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ABSTRACT: The aim of this study is to identify regions of strong land surface —atmosphere coupling for the austral summer
over South America. To accomplish this, a statistical methodology is applied to estimate the interactions of soil moisture
with evapotranspiration and precipitation derived from the Global Land Data Assimilation System (GLDAS) dataset. Possible
impacts of El Nifio Southern Oscillation (ENSO) on the coupling strength are also examined. Particular emphasis is set over
two sub-regions of interest: Southeastern South America (SESA) and the continental part of the South Atlantic Convergence
Zone (SACZ). Positive and significant soil moisture—precipitation feedbacks are found over parts of SACZ and in the southern
part of South America. Instead, significant negative feedback is found over SESA. The influence of ENSO over the soil
moisture—precipitation coupling strength signal is evident over tropical regions. Plausible physical mechanisms involved in the
land surface—atmosphere interactions, the influence of ENSO and that of precipitation persistence over extratropical regions
on the results, are discussed. The implications of this analysis on monthly to seasonal forecast are also examined. Despite
that this methodology cannot be used to establish a precise causal—effect relationship, this study gives a valuable first order

approximation of land surface—atmosphere interactions over South America that complements pre-existing work.
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1. Introduction

Many papers document the importance of soil moisture
in modulating atmospheric variability at various time
scales ranging from synoptic to seasonal. The underly-
ing hypothesis is that soil moisture variability is much
slower than that of atmospheric variables, and thus controls
atmospheric conditions through different coupling mech-
anisms. The degree of control (i.e. coupling strength) that
soil moisture anomalies can exert on climate is highly vari-
able, and is stronger over transitional regions between dry
and wet climates and where soil moisture memory is longer
(Seneviratne et al., 2010).

Land—atmosphere coupling strength has been mainly
analysed using model simulations and model intercom-
parisons (Koster et al., 2002, 2004; among others). The
Global Land-Atmosphere Coupling Experiment (GLACE,
Koster et al., 2006) is probably the most important effort
to document the land-atmosphere coupling strength and its
uncertainty during the boreal summer. Given the relatively
expensive computational cost of GLACE at that time, this
experiment has been run only for one summer season using
12 different models with 16 ensemble members and the
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same sea surface temperature (SST) field corresponding
to neutral El Nifio Southern Oscillation (ENSO) condi-
tions for all the ensemble members. As noted by Senevi-
ratne et al. (2006) and Notaro (2008) this may constrain
the statistical robustness of the conclusions driven in that
assessment. Unfortunately, neither GLACE nor GLACE-2
Koster et al., (2010), study the austral summer. Apply-
ing the same methodology as in GLACE, Sorensson et al.
(2010) analyse the coupling strength with one regional cli-
mate model over South America from November 1992 to
March 1993, that corresponds to neutral ENSO conditions.
This work shows significant month to month variability of
the areas where soil moisture exerts some control on pre-
cipitation and on evapotranspiration. More recently, Sun
and Wang (2012) perform a set of sensitivity experiments
to analyse coupling strength, including the austral summer.
Their work shows that almost none of the areas with strong
coupling in the control run remain after removing the low
frequency variations due to SST in the idealized run.

On the other hand, only few studies use in situ observa-
tions (e.g. Betts et al., 1996, Salvucci et al., 2002, Betts,
2009), mainly due to the scarcity of soil moisture measure-
ments worldwide. This limitation is even more severe in
some regions, such as South America and Africa. In turn,
remote-sensing derived estimates are still not adequate to
perform long term analysis (see Seneviratne et al. (2010)
for a review on different data sets and their pros and cons).
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Nevertheless, the use of observational based datasets com-
bined with numerical models, such as off-line simulations
and reanalysis (Rodell et al., 2004, Dirmeyer, 2011; Mei
and Wang, 2012; among others) has increased in the past
years. Dirmeyer (2011) highlights possible drawbacks of
using reanalysis (e.g. Modern-Era Retrospective Analysis
(MERRA)-Land) for long term representation of the
hydrological cycle, due to the ingestion of non-stationary
satellite data. The author concludes that for assessing
soil moisture—evapotranspiration interactions, off-line
simulations produce more consistent results. Under this
scenario, off-line simulations using land surface models
(LSMs) forced with a combination of reanalysis and
observed atmospheric variables (hence avoiding the
effect of atmospheric model biases), become valuable
alternatives to study some aspects of the land—surface
interactions. Among this group of observational driven
simulation datasets, we can list the Global Soil Wetness
Project, version 2 (GSWP-2, Dirmeyer et al., 2006), the
Global Offline Land-surface Dataset version 2 (GOLD-2,
Dirmeyer and Tan, 2001), the Water and Global Change
Project (WATCH, Weedon et al., 2011) and the Global
Land Data Assimilation System (GLDAS versions 1 and
2, Rodell et al., 2004). In particular, GLDAS and WATCH
use several LSM and comprise longer periods compared
with GSWP-2 and GOLD-2 datasets. A relevant issue
regarding these data sets is the strong sensitivity of the
land surface variables, and hence of the results, to the
LSM used for their estimation (e.g. Koster et al., 2004;
Guo et al., 2006; Koster et al., 2006 and Zhang et al.,
2011). As clearly discussed by Koster ef al. (2009), the
model’s soil moisture values are to be thought of as model
dependent indices and not as actual soil water content. In
this sense it must be kept in mind that any result involving
a specific LSM may not be representative of other LSMs
and/or of the actual observations.

To assess soil moisture—precipitation/evapotranspiration
coupling strength, different statistical approaches have
been applied (e.g. Zeng et al., 2010; Dirmeyer, 2011, Mei
and Wang, 2012). Some of these methodologies were
designed to analyse short time scale interactions (using
daily values) and others focus on longer time interactions.
For example, using daily soil moisture and precipitation
values from reanalysis and offline simulations, Mei and
Wang (2012) assess the summer coupling strength over the
United States, calculating the probability density function
of conditioned correlation between soil moisture and
subsequent precipitation. Zhang et al. (2008) — hereafter
Z08 — apply a statistical approach (originally proposed by
Frankignoul and Hasselmann, 1977) on a monthly basis to
assess the soil moisture—precipitation coupling strength
for the boreal summer using GLDAS-1 and the Climate
Prediction Center (CPC) Merged Analysis of Precipitation
(CMAP) precipitation data. This work uses three different
LSM to perform the assessment and find no significant
differences in the sign and/or the pattern of the coupling
strength. One limitation of these statistical approaches
is that remote forcing effects (e.g. the role of SST on
precipitation over land) have to be removed or treated in
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a specific way to avoid misinterpretation of the results.
In order to minimize the SST influence on precipitation,
Z08 apply their analysis to a subset of years without
ENSO and they conclude that outside tropical regions,
their results are robust and coherent with those obtained
in GLACE. Although Notaro (2008) and Dirmeyer (2011)
claim to find similar results to GLACE regarding the
location of the so-called hot spots, a detailed analysis
during the austral summer over South America reveals
differences among them that might be due to ENSO effects
which are not explicitly removed in any of these works.
Also, Orlowsky and Seneviratne (2010) — hereafter
OS10 — apply the same statistical approach as Z08 to
analyse the effect of soil moisture and SST on precipita-
tion and temperature, to discuss the relative contribution
of remote versus local influences. One important argument
introduced in OS10 is that soil moisture—precipitation
coupling strength could be strongly controlled by SST
interactions with both variables, thus leading to incorrect
conclusions regarding causality. OS10 conclude that most
areas of strong soil moisture—precipitation coupling are
also areas where SST-precipitation coupling is strong.
These results suggest that inferences about soil moisture
control on precipitation should be done carefully over
those regions. One drawback of OS10 compared with
708, is that they use the precipitation from the European
Centre for Medium-Range Weather Forecasts (ECMWF)
reanalysis (ERA-40, Uppala et al., 2005), instead of using
an observational precipitation dataset. Their study also
focuses only on the boreal summer. Sun and Wang (2012)
examine this statistical methodology applied to climate
model outputs over North America, and point out that in
order to represent more precisely the coupling strength,
soil moisture should have a much longer memory than the
atmospheric memory, which is not the case, for instance,
in tropical regions (Dirmeyer et al., 2009).

Considering that over South America, GLDAS-2
precipitation variability is more representative of in
situ observed precipitation variability at monthly time
scales than at daily ones, we propose to analyse soil
moisture—precipitation coupling strength at monthly time
scales applying a methodology similar to Z08 over South
America during the austral summer. Our focus will be in
central and southern South America, outside the tropics,
where this methodology is more reliable according to
previous studies. To improve the robustness of the cal-
culations, we employ GLDAS-2 instead of GLDAS-1,
because GLDAS-1 forcing fields variability may not be
appropriate to perform long term analysis (Rui, 2012).
This choice of also implies that our results are dependent
on the representativeness and quality of the NOAH LSM
used for GLDAS-2 generation. Still, data set stability in
terms of its statistical properties is of main concern for
our purpose. Our underlying assumption, that the NOAH
LSM provides a physically consistent land surface data
base, is supported by several studies (e.g. Xia et al., 2013)
some of which have focused over South America (Lee
and Berbery, 2012; Miiller et al., 2014). However, a brief
assessment of inter-LSM uncertainty — calculated using
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GLDAS-1 - and its impact on coupling strength has been
added in the Appendix.

708 approach shares with Notaro (2008) and OS10 the
same statistical method but handles the plausible effect
of SST remote forcing on precipitation by assuming that
ENSO is the main source of this effect. In this sense,
the analysis of years with and without ENSO is the basis
to distinguish, at least as a first order approximation,
remote versus local influences. The effect of ENSO on
precipitation over distinct regions in South America is
supported by several investigations (see Vera et al., 2006
and Marengo et al., 2012 for a review on this topic).
According to them, precipitation variance in summer is
mostly explained by synoptic and intraseasonal variability,
whereas at longer time scales the ENSO is recognized as
the most clear remote forcing on precipitation (e.g. Zhou
and Lau, 2001; Nogués-Paegle and Mo, 2002). Still, it
should be noted that there remain important portions of
variability at seasonal and longer time scales that cannot
be linked to a specific driving mechanism.

It is important to remark here that, using monthly val-
ues entails to lose some relevant shorter scale coupling
strength signal and that, despite of the statistical approach
used to quantify the coupling strength; none of them
ensures causality between the variables.

This work also includes a soil moisture—evapotranspi-
ration coupling strength and simultaneous evapotranspira-
tion—temperature correlation analysis. They are aimed
at providing other hints to evaluate possible path-
ways for land—atmospheric interactions. It is expected
that this work will aid in documenting the degree of
land—atmosphere coupling at monthly timescales over
South America, and hence contribute to provide alternative
tools for improved seasonal forecasts in the region.

This work is structured as follows: Section 2 describes
data and methodology, Section 3 presents the results and
the main conclusions including a brief discussion are pro-
vided in Section 4.

2. Data and methodology

In this work we use precipitation, soil moisture and evap-
otranspiration fields from GLDAS. This project includes
several alternatives to construct various surface data sets
using four different LSMs driven by diverse atmospheric
data, including analysed and observed fields such as radia-
tion and precipitation. Global data sets of soil moisture and
other surface variables obtained from long term off-line
runs with the different LSMs are also available through
GLDAS. In particular, the version 2 of GLDAS, has been
generated using the NOAH LSM (Chen et al., 1996; Ek
et al., 2003) forced by the global meteorological forc-
ing data set from Princeton University (Sheffield ef al.,
2006). This array of atmospheric data is a combination
of various sources of information including observed pre-
cipitation: CRU (TS2.0, 1948-2000, Mitchell and Jones
2005), GPCP (1997-2008, Huffman et al.,2001), TRMM
(2002-2008, Huffman et al., 2003), observed short and
long wave radiation (NASA Langley SRB, 1983-1995,
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Stackhouse et al., 2004) and the NCEP-NCAR reanalysis
(Kalnay et al., 1996). The main improvement in Version 2
is that a climatologically more consistent dataset is used to
force the NOAH LSM, extending from 1948 to 2008. In
Version 1, forcing sources switched several times through-
out the record from 1979 to till date, which introduced
unnatural trends and exhibited highly uncertain forcing
fields in 1995-1997 (Rui, 2012).

It is important to highlight that, as mentioned earlier,
deficiencies in LSM parameterizations are also sources
of errors. In fact, there can be important differences in
simulated soil moisture/evaporation between LSMs of
similar complexity, as documented in Guo et al. (2006),
Kato et al. (2007) and Xia et al. (2014). Thus, a decision
had to be made whether to use GLDAS-1 or GLDAS-2.
GLDAS-1 allows the analysis of LSM uncertainty but
is affected by lack of consistency in the forcing dataset,
while GLDAS-2, represents the behaviour of only one
LSM, but with is more reliable in statistical terms. In this
sense, analysing the inter-LSM uncertainties, Kato et al.
(2007) observed differences of 25% in soil moisture and
13—113% in seasonal evapotranspiration over four sites
of the Coordinated Enhanced Observing Period (CEOP)
for 2002-2003. Analysing the impacts of different pre-
cipitation datasets on the simulations of a LSM for 1 year
(2002-2003), Gottschalck et al. (2005) document differ-
ences in the total soil moisture content ranging from —75%
to 100% over the United States. In addition, Zaitchik et al.
(2010) using GLDAS-1 and GLDAS-2 LSM, testing a
routing scheme for estimating the river discharge around
the world conclude that despite the inter-LSM differences,
the best results were achieved with GLDAS-2. It should
be noted, however, that our work does not focus on actual
soil moisture/evaporation amounts, but on the relation-
ship between these variables. In this sense, Z08 do not
find significant differences in the correlations, the feedback
parameter and or percentage of variance explained while
comparing different LSM. Hence, in this study we decided
to use 1° x 1° gridded monthly means of GLDAS-2 (iden-
tified as 2.7.1, GLDAS/NOAH experiment 001) from
November to February for the period 1980-2008, cover-
ing South America. We use this subset instead of the whole
period available because the atmospheric forcing, based on
the NCEP reanalysis, is more reliable when more satellite
information is ingested into the assimilation system, par-
ticularly over data scarce areas as South America. Despite
that GLDAS-1 forcing datasets present some disadvan-
tages, a discussion about the inter-LSMSs uncertainties is
presented in the Appendix.

The anomalies are computed removing the annual cycle
and the interannual trend, and normalized in order to
compare our results with other works. A spatial smooth-
ing using a 3-point filter in latitude and longitude is
applied, motivated by the idea of representing a more
non-local soil moisture-precipitation feedback, as in Z08.
In order to retain the memory originating from deep lay-
ers, as in OS10, the total depth absolute soil water con-
tent (0—200cm, in kgm~?) referred to as soil moisture,
is employed. Tests performed using different depths (i.e.
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10—100 cm) do not show significant differences with the
results presented here.

Coupling strength is calculated here using a simple sta-
tistical methodology originally proposed by Frankignoul
and Hasselmann (1977) that was later adapted to study
the interaction between the atmosphere and ocean sensi-
ble heat fluxes (e.g. Frankignoul et al., 1998; Czaja and
Frankignoul, 2002). More recently it was applied to the
analysis of coupling between vegetation/soil moisture/SST
and precipitation (Liu et al., 2006; Notaro et al., 2006;
Z08; Notaro, 2008; OS10; Sun and Wang, 2012). Essen-
tially, this approach assumes a linear relationship between
two variables, where a slowly varying variable (e.g. soil
moisture, S) acts on a faster variable (e.g. precipitation, P)
at time 7+ df and is expressed as:

P(t + df)=4,5(0) + N(t + d) )]

where N(t+ dt) represents the internal variability of the
atmosphere (or noise) and 4, is called the feedback param-
eter. Taking the covariance of both sides with S(z —17),
where T > dt, it follows that:

Ay =Cov(S(r — 7),P(1) /CoV(S(t — 7),S(1) (2)

where the covariance between S(t — ) and N(f+ 7) is set
equal to 0, which is reasonable for 7 = 1 month. Thus, /lp
measures the instantaneous (in our case within a month)
feedback of S on P at time . It should be noted that when
expression (2) is applied to normalized variables, then 4,
represents the ratio between lagged correlations. Also,
provided that we are using a data set from an uncoupled
system (the atmosphere is forcing the LSM, but the other
way round is not guaranteed) it should be kept in mind
that ‘the soil moisture feedback on precipitation could
only be inferred by studying its covariability when the
soil moisture is leading’ as clearly stated by Z08. As any
covariability measure, it is important to note that large
A, does not imply causal relation between S and P (see
OS10 for a comprehensive discussion of possible physical
linkages that may lead to large values of 4,). Moreover, in
order to relate P with S, it is important to minimize other
influences (e.g. that of SST on P and or S) that may act on
monthly time scales. To account for this, and following
708, we calculate /1,, removing ENSO years, as a first
order approach to minimize remote SST influence on local
precipitation during the austral summer. Consequently, for
our period of study, the following summer periods have
been subtracted: 1982-1983, 1987-1988, 1988-1989,
1991-1992, 1997-1998, 1998-1999, 1999-2000,
2000-2001, 2002-2003, 2004-2005, according to the
CPC definition of ENSO years (http://www.cpc.ncep.
noaa.gov/products/analysis_monitoring/ensostuff/ensoye
ars.shtml). After this, our sample has been reduced from
87 to 57 summer months. However, we also present the
comparison between periods with and without ENSO
years, to further understand the impact of the proposed
methodology on the results.

A bootstrap technique (von Storch and Zwiers, 1999)
has been applied to evaluate the statistical significance of
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A, Following OS10, for each grid cell, 1000 iterations are
computed keeping soil moisture series invariant and shuf-
fling precipitation series. This way of using the bootstrap
technique maintains the information of soil moisture mem-
ory and is adequate to simulate the null hypothesis of no
relation between both variables. A similar procedure has
been used to analyse the feedback parameter between soil
moisture and evapotranspiration (denoted here as 4,,,).
The original feedback parameter is then compared against
the ‘bootstrap’ sample and if the probability is higher than
95% (for 4,>0) or lower than 5% (4, <0) we say it is
significant.

Of particular interest for us are the results over two
sub-regions (see Figure 1): the southeastern part of South
America (SESA, 35-25°S latitude and 63-50°W lon-
gitude) and the continental part of the South Atlantic
Convergence Zone (SACZ, 25-15°S latitude and
54-45°W longitude). Our interest follows from many
studies documenting the importance of precipitation
variability at intraseasonal scales over these regions (see
Vera et al., 2006 for a review on this topic), the significant
response to ENSO signal — particularly over SESA — and
the question regarding how much precipitation variability
can be ascribed to local versus remote forcing.

The schematic in Figure 2(a) and (b) introduces the
conceptual framework widely adopted to discuss the main
land—atmosphere interactions (e.g. Seneviratne et al.,
2010), emphasizing the variables and processes analysed
in this work. In this diagram, we are assuming that the
interactions occur within the same month, i.e. they are
instantaneous. The interaction of precipitation with soil
moisture is, naturally, positively correlated. However, the
interaction of soil moisture with precipitation (e.g. the
way back of the loop) does not always have the same sign,
because it depends on which process controls evapotran-
spiration from the surface. One possible pathway is drawn
in Figure 2(a), where evapotranspiration is ‘controlled’
by surface water, meaning that, regardless the amount of
radiation, evaporation will be regulated by soil moisture
availability. This is usually referred to as ‘land control’
regime (Seneviratne et al., 2010; Dirmeyer, 2011), and
generally leads to a positive feedback between soil mois-
ture and precipitation (enhanced precipitation, enhanced
soil moisture, enhanced evapotranspiration, enhanced pre-
cipitation). Negative correlations (e.g. less precipitation
with more soil moisture) may also appear in a land control
regime as a response to weaker atmospheric instability
associated to evaporative cooling near the surface (not
considered in the diagram). Another pathway is when
evapotranspiration is limited by ‘energy’ (Figure 2(b)),
implying that the soil is wet enough and the surface
evaporates in response to radiative heating; soil moisture
does not control the amount of evapotranspiration. This
situation is also referred to as ‘atmospheric control.” In
this case negative instantaneous correlation between soil
moisture, evapotranspiration and consequently precipita-
tion may occur (e.g. increased soil moisture, decreased
evapotranspiration, as a response to decreased temper-
ature, and less precipitation), as indicated by the ‘NC’
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Figure 1. GLDAS-2 summer (DJF) mean precipitation (mm month~!, a), standard deviation (b) and the corresponding relative differences (%, ¢ and
d), compared with Sa22. The boxes are used to highlight sub-regions of interest. White grid-boxes in the right panel correspond to areas where Sa22
has no data.

pathway. Under an atmospheric control regime, there
can also be positive correlations thus creating a positive
feedback between precipitation and soil moisture (‘PC’
pathway).

Last, it is convenient to highlight what we consider
are the main limitations of the dataset and the method-
ology selected to perform this analysis. The GLDAS-2
is essentially a model driven data set and as such, it
will be affected by the NOAH LSM biases. Despite this,
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the NOAH has been widely validated and evaluated in
previous studies (e.g. Sridhar et al., 2003; Schaake et al.,
2004; Guo and Dirmeyer, 2006; Kato et al., 2007; Livneh
et al., 2010, Jaksa et al., 2013; Xia et al., 2013), including
some focusing in South America (Lee and Berbery, 2012,
Miiller et al., 2014). Regarding the statistical methodol-
ogy, it is clear that large correlation/covariance between
two variables will not explain causality. Moreover the
role of a third variable (e.g. SST) on either one or on
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Figure 2. Diagram of the most common interactions among different variables under a land control regime (a) and an atmospheric control one (b).
Small arrows (1, |) indicate increase or decrease of each variable. See text for more detail.

both could be responsible for these large correlations.
Still, we consider that there is useful information that can
be derived from the proposed analysis if its limitations
are handled properly. According to the state of the art,
alternate ways to analyse land—atmosphere interactions,
including their physical explanation, are still in debate
and certainly need more research.

3. Results

3.1. Estimation of land surface—atmosphere coupling
strength

Precipitation amounts and their temporal variability are
critical inputs for any LSM. In order to validate GLDAS-2
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seasonal mean (DJF) precipitation and its standard devia-
tion with respect to the 1980—-2008 climatological mean,
Figure 1 includes a comparison between an observational
data set (referred to as Sa22, Liebmann and Allured, 2005)
and GLDAS-2. Besides spots with large discrepancies,
that mainly occur over areas of complex topography and
in tropical regions, precipitation amounts in both data sets
are similar, with differences in the mean field below 20%
over most of the areas, and somewhat larger in variability
(but below 30%). Unfortunately, there are areas without
observational data coverage (e.g. southern Argentina)
were GLDAS-2 precipitation values cannot be validated.
In general, mean values tend to be overestimated by
GLDAS-2 and the standard deviation underestimated. The
agreement between datasets provides further confidence
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(2) soil mosture: summer (DJF) monthly mean (1980—2008)
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Figure 4. Correlation between monthly mean soil moisture (NDJ) and precipitation (DJF) anomalies (at 90% confidence level, shaded), and soil
moisture autocorrelation (lag 1 month, in contours). (a) Sample without ENSO summers. (b) Sample with ENSO summers.

on the representativeness of GLDAS-2 fields to undertake
this research at least over relatively flat areas and over the
sub-regions of interest.

Mean December—January—February (DJF) soil mois-
ture and evaporation are shown in Figure 3, to illustrate
their spatial pattern. As expected, soil moisture closely
resembles the precipitation geographical distribution,
with maximum values over the Amazon region, the con-
tinental portion of the SACZ and parts of Southeastern
South America (SESA). In turn, maximum evapotranspi-
ration occurs over SESA and northern Brazil-southern
Venezuela. Evapotranspiration variability represented by
the standard deviation, shows also maximum values in
SESA (not shown). Important horizontal W—E gradients in
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both mean fields are evident across Argentina and in north-
eastern Brazil. These areas represent the main transitional
zones between dry and wet climates in South America.

A first indication of soil moisture memory is given by
the lag 1 autocorrelation (hereafter we will consider equiv-
alent: lag 1 autocorrelation, memory and persistence),
which is shown in Figure 4 together with the lagged cor-
relation between soil moisture and precipitation anomalies
(soil moisture leading) for periods with and without ENSO
years. In both cases soil moisture memory is large, with the
lowest lag 1 autocorrelation values (~0.7) in Central Ama-
zon. Contrastingly, lagged correlation between soil mois-
ture and precipitation anomalies changes between both
samples: few areas exhibit significant correlations if ENSO
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years are removed while larger areas appear when ENSO
years are included, particularly over tropical regions. In
general these correlations are positive. Potential pathways
for soil moisture—precipitation and SST interactions are
explained in detail by OS10 and Seneviratne et al. (2010).
Clearly, it is not possible to distinguish between the two
physical coupling mechanisms proposed above just using
a statistical approach as in here. It is also clear that the
strongest influence of ENSO is over tropical areas, which
is in agreement with Z08 and Sun and Wang (2012) results.
Areas with longer memory and high correlation (without
ENSO) outside the tropics mainly occur in the southern
tip of the continent (memory > 0.9) and in sparse small
areas. These areas also appear in the complete sample.
Regarding the area in southern Argentina and Chile, it is
characterized by marked W—E rain gradients, with rel-
atively large precipitation amounts to the west, and soil
moisture values as large as those over eastern Argentina.
This is the most regionally coherent area with maximum
of land—atmosphere interaction apparently unaffected by
remote influences in our domain of study. Zeng et al.
(2010) and Sun and Wang (2012) using different method-
ologies also found a ‘hot spot’ over southern South Amer-
ica, but maximizing further north.

The feedback parameter is a synthesis of the previ-
ous fields, because it is essentially the ratio between
I-month lagged soil moisture—precipitation correlations
and 1-month lagged soil moisture autocorrelation (see
Equation (2)). The results for both samples are shown in
Figure 5. There are obvious similarities with Figure 4,
but areas with significant negative coupling between soil
moisture and precipitation during non-ENSO years, which
are not apparent in ENSO years, become clearer. More-
over, in some regions, the sign of the feedback parameter
reverses between the two samples (e.g. over eastern
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Argentina, parts of southern Brazil and Uruguay, and in
the limit between Brazil, Venezuela and the Guyana’s),
suggesting that it is difficult to drive conclusive results
from this diagnostic. Comparing our results with OS10,
even considering that their analysis corresponds to
June—July—August (JJA), there are some coincidences:
spotty areas between the Equator and 20°S with significant
positive coupling values, not necessarily related to SST,
and the increased coupling strength in tropical areas when
ENSO years are included, which in OS10 correspond
to areas where both coupling strengths (soil mois-
ture/precipitation and SST/precipitation) are important.
It should be noted that OS10 compare SST-precipitation
with soil moisture—precipitation coupling strengths,
searching for regions where the coupling is strong for
each variable individually and for both at the same time.
In the latter case, no conclusions can be made concerning
which variable is locally influencing the precipitation.
Thus, they do not isolate the effects of any of these
forcings. Our approach is different in the sense that for
non-ENSO years, we are assuming that on monthly time
scales, precipitation is a result of internal variability
and soil moisture related effects only, as evidenced by
Equation (1).

The negative sign in 4, is not easy to interpret but there
are other studies showing this over different regions (e.g.
Z08; OS10; Dirmeyer, 2011; Sun and Wang, 2012). We
will propose an explanation after including the role of
evapotranspiration using the conceptual framework syn-
thesized in Figure 2.

3.2. Possible mechanisms underlying land—atmosphere
coupling

In order to analyse possible pathways for soil moisture—
precipitation interaction we document the coupling
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-DJF) for normalized soil moisture—evapotranspiration. Shading appears for simultaneous correlation (at 90%

confidence level) between precipitation and evapotranspiration anomalies.

strength between soil moisture and evapotranspiration
using, for example, 4.,,, (Figure 0), but showing only the
regions were evapotranspiration and precipitation are pos-
itively correlated. According to this analysis, the feedback
parameter between soil moisture and evapotranspiration
is dominantly positive and is significant (and larger) over
regions characterized by moderate to low mean soil mois-
ture and evapotranspiration amounts (see Figure 3), in
agreement with the results obtained by Dirmeyer (2011).
This is another way to recognize transitional climate
regimes, where evapotranspiration is mainly controlled
by soil moisture (see Figure 2(a)). Although there are
differences between samples with and without ENSO
years, they are smaller than in the case of 4,,.

Combining the analysis of 4, and 4,,, for non-ENSO
periods, both parameters are positive and significant in
the southern tip of the continent and over small areas in
Bolivia (particularly in the limits with Brazil, Paraguay
and Northern Argentina) and some isolated parts of coastal
Brazil and central Argentina. On the other hand, some
areas with negative and significant 4, in SESA, show posi-
tive or not significant 4, values, supporting the hypothe-
sis of increased precipitation through enhanced instability
over this region. This would be represented by a reversed
example of a NC branch of Figure 2(a) (not sketched in the
diagram) starting from soil moisture |, evapotranspiration
|, temperature 1 resulting in precipitation 1. This idea is
reinforced by the fact that the feedback parameter between
soil moisture and 2 m temperature (obtained from GLDAS
2 forcing data set) is negative (not shown) over this par-
ticular region. A similar result was obtained by Miiller
and Seneviratne (2012), analysing lagged correlation of
the Standardized Precipitation Index (SPI) (leading), as a
proxy of soil moisture, and the number of hot days of the
warmest month.
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When the sample includes ENSO years, the combined
analysis leads to similar conclusions, with stronger signals.
Interestingly, the area with positive 4, around 20°S, 50°W
(continental SACZ), that appears in both samples, does
not show significant A,,,,, suggesting that this area is more
characterized by an energy limited type of coupling.

A complementary calculation that can be useful to our
analysis is the simultaneous correlation between the evap-
otranspiration and 2m temperature (Figure 7). Positive
correlation values indicate regions under ‘atmospheric
control’ and negative correlation values ‘land surface con-
trol’ (see Figure 2(a) and (b)). This figure also allows us
to discern regions of transitional climate over the domain
of study. For non-ENSO years, negative or non-significant
values over SESA reinforce the idea of prevalent land
control while the opposite is observed over portions of
SACZ and the southern tip of the continent. When ENSO
years are included, the spatial patterns remain similar, but
there is an areal enhancement of the negative correlation,
mainly over SESA and particularly over Argentina and
Uruguay.

As mentioned in the Introduction, we are also interested
in evaluating the potential of these diagnostics in the
context of monthly and longer scales forecasts: in terms
of deriving tools to increase monthly to seasonal forecasts
value, strong and significant coupling strength can be used
to anticipate increased/decreased precipitation associated
with given soil moisture anomalies during the previous
month. Of particular relevance for us are the hot spots
over eastern Argentina, Uruguay and in the southern tip
of the continent, where there are very few predictors for
precipitation anomalies particularly for non-ENSO years.
Thus, we calculated 4, and 4., for each individual month,
only for the non-ENSO sample, starting with November
precipitation and evapotranspiration. Now, the number of
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months in each sample is smaller (i.e. 19 months in each
case), so the robustness of the result might be affected. Still
there are very interesting results from this calculation that
can be discussed with the aid of Figure 8. At a first glance
it is evident that there are different behaviours between
individual months that suggest that coupling strength is
variable within the same season. In January, Ap seems to
be completely different from the other months, showing
large areas characterized by negative values.

Focusing on specific regions, the stronger and more
coherent positive coupling with soil moisture over SESA
is for December precipitation, although it may not be due
to enhanced evaporation, because Ae,,, for this month is
not significant. In turn, there is a /11, hot-spot in the limit
between Bolivia, Paraguay and Argentina that occurs on
every month except for January and could be more clearly
attributed to the enhanced soil moisture — enhanced

evapotranspiration — enhanced precipitation type of
coupling.
Monthly changes in 4.,,, are not as large as in 4, and sign

reversals are rare, except over a small area in the northern
boundary of SACZ. In particular, the area of significantly
positive 4, around 20°S, S0°W appears every month (it
is reduced in January) but the coupling mechanisms are
not directly related with enhanced local evapotranspira-
tion. This result is in correspondence with Grimm et al.
(2007) findings, who relate enhanced precipitation in Jan-
uary over this area with the development of local circu-
lations that trigger convection and not to enhanced soil
moisture/evaporation.

4. Discussion

On the basis of on an off-line simulation of the NOAH
LSM, forced by observations and reanalysis from the
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GLDAS-2 dataset, a statistical methodology has been used
to assess land surface—atmosphere coupling strength over
South America during the summer season. Evidences of
the existence of hot spots between soil moisture and pre-
cipitation anomalies have been found. Their location does
not match previous works (e.g. Notaro, 2008; Zeng et al.,
2010; Dirmeyer, 2011), although they may not be com-
pletely comparable due to different sources of data and/or
methodologies. The areal extent of these hot spots is
larger over tropical regions, where the results should be
taken with caution, because this methodology cannot dis-
tinguish if precipitation anomalies are linked to remote
influences (e.g. related with ENSO signal), to precipita-
tion persistence or to local effects. In order to account for
ENSO related feedbacks, ENSO years have been removed
from the sample and a comparative analysis of periods
with and without ENSO has been undertaken. Results
show that physical mechanisms related with possible soil
moisture—precipitation interactions vary among the dif-
ferent regions and do not remain the same when ENSO
years are eliminated. However, our methodology does not
allow to assess whether larger areas with significant 4,
during ENSO years is due to SST interactions with soil
moisture and precipitation or just reflect that during ENSO
events, interactions between soil moisture and atmosphere
are stronger.

Special emphasis has been given to the analysis of two
sub-regions, SESA and SACZ, where distinct behaviours
have been identified. For instance, central SESA shows
significant negative coupling strength (4, <0) accompa-
nied by not significant 4,,, suggesting that an increase
(decrease) of precipitation anomalies related with a
decrease (increase) of soil moisture anomalies occurs
through an enhancement of atmospheric instability (sta-
bility) via augmented (diminished) surface temperature.
This is in part corroborated by negative values of soil
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(b) ENSO summers.

moisture-2 m temperature coupling strength over this
region (not shown) and it is also compatible with a land
control type of interaction inferred from the correla-
tion between 2m temperature and evapotranspiration
(Figure 7). In turn, the main feature over northeastern
SESA is that A.,, has positive and significant values
combined with maximum amounts of evapotranspiration.
Thus, this part of SESA shows a strong control of soil
moisture on evapotranspiration, which is not translated
into precipitation anomalies, because 4, is small and
not significant (shows a mix of positive and negative
values).

The SACZ region, on the other hand, shows positive
and large soil moisture—precipitation feedback parameter,
but with no significant soil moisture—evapotranspiration
interaction, indicating that this is a region under atmo-
spheric control (or energy limited), supported by posi-
tive 2m temperature—evapotranspiration correlations in
this area.

As mentioned in the first section, Sorensson et al.
(2010)estimated the coupling strength over South Amer-
ica, using GLACE methodology for one austral summer
(1992-1993, neutral ENSO conditions). They found
over SACZ a mayor soil moisture—precipitation hot
spot, but with weak soil moisture—evapotranspiration
coupling strength and low evapotranspiration variabil-
ity. Despite that our study is based on monthly time
scales, both methodologies arrive to similar conclu-
sions over the SACZ region. Over SESA, the results
on soil moisture/precipitation coupling-strength present
opposite signs, although over certain places there is an
agreement between the soil moisture—evapotranspiration
relations.

Therefore, SESA seems to be a region where the land
surface states do exhibit control on the atmosphere that
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could be plausible in multiple time scales. This is not
the case for SACZ. Nevertheless, further studies are still
needed to understand different coupling strength signs and
the physical mechanisms involved.

When ENSO years are considered, the most important
features observed are: a sign reversal of 4, over SESA; and
an enhancement of areas with positive and more intense
4, particularly in tropical regions. The latter result con-
firms the considerable impact of ENSO on precipitation
over the Tropics, while other areas with significant (and
positive) /11, remain unaffected, such as the hot spots local-
ized in the southern tip of South America and in the
limit between Argentina, Bolivia and Paraguay. Here, both
4, and A, are large and appear combined with rela-
tively low values of evapotranspiration, more evident in
the southern region. Therefore, the following question
arises: How much moisture could be effectively translated
into the atmosphere in order to impact precipitation in
these areas? As it is discussed by Wei et al. (2008), in
tropical regions precipitation can have its own memory
(besides ENSO). Combined with the fact that precipita-
tion has considerable effect on soil moisture (Guo et al.,
2006), lagged covariability between these variables may
be, in fact, affected by the precipitation persistence (Wei
et al., 2008).

To address this hypothesis, precipitation persistence is
analysed in Figure 9. Coincident with many areas with
high 4, (Figure 4), precipitation persistence also shows
large positive values, thus suggesting that high correla-
tions between leading soil moisture and precipitation over
these regions could in fact be influenced by precipitation
persistence, without any substantial contribution of soil
moisture. This could be the case over the southern tip of
South America, where low evaporation values (Figure 1)
are observed. Our results show a hot spot over this region
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that resembles the area of strong coupling after removing
low frequency variability due to SST in Sun and Wang
(2012), although there are differences in the exact location
that may be due to their low resolution experiment. This
hot spot has not been analysed in detail before and is coin-
cident with a transition zone combining atmospheric—land
control regimes, highlighting the regional complexity of
the land—atmosphere interactions taking place. This result
motivates further analysis over this particular region, to
clarify the physical mechanism leading to the precipi-
tation persistence and its interaction with land surface
variables.

The seasonal analysis has been complemented by
an individual monthly analysis of 4, and 4,, for the
non-ENSO sample. The motivation was to evaluate
whether the relationship between soil moisture and pre-
cipitation that has been found for the whole season,
holds for each individual month. The ultimate goal
would be to ascertain the value of a diagnostic based on
land—atmospheric coupling in improving climate pre-
dictions at monthly time scales. Interestingly, this first
assessment clearly shows that the relation between soil
moisture and precipitation changes from month to month,
and may even reverse its sign over specific regions such as
SESA. Moreover, while Ap over SESA is negative at sea-
sonal scales (Figure 4), it is positive for every month except
January (Figure 8). This is an indication that monthly anal-
ysis should be performed to serve as a basis for seasonal
forecasts.

Land—atmosphere coupling strength analyses have
diverse limitations, including the lack of observational
data to validate the results, which, in turn, can be largely
model dependent, as it is shown in Guo et al. (2006) and
Koster et al. (2006). These authors found that the hot spots
location and intensity where model dependent, based on
the GLACE experiment. Thus, as GLDAS-2 uses only
one Land Surface Model (NOAH) it could be argued that
using different LSM, the spatial pattern and intensity of the
coupling strength may change. A complementary assess-
ment to show the impact of using different LSMs (see
the Appendix), suggests that model dependency does not
modify our main results. Although results with GLDAS-1
and GLDAS-2 may not be completely comparable, it
is possible that, because both are uncoupled systems, it
could be a relatively small impact to LSM choice in our
results.

In relation with coupling strength analysis using the
NOAH-LSM coupled to the Climate Forecast System,
Dirmeyer (2013) found that evaporation is sensitive to
soil moisture in transition zones between arid and humid
regions, a necessary condition for soil-atmosphere cou-
pling strength. The author also argues that the weak
response observed by Zhang et al. (2011) may be a result
of not considering the surface soil layer of the NOAH LSM
in their analysis.

Regarding the GLDAS-2 dataset reliability some basic
comparisons done against an observational precipita-
tion data set indicates that this forcing, which might be
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considered the most important, is well represented at
monthly time scales. Yet, alternative data sets should
be used to analyse GLDAS-2 (e.g. WATCH) represen-
tativeness more in detail. In this sense, as mentioned in
Section 3, Miiller and Seneviratne (2012) used the SPI, as
a proxy for soil moisture, and the number of hot days of
the warmest month, in order to analyse the influence of the
land surface states on heat waves. Their results over parts
of SESA and SACZ are in agreement with ours, showing
that both regions have an important land—atmosphere
(soil moisture-2m temperature) coupling strength. In
Spennemann et al. (2014) an evaluation is carried out,
comparing the correspondence between SPI (3 months,
derived from observations GPCC, Meyer-Christoffer
et al., 2011) against the GLDAS-2 soil moisture. Signifi-
cant correlations (>0.7) are found over SESA and parts of
SACZ, confirming that the GLDAS-2 soil moisture used
in this study, has a tied relationship with observed SPI.
At some extent, this means that GLDAS-2 soil moisture
is a representative quantity of the soil conditions over the
region.

The methodology used in this study has some draw-
backs: we assume that ENSO is the only external forcing
for the precipitation (other external forcing may be
still acting); non-linear feedbacks are not taken into
account and, probably, the strongest limitation is that
it cannot be used to establish a precise causal-effect
relationship between the variables under analysis. Nev-
ertheless this simple methodology gives a valuable first
order approximation of a highly complex system of
land surface—atmosphere interactions that characterize
mid-latitude and subtropical areas in South America
while showing potential for its application at sub-seasonal
forecasts.
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Appendix

Figure Al shows 4, for different GLDAS-1 LSMs:
MOSAIC, VIC, CLM2 and NOAH (see Rodell ef al., 2004
for details about each LSM). All LSMs show a similar
spatial pattern and coupling strength sign, in agreement
with the results shown by Z08 for the northern hemisphere.
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Figure Al. Correlation between monthly mean soil moisture (NDJ) and precipitation (DJF) anomalies (at 90% confidence level, shaded), and soil
moisture autocorrelation (lag 1 month, in contours) for GLDAS-1 land surface models: MOSAIC (a), NOAH (b), CLM2 (c) and VIC (d). From 1995
to 1997 were not considered due to technical problems reported by GLDAS-1 data set developers.

The main difference is related with signal significance over
some areas.
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