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Southeastern South America (SESA) is found to be the main hot spot of soil
moisture—evapotranspiration coupling of South America during a dry summer. How-
ever, only its eastern part is a soil moisture—precipitation hot spot. Pathways between soil
moisture and precipitation are evaluated through studying the coupling of soil moisture with
surface and boundary layer variables. The outcome suggests that both the moist static energy
and its vertical gradient are important for the development of precipitation, as a result of the

total surface heat fluxes that are affected by soil moisture only in the eastern part of SESA.
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I. Introduction

Land—atmosphere interactions over southeastern South
America (SESA) have been recognized as an important
issue for a correct representation of regional climate
during the austral summer season. A major improve-
ment in the simulated low-level winds, sensible heat
flux and Bowen ratio (BR) was achieved when both
soil and vegetation processes were included in a land
surface scheme coupled to a climate model (Ma et al.,
2011). Surface temperature and precipitation were bet-
ter represented when soil moisture—atmosphere inter-
actions were taken into account (Barreiro and Diaz,
2011). SESA has also been identified as a hot spot
region, where both soil moisture — evapotranspiration
and soil moisture — precipitation coupling are strong
(Sorensson and Menéndez, 2011). The concept of cou-
pling refers to the influence of soil moisture on some
variable, isolating it from the reverse influence of the
variable on soil moisture. In particular, this is important
when studying precipitation, which exerts a strong con-
trol on soil moisture. Ruscica et al. (2014) found that
the deep soil moisture memory is lower inside the soil
moisture — evapotranspiration hot spot in SESA, than
in other regions of southern South America, i.e. the soil
moisture memory and the strength of the coupling are
anticorrelated within the hot spot.

The coupling strength (CS) index permits isolating
and quantifying how much the soil moisture influences
on the atmosphere using a methodology based on
model experiments (Koster et al., 2004). Coupling
strength studies have diagnosed the coupling between
soil moisture and precipitation (e.g. Koster efal.,
2006), evapotranspiration (e.g. Guo et al., 2006), 2m
temperature (e.g. Seneviratne et al., 2006) and surface
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sensible and latent heat fluxes (e.g. Guo and Dirmeyer,
2013). The coupling between soil moisture and pre-
cipitation tends to be less robust than the coupling
between other variables because there are many pro-
cesses that influence precipitation ranging from local
to regional to large scale. It is therefore important to
assess the different variables that connect soil moisture
to precipitation. Analysis range from the simplest ‘soil
moisture—evapotranspiration-precipitation chain’ (e.g.
Sorensson and Menéndez, 2011; Wei and Dirmeyer,
2012) to more complex systems which can include
several pathways (e.g. Santanello et al., 2011).

This study is designed with two purposes: first to
determine whether the SESA region is a hot spot of
soil moisture and precipitation coupling during anoma-
lously dry and wet soil moisture conditions for different
seasons of the year, and second to study the processes
involved in creating favourable conditions for high soil
moisture—precipitation coupling strength.

2. Model and methodology

In order to study the coupling index we follow an
approach similar to Koster et al. (2006), which require
performing ensembles of simulations with a climate
model. The Rossby Centre Atmospheric regional model
(RCA4, Samuelsson et al., 2011) is used for this study.
This model has been used for climate studies in South
America in the context of the CLARIS and CLARIS
LPB projects (http://www.claris-eu.org/, Menéndez
etal., 2010; Solman et al., 2013). The geographical
domain covers South America with a horizontal resolu-
tion of 0.44° and 40 vertical levels. ER A-Interim reanal-
ysis data are used at 0.75° horizontal resolution for the
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initial and boundary conditions (Dee et al., 2011). For
soil moisture (SM) prognostic variables, the soil column
is divided into three layers where the two upper layers
have a depth of 7 and 21 cm respectively, and the depth
of the lowest layer is defined from the rooting depth of
the Ecoclimap database (Masson et al., 2003). RCA4
employs three land surface cover tiles for the separate
calculation of fluxes of momentum and latent and
sensible heat fluxes: open land, coniferous forest and
broadleaved forest. The open land tile is subdivided into
a vegetated and a bare soil part, and the two forest tiles
include the canopy and the forest floor. The vegetation
and soil parameters are taken from Ecoclimap.

A favourable condition for soil moisture to induce a
response in precipitation (PP) is that the evapotranspi-
ration (ET) variability is high (Guo et al., 2006). As
this condition is not met in SESA during austral win-
ter (JJA), the study focuses on spring (SON), summer
(DJF) and autumn (MAM). For each one of these sea-
sons, one dry and one wet year from a simulation span-
ning 1980-1999, are identified through examining the
seasonal soil water availability anomaly for a rectangle
identified over the SESA region (see Figure 1). The dry
periods selected are SON of 1988, DJF of 1988—1989
and MAM of 1989 and the wet periods are SON of 1985,
DJF of 1997—-1998 and MAM of 1998. For each of these
six cases, the seasonal coupling strength index CS is cal-
culated.

The methodology consists in the comparison of a
similarity index () for two ensembles, one with pre-
scribed soil moisture conditions (ensemble S) and the
other with free interaction between surface and atmo-
sphere (ensemble W). Each ensemble consists of 15
members, which were initialized on different dates so
that each simulation has at least 45 days of atmospheric
spin up. In order to have the soil in equilibrium with
the atmosphere, the soil moisture initial conditions were
taken from a multi-year integration so that each sim-
ulation has at least 2years of soil moisture spin up.
The Qy index measures the similarity of the amplitude,
phase and mean of ensemble members of variable X
(Yamada et al., 2007), and quantifies the signal variance
respect to the total variance (signal + noise) through the
equation:

15062 — 6)2(
X

Q= — = (1)

14 o3

where o-)% is the variance of the mean time series of all

members of the ensemble and 0')2( is the ensemble inter
member variance which was obtained by calculating the
variance among all time steps and ensemble members.
The synoptic scale was filtered by using time series of
6-day mean values. Then, the coupling strength of the
variable X (hereafter CS[SM,X]) is calculated as the
difference between the Qy of the ensembles:

CS[SM, X] = Qy (S) — Qy (W) 2

As soil moisture is a boundary condition only for the
ensemble S, CS[SM,X] is positive over regions where
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soil moisture explains some of the variance of X. In the
following, coupling strength of different variables that
connect soil moisture with precipitation is analysed.

3. Results

High values of both the coupling strength of evapotran-
spiration (CS[SM,ET]) and its daily variability (cgr)
have been proposed to be necessary conditions for soil
moisture to have a controlling effect over precipita-
tion (Guo et al., 2006). To identify when this occurs
for the six cases, the product of these two statistics
CS[SMLET] X oy (defined by Ruscica et al. (2014) as
the ‘coupling efficiency’) is shown over South Amer-
ica in Figure 1. In general, the CS[SMLET] X o hot
spots appear over SESA and neighbouring regions and
over the eastern coast of Brazil. Over the SESA region,
CS[SM,ET] is higher for dry conditions than for wet
conditions while the oy is highest over SESA in DJF
(not shown). The strongest coupling efficiency occurs
when the land surface is dry during DJF (Figure 1(e)).
Figure 2 shows that the coupling strength of precipita-
tion (CS[SM,PP]) is weaker and less spatially coherent
than CS[SM,ET] X o, and that during the dry DJF the
eastern SESA region is one of the main CS[SM,PP] hot
spots while northwestern SESA has a CS[SM,PP] close
to zero. In the following, we will therefore focus on the
dry DJF season to understand why soil moisture con-
trols precipitation only in the eastern SESA although
the coupling efficiency is high over the entire region.

Eltahir (1998) proposed a theory of pathways between
soil moisture conditions and subsequent rainfall, based
mainly on considerations of the energy balance, in order
to dissect the soil moisture influence on precipitation.
To study the processes leading to high CS[SM,PP] in
eastern SESA, some of these pathways were examined
by analysing the coupling strength between soil mois-
ture and the variables in Figure 3.

Most of the total energy in the boundary layer can be
described by the moist static energy (MSE):

MSE = ¢, T +Lg + gZ 3)

where the terms on the right hand side represent the
internal, latent and potential energies (with ¢, the spe-
cific heat of dry air at constant pressure, 7 the air tem-
perature, L the latent heat of vaporization, ¢ the spe-
cific humidity, g the gravitational acceleration and Z
the geopotential height). MSE is sometimes used as
an alternative to the equivalent potential temperature
in studies of convection. A high MSE in the boundary
layer plays an important role in the development of pre-
cipitation (Eltahir, 1998). When the MSE increases, the
vertical gradient of MSE between the boundary layer
and the free atmosphere also increases, favouring unsta-
ble conditions which can trigger precipitation. Further-
more, horizontal gradients of MSE at a range of scales
induce thermally direct circulations which redistribute
energy towards a flatter horizontal distribution of MSE.
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Figure I. The product between the coupling strength of evapotranspiration (CS[SM,ET]) and its daily variability (6¢7) in South
America, for the three austral seasons: spring (SON), summer (DJF) and autumn (MAM) with wet (a—c) and dry (d—f) soil conditions

in southeastern South America (inside rectangle).

Previous studies over subtropical South America sup-
port the statement that low level circulation and precip-
itation are sensitive to enhanced soil moisture/surface
temperature gradients (Saulo et al., 2010 and references
therein).

Over large regions where the horizontal heat advec-
tion is small compared with the vertical heat flux, the
MSE of the boundary layer is supplied by the sum of
the sensible and latent surface heat fluxes (SHF + LHF).
The total heat fluxes (SHF + LHF) directly affect the
first two terms on the right hand side of Equation (3) and
SHF affects the boundary layer depth (BLD). The soil
moisture conditions play an important role in the parti-
tioning of surface fluxes into SHF and LHF, represented
by the Bowen ratio (BR = SHF/LHF). For example, in
the case of dry soils, the BR, SHF and surface tempera-
tures are higher than for wet conditions, resulting in an
increase of BLD. However, the sum SHF + LHF does
not have such a direct connection with soil moisture as
BR has, as SHF + LHF depends on the surface net radi-
ation which is also dependent on cloud cover (Findell
and Eltahir, 1999).

In Figure 4, the coupling strength between soil mois-
ture and the variables of Figure 3 for the dry DJF season
are shown for SESA. It can be seen that soil moisture
is highly coupled to the BR and to the BLD in the
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entire SESA (Figure 4(a) and (b)). It should be noted
that the coupling strength between the consecutive
variables in Figure 3 have not been calculated, and
that for example high CS[SM,BLD] is interpreted as a
result of high CS[SM,BR] through increased/decreased
temperatures for dry/wet surface anomalies. The
CS[SM,SHF + LHF] (Figure 4(c)) hot spot, however,
does not cover the whole SESA but is concentrated
over the eastern SESA, consistent with the hypothesis
that the relationship between SM and SHF + LHF is
not as direct as the relation SM—-BR. The coupling
strength of MSE (CS[SM,MSE], Figure 4(d), MSE is
here calculated at 925 hPa) also shows its maximum
value in the eastern SESA area. The coupling strength
of the vertical gradient of MSE (CS[SM,A(MSE)/Az)),
Figure 4(e), calculated between 925 and 850hPa) is
quite similar to the coupling strength of the vertical
humidity flux (CS[SM,wq]), showing the regions
where soil moisture influences on the vertical humidity
flux through atmospheric instability. Both patterns are
similar to the CS[SM,SHF + LHF] pattern, suggesting
that this influence is exerted through the coupling of
the fluxes. Figure 4(g) indicates that soil moisture
could also affect the local to regional scale circulation,
here approximated by sea level pressure (SLP).The
CS[SM,SLP] pattern has a maximum over southern
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Figure 2. Coupling strength of precipitation (CS[SM,PP]) for the austral seasons: spring (SON), summer (DJF) and autumn (MAM)
with wet (a—c) and dry (d—f) soil conditions in southeastern South America (inside rectangle).
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Figure 3. Pathways between soil moisture and precipitation
processes (adapted from Eltahir (1998)).
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Brazil where the horizontal contrast of CS[SM,MSE]
is highest (see Figure 4(d)). Finally, the CS[SM,PP]
pattern is shown in Figure 4(h). Considering the analy-
sis of the Figure 4(a)—(g), the hot spot of soil moisture
and precipitation coupling over Uruguay and southern
Brazil (Figure 2(e)) is probably associated with changes
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in MSE and in the circulation, induced by soil moisture
anomalies.

4. Discussion and conclusions

SESA has a high coupling efficiency when the soil
conditions are dry during the summer months. Weaker
coupling efficiencies are found in the other sea-
sons and for the wet summer case. This result is a
combination of a high variability of the evapotran-
spiration during summer together with higher soil
moisture — evapotranspiration coupling over dry than
wet soil conditions. The latter can be understood as a
major sensitivity of the evapotranspiration to changes
in soil moisture content when the soil is dry, which has
already been documented in previous studies (e.g. Wei
and Dirmeyer, 2012). With respect to precipitation, high
coupling values appear during the same dry DJF period
but only over the eastern part of the SESA region. To
understand this difference between eastern and western
SESA, the coupling between soil moisture and some of
the variables that are included in the pathways between
soil moisture and precipitation were analysed.

While the couplings of soil moisture with the BR and
of soil moisture with the BLD are high over all SESA,
the coupling of soil moisture with the surface heat flux

Atmos. Sci. Let. (2014)
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Figure 4. Coupling strength of the variables: (a) Bowen ratio (BR), (b) boundary layer depth (BLD), (c) surface heat flux
(SHF + LHF), (d) moist static energy at 925hPa (MSE), (e) vertical gradient of MSE between 925 and 850 hPa (A(MSE)/Az), (f)
vertical humidity flux (wq), (g) sea level pressure (SLP) and (h) precipitation in southeastern South America.

has a hot spot over eastern SESA. This generates cou-
pling between soil moisture and MSE in the bound-
ary layer as well as a higher coupling of soil moisture
with the vertical gradient of MSE over eastern SESA.
The vertical gradient of MSE seems to affect precipita-
tion through coupling of soil moisture with the vertical
moisture flux out of the boundary layer (we assumed
that this vertical flow is enhanced in unstable condi-
tions, thus favouring convection). It is also seen that
the coupling of soil moisture with MSE is high over
Uruguay and southern Brazil near the region of high
coupling between soil moisture and SLP, suggesting
that in this area soil moisture could affect the circulation
in the lower levels of the atmosphere. This leads to the
conclusion that precipitation is linked with soil moisture
through the MSE in SESA during this dry summer.
The CS index embeds all aspects of the soil mois-
ture field influence on precipitation, such as local water
recycling (e.g. Trenberth, 1999), indirect local pro-
cesses such as atmospheric thermodynamic properties
(e.g. Beljaars et al., 1996) and non-local processes such
as advection of external moisture into the region (e.g.
Spracklen et al., 2012). It is worth mentioning that
although a high coupling efficiency is commonly con-
sidered to be a necessary condition for a high coupling
of precipitation, we find regions where this condition
does not apply, such as in central and northern Brazil
during the SESA-dry DJF season. This is an indication
of non-local impact of soil moisture on precipitation
such as advection of moisture from a remote source
as suggested by e.g. Goessling and Reick (2011). Wei
and Dirmeyer (2012) estimated the remote coupling
between soil moisture and precipitation to around 20%

© 2014 Royal Meteorological Society

of total global coupling and van der Ent and Savenije
(2011) found that 70% of the water resources in the
SESA region comes from evapotranspiration from the
Amazon rainforest.

Contrasting hypothesis about the sign of soil moisture
—precipitation coupling, have been presented by dif-
ferent authors. In relation to the vertical gradient of
MSE, while Eltahir (1998) suggested a positive influ-
ence on precipitation, Cook et al. (2006) proposed that
an increased in the vertical gradient of MSE would lead
to reduced precipitation through higher atmospheric
stability. The results presented here are based on the
CS index, which does not distinguish between positive
and negative influences. The serial correlation between
the vertical gradient of MSE and precipitation was cal-
culated for all grid points of SESA where the cou-
pling strength is higher than 0.025. At 83% of these
grid points the correlation is positive, indicating that
the vertical gradient of MSE influences positively on
precipitation. The hot spot of both precipitation and
vertical gradient of MSE and the positive correlation
between the two variables are evidence for a positive
feedback mechanism for eastern SESA during a dry
summer.
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