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ABSTRACT: The diurnal cycle of precipitation (DCP) is not the same in every region of the globe
because it depends on the local dynamics and thermodynamics of each region. The main purpose
of this study was to analyze the DCP simulated by the Regional Climate Model version 4
(RegCM4) nested in the HadGEM2-ES over South America in 3 time slices: historical (1998-2005),
near (2020-2048), and far (2070-2098) future climates considering the austral summer and winter
seasons. This work is part of the Phase | CORDEX RegCM4 hyper-Matrix (or CREMA) experiment
and uses the RCP8.5 scenario for the future climate periods. The historical period is validated by
comparing the simulation with the Tropical Rainfall Measuring Mission (TRMM-2A25 and
TRMM-3B42 v7) and Global Satellite Mapping of Precipitation (GSMaP MVK+) datasets. The con-
trasts in the DCP between tropics and extratropics registered in TRMM and GSMaP are in general
simulated by RegCM4. During summer, the model simulates the peak of precipitation at
18:00 UTC in the tropical and subtropical subdomains as in the satellite products. In winter,
RegCM4 overestimates the precipitation in all subtropical subdomains, and the DCP is better sim-
ulated in the tropical region. Among the results for the future scenarios, in general, in summer the
near future shows the DCP pattern and intensity to be similar to the present climate, while the far
future indicates an increase in precipitation intensity between 03:00 and 12:00 UTC in 8 of the 12
subdomains analyzed.
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1. INTRODUCTION

Several studies have documented that the diurnal
cycle of precipitation (DCP) over tropical and sub-
tropical land areas is governed by the solar heating of
the land surface, which induces atmospheric instabil-
ity during the day and, eventually, precipitation from
mid- to late afternoon (e.g. Kousky 1980, Garreaud &
Wallace 1997, Janowiak et al. 2005, Kikuchi & Wang
2008). On the other hand, during the night, the pre-
cipitation over land reaches a minimum. Over the
open oceans, the peak of precipitation occurs from
late evening to early morning hours (e.g. Randall et
al. 1991, Imaoka & Spencer 2000, Yang & Slingo 2001,
Bowman et al. 2005, Janowiak et al. 2005, Kikuchi &
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Wang 2008). A short review of some theories that try
to explain the pattern of the DCP over the oceans is
presented by Janowiak et al. (2005).

The patterns of the DCP mentioned above are only
a general view, for they can vary over different re-
gions due to the local dynamics and thermodynamics
of each area. In South America (SA), most studies
about the behavior of the DCP have focused on the
Amazon region (Cutrim et al. 2000, Mota 2003,
Mapes et al. 2003, Angelis et al. 2004, Santos Silva
2013, Brito & Oyama 2014, Ferreira et al. 2014) and on
northeastern Brazil (Kousky 1980, Teixeira 2008,
Brito & Oyama 2014). Over the northern Amazon, the
precipitation maximum occurs during the night; over
the eastern Amazon, it occurs from late night to early
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morning, and over the southern, central, and central-
western Amazon, it occurs in the afternoon. It has
been suggested that precipitation propagates from
the eastern towards the central Amazon (Angelis et
al. 2004, Janowiak et al. 2005). One pioneer study
about the DCP over northeastern Brazil was devel-
oped by Kousky (1980) for the period 1961-1970. For
other parts of SA there are fewer studies in the litera-
ture about the DCP. Berbery & Collini (2000) reported
that the low-level jet east of the Andes has a night-
time maximum that favors increased moisture flux
convergence in southeastern SA (north-northeastern
Argentina, Paraguay, Uruguay, and southern Brazil),
which in turn contributes to the nighttime precipita-
tion. Other studies (Salio et al. 2007, Saulo et al. 2007,
Durkee & Mote 2010) indicated that the humidity
transported by the low-level jet is the ‘fuel’ to the
mesoscale convective systems (MCSs) in south-
eastern SA. Janowiak et al. (2005) verified, for the
austral summer, the occurrence of an afternoon maxi-
mum in precipitation over central and eastern Brazil,
a nocturnal maximum in precipitation over areas just
east of the Andes (western Argentina, central Bolivia,
and western Paraguay), and a late night/early morn-
ing maximum over the Atlantic Ocean in the vicinity
of the South Atlantic Convergence Zone (SACZ).
Note that hereafter, all times shown will be in UTC.

The study of the DCP is not only important to help
weather forecasting, but also to evaluate the ability of
the numerical models to predict the climate. Compar-
isons among the DCP from observations and simula-
tions may provide a good opportunity for testing the
fundamental physical processes in climate models, in-
cluding cloud physics, cloud-radiation interactions,
air-sea and air-land interactions, as well as small-
and large-scale interactions (Kikuchi & Wang 2008).
Moreover, models for which simulation of the DCP is
similar to observations are more able to reproduce ex-
treme events. Lin et al. (2000) compared the DCP ob-
served over the tropics with simulations by the Col-
orado State University General Circulation Model.
They found that the model did not properly simulate
the diurnal cycle or the monthly mean climate state.
Dai (2006) verified that the DCP starts too early in sev-
eral coupled climate models. Dirmeyer et al. (2012) in-
vestigated the effects of horizontal resolution and the
convection parameterization on the DCP in 7 global
model simulations during the austral winter. Gener-
ally, there are some improvements in the ability of the
models to simulate the DCP as horizontal resolution is
increased from 125 to 39, 16, and 10 km.

Considering regional models, Warner et al. (2003)
used the fifth-generation Pennsylvania State Univer-

sity-NCAR Mesoscale Model (MM5) to study precip-
itation over northwestern SA. The results showed
that over the Amazon River basin, diurnally initiated
rainbands propagate westward, crossing the basin in
2-3 d, which agrees with the observations. Dai et al.
(1999) and da Rocha et al. (2009) evaluated the DCP
simulated by the Regional Climate Model (RegCM).
The former used the model over the US while the lat-
ter used it over SA. da Rocha et al. (2009; hereafter
R0O9) simulated 17 summers (1988-2004) between 5
and 35°S. The major similarities, regarding the diur-
nal cycle phase, between the simulation and the
Tropical Rainfall Measuring Mission (TRMM-2A25-
PR) observation dataset are found over the continen-
tal tropical and subtropical SACZ regions, which
present afternoon maximum (15:00-18:00 UTC) and
morning minimum (09:00-12:00 UTC). An interest-
ing result obtained by R09 is that RegCM version 3
(RegCM3) does not trigger the moist convection just
after sunrise over the southern Amazon and thus
does not anticipate the peak of precipitation as re-
ported in global models.

As RO9 indicated that RegCM3 performed well in
simulating the DCP over SA, and as few studies have
assessed the diurnal cycle of this variable in the
future climate, the purpose of this study was to ana-
lyze the diurnal cycle of precipitation over SA simu-
lated with RegCM4 nested in the outputs of the
HadGEM2-ES (Martin et al. 2011) global model for
the present climate and the future climate consider-
ing the Representative Concentration Pathway (RCP)
8.5 from the Intergovernmental Panel on Climate
Change (IPCC). The analysis will consider 3 time-
slices: historical (1998-2005), near future (2020-
2048), and far future (2070-2098) climates during
austral summer (DJF) and winter (JJA). As few stud-
ies show a comparison among satellite data, we vali-
dated the RegCM4 simulations with the Global Satel-
lite Mapping of Precipitation (GSMaP MVK+) and
the TRMM-2A25-PR and TRMM-3B42 datasets. The
analysis will contribute to a better understanding of
the behavior of these data over SA.

2. DATA AND METHODOLOGY
2.1. RegCM4 and simulation setup

RegCM4 is described by Giorgi et al. (2012) and re-
presents an update of RegCM3 (Pal et al. 2007). Basi-
cally, RegCM4 solves the equations for a compressi-
ble and hydrostatic atmosphere in finite differences
using the sigma-pressure vertical coordinate. As pre-
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sented by Giorgi et al. (2012), RegCM4 has many
options for the physical parameterization schemes,
but here we will only mention those schemes used in
the simulation.

Biosphere-Atmosphere Transfer Scheme (BATS,
Dickinson et al. 1993), Holtslag planetary boundary
layer scheme (Holtslag et al. 1990), and mixed con-
vection (Emanuel over the ocean and Grell over the
land; Giorgi et al. 2012) were the parameterizations
used in the RegCM4 simulation. The Grell convec-
tion scheme was used with Fritsch and Chappell clo-
sure. The simulation covers the period from 1970-
2098 and is analyzed in 3 time-slices: 1998-2005
(present), 2020-2048 (near future), and 2070-2098
(far future).

The climate simulation used in this study is part of
the Phase I CORDEX RegCM4 hyper-Matrix (or
CREMA) experiment. As described by Giorgi (2014),
CREMA is a project in which RegCM4 is nested in
different outputs from the Coupled Model Intercom-
parison Project phase 5 (CMIP5, Meehl & Bony
2011) general circulation models. From CREMA, we
analyzed the simulation in which RegCM4 was
nested in HadGEM2-ES (Martin et al. 2011) over
the SA CORDEX domain (Fig. 1) and considering
the historical experiment for the present climate and
the RCP8.5 (Riahi et al. 2011) for the future projec-
tions. The simulation used grid spacing of 50 km
and 18 sigma-pressure levels.

2.2. Observational data

Before describing the dataset used in the present
study, it is important to highlight some results of Dai
et al. (2007). These authors compared the DCP from
CMORPH, PERSIANN, TRMM-3B42, and micro-
wave-only product with surface synoptic weather
reports. The authors showed that the products that
use infrared (CMORPH, PERSIANN, and TRMM-
3B42) do not change the mean frequency and inten-
sity of precipitation; however, they measure the time
of maximum precipitation with a lag of a few hours
(approximately 2 h). This problem occurs because
infrared sensors measure brightness temperatures of
cold cloud tops that are often associated with deep
convection while the microwave sensors are sensitive
to the hydrometeors within clouds. Thus, the prod-
ucts that use infrared do not register the time with
maximum total of precipitation; instead they register
the time of convective precipitation (deep clouds).

The performance of the satellite products depends
on the region of the globe (Janowiak et al. 2005,
Demaria et al. 2011, Prakash et al. 2016). Although
these data have uncertainties, the satellite products
are important to studies on DCP because they cover
remote areas and have a good frequency (3 h) and
high spatial resolution.

The datasets used in the study are described
below.

GSMAP: According to Prakash et al.
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Fig. 1. Domain (gray) and topography (color) used in the RegCM4 simulation.
The squares represent the subdomains employed to evaluate the diurnal cycle
of precipitation over South America. TR: tropical subdomain, SB: subtropical

subdomain, EX: extratropical subdomain

products provided by NOAA (http://
sharaku.eorc.jaxa.jp/GSMaP_crest/
gdac/doc/GSMaP_MVK+_e.html). In
this study, we used GSMaP-MVK+
(hereafter GSMaP) from the period
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during which the project was conducted by CREST
(2003-2006). GSMaP features are described in
Table 1. In the DCP study, the 3-hourly precipitation
rate was computed as the mean over the prior 3 h (for
example, the 03:00 UTC precipitation is the mean
from 00:00 to 03:00 UTC).

TRMM: According to Huffman et al. (2007), TRMM
data are constructed by blending precipitation-
related passive microwave data collected by a variety
of low earth orbit satellites, including the Microwave
Imager on TRMM, the Advanced Microwave Scan-
ning Radiometer for Earth Observation System on
Aqua, the AMSU-B, and the Special Sensor Micro-
wave Imager. TRMM has different products includ-
ing TRMM-3B42 (hereafter TRMM) and TRMM-
2A25-PR (hereafter TRMM-2A25). TRMM-2A25 is a
product based only on the Precipitation Radar, while
TRMM-3B42 (version 7) includes infrared precipita-
tion. In the present study, we did not compute the
TRMM-2A25 DCP; instead we used the values com-
puted by R09 for the period 1998-2002. Because pre-
vious studies (e.g. Dai et al. 2007) have shown that
TRMM-3B42 delays the phase of the diurnal cycle, in
the present study we shifted the DCP by minus 3 h,
i.e. data from 06:00 UTC are considered to be from
03:00 UTC and so on. A summary of the TRMM data
is presented in Table 1.

CMAP: Merged Analysis Precipitation (CMAP; Xie
& Arkin 1997) is constructed by merging gauge
observations, estimates inferred from a variety of
satellite observations, and NCEP-NCAR reanalysis.
CMAP has horizontal resolution of 2.5°, monthly fre-
quency, and covers the whole globe (land and
ocean). CMAP is used in this study in order to com-
pare the seasonal cycle of precipitation over SA
among different datasets (GSMaP and TRMM).

2.3. Steps of the study

In the first part of the results, we verify the per-
formance of GSMaP and TRMM over 12 subdomains
in SA (Fig. 1), comparing their seasonal precipitation
cycle with CMAP. The subdomains follow those pre-
sented by R09 and comprise 3 sectors (tropical, sub-
tropical, and extratropical) with 4 subdomains in
each sector. We also describe the spatial pattern of
the DCP during austral summer and winter observed
in GSMaP and TRMM and the possible explanation
of the hours with maximum precipitation. It is worth
noting that assigning a cause to the differences
between GSMaP and TRMM is beyond the scope of
this study. In the second part of the study, we use the

Table 1. Characteristics of the datasets used in the study. RegCM4 simulation includes Radiative Concentration Pathways (including greenhouse gas emissions)

commencing 2006, and thus 2006 onwards is considered future climate

URL

Temporal Period used

coverage

Temporal
resolution

Horizontal

Spatial coverage

Dataset

resolution

1998-2005 www.esrl.noaa.gov/psd/data/gridded/data.cmap.html

1979-present

88.75°S — 88.75° N 2.5° x 2.5° Monthly

CMAP

2003-2006 http://sharaku.eorc.jaxa.jp/GSMaP_crest/gdac/doc/GSMaP_MVK+

2003-2006

1 hourly

59.95°S - 59.95°N 0.1° x 0.1°

GSMaP

e.html
3 hourly Dec 1997-Aug 2001, 1998-2002 http://disc.sci.gsfc.nasa.gov/precipitation/documentation/TRMM

4.3 km until

38°S - 38°N

TRMM-2A25

README/TRMM_2A25 readme.shtml

Aug 2001-present

Aug 2001 and

5 km after
0.25° x 0.25°

3 hourly Dec 1997-Jun 2011 1998-2005 http://mirador.gsfc.nasa.gov/

50°S - 50°N

TRMM-3B42

1998-2005
2020-2048
2070-2098

1970-2005

2006-2050
2051-2098

3 hourly

0.5° x 0.5°
0.5° x 0.5°
0.5° x 0.5°

RegCM Present 60°S - 20°N

3 hourly

60°S - 20°N
60°S - 20°N

RegCM Near
RegCM Far

3 hourly




Reboita et al.: Diurnal cycle of precipitation and RegCM4

43

satellite data to validate the DCP simulated by
RegCM4 in the present climate. Moreover, we com-
pare the DCP from satellite products obtained in the
present study with that from TRMM-2A25 presented
in R09. The DCP obtained for the present climate by
RegCM4 will also be compared with the DCP
obtained by RegCM3 in R09. The RegCM3 simula-
tion has the same configuration as RegCM4 pre-
sented here, but different initial and boundary condi-
tions. While in the present study RegCM4 is nested in
HadGEM2-ES, in R09 RegCM3 was nested in the
NCEP-Department of Energy reanalysis (Kanamitsu
et al. 2002), covering the period 1998-2002. We also
discuss the source of precipitation (convective or
large scale) by computing the ratio between convec-
tive and total precipitation. Finally, the DCP in the
RCP8.5 scenario for near (2020-2048) and far (2070—
2098) future climates is presented.

3. RESULTS
3.1. Seasonal cycle of precipitation

This section presents a comparison of the seasonal
cycle of precipitation among GSMaP, TRMM, and
CMAP over the 12 subdomains shown in Fig. 1. In
almost all subdomains (Fig. 2), the 3 datasets present
higher values of precipitation in summer (DJF) and
lower values in winter (JJA); the exceptions are in
EXS3, where GSMaP has lower precipitation in sum-
mer, and in EX4, where TRMM has lower precipita-
tion in spring (SON).

Considering all subdomains, the values of seasonal
precipitation are more similar between TRMM and
CMAP, while GSMaP shows, in general, an underes-
timation of about 1 mm d~!. Even though there are
some differences in the precipitation values among
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Fig. 2. Seasonal cycle of precipitation over the 12 subdomains (a-1) shown in Fig. 1 obtained with CMAP (1998-2005; red line),
TRMM-3B42 (1998-2005; purple line), and GSMaP-MVK+ (2003-2006, black line)
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the 3 datasets, they all show a similar seasonal cycle
of precipitation. These results are consistent with Dai
et al. (2007), who mentioned that the satellite prod-
ucts have a monthly mean precipitation amount com-
parable to other monthly products such as CMAP
and Global Precipitation Climatology Project (GPCP)
(which include rain-gauge data). This is indicative of
the reliability of the satellite products and, therefore,
we used these products to validate the DCP simu-
lated over SA by RegCMA4.

3.2. Spatial pattern of the diurnal cycle of
precipitation in TRMM and GSMaP

The spatial pattern of the DCP over most of SA in
austral summer registered in TRMM and GSMaP is
shown in Figs. 3 & 4, respectively. In the previous
section, it was indicated that TRMM is rainier than
GSMaP. During the day, the hours that contributed
most to this feature of TRMM are 15:00 and 18:00
UTC. Even though there are some differences in the
precipitation values between TRMM and GSMaP in
each hour, the spatial pattern of precipitation (areas
with higher and lower values) is very similar in both
datasets (Figs. 3 & 4).

In summer (Figs. 3 & 4), from the Amazon basin to
southeastern Brazil, higher precipitation totals occur
between 15:00 and 21:00 UTC (Figs. 3f-h & 4f-h)
while lower totals occur at 12:00 UTC (Figs. 3e & 4e).
The precipitation daytime maximum is associated
with the surface heating (convective processes;
Janowiak et al. 2005, R09) and the SA Monsoon
(SAM; Vera et al. 2006, Reboita et al. 2010a, Marengo
et al. 2012). In this region, TRMM is rainier than
GSMaP at 15:00 and 18:00 UTC.

In coastal areas over the northern portion of the
north and northeast regions of Brazil, the daytime
heating and the influence of the sea breeze can
develop precipitation in the form of squall lines
(Garstang et al. 1994, Cohen et al. 1995, Teixeira
2008). This line of rainfall starts at 15:00 UTC and
produces the maximum of precipitation around 3 h
later, at 18:00 UTC, extending along a line parallel to
the coast (Figs. 3g & 4g). After this time, this line
remains intense and is displaced inland (to the south-
west). According to Cohen et al. (1995), Janowiak et
al. (2005), and Garreaud & Wallace (1997), the pre-
cipitation line advances, producing nighttime-
predawn maxima approximately 500 km from the
coast. This feature is also very clear in TRMM and
GSMaP (Figs. 3a-d & 4a-d). Comparing both of
these datasets, along the northern and northeastern
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Brazilian coast, TRMM is rainier than GSMaP. A
maximum of precipitation, also associated with the
sea breeze (for example, Freitas et al. 2007), occurs in
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the south-southeastern coast of Brazil between 18:00
and 21:00 UTC (Figs. 3g,h & 4g,h). The breezes in the
coast of southern and southeastern Brazil are less
documented than in the northern and northeastern
regions.

Precipitation (mm d-)

Over the eastern border of the Andes Mountains
(Bolivia and Peru), the maximum of precipitation is
registered between 06:00 and 09:00 UTC (Figs.
3c,d & 4c,d). TRMM and GSMaP show similar pre-
cipitation values. Using infrared images, Garreaud
& Wallace (1997) proposed that the nocturnal max-
imum over the eastern border of the Andes is a
result of the convergence between the nighttime
downslope mountain flow and the predominant
northeasterly wind over the western Amazon
basin. Such a mechanism was evident in the model
results of R09.

Over the border of Argentina and Bolivia, the
maximum of precipitation occurs between 21:00
and 03:00 UTC (Figs. 3a,b,h & 4a,b,h), which is
normally attributed to the nocturnal development
of MCSs (Velasco & Fritsch 1987, Mohr & Zipser
1996, Laing & Fritsch 1997, Saulo et al. 2007, Salio
et al. 2007). In general, MCSs originate down-
stream of the low level jet east of the Andes
Mountain (Silva Dias et al. 1987). These convective
systems have a short lifetime (~12 h) and normally
move to the east reaching southern Brazil. Due to
this feature, the maximum of precipitation in the
western boarder of Paraguay, Uruguay, and
extreme southern Brazil occurs between 06:00 and
09:00 UTC (Figs. 3c,d & 4c,d). In this sector,
TRMM and GSMaP show differences. The precipi-
tation in GSMaP is higher than in TRMM and cov-
ers a larger area from the southern domain of Figs.
3c,d & 4c,d to southern Bolivia. Finally, the main
features of the spatial pattern of the DCP over SA
registered in TRMM and GSMaP during summer
agree with the ones from CMORPH analyzed by
Janowiak et al. (2005).

In general, the literature focuses on the study of the
DCP during the warm season (e.g. R09). Here, we
complement the literature by showing the DCP
analysis over SA during winter. In both TRMM
(Fig. 5) and GSMaP (Fig. 6), precipitation totals in
winter decrease compared to summer due to the
weakening of the surface warming and the SAM.
Higher precipitation totals concentrate over north-
western SA and over southern Brazil. Most of SA has
precipitation below 1 mm d~!. In winter, TRMM is
also rainier than GSMaP in some parts of SA, viz.
northwestern SA and northeastern Brazil. In the lat-
ter region, the precipitation reaches 0 mm d-! in
GSMaP. Moreover, this is the driest region over SA in
winter.

Over northwestern SA, the maximum of precipita-
tion occurs between 18:00 and 21:00 UTC (Figs. 5g,h
& 6g,h) and is associated with convective activity. On
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the other hand, over southern Brazil precipitation is
more evenly distributed across the DCP. As this
region is continually influenced by frontal systems
(Satyamurty & Mattos 1989, Reboita et al. 2009) and
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extratropical cyclones (Reboita et al. 2010b, 2012)
and because these systems do not reach the region at
any distinct time, the precipitation becomes well dis-
tributed across the DCP.
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3.3. Subdomain analyses
3.3.1. Austral summer

Tropical subdomains. Fig. 7 shows the observed
and simulated (present and future scenarios) DCP
during summer considering the total precipitation,
while Fig. 8 shows the ratio between convective and
total precipitation. This ratio allows the identification
of the precipitation source: convective or large scale.
In Fig. 7, the gray line shows the DCP obtained by
R0O9, considering TRMM-2A25 data for the summer
season from 1998-2002.

GSMaP, TRMM, and TRMM-2A25 indicate that
in the tropical region (15-5°S) the precipitation max-
imum occurs at 18:00 UTC over the 4 subdomains

75W 70W 65W 60W

(Fig. 7a—d) and a secondary maximum occurs be-
tween 03:00 and 06:00 UTC in TR1. The highest dif-
ferences between satellite products occur over TR1,
where TRMM-2A25 (R09; see Fig. 7 in that study and
the gray line in Fig. 7 of the present study) is drier
than GSMaP and TRMM. In TR4, TRMM-2A25
shows a slight maximum at 06:00 UTC that is not
present in GSMaP and TRMM. Moreover, studies
with CMORPH (Janowiak et al. 2005, Pereira Filho et
al. 2014, 2015) also do not show this peak at 06:00
UTC.

In general, in the tropical subdomains (Fig. 7a—d),
RegCM4 simulates for the present climate lower pre-
cipitation than GSMaP and TRMM from 00:00 to
06:00 UTC and higher than GSMaP from 15:00 to
21:00 UTC. However, the maximum precipitation
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Fig. 7. Diurnal cycle of total precipitation over the 12 subdomains (a-1) shown in Fig. 1 in austral summer and obtained with

GSMaP-MVK+ (2003-2006, black line), TRMM-3B42 (1998-2005, purple line), TRMM-2A25 (1998-2002; from da Rocha et al.

2009, gray line), RegCM4 present climate (1998-2005; red line), RegCM4 near future (2020-2048; blue line), and RegCM4 far
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and near- and far-future climates (blue and green lines, respectively)

simulated at 18:00 UTC is close to TRMM in TR1 and
TR3. RegCM3 (R09; their Fig. 7) also simulated, in
general, the precipitation peak at 18:00 UTC. This
result indicates a good performance of RegCM4 com-
pared with global climate models (Lin et al. 2000, Dai
2006, Ma & Mechoso 2007), which displace the peak
of precipitation to the morning. For example, Ma &
Mechoso (2007) verified that the University of Cali-
fornia, Los Angeles, atmospheric global model simu-
lates the precipitation maximum in the morning
instead of in the afternoon over tropical SA.
According to Fig. 8a—d, in the tropical subdomains
the precipitation is mostly of convective origin,
mainly from 15:00 to 21:00 UTC when the ratio of
convective to total precipitation is approximately 1.
These results are consistent with R09. In addition,
R0O9 showed that RegCM3 underestimated the con-

vective precipitation from 00:00 to 06:00 UTC and
overestimated it from 15:00 to 18:00 UTC (compared
with TRMM-2A25) and highlighted that it is a sys-
tematic error that occurs in several RegCM versions.

Regarding the future scenarios, the near-future cli-
mate does not show changes in the pattern and
intensity of the DCP. However, the far scenario pro-
jects a precipitation increase from 03:00 to 12:00 UTC
in TR1 and TR2 (Fig. 7a,b) and from 06:00 to 12:00
UTC in TR3 (Fig. 7c). Precipitation decreases from
18:00 to 21:00 UTC in TR1 and TR2 and from 15:00 to
21:00 UTC in TR3 and TR4. In summary, in the driest
(rainiest) hours during the day in the present climate,
RegCM4 projects an increase (decrease) of precipita-
tion in the far scenario.

Subtropical subdomains. In the subtropical region
(25-15°S), maximum precipitation occurs at 18:00
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UTC in both TRMM and GSMaP (Fig. 7e-h). How-
ever, some differences between the satellite products
are verified. In SB2 (Fig. 7f), GSMaP shows a second-
ary maximum of precipitation at 06:00 UTC that
should be associated with MCSs (Fig. 4c). This peak
does not appear in TRMM while in TRMM-2A25 it
occurs at 09:00 UTC. In SB4, in the present study
(Fig. 7h), GSMaP and TRMM have a similar DCP
phase, but it is different in TRMM-2A25, in which the
DCP has a main maximum at 15:00 UTC and a sec-
ondary one at 00:00 UTC.

Regarding the present simulation, RegCM4 over-
estimates the precipitation values compared with the
satellite products, except in SB4 (Fig. 7h), where the
values are more similar to the observations. In this
subdomain and SB3 (Fig. 7g), the pattern of DCP is
also similar to the observation. R09 also showed good
performance of RegCMa3 in SB3. These authors indi-
cated that SB3 includes most of the SACZ and that
the afternoon precipitation maximum is probably the
result of the strong solar heating at the surface and
the sea-breeze circulation associated with the steep
coastline in the region.

Some of the differences between model and obser-
vations, which are worth mentioning, occur in SB1
and SB2. In SB1 (Fig. 7e), the model simulates the
main precipitation peak at 00:00 UTC and a second-
ary peak at 18:00 UTC, while in the observations the
precipitation maximum occurs at 18:00 UTC. The
excessive precipitation simulated during the night
and early morning in SB1 can be associated with the
large-scale precipitation (grid-scale scheme), as indi-
cated in Fig. 8e, which shows that the ratio between
convective and total precipitation is about 0.2 (20 %)
and can be a model deficiency. In SB2 (Fig. 7),
RegCM4 does not simulate the secondary maximum
of precipitation registered at 06:00 UTC in GSMaP. In
this region, the maximum of precipitation at 18:00
UTC observed in all datasets has convective origin
while the second one observed in GSMaP can be
associated with large-scale and convective pro-
cesses. SB2 is a region with MCSs (Velasco & Fritsch
1987, Salio et al. 2007, Durkee & Mote 2010, Demaria
et al. 2011), and the source of heat and humidity to
these systems is the low-level jet east of the Andes,
which is a large-scale system. The RegCM4 low skill
in SB2 will be discussed together with EX2 in
‘Extartropical subdomains’, belowc.

Considering the future projections, in SB1 (Fig. 7e)
both near- and far-future scenarios indicate a de-
crease in the precipitation intensity from 12:00 to
00:00 UTC with the highest changes occurring in the
far scenario when compared with the present cli-

mate. On the other hand, in SB2 and SB3 (Fig. 7f,qg),
the near scenario projects precipitation values similar
to the present, while the far scenario projects an in-
crease in precipitation between 03:00 and 12:00
UTC. The increase in precipitation in these subdo-
mains, which correspond to a large part of the La
Plata Basin, is also obtained by different regional cli-
mate models in the future (e.g. Solman et al. 2013,
Llopart et al. 2014, Reboita et al. 2014, Mourao et al.
2016). In SB4 (Fig. 7h), both near and far scenarios
simulate precipitation values similar to the present
climate.

Extratropical subdomains. In the extratropical re-
gion (35-25°8S), the peaks of precipitation occur in
different periods in each subdomain, as shown in
Figs. 7i-1, and RegCM4 only represents well the pat-
tern of the DCP in EX3 when compared to GSMaP
and TRMM. When compared to TRMM-2A25, as in
R0O9, the model shows poor performance over all ex-
tratropical subdomains. It is interesting to mention
that in EX4, the pattern of DCP in TRMM and GSMaP
is similar to that in CMORPH (Janowiak et al. 2005).

In EX1 (Fig. 7), the model overestimates the satel-
lite products. In terms of precipitation source,
RegCM4 indicates that in EX1 the precipitation be-
tween 00:00 and 12:00 UTC is more associated with
large-scale mechanisms and in the following hours
with convection (Fig. 8i). In EX1 and SB1, the low val-
ues of precipitation found in the DCP of the satellite
products are likely associated with the influence of
the South Pacific Subtropical Anticyclone (Garreaud
& Falvey 2009); subsidence inhibits convection.

In both SB2 (Fig. 7f) and EX2 (Fig. 7j), the different
RegCM versions (see RegCM3 in R09) underestimate
the precipitation at 06:00 UTC. Although the precipi-
tation in these regions is mainly associated with con-
vection (Fig. 8f,j), the humidity used in the convective
process is transported by a large-scale system, i.e. the
low-level jet at the east side of the Andes Mountains.
This jet transports heat and humidity from tropics to
higher latitudes, contributing to the development of
MCSs. As shown by Reboita et al. (2010a,b) and
Llopart et al. (2014), the underestimation of the low-
level jet meridional winds is a systematic error in dif-
ferent versions of RegCM, and can explain the lower
precipitation simulated at 06:00 UTC compared with
the observations. In EX3 and EX4, the large-scale
precipitation is related to cold fronts (Satyamurty &
Mattos 1989, Reboita et al. 2009) and cyclogenesis
(Hoskins & Hodges 2005, Reboita et al. 2010Db).

Considering the future scenarios, for the near-
future climate in all extratropical subdomains
(Figs. 7i-1) there is no evident change in the pattern
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of the DCP compared to the present climate simula-
tion. For the far-future climate, the pattern of the DCP
is also similar to the present climate simulation in
both EX1 and EX4 subdomains (Figs. 71,1), with EX4
showing a slight increase in precipitation from 00:00
to 15:00 UTC. In EX2 and EX3 for the far-future cli-
mate (Figs. 7j,k), RegCM4 simulates the highest in-
creases in the precipitation values from 06:00 to 12:00
UTC, and in EX2 the peak of maximum precipitation
is displaced to 12:00 UTC instead of 18:00 UTC as in
the present climate.

Regarding the projections of the DCP for the far-
future scenario in all of the 12 subdomains analyzed,
the results shown here are consistent with the sea-
sonal changes presented by Llopart et al. (2014).
Those authors used the same RegCM4 simulation to
the present and far scenario employed here, and ana-
lyzed the changes in the precipitation between

December and April. They showed an increase in
precipitation in central-southern SA, which is consis-
tent with the increase of precipitation in the far-
future simulation (Fig. 7) in 8 out of 12 subdomains
(TR1, TR2, TR3 SB2, SB3, EX2, EX3, EX4), mainly
between 00:00 and 12:00 UTC. Moreover, other stud-
ies such as those by Solman et al. (2013), Reboita et
al. (2014), and Mourao et al. (2016), using different
models, scenarios, and boundary conditions, also
indicate an increase in precipitation in central-
southern SA.

3.3.2. Austral winter
An important contribution of this study is the DCP

analysis during winter, since references in the litera-
ture focus mainly on the summer season. In the aus-
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tral winter, the solar heating over SA is weaker than
in summer and the monsoon systems are also conse-
quently weak. Therefore, during winter there is a
drastic decrease in precipitation in a large part of the
continent. In that season, the precipitation is concen-
trated over the northwestern SA (Vera et al. 2006,
Reboita et al. 2010a), but there is a secondary maxi-
mum centered over southern Brazil, Uruguay, and
northeastern Argentina.

Tropical subdomains. During winter in the tropical
subdomains, the satellite products show a maximum
of precipitation at 18:00 UTC, with GSMaP being
drier than TRMM, particularly between 15:00 and
18:00 UTC (Fig. 9a—d). In all tropical subdomains,
RegCM4 also indicates that the peak of precipitation
occurs at 18:00 UTC (and has a convective origin),
but the model overestimates the precipitation values.
Regarding the future scenarios, the model projects in

75W 70W 65W 60W

the 4 subdomains a decrease in precipitation be-
tween 15:00 and 21:00 UTC when compared with
TRMM, with this decrease being more intense in the
far-future scenario. As the precipitation between
00:00 and 12:00 UTC is near 0 in the tropical subdo-
mains during winter, we can expect only reduction
during the afternoon maximum.

Subtropical subdomains. In the subtropical subdo-
mains (Fig. 9e-h), the DCP in TRMM and GSMaP is
almost constant throughout the day (in SB1, the pro-
nounced diurnal cycle is an effect of the figure axis),
with values about 1 mm d™' (except in SB1 where
precipitation values are around 0.5 mm d~!). There-
fore, the results described concerning the subtropi-
cal subdomains should be interpreted cautiously,
bearing in mind that the precipitation intensity is
similar to the errors of this variable estimated by the
satellite.
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In all 4 subtropical subdomains, RegCM4 overesti-
mates the precipitation in the present climate com-
pared with the satellite products, and does not repro-
duce well the pattern of the DCP. In SB1 (Fig. 9e),
RegCM4 shows a peak at 00:00 UTC, in SB2 (Fig. 9f)
at 15:00 UTC, in SB3 (Fig. 9g) at 18:00 UTC (this peak
is in phase with TRMM), and in SB4 (Fig. 9h) a slight
peak is seen at 18:00 UTC. Regarding the precipita-
tion source (Fig. 10e-h), RegCM4 indicates that in
SB1, SB2, and SB3 the precipitation is more associ-
ated with large-scale processes (precipitation ratio
below 0.5), while in SB4 both convective and large-
scale processes are important to precipitation.

Regarding the future climate projections, in SB1
and SB4 a slight decrease in precipitation throughout
the day is projected. On the other hand, in SB2 and
SB3 an increase in precipitation is projected, and this
increase is more intense in the far-future in SB2
(Fig. 9f). These results are consistent with the sea-
sonal study of Llopart et al. (2014).

Extratropical subdomains. Considering the extra-
tropical subdomains (Fig. 9i-1), in EX1 the precipita-
tion values are practically constant in both TRMM
and GSMaP, with TRMM showing a slight minimum
at 12:00 UTC. In that region, RegCM4 overestimates
the DCP by about 1.5 mm d~! compared with the
satellite products. The model also shows a DCP with
constant values throughout the day. In EX2 and EX3
(Fig. 9j,k), RegCM4 underestimates the satellite
datasets in the present climate and simulates a
delayed maximum of precipitation compared with

the observation. On the other hand, in EX4 (Fig. 9])
the model overestimates the precipitation from 06:00
to 21:00 UTC compared with TRMM. While in EX4
the satellite products indicate a slight maximum of
precipitation between 03:00 and 06:00 UTC, the
model simulates it between 09:00 and 12:00 UTC.
This is probably an error of the model, because in
that region the systems that contribute to precipita-
tion (fronts and cyclones) do not have a typical hour
of occurrence. In all extratropical subdomains, the
source of precipitation is more related with large
scale processes (Fig. 10i-1).

For the future climate, a decrease in precipitation is
projected in EX1 and EX4, with the near- and far-
future climates in EX1 showing similar values, and
the far-future climate being slightly drier than the
near future in EX4. On the other hand, an increase in
precipitation is projected in EX2 and EX3 and is
more pronounced in the far future. The increase in
precipitation in EX2 and EX3 is coherent with other
studies that also project increases in precipitation in
the La Plata Basin during winter (e.g. Reboita et al.
2014).

4. DISCUSSION AND CONCLUSIONS

This study compared the DCP during austral sum-
mer and winter simulated by RegCM4 in the present
climate (1998-2005) with TRMM and GSMaP, and
showed the projections to the near- and far-future cli-

Table 2. Austral summer summary: hour (UTC) with the peak of precipitation in the present climate, source of precipitation
(based on RegCM4), and indication of the diurnal cycle of precipitation period in which an increase in rainfall is projected in the
far-future climate. None: no increase in rainfall

Peak of precipitation (UTC) Source of Increase in rain (UTC)
GSMaP TRMM-3B42 TRMM-2A25 RegCM3 RegCM4 precipitation (2070-2098)
TR1 18:00 18:00 18:00 18:00 18:00 Convective 03:00-12:00
TR2 18:00 18:00 18:00 18:00 18:00 Convective 03:00-12:00
TR3 18:00 18:00 15:00-18:00 15:00-18:00 18:00 Convective 06:00-12:00
TR4 18:00 18:00 06:00 15:00-18:00 15:00-18:00 Convective None
SB1 18:00-21:00 18:00 18:00 00:00-03:00 00:00 Large scale and None
convective
SB2 18:00 18:00 18:00 18:00 18:00 Convective 00:00-12:00
SB3 18:00 18:00 18:00 18:00 18:00 Convective 00:00-12:00
SB4 18:00 18:00 15:00 18:00 18:00 Convective None
EX1 00:00-03:00 18:00-00:00 21:00-03:00 03:00-06:00 00:00-09:00 Large scale and None
convective
EX2 06:00 06:00 09:00 18:00 18:00 Convective 03:00-15:00
EX3 18:00 18:00 21:00 18:00 18:00 Convective 03:00-21:00
EX4 12:00-18:00 09:00-15:00 06:00-09:00 15:00-18:00 09:00-15:00 Large scale 00:00-15:00
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mates considering the IPCC RCP8.5 scenario. The
simulation was carried out using the HadGEM2-ES
outputs as boundaries in RegCM4. Questions about
the uncertainty of using only 1 simulation to obtain
the DCP projections are expected. However, our pur-
pose is to evaluate the DCP in an individual simula-
tion of CREMA, if the increase in precipitation pro-
jected agrees with the regions shown in Llopart et al.
(2014).

Tables 2 & 3 summarize the hour of maximum
precipitation in GSMaP, TRMM, TRMM-2A25,
RegCM3, and RegCM4 over each subdomain and in
the present climate, for summer and winter, respec-
tively. Moreover, these tables indicate the source of
precipitation and the period of the DCP in which an
increase of rain is projected for the future climate.

Over SA, RegCM4 performs better in the tropical
subdomains and worse over the extratropical subdo-
mains. The skill over the tropical subdomains is rela-
tively high, since other models (e.g. Liang et al. 2004,
Ma & Mechoso 2007) do not represent the afternoon
maximum of precipitation. This indicates that con-
vective and grid-scale schemes in RegCM4, as in
RegCM3 (R09), respond to different forcing scales:
local (diurnal heating), mesoscale (sea-land breeze
and mountain-valley circulations), and large scale
(SAM systems).

In the tropical and subtropical subdomains, the
maximum precipitation in the summer occurs mostly
at 18:00 UTC associated with the strong solar heating
at the surface that produces large sensible and latent
heat fluxes from surface to the lower troposphere
which is important in the development of convection.
In the extratropical region, the peak of precipitation
is different among the subdomains. In SB2 and EX2,

TRMM and GSMaP register a secondary precipita-
tion maximum at 06:00 UTC. However, this feature is
not simulated by RegCM4. The precipitation source
in both subdomains is related to convective and
large-scale processes, being associated with MCSs
which obtain most of their needed humidity from the
large-scale transport of mass from the tropics to
higher latitudes provided by the low-level jet east of
the Andes. The weaker low-level jet in RegCM4 (a
common problem in the different versions of this
model) should negatively affect the development of
MCSs (a convective process), and thus RegCM4 does
not simulate the secondary maximum of precipita-
tion. In winter, precipitation is reduced compared
with summer, and RegCM4 simulates this character-
istic well. However, when the model is compared
with TRMM and GSMaP, it overestimates the precip-
itation in all subtropical subdomains and in EX1 and
EXA4.

For the future scenarios, in general, during summer
the near future (2020-2048) shows the pattern and
intensity of the DCP similar to the present climate,
while the far future (2070-2098) projects an increase
in precipitation between 03:00 and 12:00 UTC and a
decrease in precipitation between 15:00 and 21:00
UTC in 8 of 12 subdomains. The increase in precipi-
tation over the subdomains located in and near the
La Plata Basin is consistent with seasonal precipita-
tion projections carried out by different models (Sol-
man et al. 2013, Reboita et al. 2014, Mourao et al.
2016), which indicate a precipitation increase over
the La Plata Basin and a precipitation decrease over
northern SA. It is interesting to highlight that our
tropical subdomain is inside a region of transition be-
tween dry and wet conditions in the future.

Table 3. As in Table 2, but for austral winter

Peak of precipitation (UTC) Source of precipitation Increase in rain (UTC)

GSMaP TRMM-3B42 RegCM4 (2070-2098)
TR1 18:00-21:00 18:00 18:00 Convective 06:00-12:00
TR2 18:00-21:00 18:00 18:00 Convective None
TR3 18:00-21:00 18:00 18:00 Convective None
TR4 No maximum 15:00-00:00 15:00-21:00 Convective None
SB1 No maximum No maximum 00:00 Large scale None
SB2 No maximum No maximum 15:00 Large scale 00:00-21:00
SB3 No maximum No maximum 18:00 Large scale 00:00-15:00
SB4 No maximum No maximum 18:00 Large scale and convective None
EX1 No maximum No maximum No maximum Large scale None
EX2 06:00 03:00-06:00 09:00-15:00 Large scale 00:00-21:00
EX3 06:00 06:00 09:00 Large scale 00:00-21:00
EX4 03:00-09:00 03:00-09:00 09:00-12:00 Large scale No
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The final question of the study is whether there are
any improvements in using RegCM4 over RegCM3.
Comparing our present simulation (RegCM4) with
that from RO09 (RegCM3), we verified that both
RegCM versions have a similar performance. On first
impressions, the DCP simulated here by RegCM4
can show better results than the DCP simulated in
R09 by RegCM3; however, this is due to the different
datasets used for model validation. RO9 used only
TRMM-2A25 to validate RegCM3; however, we have
shown here that TRMM-2A25 has some differences
when compared to TRMM-3B42 and GSMaP. Be-
cause RegCM4 simulated a DCP similar to TRMM
and GSMaP, this indicates that RegCM4 performed
well. If R0O9 used TRMM and GSMaP to validate the
DCP from RegCM3, they would have found that
RegCMa3 also performs well in the simulation of the
DCP over SA.
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