
CLIMATE RESEARCH
Clim Res

Vol. 68: 243–255, 2016
doi: 10.3354/cr01358

Published May 4

1. INTRODUCTION

The weather and climate of southeastern South
America (SA) are mostly controlled by cold fronts
(CFs). These systems move from southwest to north-
east over the continent and are responsible for phe-
nomena such as strong winds, intense precipitation,
localized cooling, frosts, and dispersion of pollutants
out of the boundary layer. According to Satyamurty &
Mattos (1989), Reboita et al. (2009) and Simmonds et
al. (2012), the southern/southeastern coasts of SA are

frontogenetic regions throughout the year. Caval-
canti & Kousky (2009) evaluated the seasonality of
the CFs over SA using an objective methodology
applied in the reanalysis from the National Centers
for Environmental Prediction/National Center for
Atmospheric Research (NCEP/NCAR; Kalnay et al.
1996) from 1979 to 2005. In this study, CFs are regis-
tered when, the following characteristics occur from
the day before to the day of the CF: a decrease of
≥2°C in air temperature at 925 hPa; an increase of
≥2 hPa in sea level pressure; and turning of the
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meridional wind component from north to south, with
a southerly wind component of ≥2 m s−1. According
Cavalcanti & Kousky (2009), the frequency of CFs
over southeastern SA, which includes the La Plata
Basin (LPB), is slightly higher during winter/spring,
with an average of approximately 12 CFs, compared
with summer with 10 CFs. Similar CF frequency for
a period of 3 yr was obtained over the city of Rio
Grande (~32° S, 52° W) located near the southern tip
of Brazil (Britto & Krusche 1996).

Other studies focused on CF activity over specific
regions of southern or southeastern Brazil can be
mentioned. Silva et al. (2014) obtained an annual fre-
quency of 27 CFs over southeastern Brazil (Minas
Gerais state), with the highest number of CFs oc -
curring during the winter and spring seasons. Over
the coast of southern Brazil (Santa Catarina state),
Rodrigues et al. (2004) found a weak seasonality of
CFs, with slightly higher numbers during spring.
Silva et al. (2014) and Rodrigues et al. (2004) have
used similar methodology, i.e. meridional wind turn-
ing from north to south and temperature decreasing
from 1 d before to 2 d after the CFs cross the region.
The maximum of CFs in spring is similar to that
obtained by Justi da Silva & Silva Dias (2002) and
Andrade (2005), who in addition found a slight mini-
mum in the frequency of CFs during summer and
autumn. It is also important to mention that previous
studies have highlighted the strong contribution of
CFs to the seasonal rainfall over southeastern SA
(e.g. Catto et al. 2012). For example, during the sum-
mer, the association of CFs with the South Atlantic
Convergence Zone (SACZ) is well known, as shown
by Oliveira (1986), Satyamurty et al. (1998), and Nieto-
Ferreira & Chao (2011).

Studies evaluating the performance of climate
models in simulating CF frequency over SA are not
common. In this region, Andrade et al. (2012) com-
pared the simulations from the Geophysical Fluid
Dynamics Laboratory (GFDL) and Hadley Center
global models with the NCEP/NCAR reanalysis. Both
models overestimated the frequency of CFs.

Efforts have been organized to improve results of
regional climate models (RCMs) over SA, such as
the World Climate Research Project Coordinated
Regional Downscaling Experiment (CORDEX; Giorgi
et al. 2009) and A Europe−South America Network
for Climate Change Assessment and Impact Studies
in La Plata Basin (CLARIS-LPB; Solman et al. 2013).
The goal of CLARIS-LPB was to evaluate regional
 climate change impacts and to develop adaptation
strategies for the La Plata Basin (LPB). In this context,
Solman et al. (2013) analyzed the performance in the

present climate (1990−2008) of 7 RCMs (RCA,
REMO, PROMES, RegCM3, MM5, LMDZ, and ETA)
integrated with a horizontal grid spacing of about
50 km and driven by the ERA-Interim reanalysis
(Dee et al. 2011). This study has shown a dry bias
in the summer precipitation over LPB and from north
to northwest SA. In winter, the dry bias was also
present in LPB.

Solman et al. (2013) showed that over Uruguay,
located in the southern LPB, only a few models are
capable of capturing the peaks in the observed
annual cycle of precipitation that occur in April and
October. One of them is the REMO, which repro-
duces the observed precipitation amount in all
months of the year while most models project very
dry winter months compared with observation. The
RegCM4 is one of the RCMs presenting large under-
estimation of precipitation over the southern LPB
(Solman et al. 2013). This feature is a common short-
coming of many RCMs and global climate models
(Reboita et al. 2014a, Vera & Silvestri 2009). In this
context, since the different RCMs compared by Sol-
man et al. (2013) have different parameterization
schemes, we suggest that the dry biases could be due
to some deficiencies in the simulation of mid-latitude
systems as CFs that cross over the LPB. To evaluate
this hy pothesis, we analyzed the occurrence of CFs
in the REMO and RegCM4 RCMs, since the former
presents smaller errors in precipitation while the lat-
ter is part of the group of RCMs that have large dry
biases over most of the LPB (Solman et al. 2013).

In summary, this work investigates how 2 RCMs
used in the CLARIS-LPB project simulate the CFs
over southern Brazil (which is part of the LPB region)
and their contribution to the seasonal climatology
of precipitation over the southern LPB (hereafter
SLPB). Cold fronts simulated by the REMO (no dry
bias) and RegCM4 (with dry bias) are compared with
local observational and reanalysis data for the period
1991−2008.

2.  DATA, MODELS AND METHODS

2.1.  Data

For the period 1991−2008, local observations (sea
level pressure, air temperature, and wind compo-
nents) from the Rio Grande (RG) station were used
to identify and characterize the CFs over SLPB. The
RG station is a conventional meteorological station
located at 32°04’ S, 52°10’ W (see Fig. 1), with a
World Meteorological Organization (WMO) number
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83995. This station was selected due to its location in -
side one of the most important frontogenetic (Satya-
murty & Mattos 1989, Reboita et al. 2009) and cyclo-
genetic (Hoskins & Hodges 2005, Reboita et al. 2010)
regions of the eastern coast of SA. In addition, the
data from this station have been quality controlled in
previous studies (Reboita et al. 2006).

Atmospheric variables from the ERA-Interim re -
analysis (Dee et al. 2011), with horizontal grid spac-
ing of 1.5 degrees, were used as initial and boundary
conditions for the simulations and to validate the sim-
ulated environment associated with CFs. Daily pre-
cipitation from the Climate Prediction Center (CPC;
Chen et al. 2008) analysis was employed to evaluate
the simulated precipitation. CPC is a rain-gauge only
analysis with a horizontal grid of 0.5 degrees.

2.2.  RegCM4

The RegCM4 (Giorgi et al. 2012, Reboita et al.
2014b) is a hydrostatic model that solves the equa-
tions of a compressible atmosphere using finite dif-
ferences. The vertical coordinate is sigma-pressure.
RegCM4 has various physical parameterization
schemes available. In the current study, one of the
RegCM4 simulations carried out by Llopart et al.
(2014) is analyzed. This simulation used the Bio-
sphere Atmosphere Transfer Scheme (BATS; Dickin-
son et al. 1993) for representation of surface pro-
cesses, the Community Climate Model version 3
(CCM3) parameterization for the radiative transfer in
the atmosphere (Kiehl et al. 1996), the Holtslag et al.
(1990) scheme to solve planetary boundary layer,
and a mixed cumulus convection parameterization,
which uses Grell (1993) over the continent and
Emanuel (1991) over the ocean.

2.3.  REMO

This study uses the regional climate model REMO
(Jacob & Podzun, 1997, Jacob 2001, Jacob et al.
2001) version 2009 (Jacob et al. 2012, Solman et al.
2013). REMO is hydrostatic and solves the dis-
cretized primitive equations of atmospheric motion
within a limited area. Having been developed pre-
viously at the Max Planck Institute for Meteoro -
logy and now continued at the Climate Service
Center Germany (GERICS), REMO was used during
CLARIS-LPB and included as part of the model
evaluation framework of the CORDEX South
 America activities.

The physical core of REMO was based on the
global circulation model ECHAM4 (Roeckner et al.
1996) and the dynamical core from the former
weather prediction model of the German Weather
Service (DWD; Majewski 1991). The large scale or
stratiform cloud scheme of REMO is based on
ECHAM4 and updated following ECHAM5, which
included prognostic equations for cloud water, water
vapor and cloud ice, and has empirical cloud cover
scheme by Sundqvist et al. (1989). The convective
(sub-grid) cloud parameterization in REMO is based
on the mass-flux scheme from Tiedtke (1989) with
the modifications of Nordeng (1994). The representa-
tion of the land surface utilizes a simple bucket soil
water scheme (Dümenil & Todini 1992, Hagemann
2002, Rechid & Jacob 2006, Kotlarski 2007).

2.4.  Simulations

The RegCM4 domain used 192 × 202 grid points in
the north−south and west−east directions, with a hor-
izontal grid spacing of about 50 km and 18 sigma-
pressure levels in the vertical (da Rocha et al. 2012).
The REMO domain coves 151 × 181 grid points in a
rotated longitude-latitude coordinate system with a
spatial resolution of 0.44° × 0.44° (about 50 km). The
vertical levels in REMO are represented in a hybrid
sigma-pressure coordinate system with 31 levels.

Both RegCM4 and REMO simulations followed the
recommendation for the CORDEX South America
domain (www.cordex.org). These simulations were
nested in the ERA-Interim reanalysis (Dee et al.
2011). The RegCM4 simulation is for the period
1979−2009 and REMO was run from 1989 to 2008.
However, only the period 1991−2008 is analyzed,
since it corresponds to the period common to the
 simulations and the RG station dataset.

2.5.  Methods

CFs were identified using the daily means of
meridional wind at a height of 10 m and air tempera-
ture at 2 m. Following Rodrigues et al. (2004), the
 criteria for identification of CFs were (1) turning of
the meridional wind component from the north to the
south between the day before (day−1) and the day of
the CFs (day0); and (2) a decrease of air temperature
between day−1 and day0, and/or between day−1 and
one day after (day+1) the identification of the CF.
These criteria were applied to the observed and sim-
ulated data. Regarding the models, the atmospheric
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variables used to identify the CFs were selected
 considering the continental grid point nearest to the
RG station. It is also important to mention that the use
of daily averages of the atmospheric variables elimi-
nates variations of scale smaller than diurnal, such as
sea−land breezes (Rodrigues et al. 2004).

The analyses consisted of 3 parts: (1) description
of the precipitation biases of RegCM4 and REMO
over SLPB; (2) identification of the simulated and
observed CFs and time evolution of the CFs’ average
characteristics from the prefrontal (day−2) to post-
frontal (day+2) period; and (3) comparison of ob -
served and simulated composite anomalies (sea level
pressure, air temperature at 2 m height, and winds
and specific humidity at 850 hPa) associated with the
CFs. The southern part of LPB was defined as the
area between 61°−48°W and 37°−27° S, excluding
points over the sea, since the CPC analysis is avail-
able only over the continent (see box in Fig. 1).

3.  RESULTS

3.1.  Simulated precipitation in SLPB

The observed annual precipitation based on the
CPC spatial pattern ranges from 2 to 5 mm d−1 over
SLPB (not shown). The RegCM4 presents a strong
negative precipitation bias (up to −2.5 mm d−1) rela-

tive to the CPC over most of SLPB, mainly over south-
ern Brazil and Uruguay (Fig. 1a), while a weaker
overestimation of precipitation occurs in the REMO
(Fig. 1b). The box shown in Fig. 1 corresponds
approximately to the lower Parana River and Uru -
guay areas. In these regions, Solman et al. (2013)
have indicated that most RCMs from the CLARIS-
LPB Project underestimated rainfall, except REMO.
A similar precipitation dry bias over the SLPB also
occurs in most of CLARIS-LPB RCMs when they are
forced by GCMs (Sanchéz et al. 2015).

Fig. 2 shows the annual cycle and the time series of
the area-averaged precipitation over the SLPB. The
observation from CPC characterizes the annual cycle
of precipitation with 2 maxima of ~4.7 mm d−1 in
April and October, and a minimum of ~2.2 mm d−1

in August (Fig. 2a). Overall, the phase and amplitude
of the annual cycle of rainfall simulated by REMO
are closer to the CPC observations than to those of
RegCM4. REMO simulates the observed minimum
and maximum precipitation in August and October,
respectively; however, it is not able to capture the
other observed rainfall peak in April. On other hand,
RegCM4 simulates a different annual cycle of rainfall
with only one maximum in February and a minimum
in July, both of which are not observed in the CPC
analysis. The Pearson correlation coefficients relative
to CPC for the annual cycle of precipitation are 0.96
and 0.78 for REMO and RegCM4, respectively, which
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Fig. 1. Bias of annual precipitation of (a) RegCM4 and (b) REMO simulations from 1991 to 2008 in relation to Climate 
Prediction Center rainfall analysis. Box: southern La Plata Basin region; Black dot: Rio Grande station
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Fig. 2. Annual and seasonal precipitation in the
southern La Plata Basin (see box in Fig. 1) from
1991 to 2008 for CPC (black line), RegCM4
(green line) and REMO (blue line). Correlation
coefficients and bias of the models in relation to 

CPC are included
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indicates a better agreement between REMO and the
CPC analysis. Moreover, REMO has a smaller bias
for annual precipitation (−0.03 mm d−1) than RegCM4
(−0.83 mm d−1).

Regarding the inter-annual variability of precipita-
tion for each season (Fig. 2b−e), the correlation co -
efficient between REMO and the CPC observations
is higher (with a maximum of 0.88 in spring−summer)
than between RegCM4 and the CPC. The higher cor-
relation indicates a large agreement of REMO in the
reproduction of the observed inter-annual precipita-
tion variability. In most of the seasons, the precipita-
tion biases are smaller in REMO than in RegCM4.
The smaller biases in REMO occur in winter
(−0.15 mm d−1) and spring (+0.23 mm d−1). RegCM4
has smaller seasonal bias (−0.35 mm d−1) than REMO
(+0.68 mm d−1) only during summer. Similar results
have been found by Solman et al. (2013), who by
comparing 7 RCMs concluded that REMO better sim-
ulates the annual cycle and the amount of rainfall
over most of the LPB.

3.2.  Frequency of cold front occurrences

For the period 1991−2008, Table 1 presents the
observed and simulated frequency of CFs and the
RCMs’ relative biases. The frequency of CFs at the
RG station presents weak seasonality, i.e. from 14.2
in spring to 13.3 in autumn (Table 1). This value
agrees with Britto & Krusche (1996) who evaluated
CFs at the same station and with other CF studies
over southeastern SA (Rodrigues et al. 2004, Caval-
canti & Kousky 2009, Andrade et al. 2012). The weak
seasonality of CFs at RG also agrees with that of
the cold surges associated with systems crossing SA
(Garreaud 1999), with the climatology of Southern
Hemisphere mobile fronts (Simmonds et al. 2012)
and with the CFs identified over southern Brazil

(Rodrigues et al. 2004, Cavalcanti & Kousky 2009).
These comparisons support the methodology used
in the present study for identifying the CFs.

The REMO simulates the weak seasonality of CF
frequency present in the observations, with about
13.3 systems per season and has an annual relative
bias of only 4.0% (Table 1). Considering each season,
REMO’s underestimation of the number of CFs is
small, with a maximum of −6% in winter and spring.
RegCM4 simulates a low frequency of CFs in sum-
mer (11.4) and a high frequency in spring (14.0), pro-
viding a seasonal range of 2.6 systems. This range is
greater than the observed value of 0.9, and indicates
higher seasonality compared with the RG station.
The negative bias for the total number of CFs in
RegCM4 (−6%) is mainly due to the large underesti-
mation of CFs in summer (−17%). In other seasons,
the relative bias of RegCM4 CFs is <−5%.

The time evolution of the mean environmental con-
ditions from 2 days before (day−2) until 2 days after
(day+2) the CFs’ passage (day 0) is presented in
Fig. 3. For all seasons and in agreement with the RG
observations, the RegCM4 and REMO capture the
time evolution of the meridional wind component,
which turns from north to south (from negative to
positive values) between the day before (day−1) and
the day of the CF (day0). Generally, the simulated
meridional wind speeds are similar to the observed
values, except on day−2 when they are greater than
those observed at RG. During the CF passages, simu-
lations also capture the time evolution of the air tem-
perature and sea level pressure observed at RG, but
the biases depend on the season. RegCM4 is colder
than the RG observations during the austral autumn
and winter, while the biases are small in summer and
spring (Fig. 3). In all seasons, the air temperature
simulated by REMO is closer to observations than
those simulated by RegCM4, except on day+2 when
REMO is systematically colder than RG, indicating
colder postfrontal air in REMO than observed at RG
(see section 3.3.). For sea level pressure, RegCM4 has
a systematic negative bias compared to the observa-
tions, which is large during austral summer−spring
(Fig. 3). REMO has a small positive bias for sea level
pressure from day−2 until day+2, except during
 austral winter.

The comparisons of precipitation associated with a
CF episode requires caution since it has a high spa-
tial variability. For this analysis, RCM outputs were
interpolated to the CPC horizontal grid (with 0.5° of
grid spacing) and only one grid point is used to rep-
resent the RG station. Even with these constraints,
simulations are able to reproduce the time evolution
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DJF MAM JJA SON Annual

RG observation 13.7 13.3 14.1 14.2 55.3
RegCM4 11.4 12.7 13.7 14.0 51.8
Relative bias (%) (−17) (−5) (−3) (−1) (−6)

REMO 13.2 13.3 13.2 13.4 53.1
Relative bias (%) (−4) (0) (−6) (−6) (−4)

Table 1. Seasonal and annual average number of cold front
passages observed at Rio Grande (RG) station and simulated
in RegCM4 and REMO RCMs for the 1991−2008 period.
Parentheses: relative biases (%) of the simulations in rela-
tion to the observational dataset, calculated from [(number
simulated − number observed)/number observed] × 100%
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of observed rainfall, with the maximum rainfall rate
occurring on day0 (Fig. 3). RegCM4 overestimates
the precipitation from day−2 to day+1 during sum-
mer and underestimates it from day−1 to day+1 in
the other seasons. During autumn, REMO overesti-
mates the precipitation from day−2 to day+2. For the
other seasons REMO simulates larger amounts of
precipitation for day−1, i.e. it tends to have higher
prefrontal rainfall rate than that observed by CPC.

For the period 1991−2008 (18 yrs), Table 2 shows
the relative biases for precipitation in the SLPB
region (box in Fig. 1) for the seasonal average (clima-
tology) and only the accumulated rainfall during the
CF period (from day−2 until day+2, i.e. during 5 d). It
is worth mentioning that CFs make a large contribu-
tion to the seasonal rainfall, from 84% during autumn
to 91% in spring in CPC. In RegCM4 the seasonal
underestimation of rainfall associated with CF peri-
ods is large (from −25 to −36%), which contributes to
the large climatological dry bias, except in summer.
For example, on an annual scale RegCM4 presents
a dry bias of −30% during the CFs and −22% for
the climatology. These biases emphasize the con -
tribution of the CFs to the climatological dry bias in
RegCM4. In REMO, the relative rainfall biases dur-
ing the CF periods and climatology have similar

magnitudes, indicating a large contribution of REMO-
simulated CFs to the seasonal precipitation bias
(Table 2). For REMO, the climatological and CF biases
are positive during summer−autumn and spring and
negative in winter. However, in most of the seasons
the relative rainfall underestimations (climatological
and for CF periods) are smaller in REMO than Reg -
CM4, except for the climatological bias in summer.
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DJF MAM JJA SON Annual

RegCM4
Climatic bias (%) −8.0 −24.0 −25.0 −34.0 −22.0
CFs bias (%) −25.0 −31.0 −30.0 −36.0 −30.0

REMO
Climatic bias (%) 16.0 17.0 −5.0 6.0 10.0
CFs bias (%) 16.0 22.0 −8.0 5.0 11.0

Table 2. Relative biases (%) of precipitation for model clima-
tology and for the 5 d (from day−2 until day+2) centered
around the cold front (CF) passages in the southern La Plata
Basin (SLPB) region (see Fig. 1), for the period 1991−2008
(18 yr). Relative bias is calculated as in Table 1 [([model−
observation]/observation) × 100%]. We computed it to the pre -
cipitation climatology (for the whole period of study) and
to the precipitation associated only with CFs (from day−1 to 

day+1)

Fig. 3. Seasonal temporal evolution (from day−2 to day+2) of average environmental conditions during cold fronts: meridional
wind (m s−1, first column), air temperature (°C, second column), sea level pressure (hPa, third column) and precipitation
(mm d−1, 4th column) as obtained from Rio Grande station (RG; black line), RegCM4 (green line) and REMO (blue line). 

For precipitation, CPC grid point values were used instead of local measurements at RG
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3.3.  Cold front composites

The calculation of composite fields for the CFs con-
tributes to the understanding of the mean synoptic
environment during the CF events and also to the
discussion of the simulated seasonal bias of rainfall.
For brevity, only the anomalies are shown, i.e. the
difference between the composites for the dates with
CFs and the seasonal climatology. Since the compos-
ites in each season have similar spatial pattern, only

that for the winter is presented because underestima-
tion of rainfall is strong in RegCM4 (−25%) and small
in REMO (−5%).

For the winter season, Fig. 4 shows the prefrontal
(day−1) to postfrontal (day+1) anomalies of the sea
level pressure and 2 m air temperature. The cold and
warm fronts are not drawn in Fig. 4, but by the
stretching of the isobars, it is possible to infer the
places of these systems. For day−1, ERA-Interim
locates the boundary between warm and cold anom-
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Fig. 4. Winter composite maps of sea level pressure (hPa, black contours) and 2 m air temperature (colours) anomalies for
day−1 (top), day0 (middle) and day+1 (bottom) from cold front passages from the ERA-Interim reanalysis (left), RegCM4
 (middle), and REMO (right). For sea level pressure, the solid (dashed) lines indicate positive (negative) anomalies. Anomalies 

are calculated as departures from seasonal mean
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alies of air temperature over central Argentina and
shows a large area of warm air over Paraguay and
extreme southern Brazil (Fig. 4a). The postfrontal
cold air covers the southern parts of Argentina and
Chile. This spatial pattern is similar to that obtained
by Cavalcanti & Kousky (2009) for CFs identified
over a grid point inside LPB (30° S, 52.5° W). During
the prefrontal day, the anomalous low-pressure
 center (−5 hPa) is located over northeastern Argentina
and Uruguay, and the cold front (CF) extends from
northeastern Argentina to Bolivia. Both RegCM4 and
REMO simulate the cold air over southern Argentina−
Chile but displaced northward compared with ERA-
Interim (Figs. 4d−g). The postfrontal anticyclone is
also displaced northward and is more intense in the
simulations than in ERA-Interim (Figs. 4a,d,g). How-
ever, REMO simulated the location of the anomalous
low-pressure center closer to the ERA-Interim than
did RegCM4. In the latter, the anomalous low-pres-
sure center is displaced southeastward compared to
ERA-Interim (Figs. 4a−d). In both models the pres-
sure anomaly in the center of the cyclone is −6 hPa.

For day0, ERA-Interim locates the anomalous low
pressure center over the South Atlantic Ocean (40° S,
48°W), with the CF extending to Bolivia and crossing
the RG station (Fig. 4b). Again, this observed pattern
agrees with the Cavalcanti & Kousky (2009) analysis of
CFs. In the RCMs (Figs. 4e−h), the anomalous low-
pressure area is displaced eastward compared with
ERA-Interim. In addition, the negative anomalies of
pressure over southern Brazil are weaker in RegCM4
(2−3 hPa) than in REMO (3−4 hPa), with REMO values
closer to the ERA-Interim. The boundary be tween the
anomalous cold and warm air is now over Uruguay−
northeastern Argentina in the reanalysis but it is
shifted northward in the simulations. The simulations
and ERA-Interim show the postfrontal cold area cover-
ing most of Argentina and Chile, while the prefrontal
warm air is in south-southeastern Brazil and Paraguay.
However, the warm sector is more pronounced in
ERA-Interim than in the simulations, while the oppo-
site occurs in relation to the cold sector. Although some
differences were observed in the location and intensity
of cold and warm areas between ERA-Interim and
simulations on day0, there is a similarity of position
of the CF in the simulations and ERA-Interim.

During day+1, in the ERA-Interim (Fig. 4c) the
postfrontal anomalous anticyclone reaches RG and
the CF is over southeastern Brazil. The simulated CF
position is similar to that of ERA-Interim, but the
postfrontal anticyclone and associated cold air, and
the low-pressure system are displaced eastward
compared to the reanalysis (Figs. 4f−i). As in day0, in

day+1 the anomaly in the cold air is stronger than
that in the warm air in the simulations.

Fig. 5 presents the CFs’ anomalies for specific
humidity and wind at 850 hPa. At day−1, there is a
low level jet in ERA-Interim, extending from north-
ern Bolivia, through Paraguay, Uruguay and extreme
southern Brazil (Fig. 5a). This same area exhibits
confluence and larger amount of moisture in the
atmosphere. Drier postfrontal air covers the Southern
Pacific Ocean and the southern tip of SA. In the sim-
ulations, the drier postfrontal air is displaced north-
ward compared to ERA-Interim (Figs. 5d−g). The
REMO simulates prefrontal positive values of specific
humidity anomalies closer to ERA-Interim than does
the RegCM4. The higher moisture environment at
low levels (which may result from large moisture flux
convergence) in the REMO over extreme southern
Brazil-Uruguay may explain its higher positive pre-
cipitation anomaly over SLPB on day−1 shown in
Fig. 6. Moreover, the area coverage of positive ano -
malies of precipitation in the REMO (Fig. 6g) is more
similar to CPC (Fig. 6a) than is the RegCM4 (Fig. 6d).

For day0, the simulated anomalous cyclonic circula-
tion at 850 hPa is displaced eastward compared to the
ERA-Interim, as is also noted for the low pressure at
the surface (Figs. 5b,e,h). In ERA-Interim, the positive
anomaly of specific humidity concentrates in a narrow
northwest−southeast band, and is limited to the south
by drier air covering central-southern Argentina
(Fig. 5b). REMO (Fig. 5h) overestimates the intensity
of postfrontal dry air over Uruguay and eastern
 Argentina compared to ERA-Interim and RegCM4. In
the warm sector over Paraguay and Bolivia, REMO
presents more moisture than Reg CM4 (Figs. 5e−h).
REMO also simulates a deeper anomalous  low-
pressure area than RegCM4 over southern Brazil
(Figs. 4e−h). Both features may ex plain the higher
 intensity of positive precipitation anomalies over
SLPB in REMO, which is similar to CPC (Figs. 6b−h).

One day after the CFs cross RG (day+1), there is
negative specific humidity anomaly over this area in
ERA-Interim and models. In addition, 850 hPa atmo -
spheric patterns (cyclonic and anticyclonic circula-
tions) in the simulations are slightly  displaced east-
ward compared to the ERA-Interim.

From day−1 to day0, RegCM4 simulates a weaker
positive anomaly of rainfall covering a larger area
than in CPC (Fig. 6). In REMO the area of the positive
anomaly of rainfall is closer to CPC, but the intensity
is higher. For day+1 the positive anomaly of rainfall
associated with the CFs covers southern Brazil and
Paraguay in the CPC analysis, while it is slightly
shifted northward in the simulations (Figs. 6c,f,i).
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4.  CONCLUSIONS

An analysis of 2 regional climate models (REMO
and RegCM4) used in the CLARIS-LPB project is pre-
sented. For the period 1991−2008, the simulated cli-
matology of cold fronts (CFs) over southern Brazil
and its contribution to the precipitation in the south-
ern part of La Plata Basin (SLPB) were investigated.
An objective methodology, which considers the wind
shift and negative trends of air temperature, was

applied to identify CFs in the observation and simu-
lations.

For the period 1981−2008, RegCM4 presents a
large negative bias (−22%) for annual rainfall rate,
while the bias is positive and small (10%) in REMO
over SLPB. Considering each season, RegCM4 nega-
tive rainfall bias varies from −8% in summer to −34%
in spring. In REMO the rainfall bias ranges from −5%
in winter up to 17% in autumn. In most seasons of the
year, REMO simulates smaller rainfall biases than
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Fig. 5. Winter composite maps of wind vectors (arrows) and specific humidity (color) at 850 hPa, anomalies for day−1 (top),
day0 (middle) and day+1 (bottom) from cold front passages from ERA-Interim reanalysis (left), RegCM4 (middle), and REMO 

(right). Anomalies are calculated as departures from seasonal mean
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RegCM4. An important feature is the small bias
of precipitation in REMO during winter (−5%) and
spring (+6%) over the SLPB.

A mean of 55.3, 53.1 and 51.8 CFs yr−1 were identi-
fied crossing southern Brazil at RG (observed), for
REMO and for RegCM4, respectively. Thus, the
 simulations have a small bias (around −5%) for the
CF climatology, but the underestimate reaches −17%
during summer in RegCM4. The number of CFs
identified at RG ranged from 14.2 (spring) to 13.3
(autumn) indicating the weak seasonality of CFs.
This feature is better simulated by REMO than by
RegCM4. Simulations are able to reproduce the ob -
served seasonal time evolution of atmospheric vari-
ables (wind, air temperature, sea level pressure and

precipitation) from 2 d before until 2 d after the CFs
over southern Brazil.

For the RG station, >84% of the precipitation
shown by CPC in every season occurs during periods
with cold frontal passages (from day−2 to day+2 of
the CF), i.e. CFs are the main mechanism for sea-
sonal rainfall. The underestimation of the precipita-
tion in CF periods by RegCM4 varies from −25% in
summer to −36% in spring. In absolute value, the rel-
ative errors in CF rainfall are smaller in REMO than
in RegCM4. On an annual scale, RegCM4 presents
major underestimation of rainfall (−30%) during CF
periods reflected in the large negative bias of rainfall
in its climatology (−22%). In REMO these errors are
smaller and of similar magnitude (11% for CF peri-
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Fig. 6. Winter composite maps of precipitation anomaly for day−1 (top), day0 (middle) and day+1 (bottom) from cold front pas-
sages from Climate Prediction Center (CPC) analysis (left), RegCM4 (middle), and REMO (right). Box: southern La Plata Basin 

location defined in the present study. Anomalies are calculated as departures from seasonal mean



Clim Res 68: 243–255, 2016

ods and 10% for climatology). Therefore, both simu-
lations indicate some association between their cli-
matological precipitation biases and those during CF
periods.

For winter CF periods, the REMO composites (from
day−1 to day+1 of the CF passage) indicate a more
favorable environment for precipitation, that is, large
availability of moisture at low levels and deeper
anomalous low pressure. Both features may explain
the larger rainfall rate in REMO and it small under -
estimation of rainfall (−5%) compared to RegCM4
(−25%).

The present analysis considered only 2 of the 7
RCMs used in the CLARIS-LPB project (Solman et al.
2013). In future work it would be interesting to
include a larger number of these RCMs to make a
similar analysis. This will permit better understand-
ing of the contribution of cold frontal periods to the
underestimation of rainfall in these RCMs over most
of LPB.
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