding differences with the GW simulations
(GW2 FD; Fig. 7, bottom). The differences in SM2m are
larger than during the dry season because of the

FIG. 5. (top) Average SM2m, ET, T2m, andQ2m from the FD simulation for JJA. (bottom) Average differences in SM2m, ET, T2m, and
Q2m between the GW and the FD simulations for JJA. The total 10-m winds from the GW simulation are drawn on top of the ET
differences. Hatching indicates differences statistically significant at the 0.1 level according to a two-tailed Student’s t test.
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accumulated effect of weaker drainage/upward fluxes
during the dry season JJA, plus slower drainage of soil
moisture from precipitation in the GW simulation
compared to the FD simulation during the OND season.
The location of the largest differences in SM2m is still
determined by the water-table depth (see Fig. 4). With
the increase in SM2m in the GW simulation relative to
the FD simulation, there is an increase in ET. The dif-
ference in ET during OND is also larger than the dif-
ference in JJA, because of the larger difference in SM2m

during OND. There is no increase in ET over the
radiation-limited northwest of the domain (western
Amazon basin). The increase in ET in the GW simula-
tion is a significant fraction of the ET from the FD
simulation. For example, the extra ET in the GW sim-
ulation can be in the range 0.5–1.0mmday21 over parts
of the southern La Plata basin, where the total ET in the
FD simulation is in the range 2.5–3.0mmday21. As it
was observed during the dry season, with the increase in

ET there is a decrease in T2m, mostly in the range of
0.58–1.08C. The increase inQ2m associated with the extra
ET is much smaller compared with the values observed
during the dry season (note the difference in scales in
Figs. 5 and 7 for Q2m). This difference could be due to
the higher consumption of moisture by the extra pre-
cipitation in the GW simulation during the OND season
(see below). The increase inQ2m during OND, although
small, contributes to an increase in the moist static en-
ergy (see below).
The increase in moisture and decrease in temperature

in theGW simulation led to a decrease in the LCL, when
compared to the FD simulation (Fig. 8). This decrease
can be on the order of 10% and larger over parts of the
La Plata basin. The changes in the downward shortwave
radiation associated with a decrease in LCL (more
clouds) are small and are mostly confined to the eastern
slopes of the Andes. This suggests that the increase in
cloudiness from the lowering of the LCL does not

FIG. 6. (top) Average LCL, SWDOWN, MCAPE, and RAINRATE from the FD simulation for JJA. (bottom) Average differences in
LCL, SWDOWN, MCAPE, and RAINRATE between the GW and the FD simulations for JJA. The total 850-hPa winds from the GW
simulation are drawn on top of theMCAPE differences. Hatching indicates differences statistically significant at the 0.1 level according to
a two-tailed Student’s t test.

2968 JOURNAL OF HYDROMETEOROLOGY VOLUME 17



contribute substantially to a decrease in the incident
solar radiation upon the surface. Such a decrease could
potentially decrease ET, but the small magnitudes of the
differences in SWDOWN between both simulations sug-
gest that this is not happening for the current decrease in
LCL. On the other hand, the increase in ET and the
associated decrease in sensible heat flux (see decrease in
T2m in Fig. 7) led to a decrease in the planetary boundary
layer height (PBLH). This decrease is also larger than
10% of the PBLH in the FD simulation over the La
Plata basin. Thus, we have two changes contributing in
opposite ways to potential convection and precipitation
over the region: the decrease in the LCL (and a corre-
sponding decrease in the level of free convection) and
the decrease in the boundary layer height (reducing the
chances of near-surface thermals to reach higher levels
in the atmosphere). Note that the decrease in LCL is
larger than the decrease in PBLH.
Vertical profiles of relative humidity and moist static

energy averaged over the boxes representing the central

and southern parts of the La Plata basin are shown in
Fig. 9. The increase in moisture and the decrease in
temperature (see, e.g.,Q2m and T2m in Fig. 7) lead to an
increase in RH. However, this increase is small (maxi-
mum difference is on the order of 3%–5%). In both
regions (central and southern La Plata), the RH profiles
in both simulations (GW and FD) are virtually identical
above the 800-hPa level. Similarly, despite the decrease
in temperature, there is a net small increase in the MSE
in the lower levels of the atmosphere over both regions.
This is due to the large value of the latent heat of va-
porization: a small amount of extra moisture contains a
large amount of moist static energy, compensating for
the decrease from the lower temperature. Over both
regions, the increase of MSE in the lower levels is as-
sociated with an increase in CAPE, although this in-
crease is smaller over the southern La Plata (see below).
The vertical profiles in Fig. 9 illustrate how the overall
largest effects of the groundwater scheme are confined
to the lowest layers of the atmosphere.

FIG. 7. As in Fig. 5, but for OND. Note the difference in scale in the difference in GW 2 FD Q2m. Hatching indicates differences
statistically significant at the 0.1 level according to a two-tailed Student’s t test.
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Despite the increase in relative humidity and moist
static energy, and the decrease in the LCL, the decrease
in sensible heat flux and temperature in the lowest levels
could have a negative impact on the potential develop-
ment of convection over the region. The role of the two
competingmechanisms in the development of convection
in the present simulations (increase in moisture and re-
duction of sensible heat flux) is different throughout the
La Plata basin, as can be seen in Fig. 10. In the GW
simulation, MCIN increases over parts of the southern
La Plata basin, due to the reduction in the low-level

temperatures, from the increase in ET. Thus, the de-
crease in temperature overcompensates the potential
positive effect of a lower LCL for the generation of moist
convection and precipitation over these regions. Note
that the increase in MCIN can be as large as 10% of the
value from the FD simulation. Over the central La Plata
basin, such large increases in MCIN are not observed.
At the same time, there is a general increase in

MCAPE (Fig. 10), associated with the increase in moist
static energy in the lowest levels (Fig. 9). The increase is
more pronounced in parts of the central La Plata basin,

FIG. 8. (top)AverageSWDOWN,LCL, andPBLHduringOND. (bottom)Averagedifferences in SWDOWN,LCL, andPBLHbetween theGWand
FD simulations during OND. Hatching indicates differences statistically significant at the 0.1 level according to a two-tailed Student’s t test.
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although a smaller increase is also seen over the south-
ern La Plata basin (in the range 10–40 J kg21, not
shown). As a result of the distribution of the convective
inhibition and convective available potential energy (as
suggested by the MCIN and MCAPE diagnostics), the
cumulus scheme tends to produce more convective
precipitation (RAINC) downstream of the central La
Plata basin, but less over the southern extreme of the
southern La Plata. However, over this region, there
is a significant contribution to precipitation from
the microphysics scheme [nonconvective precipitation
(RAINNC)], due to the extra humidity in the GW sim-
ulation that is not ‘‘used’’ by the cumulus scheme due to
the increased convective inhibition. Note that over the
southern La Plata, the contribution of convective (from
RAINC) and large scale (from RAINNC) to total pre-
cipitation (Fig. 10, top) is of the same order.

The differences in SM2m, ET (Fig. 7), and PBLH
(Fig. 8) when the groundwater scheme is included are
statistically significant. The changes in other variables
(Figs. 7, 8, and 10) are physically consistent with the
changes in ET, but not statistically significant.
As a result of the availability of moisture and/or the

increase of convective instability, the GW simulation
yields an increase in total precipitation (i.e., convective
plus nonconvective or large-scale precipitation) over
different parts of the La Plata basin (Fig. 11). (The total
precipitation from the FD simulation is the same as in
Fig. 3, reproduced here for easier comparison with the
changes due to the GW scheme.) Figure 11 (center)
shows a spatially uniform increase (i.e., in sign, not in
magnitude) in precipitation over the southern La Plata
basin, with a noisier pattern in the rest of the domain.
Figure 11 (right) shows the fractional differences

FIG. 9. Vertical profiles of (left) RH and (right) MSE averaged over (top) UPLP and (bottom) LOLP during OND.
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between the simulations, estimated as (GW 2 FD)/FD
for each grid cell. The largest fractional differences are
found over the southern La Plata basin and parts of the
central La Plata basin. The local relative differences
over the La Plata basin can reach values as large as 30%,
although the absolute magnitudes are rather small
(mostly in the 0.1–0.5mmday21 range). The map of
fractional differences also shows the relatively weaker
and spatially heterogeneous changes in other parts of
the domain, like the southern Amazon region.
A more general view of the regional changes in pre-

cipitation P and ET due to the groundwater scheme can
be derived from the regional averages for the southern
La Plata box, as shown in Fig. 12. Figures 12a and 12b
show that the regional averages of ET and P, re-
spectively, are very similar between the GW and FD
simulations. These monthly averages also show the
variations from year to year during the 4 years of sim-
ulation, which includes a period of drought over the
southern La Plata during 2008/09 (Chen et al. 2010;

Müller et al. 2014). The reduction in precipitation in
both simulations is clear between November 2007 and
October 2009. Despite the similarities in the values of
ET and P, and their year to year variations, the GW
simulation invariably produces more ET and pre-
cipitation in the OND months during the 4 years of
simulation.
The absolute differences between both simulations

(Fig. 12c) show that the extra precipitation in the GW
simulation tends to be less than the extra ET (except in
November 2006 and October 2007). However, the extra
precipitation tends to be a relatively large fraction of the
extra ET. For example, during December 2006, the extra
ET from the GW simulation is nearly 0.32mmday21,
while the extra P is 0.22mmday21; thus, the extra P is
nearly 69%of the extra ET during this month. In general,
the observed ratio of extraP to extra ETduring theOND
months is in the range ;30%–120%. The estimated re-
cycling ratio for the region is in the range 23%–42%
(Dirmeyer et al. 2009a; Martinez and Dominguez 2014).

FIG. 10. (top) Average MCIN,MCAPE, RAINC, and RAINNC during OND. (bottom) Average differences in MCIN, MCAPE, RAINC,
and RAINNC between the GW and FD simulations during OND. Hatching indicates differences statistically significant at the 0.1 level
according to a two-tailed Student’s t test.
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Thus, the extra precipitation in the GW simulation seems
to be coming not only from direct recycling of the extra
ET, but from the effects of ET on the stability of the local
and upstream atmosphere, likely enhancing the indirect
local production of precipitation (from the increase in
local instability) and the transport from upstream regions
(e.g., the central La Plata). This is consistent with the
observed increase in moisture content, relative hu-
midity, and convective available potential energy over
the region (Figs. 7, 9, and 10). These mechanisms have
been found to operate simultaneously in other regions,
as described and discussed in previous studies (e.g.,
Schär et al. 1999).
The regional average of the increase in ET and pre-

cipitation in the GW simulation relative to the FD
simulation values is shown in Fig. 12d. The overall
fractional increase is in the range 2%–23%. The mean
relative increase in ET is 13%, while the mean increase
in precipitation is 10%. Note that the local increase in
ET (both absolute and relative) could actually be larger
if computed only over the region where the largest in-
crease in SM2m is observed, instead of the larger box
representing the southern La Plata (see Fig. 7). In gen-
eral, the groundwater scheme induces an increase in P
and ET over the La Plata basin all year round, with the
largest increase around the OND season (see supple-
mental material).
Finally, we compare the mean temperature and pre-

cipitation from both the GW and FD simulations with
the estimates based on CRU and TRMM products

(Fig. 13). Instead of using CRU temperature products
directly, we use the adjusted temperature dataset de-
veloped by Wang and Zeng (2013), which is based on
different reanalyses products, constrained by in-
formation of the hourly evolution of the temperature
field as represented by MERRA, and the monthly field
as estimated by a CRU temperature product. Here we
show the comparison of WRF estimates of 2-m tem-
perature to the adjusted ERA-Interim fields fromWang
and Zeng (2013; available at http://rda.ucar.edu/
datasets/ds193.0/). The ERA-Interim adjusted product
was chosen because it shows the smallest deviations
from the CRU products over South America (Wang and
Zeng 2013). To obtain estimates for 0000 UTC, we av-
eraged the 0030 and 2330 UTC estimates from the pre-
vious day. A similar procedure was performed to obtain
estimates at 0600, 1200, and 1800 UTC. Finally, these
estimates were averaged to obtain a daily average that
we can unambiguously compare to our WRF averages.
The general biases of WRF in temperature and pre-

cipitation (Fig. 13) are larger than the differences be-
tween the GW and the FD simulations (Figs. 5, 6, 7, and
11), which is evident in the common patterns for the
different simulations in Fig. 13. The differences in tem-
perature tend to be smaller over the La Plata basin,
where Fig. 13 suggests a decrease in the warm bias.
However, there is some extra cooling in the southern
Amazon, in particular over the northeast corner of the
box. Table 2 shows that the biases over the La Plata
basin decrease in magnitude (with some extra cooling

FIG. 11. (left) Total precipitation (RAINC1RAINNC) from the FD simulation. (center) Difference in total precipitation between GW
and FD simulations; these differences are not statistically significant at the 0.1 level according to a two-tailed Student’s t test (except for
a few isolated points). (right) Fractional difference in total precipitation between GW and FD simulations.
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over the southern La Plata) while there is an increase in
the magnitude of the cold bias over the southern Ama-
zon. A comparison between WRF temperatures and
adjusted temperatures from MERRA (Wang and Zeng
2013) and the daily averages from the CRU TS3.21
product show the same improvement of the temperature
bias due to the groundwater scheme (not shown).
On the other hand, the differences in the precipitation

fields are not as evident as in the temperature fields.
Figure 13 suggests only a small decrease in the dry bias
over the southern La Plata basin in the GW simulation.
From Table 2 we see that there is a slight decrease in the
magnitude of the dry bias over the both the central and
southern parts of the La Plata basin. However, the wet
bias over the southern Amazon increases.

4. Summary and discussion

A sensitivity study of hydrometeorological variables
over southern South America to the use of the MMF
groundwater scheme in fully coupled land–atmosphere
simulations is presented. In general, we find that the
groundwater scheme leads to an increase in the simu-
lated soil moisture over those regions where the water

table is shallow. In turn, the increase in soil moisture
leads to an increase in ET and relative humidity and to a
reduction of the LCL and the boundary layer height.
During the dry season the groundwater scheme helps to
sustain larger values of soil moisture because of a re-
duction in drainage and even the existence of upward
moisture fluxes from the underlying shallow aquifer to
the unsaturated soil layers. The extra moisture in the
atmosphere (from ET) seems to be linked to an increase
in precipitation downstream, where both the current
simulations and other regional climate models have a
dry bias when compared to observations.
During the early rainy season (October–December)

the changes in ET and convective instability are larger
than during the dry season. Over parts of the central and
southern La Plata the changes in moisture and in-
stability lead to an increase in the simulated convective
precipitation. Over the southern extreme of the La Plata
region, the cooling effects from the enhanced ET lead to
enhanced convective inhibition. Over these regions,
however, an increase in rainfall is still observed, but it
comes mostly from large-scale precipitation, due to the
increase in relative humidity. The regional change in ET
and precipitation over the southern La Plata changes

FIG. 12. (a) Average ET over the LOLP for each month of OND during the 4 years of simulation. (b) As in (a),
but for average precipitation. (c) Absolute differences GW 2 FD in ET (green) and precipitation (gray).
(d) Differences GW 2 FD in ET (green) and precipitation (gray) relative to FD averages (%).
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FIG. 13. (top)Difference in near-surface temperature between theERA-InterimT2m adjusted dataset (Wang and
Zeng 2013) and the FD and GW simulations for OND. (bottom) Difference in total precipitation between the
TRMM 3B43 dataset and the FD and GW simulations for OND.
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from month to month and from year to year, but the use
of the groundwater scheme invariably increases the
simulated ET and precipitation over the region. The
mean regional increase in ET over the southern La Plata
is 13%, while the increase in precipitation is 10%, rela-
tive to the simulated values without the groundwater
scheme. The impact of the groundwater scheme on
precipitation is stronger and more spatially homoge-
neous than that found over North America (Barlage
et al. 2015). We also find that the extra precipitation is a
larger fraction of the extra ET compared with expected
values from the estimated recycling ratios from previous
studies. This is additional evidence that suggests that the
increase in precipitation when the groundwater scheme
is used is due not only to the use of more moisture from
local origin (recycling) but also to the effects of this extra
moisture on the stability of the atmosphere. Both
mechanisms have been described in previous studies
(e.g., Schär et al. 1999).
Interestingly the effects of the groundwater scheme

were observed during all 4 years of simulation, evenwith
the differences in the regional circulation due to in-
terannual variability (we used spectral nudging). Prob-
ably because of this variability, no systematic effects on
the winds (i.e., common to all years) were detected, and
the most robust effects take place mostly locally (i.e.,
in the vertical atmospheric column), with some increase
in precipitation downstream of the prevailing winds.
The changes in soil moisture and evapotranspiration

induced by the groundwater scheme are statistically
significant, but this is not the case for other variables.
However, the induced changes in temperature, con-
vective available potential energy, and precipitation
over the region are of the same order of magnitude
as those found in other modeling studies on land–
atmosphere interactions over southern South America
(e.g., Beltrán-Przekurat et al. 2012; Lee and Berbery
2012; Müller et al. 2014), and the overall statistical sig-
nificance is similar to the results by Beltrán-Przekurat
et al. (2012) and Lejeune et al. (2015). This suggests that,
although land processes have a detectable effect on the

atmosphere, this effect is within the variability of at-
mospheric variables.
The present sensitivity study attempts to illustrate the

potential impacts of a groundwater scheme on the sim-
ulation of near-surface conditions and precipitation over
southern South America. Therefore, we do not attempt
to reduce the biases of themodel in the simulation of the
regional South American climate: this would require
longer simulations than those presented here and a
calibration procedure. In the present study, the lack of
calibration of the parameters of the MMF scheme could
be part of the reason behind the overly deep water table
simulated over the La Plata basin. The calibration of the
parameters of the MMF scheme would require long-
term (several years) estimates of precipitation, ET, and
runoff from the model (WRF in our case). Such a cali-
bration procedure was beyond the scope of the present
sensitivity study. However, the comparison of the free
drainage and groundwater simulations allows for an
assessment of the effects of the groundwater scheme on
the coupled simulations.
The primary modification of the soil moisture distri-

bution due to the groundwater scheme is not homoge-
neous, but a result of the estimated effect of the
topography and the local climate on the distribution of
the water table of shallow unconfined aquifers (Fan et al.
2013). Therefore, the present sensitivity study presents
plausible modifications to the simulation of the hydro-
climate of southern South America when one of the
boundary conditions is changed throughout the simula-
tion, according to a physically based estimation of the
shallow aquifers over the region. In contrast, other
studies investigate only idealized and/or sensitivity to
initial conditions of the soil moisture field (e.g., Schär
et al. 1999; Collini et al. 2008; Sörensson and Berbery
2015). The results from the present fully coupled land–
atmosphere simulations are consistent with results from
offline simulations (i.e., with prescribed atmospheric
forcing) by Martinez et al. (2016). This means that the
increase in ET due to the groundwater scheme observed
in the offline simulations is not only preserved in the
coupled land–atmosphere simulations, but in addition
can affect the near-surface atmospheric conditions and
the simulated precipitation patterns. These modifications
could be larger, if the water table is actually shallower, as
suggested from observations (Fan and Miguez-Macho
2010; Kuppel et al. 2015). This suggests that a calibrated
version of the model used in this study, with a more re-
alistic water-table depth distribution, could increase even
further the evaporation and precipitation over southern
La Plata (see Fig. 12).
The largest sensitivity to the effects of the ground-

water scheme are found in parts of the La Plata basin,

TABLE 2. Area averages of differences betweenWRF simulations
and reference datasets (given in parentheses). T2m is temperature at
2m in WRF simulations, TMP is near-surface temperature in the
ERA-Interim T2m adjusted dataset (i.e., ERAi_WZ; Wang and
Zeng 2013), and P is precipitation.

LOLP UPLP
Southern
Amazon

T2m(FD) 2 TMP(ERAi_WZ) (8C) 0.51 1.09 0.11
T2m(GW)2TMP(ERAi_WZ) (8C) 20.01 0.43 20.20
P(FD) 2 P(TRMM) (mmday21) 20.81 20.40 0.39
P(GW) 2 P(TRMM) (mmday21) 20.54 20.16 0.59
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where previous studies have shown a substantial sensi-
tivity of atmospheric conditions, including precipitation,
to characteristics and dynamics of the soil moisture field
(e.g., Saulo et al. 2010), land-use and land-cover change
(Beltrán-Przekurat et al. 2012; Lee and Berbery 2012),
land-cover and vegetation properties (Lee et al. 2013;
Müller et al. 2014), soil texture properties (e.g., Doyle
et al. 2013), and the coupling between soil moisture and
precipitation (e.g., Zeng et al. 2010; Sörensson and
Menéndez 2011; Spenneman and Saulo 2015). This
study, along with other previous studies, suggests that the
climate of southern South America is particularly sensi-
tive to surface and subsurface hydrological conditions.
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