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Review	of	the	regional	climate	modeling	(RCMs)		studies	
evolution	developed	to	South	America	(SAM)	with	focus	on:	

	-		Regional	Climate	Model	–	RegCM	
	-		CORDEX-CREMA	phase	I	
	-		CORDEX-CREMA	phase	II	

Objectives:	



	
First	studies	over	SAM	were	dedicated	to	evaluate	the	performance	of	
the	RCMs	in	capturing	the	main	features	of	the	observed	climate		
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Resolution Model Intercomparison Project), and related observational databases. One 

important point discussed by Gutowski et al.67 is related to the communication channel 

among the different programs. There is no doubt of the importance of CORDEX to 

interact with the CMIP6 Vulnerability, Impacts, Adaptation and Climate Services 

(VIACS) Advisory Board98 in order to identify and communicate the value, limitations 

and uncertainties of the information provided through the CORDEX downscaling 

experiments.  

 
Table 2 Historical list of regional climate simulations over South America. The column 
observation is used to highlight the subject of the study. 

 
RCM kind study Reference Grid Size Duration RCM used Observation 

(1) 

present-day 
simulation, 
parameteriz

ation 
testing, 
RCMs 

validation 
and 

interannual 
variability 

Chou et al. 
(2000)70 80 km August and 

November 1997 Eta  

Menéndez et al. 
(2001)99  100 km 1979-1988 LAHM-GFDL  

Nobre et al. 
(2001)100 80 and 20 km January to April 

1999 IRI-RCM  

Druyan et 
al.(2002)101 50 km March–April–May 

of 1985 and 1997 
GISS/CCSR RCM  

Misra et al. 
(2002)82 80 km 

December to June 
1997, 1998 and 

1999 
RSM-NCEP Interanual variability  

Nicolini et al. 
(2002)102 125 km January and July 

1982-1993 DARLAM  

Misra et al. 
(2003)103 80 km January–February–

March of 1997, 
1998, and 1999 

RSM-NCEP  

Seth and Rojas 
(2003)104 100 and 60 km January–May 1983 

and 1985 RegCM Domain sensitivity 

Rojas and Seth 
(2003)83 100 and 60 km January–May 1983 

and 1985 RegCM 
Simulation quality 

Domain and changes 
in remote forcing 

sensitivity 

Seth et al. (2004)105 Not informed January–May 1983 
and 1985 RegCM Daily precipitation 

Rauscher et al. 
(2006)106  80 and 60 km January–March 

1983 and 1985 RegCM3 Domain choice 

Nicolini and Saulo 
(2006)107 40 km 1997-1998 Eta Chaco low level jets 

Cuadra and da 
Rocha (2006)84 50 km 

December to 
February 1989 and 

1998  
RegCM3  

Fernandez et 
al.(2006a,b)20,21 80 km 1991-2000 RegCM3 - 

EtaClim 
El Niño – Southern 

Oscillation 

Regional climate 
modeling started 
in 1989-1990 
 
Firts studies to 
SAM appeared in 
2000-years 
 
With RegCM in 
2003 



4	main	projects	focused	on	the	RCMs	over	SAM	
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provide high-resolution climate change scenarios over SA; some details about them are 

presented in Table 1. 

Table 1 - Some features of the CREA, CLARIS, CLARIS-LPB and CORDEX projects 

for SA. 

Project Period Purpose RCMs 

Driving   

GCMs/s

cenarios 

Reference 

CREAS - 
Regional 

Climate Change 
Scenarios for 

South America 

2004-
2007 

Intercomparison	among	
different	RCMs	driven	by	the	same	

boundary	conditions	and	
developing	scenarios	for	future	
changes	at	daily	time	scales	for	

extreme	events 

 
Eta/CPTEC, 

RegCM3, and 
HadRM3P 

 
 
 

HadAM3/A
2 and B2 

Marengo and 
Ambrizzi85 

Marengo et al.46 

CLARIS 
Europe—South 

America 
Network for 

Climate 
Change 

Assessment and 
Impact Studies 

2004-
2007 

Strengthening collaborations between 
Europe and SA to develop common 

research strategies on climate change 
and impact issues in the subtropical 
region of SA through a multi-scale 
integrated approach (continental-

regional-local) 

 
ETA, MM5, WRF, 
PROMES, RCA, 

LMDZ and REMO 
 

  

 Boulanger et 
al.41 

Menéndez et 
al.40 

https://cordis.eu
ropa.eu/project/ 
rcn/74238_en.ht

ml 
CORDEX 

Coordinated 
Regional 
Climate 

Downscaling 
Experiment 

2009-
present 

Producing regional climate projections 
and associated uncertainties 

ARPEGE, HIRHAM, 
RegCM3, 

CCLM, RACMO, 
REMO, RCA, 

PRECIS, WRF, and 
CRCM 

 

Giorgi et al.47 
http://cordex.or

g/ 

CLARIS-LPB 
Europe—South 

America 
Network for 

Climate 
Change 

Assessment and 
Impact Studies 

– La Plata Basin 

2008-
2012 

Projecting the regional climate change 
impacts on La Plata Basin (LPB) and 

designing adaptation strategies for 
land-use, agriculture, rural 

development, hydropower production, 
river transportation, water resources 

and  
ecological systems in wetlands. 

 RegCM3, RCA, 
MM5, 

REMO, PROMES, 
LMDZ, and ETA 

 

 Boulanger et 
al.42 

Solman et al.86 
Solman et al.87 
Carril et al.45 

https://cordis.eu
ropa.eu/project/ 
rcn/89402_en.ht

ml 

 

As one can see from Table 1, there were various RCMs involved in the four 

projects. In these projects, the resolution, parameterizations, lateral boundary conditions 

and others features for each RCM were different as well as the institutions involved. 

The CLARIS and CREAS projects started first and CLARIS-LPB and CORDEX 

afterwards. They were important to help the development of regional climate 

simulations on SA, particularly to provide high resolution climate change scenarios. In 

particular, they were useful for studies on detection and impacts of climate change, and 

for the development of studies that lead to raising awareness among government and 

policy makers in assessing climate change impacts, vulnerability and in designing 

adaptation measures. 

 

The CREAS project, a Brazilian initiative, used three different RCMs: Eta, 

HadRM3P and RegCM3, all nested in the HadAM3 Global Model46. The simulations 

Brazilian 
project 



A Europe-South America Network for Climate Change 
Assessment and Impact Studies (CLARIS) in 

 La Plata Basin: CLARIS-LPB  
 

It	was	a	coordinate	project	to	obtain	regional	climate	projections	
to	apply	in	energy,	water,	agriculture	impact	studies	of	climate	

change	over	La	Plata	Basin	(Boulanger	et	al.,	2011)	
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in southern Chile (Fig. 5 first row). During austral winter, 
similar behaviour can be observed between HadCM3 and 
IPSL, except over northern SA, while EC5OM tends to 
have drier regions in the tropics and wetter regions over La 
Plata Basin in the future A1B scenario. However, the pro-
jected precipitation changes simulated by the RCMs are 
rather uniform compared to the GCMs, i.e., regions getting 
wetter over La Plata Basin and drier in the central part of 
the domain during summer (Fig. 5). These changes are also 
shown in the ensemble mean of RCMs, which is outlined 
with thick black line. The projected precipitation change 
resulting from almost every RCM resembles the main pat-
terns of rainfall variability at the intraseasonal and inter-
annual time-scales, with a dipole structure with opposite 
signs at the La Plata Basin and the South Atlantic Conver-
gence Zone (SACZ) (Paegle et al. 2000; Grimm and Zilli 
2009). During winter, the ensemble mean of RCMs shows 
the future dry regions over south of Chile and close to the 
equator and the future wet regions over the La Plata Basin, 
with a considerable agreement among individual RCMs.

The spatial patterns of the RCMs and their correspond-
ing driving GCMs have large differences not only on the 
intensity of climate change signal but even in the sign, i.e., 
in the case of the simulated drying regions of the central 
part of South America in the RCMs that use the EC5OM 
simulations. It must be taken into account that even 
GCMs comparison exhibits large differences (Vera et al. 
2006; Vera and Silvestri 2009; Torres and Marengo 2013; 
Marengo et al. 2014). However, from Figs. 5 and 6, RCMs 
seem to present an overall agreement on the rainfall signal. 
Nevertheless, some differences can also be seen, as around 
10–20  S dry conditions obtained on the second-row RCM 
projections, that are not seen when looking at other RCMs. 
The differences of the projected changes among the simu-
lations with the same RCM but driven by different reali-
zations of a single GCM (i.e., the internal variability) are 
smaller than the difference among different combinations 
of both regional and global models.

It is interesting to inspect regions where RCMs show a 
better or worse agreement in the climate change signal of 

Fig. 2  As in Fig. 1, but for total annual precipitation amount biases (in %)
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The FDF curves seem to mainly be displaced towards 
larger values, without any relevant change in their shape 
for most of the regions for the future climate conditions. 
Nevertheless, a slight decrease in the normalized frequency 
of the maximum value is apparent indicating that the dis-
tribution becomes wider, i.e., the range of variability is 
increased in the future climate. Within the LPB region, the 
northern areas (Paraguay and Upper-Paraná) show stronger 
increase of warm extremes and a weaker decrease of cold 
extremes. For the southern areas within LPB (Low-Paraná 
and Uruguay), characterized by a bi-modal distribution, the 
projected distribution shows not only a shift toward higher 
temperatures but also higher frequencies for the warmer 
maximum, suggesting that both warm extremes and moder-
ate warm events may increase for the future climate. This 
can be interpreted as warmer transition seasons.

The FDFs for precipitation show that all the regions are 
characterized by an exponential shape distribution, except 
Uruguay characterized by a log-normal-like or a gamma-
like frequency distribution. There are just few similar stud-
ied showing monthly FDF shapes over specific subregions, 

such as the one of (Tapiador et al. 2007) over Europe, 
pointing to shape differences among closer regions similar 
to the ones obtained here over South America. Present cli-
mate simulations generally agree with observations, though 
over tropical regions there is a systematic underestimation 
of light to moderate precipitation intensities. Within the 
LPB region, the models depict a systematic overestimation 
of light precipitation and underestimation of moderate to 
heavy precipitation, in agreement with the large negative 
bias in the mean precipitation discussed above. It is impor-
tant to highlight that this behaviour was also found for the 
ensemble built with the same RCMs but driven by perfect 
boundary conditions (Solman et al. 2013). Consequently, 
this behaviour is more due to RCMs imperfections rather 
than due to errors in the driving models. The changes in the 
FDFs are subtle over most of the regions, but systematic 
decrease in frequencies is apparent over NE-Brazil, con-
sistent with drying conditions over that region. Over LPB, 
the RCM ensemble show a decrease in the frequency of 
light precipitation and increase in the frequency of moder-
ate to heavy precipitation intensities, suggesting an overall 

Fig. 5  As in Fig. 1, but for DJF precipitation projections absolute change from (1961–1990) to (2071–2100) period

CLARIS-LPB:	
	7	RCMs	nested	in	2	CMIP3-GCMs	for	scenario	A1B	(Sanchéz	et	al.	2015)		

Present Climate: 
Annual rainfall biases: most 
models underestimate rainfall 
over SESA ; 
 
RCM ensemble mean à smaller 
biases than individual models 

Future climate 
 
RCMs ensemble: 
  -shows a general negative trend over 
central part of SAM;  
-  wetter conditions in SESA in future 

is a signal present in most 
simulations; 

Trends: 
2070-2100  



CORDEX	and	CREMA	

CORDEX	-	Coordinated	Regional	Climate	Downscaling	
Experiment	organized	by	WCRP	(Word	Climate	Research	
Program)	–	Giorgi	et	al.	(2009)	
	
	
CREMA	(CORDEX	RegCM4	hyper-Matrix	experiment)	project	was		
a	collaborative	experiment	designed	to	provide	mini-ensemble	
downscaling	using	different	physical	conRigurations	of	the	
RegCM4	nested	in	different	CMIP5	CGMs	and	scenarios	(Giorgi	
2014)		

		



Contribution to the  
CORDEX by the 

RegCM community 

34 Scenario simulations (1970-2100) 
over 5 CORDEX domains 
with RegCM4 driven by 

3 GCMs, 2 GHG 
scenarios (RCP4.5/8.5) and 
different physics schemes 

 
3 months dedicated time on ~700 

CPUs at the ARCTUR HPC 
~200 Tbytes of data produced 

The CREMA 
Phase I 

Experiment 

Collaboration across 
ICTP  

U. São Paolo (Brazil) 
CICESE (Mexico) 

Indian Institute of technology 
U. Dakar (Senegal 

DHMZ (Croatia) 
 

Special Issue of  
Climatic Change (2014) 

SAM 



CREMA	–	SAM	

RegCM Surface  Convection  RCP GCM forcing 
BGRegHad BATS Mixed 8.5 HadGEM2-ES 

CERegHad CLM Emanuel 8.5 HadGEM2-ES 

BGRegHad BATS Mixed 4.5 HadGEM2-ES 

CERegHad CLM Emanuel 4.5 HadGEM2-ES 

CERegMPI CLM Emanuel 8.5 MPI-ESM-MR 
CERegGFDL CLM Emanuel 8.5 GFDL-ESM2M 

Four (two) RegCM4 simulations in the RCP8.5 (RCP4.5) -  (Llopart et al. 2014)  

Period:	1970-2100	
	

Two	combinations	of	physical	
parameterizations:		

CLM	land-surface	with	Emanuel	convection	–	CE		
BATS	land-surface	with	mixed	convection	(Grell-

land+	Emanuel-sea)	–	BG	

Δx	~50	km	



CREMA-SAM	projections	were	used	to	access:	
	

(a)   interannual	variability	of	rainfall	associated	with	ENSO	in	both	
present	and	future	climates	(da	Rocha	et	al.	2014);	

	
(b)	Climate	change	impact	on	precipitation	for	the	Amazon	and	La	

Plata	basins	(Llopart	et	al.,	2014);	
	

(c)	Frost	events	over	Peruvian	Andes	(Arriaga,	2016);	
	

(d)	Cyclones	climatology	in	present	and	future	projections	
(Reboita	et	al.	2018);	

	
(e)	Residential	buildings’	thermal	performance	and	comfort	for	the	
elderly	under	climate	changes	context	in	the	city	of	São	Paulo,	Brazil	

(Alves	et	al.	2015);	
	

(f)	Projections	of	the	thermal	comfort	index	for	the	metropolitan	
region	of	São	Paulo,	Brazil	(Batista	et	al.,	2016);	
(g)	Climate	change	over	Peruvian	Andes	(Bazo,	2014)	
(h)	Cold	fronts	over	south	Brazil	(de	Jesus	et	al.,	2014)	





 
 3-month	running	mean	of	SST	anomaly	in	the	Niño	3.4	

ENSO	signal	in	the	rainfall	is	stronger	over	SESA	(Grimm	and	Ambrizzi	2009);	

GCMs and Obs EN   LN  
  Present Near Far Present Near Far 

HadGEM2 10 8 (5) 12 (9) 7 6 (5) 3 (5) 
GFDL 7 9 6 10 7 5 
MPI 6 8 8 7 7 3 

ERSST.vb3 (Obs) 10 - - 7 - - 

 Frequency	of	EN	and	LN	years	-	present	climate	(1975-2005)	
HadGEM2	à	EN	and	LN	similar	to	observation	

MPI/GFDL	à	underestimate	the	frequency	of	EN	years;		(GFDL	à			LN	>EN)	
Far	future		

Increase/decrease	the	frequency	of	EN/LN	

ENSO	identiRication	and	frequency 



Ensemble	means	
	
Numbers	indicate	how	
many	members	have	
the	same	sign	(+	or	-)	
as	the	ensemble	mean	

EnsOBS:  
EN years à less rainfall over the 

north-central Brazil; 
 above normal rainfall over SESA, 
north-central Peru, Ecuador, and 

south-central Chile.  

EnsReg and EnsGCM: 
 capture the observed pattern: + rainfall over SESA and - 

over central-north SA.  
 

EnsReg: spatial pattern/intensity of anomaly closer to the 
observations à “added value” 

EnsObs              EnsReg               EnsGCM            



Spatial	patterns	od	EN-LN	rainfall	are	similar	to	the	present	climate;	
	

Weakening	of	the	wetter	conditions	during	EN	over	SESA	in	the	future.	This	is	likely	
connected	with	the	GCMs’	projection	of	the	ENSO	signal	displaced	to	the	central	

basin	of	PaciRic	Ocean		(EN/LN	Modoki)	

 
 

Near 
(2020-2050) 

 
 
Far 
(2070-2098) 
 
 

RCP4.5/RCP8.5:	
dry	signal	
occupies	larger	
area	of	
continental	SAM	
in	the	near-	than	
in	the	far-future;	 





to IPET, and, over the South Atlantic Ocean, where the opposite happens. The existence
of these areas is explained by the relative humidity pattern presented in Fig. 3c.
Figure 3e also shows that the MRSP is located in a transitional zone between these
two areas. According to Jacobs et al. (2013), the greatest warming of temperature and
the apparent temperature index (AT) is projected to occur over northwestern Australia,
yet this region also coincides with a large area of projected drying. As a result, the
AT does not increase as fast as the temperature in this region due to the lower
humidity levels, which is consistent with the present result.

Fig. 3 a annual mean values of IPET for IAG, INMET and RegCM4 members (MPIclm, GFDLclm, Hadclm
and Hadctrl) in the MRSP for the two timeslices (1975–2005 and 2065–2099); b spatial trend of air temperature
(difference between future and present temperature), c relative humidity (difference between future and present
relative humidity) and d IPET (difference between future and present IPET); e shows the difference between
future IPET and future temperature

Climatic Change (2016) 137:439–454 447

 
Future (2065-2099) minus present (1975–2005) climate 
 

Temp                                                   RH 
 
 
 
 
 
 
 
 
 
 
 
 
IPET                                            IPET-Temp 

Increase of air temperature is 
compensated by decrease of 
relative humidity;  
 
IPET-Temp: São Paulo is in a 
transicion region of positive/
negative values; 
 
This study has shown the 
needing of fine resolution 
projections to better 
understand the climate 
change impacts 
 

(Batista et al., 2016)  

Application	studies:	thermal	comfort	in	São	Paulo	megacity	under	
climate	change	RCP8.5	scenario	using	CREMA-SAM	

(grid	spacing	of	˜50	km)	





Perfect Prog:  
-  reduces the warm biases of the 

simulations; 
-  improves the amplitude of annual 

cycle (SD) 
 
Before PP - RegCM4 is closer to 
local observations than of CRU à 
importance of to use local 
observation to validate RCM 
simulations 

Frost	days	over	Peruvian	Andes	were	obtained	from	JJA-Tmin	 

Perfect	prog	(PP)	was	used	to	“correct”	the	Tmin	before	to	search	for	frost	days.	
PP–	multiple	linear	regression	using	Era-Interim	as	“predictor”	provided	the	
equations	that	were	used	in	the	simulations.	
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média ao longo do ano (Tabela 3.2). No entanto, o CRU apresenta desvio padrão similar ao 

observado, um RMS pequeno e correlação alta de 0,99 (Figura3.2b). 
 

a)     b) 

 
 

Figura 3.2(a) Ciclo anual da temperatura mínima para a zona centro (ZC) e (b) diagrama de Taylor  
correspondente. Período 1971 – 2005. 

 

Todas as simulações apresentam baixos valores de RMS e alta correlação para o ciclo 

anual, ou seja, acima de 0,95. Com relação ao bias, nas simulações RegGFDL e RegMPI o 

erro médio quente é muito menor que nas outras (0ºC – 1ºC) para todo o ano com máximos 

nos meses de inverno e primavera (Tabela 3.2).  

 

Tabela 3.2 Bias sazonal da temperatura mínima de cada simulação para a zona centro (ZC). 

 

DJF MAM JJA SON
OBS Média 4.25 2.86 -0.18 2.81

CRU BIAS -3.40 -3.30 -3.70 -3.65

BIAS (OBS) 1.83 2.10 2.22 2.19

BIAS (CRU) 5.24 5.40 5.92 5.84

BIAS (OBS) 0.47 0.98 1.16 1.25

BIAS (CRU) 3.87 4.28 4.86 4.90

BIAS (OBS) 0.43 0.59 1.56 1.26

BIAS (CRU) 3.83 3.89 5.26 4.91

BIAS (OBS) 2.54 2.85 3.04 3.08

BIAS (CRU) 4.01 4.09 4.29 4.46

RegHadGEM

RegGFDL

RegMPI

RegERAInterim
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simulações (Figura 3.2a e Figura 3.6c) e melhorou as estatísticas (correlação, RMS e desvio 

padrão) do RegGFDL e RegMPI (Figura 3.2b e Figura 3.6d).  

 
a) b) 

 
 

c) d) 

  
e) f) 

 
 

Figura 3.6 Ciclo anual da temperatura mínima observada e TR para ZN (a), ZC (c) e ZS (e) e Diagrama 
de Taylor  de cada ciclo anual para ZN (b), ZC (d) e ZS (f). Período 1971 – 2005. 
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metodologia do trabalho foi aplicada para cada ponto de estação, sendo que depois foi 

calculada a média das estações correspondentes para cada zona de análise, e assim, apresentar 

os resultados de geada para cada área. A Figura 2.1 mostra os domínios das análises e a 

localização das estações meteorológicas. 

 

 

Figura 2.1 Domínios utilizados e topografia (m). Domínio das simulações (quadro à esquerda). 
Domínio das análises (quadro à direita). Os pontos representam a localização das estações 
meteorológicas e as caixas identificam as zonas analisadas: zona norte (ZN), zona central 
(ZC) e zona sul (ZS). 

 

 

2.2.2. Dados das simulações do modelo RegCM4 

 

Para atingir o objetivo principal da pesquisa, foram utilizados 4 simulações climáticas 

do modelo RegCM4 com as configurações mostradas na Tabela 2.1. Essas simulações foram 

geradas no trabalho de doutorado de Llopart (2014) e todas utilizaram o CLM como 

parametrização de superfície e a Emanuel como parametrização de convecção. Vale ressaltar 

que a combinação destas duas parametrizações representa de forma mais realística a 

temperatura observada na América do Sul (Reboita et al., 2014).  
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simulações (Figura 3.2a e Figura 3.6c) e melhorou as estatísticas (correlação, RMS e desvio 

padrão) do RegGFDL e RegMPI (Figura 3.2b e Figura 3.6d).  

 
a) b) 

 
 

c) d) 

  
e) f) 

 
 

Figura 3.6 Ciclo anual da temperatura mínima observada e TR para ZN (a), ZC (c) e ZS (e) e Diagrama 
de Taylor  de cada ciclo anual para ZN (b), ZC (d) e ZS (f). Período 1971 – 2005. 

1970-2005 
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diminuição de 10,9% no verão, 10,5% no outono e 3,2% na primavera para os 35 anos de 

análise na ZC; enquanto que, o inverno apresentou aumento de 4,2% no período de análise. 

 

a) b) 

  
c) d) 

  

Figura 3.8 Frequência de geada observada para a ZC entre 1971 – 2005. (a) verão – DJF. (b) outono – 
MAM. (c) inverno – JJA. (d) primavera – SON. 

 

As tendências sazonais de geadas para a ZS estão na Figura 3.9. Esta zona não 

apresenta tendências bem marcadas como na ZC; mostra apenas tendências ligeiramente 

positivas em todas as estações do ano, com coeficientes angulares máximos no inverno (0,09) 

e primavera (0,07). A menor e maior frequência de geadas ocorre no verão e inverno, 

respectivamente. Os coeficientes angulares (D) indicaram aumento de 1,4% no verão, 3,2% no 

inverno e 2,5% na primavera para os 35 anos de análise na ZN. 

 

 

 
 

45 
 

 

a) b) 

  

Figura 3.14(a) Ciclo anual médio da frequência de geadas para a ZC para o período presente, 
calculados com dados observados e simulados e (b) diagrama de Taylor para a frequência 
de geadas na mesma área. 

 

Para a ZS a Figura 3.15a, apresenta o ciclo anual da frequência de geadas observado e 

simulado. As quatro simulações reproduzem a curva do ciclo anual, sendo o RegMPI a única 

simulação que superestima os valores de geadas no ano todo. As demais simulações 

superestimam as geadas na primavera e verão e subestimam as geadas no inverno. Segundo o 

diagrama de Taylor (Figura 3.15b), o comportamento dos ciclos anuais de geadas simulados é 

bastante próximo do ciclo observado. Nesta zona, todos os ciclos anuais simulados têm 

correlação alta com a observação, acima de 0,95.  

 

 

 

 

 

 

 

 

 

 

Frost	days:	Tmin	<=	0	(applied	after	PP)	
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diminuição de 10,9% no verão, 10,5% no outono e 3,2% na primavera para os 35 anos de 

análise na ZC; enquanto que, o inverno apresentou aumento de 4,2% no período de análise. 

 

a) b) 

  
c) d) 

  

Figura 3.8 Frequência de geada observada para a ZC entre 1971 – 2005. (a) verão – DJF. (b) outono – 
MAM. (c) inverno – JJA. (d) primavera – SON. 

 

As tendências sazonais de geadas para a ZS estão na Figura 3.9. Esta zona não 

apresenta tendências bem marcadas como na ZC; mostra apenas tendências ligeiramente 

positivas em todas as estações do ano, com coeficientes angulares máximos no inverno (0,09) 

e primavera (0,07). A menor e maior frequência de geadas ocorre no verão e inverno, 

respectivamente. Os coeficientes angulares (D) indicaram aumento de 1,4% no verão, 3,2% no 

inverno e 2,5% na primavera para os 35 anos de análise na ZN. 

 

 

Annual cycle: obs X simulations 
 
Simulations reproduce the shape 
of annual cycle, but 
underestimate the frequency; 
 
RegMPI and RegGFDL à 
overperform RegHadGEM 
 

Observerd trends: decrease of frost days in summer/autumn; increase in winter 

Summer                          Autumn                      Winter                              Spring                              

 
 

36 
 

simulações (Figura 3.2a e Figura 3.6c) e melhorou as estatísticas (correlação, RMS e desvio 

padrão) do RegGFDL e RegMPI (Figura 3.2b e Figura 3.6d).  

 
a) b) 

 
 

c) d) 

  
e) f) 

 
 

Figura 3.6 Ciclo anual da temperatura mínima observada e TR para ZN (a), ZC (c) e ZS (e) e Diagrama 
de Taylor  de cada ciclo anual para ZN (b), ZC (d) e ZS (f). Período 1971 – 2005. 



	
RCMs	to	study	synoptic	systems	over	SAM:	
	
Reboita	et	al.	(2018)	–	cyclones	
climatology	in	RCP8.5	–	RegCM4	nested	in	
HadGEM2-ES	(CMIP5)	–	CREMA	
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Present: spatial pattern of cyclogenesis 
density simulated by RegCM4 is closer to 
observations; 
 
Future: decreases of cyclogenetic activity; 
Larger decrease southward 35oS 
 in far future (2070-2098) 
 



Interannual variability: 
-  EnsReg: captures the ENSO signal in austral spring rainfall over SAM 

      provides spatial pattern/intensity of rainfall anomaly closer to the observations; 
      weakining of ENSO signal in rainfall in future (EN Modoki). 

 
Cyclones projections: 

 - added value à better position of the cyclogenetic regions in RegCM than 
global model 
 
Projections of thermal comfort: 

 - Sao Paulo city is in between (+/-) à it necessary fine resolution projections 
to better understand the climate change impacts; 
 
Frost events over the Peruvian Andes:  

 - biases in RegCM4-Tmin are smaller when compared with local 
observations than with CRU; 

 - perfect-prog à enable RegCM to reproduce the observed annual cycle of 
frost days; 
 
* Fine resolution simulations and local observation to validate observed features of 
climate 



Gutowski	et	al.	(2017)	à	general	view	of	the	CORDEX2	(CORDEX	
phase	2)	pointing	out	two	main	components:		
	
a) CORDEX-CORE	framework	à	RCM	downscalings	with	dx~10–20	
km	using	a	set	of	GCMs;		

	
b) development	of	targeted	Flagship	Pilot	Studies	(FPS)	to	address	
specijic	scientijic	questions	of	methodological	and	regional	
relevance.		

	
	
Relevance	of	CORDEX	to	interact	with	the	CMIP6	Vulnerability,	
Impacts,	Adaptation	and	Climate	Services	(VIACS)	Advisory	Board	in	
order	to	identify	and	communicate	the	value,	limitations	and	
uncertainties	of	the	information	provided	through	the	CORDEX	
downscaling	experiments.			



 
Fog	events	and	local	atmospheric	features	simulated	
by	RegCM3	for	the	São	Paulo	city,	Brazil	(da	Rocha	et	

al.,	2015)		 



The large scale features of the simulated air temperature
fields are investigated comparing them with the Climate
Research Union of the University of East Anglia (Mitchell and
Jones, 2005) data set, hereafter CRU,which is a grid point global
analysis of the monthly values available from 1900 until 2009.
CRU analysis is obtained by interpolating station data to the
regular grid with 0.5 by 0.5 degrees of latitude by longitude. We
also used the precipitation estimative from satellite observations
of 3B42 product of TRMM (Tropical Rainfall MeasuringMission),
which provides information over both oceanic and continental
areas of the simulation domains (Huffman et al., 2007).

2.2. RegCM3 model and simulation setup

RegCM3 model (Pal et al., 2007) is an updated version of
RegCM2 (Giorgi et al., 1993) which is a primitive equation,
compressible, limited-area model with sigma-pressure vertical
coordinate. The NCAR CCM3 (Community Climate Model 3)
radiative transfer scheme (Kiehl et al., 1996) is used for RegCM3
to solve atmospheric short and long wave radiation processes
(Giorgi and Mearns, 1999). The soil–vegetation–atmosphere
interaction processes in RegCM3 are parameterized using the
BATS (Biosphere–Atmosphere Transfer Scheme) scheme de-
scribed by Dickinson et al. (1993). The turbulent transport of
energy,moment, andmoisture in the planetary boundary layer is
calculated as the product between their vertical gradient and the
coefficient of turbulent vertical diffusion, including a non-local
turbulent formulation (Pal et al., 2007). The grid-scale precipi-
tation scheme, used for RegCM3, follows Pal et al. (2000), which
considers only the cloud water phase. For cumulus convection,

the Grell (1993) convective scheme with Fritsch and Chappell
closure (Pal et al., 2007) is used in the simulations.

The simulations are performed in two different domains
and resolutions. The large domain has ~50 km of horizontal
grid spacing (118 east–west by 88 north–south grid points),
hereafter named coarse resolution R50 simulation. Fig. 1 shows
this domain covering part of South America and it includes the
location of the MASP (dot point). The small domain uses 20 km
of horizontal grid (180 east–west by 156 north–south grid
points), hereafter named the fine resolution R20 simulation, and
covers the center-eastern areas of Brazil (Fig. 1). The large and
small domains utilized 18 and 23, respectively, sigma-levels in
the vertical (top of the model at 80 hPa).

The simulations for 2003 and 2004 cold months start at
00:00 UTC of 01 May and finish at 00:00 UTC of 1 October. May
month is considered as spin up time and it is excluded from
analysis. Therefore, themonths of June–July–August–September
(JJAS) are used to characterize the austral winter period over the
Southern Hemisphere.

2.3. Fog identification criterion and simulation evaluation

As the occurrence of fogs is a localized phenomenon in time
and space, during JJAS of 2003 and 2004 a grid point (identified
in Fig. 1) in RegCM3 domains nearest the IAG Station is checked
to identify fog. The criterion, used in order to identify fog in the
simulations, is based on the relative humidity (at 2 m height)
and surface precipitation. In this criterion, a fog event occurs
when the relative humidity exceeds 96.7% and there is no rain in
the grid point in the last 3 previous hours. The threshold is based
on observedmean plus standard deviation aswell as the average

Fig. 1. Domain and topography (m) for R50 simulation and only the limits of R20 domain (inner rectangle). The top panel shows a zoom of MASP (light brown) and
surrounding areas. The bottom panel presents IAG station (dot red) inside the park of “Ipiranga Waters” (dark green) surrounded by the city of Sao Paulo. (From: Google
Earth©image, on January 20th, 2014).
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RegCM3	simulations:		
							-		two	domains	using	50	(G50)	and	20	(R20)	km	of	horizontal	grid	spacing;	
						-		two	(2003	and	2004)	winter	seasons	(JJAS)		
						-		Initial	and	boundary	conditions	from	NCEP2	reanalysis	

R50 

MASP 

R20 

IAG STATION – LOCAL 
OBSERVATIONS 
(T, RH, PCP) 



Air	temperature	and	fogs	over	SP	city	

(Table 3). The R20's finest horizontal resolution presents more
realistic values compared to the observed ones, as also shown in
Fig. 6b, with a seasonal bias of only +4.2% (Table 3). Both R20
and R50 simulations have higher correlation coefficients and
smaller RMSE than NCEP, indicating strongest ability in order to
simulate the high frequency variability of the relative humidity
over MASP (Table 3). As fog events are strongly associated with
relative humidity, the modeling could also present an ability to

simulate fog events based on relative humidity as well as
radiative cooling, through the minimum air temperatures.

3.3. Fog events: JJAS of 2003–2004

3.3.1. Fog frequency
As mentioned in the methodology section, we are mainly

interested in radiative fog events, occurring without rainfall in

Table 1
Statistics (average— A, standard deviation— SD, time correlation— r, and root mean square error— RMSE) for JJAS (2003 and 2004) obtained from daily values of
the mean, maximum and minimum air temperatures from IAG Station, NCEP and simulated by R50 and R20.

Temperature Mean (°C) Minimum (°C) Maximum (°C)

JJAS 2003 2004 2003 2004 2003 2004

IAG (A ± SD) 16.8 ± 2.7 16.8 ± 3.2 12.2 ± 2.5 12.1 ± 3.1 23.3 ± 4.6 23.3 ± 4.9
R50 (A ± SD)
r (RMSE)

15.6 ± 2.5
0.89 (1.7)

15.9 ± 2.8
0.90 (1.6)

12.1 ± 2.5
0.62 (2.2)

12.1 ± 2.6
0.78 (2.0)

20.9 ± 4.3
0.87 (3.3)

21.8 ± 4.8
0.87 (2.8)

R20 (A ± SD)
r (RMSE)

15.7 ± 2.7
0.92 (1.6)

15.9 ± 3.3
0.93 (1.5)

11.6 ± 2.4
0.69 (2.0)

11.5 ± 3.1
0.86 (1.8)

22.1 ± 4.6
0.88 (2.6)

23.0 ± 5.1
0.87 (2.6)

NCEP (A ± SD)
r (RMSE)

18.2 ± 2.6
0.74 (2.37)

18.2 ± 3.6
0.86 (2.30)

Fig. 4. Time series, from 1 June to 30 September, of daily mean air temperature (°C) of the IAG Station, NCEP and simulated by R50 and R20 (see legend in each
panel) for JJAS of: (a) 2003 and (b) 2004.

182 R.P. da Rocha et al. / Atmospheric Research 151 (2015) 176–188

(Table 3). The R20's finest horizontal resolution presents more
realistic values compared to the observed ones, as also shown in
Fig. 6b, with a seasonal bias of only +4.2% (Table 3). Both R20
and R50 simulations have higher correlation coefficients and
smaller RMSE than NCEP, indicating strongest ability in order to
simulate the high frequency variability of the relative humidity
over MASP (Table 3). As fog events are strongly associated with
relative humidity, the modeling could also present an ability to

simulate fog events based on relative humidity as well as
radiative cooling, through the minimum air temperatures.

3.3. Fog events: JJAS of 2003–2004

3.3.1. Fog frequency
As mentioned in the methodology section, we are mainly

interested in radiative fog events, occurring without rainfall in

Table 1
Statistics (average— A, standard deviation— SD, time correlation— r, and root mean square error— RMSE) for JJAS (2003 and 2004) obtained from daily values of
the mean, maximum and minimum air temperatures from IAG Station, NCEP and simulated by R50 and R20.

Temperature Mean (°C) Minimum (°C) Maximum (°C)

JJAS 2003 2004 2003 2004 2003 2004

IAG (A ± SD) 16.8 ± 2.7 16.8 ± 3.2 12.2 ± 2.5 12.1 ± 3.1 23.3 ± 4.6 23.3 ± 4.9
R50 (A ± SD)
r (RMSE)

15.6 ± 2.5
0.89 (1.7)

15.9 ± 2.8
0.90 (1.6)

12.1 ± 2.5
0.62 (2.2)
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r (RMSE)
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0.92 (1.6)

15.9 ± 3.3
0.93 (1.5)

11.6 ± 2.4
0.69 (2.0)

11.5 ± 3.1
0.86 (1.8)

22.1 ± 4.6
0.88 (2.6)

23.0 ± 5.1
0.87 (2.6)

NCEP (A ± SD)
r (RMSE)

18.2 ± 2.6
0.74 (2.37)

18.2 ± 3.6
0.86 (2.30)

Fig. 4. Time series, from 1 June to 30 September, of daily mean air temperature (°C) of the IAG Station, NCEP and simulated by R50 and R20 (see legend in each
panel) for JJAS of: (a) 2003 and (b) 2004.

182 R.P. da Rocha et al. / Atmospheric Research 151 (2015) 176–188

Time series of daily mean temperature 

RegCM	reproduces	the	
observed	high	frequency	
temporal	variability	of	air	

temperature;	
	
	
	

“Added	value”:		RegCM	
simulations	are	closer	to	the	local	

observations	than	NCEP	

Positive	impact	of	Rine	
resolution:	greater	correlation,	
smaller	rmse,	closer	SD	

2003 

2004 



Fog	events	over	SP	city	

these systems present very low wind and no drizzle (or rain),
which may be considered radiative fog events rather than
advection ones.Moreover,most of the IAG observed fog events
occurred during synoptic conditions consistent of high
pressures with weak pressure gradient (and weak winds)
and clear skies favoring the nocturnal cooling, summarizing,
radiative fog characteristics.

A more general view of the meteorological mean features is
presented for the times (00:00 and 09:00 UTC) of fog events by
means of composition and anomaly fields, shown in Figs. 9 and
10. These Figures only show R20 simulation due its smaller
errors compared with observed ones, mainly regarding the
spatial patterns (see Section 3.1). For the composites, it has been
used the fields of the specific humidity and cloud water content
mixing ratio at the first sigma-level, which is about 30–40 m
above the surface.

Fig. 9 presents the average (considering all 00:00 and 09:00
UTC times) and anomaly (fog events minus average) of the
specific humidity simulated by R20. During wintertime, Fig. 9a
shows the specific humidity over SP between 9–10 g kg−1

withmoist air situated to the east (11–12 g kg−1), i.e., over the
South Atlantic Ocean (from 24–26°S). That provides a strong
east–west specific humidity gradient exactly over the MASP
region (Fig. 9a). As obtained for IAG station (Table 4), the

Fig. 8. JJAS 2003–204: (a) diurnal cycle of the relative frequency of the observations (%), (b) diurnal cycle of the fog events occurrence, (c) number of days with
fog observations in the morning period (from 08:00–11:00 UTC for METAR stations and only for 09:00 UTC for IAG station), (d) total number of hours with fog
events (h) and mean visibility (m) in METAR stations. In (c)–(d) the shading indicates the topography (m) with scale in the right.

Fig. 7.Number of fog events bymonths, from June to September, observed by IAG
Station and from the simulations (R50 and R20) for: (a) 2003 and (b) 2004.
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simulated anomaly field confirms a small increase of specific
humidity (about +0.4 g kg−1) over MASP and in a narrow
southwest–northeast band covering the eastern part of SP during
fog events (Fig. 9b). At same time, there is a broad area with
specific humidity decrease covering southern Brazil and the

southern part of South Atlantic Ocean. This negative anomaly
identifies the high pressure system location during the occur-
rence of fog events inMASP, i.e., the high is situated southward of
MASP (centered near 29°S–45°W), providing a weak northeast-
erly advection of moist air to the region.

As shownby Fig. 10a, for all JJAS 00:00–09:00UTCperiod the
R20 simulates a narrow band of average (only 00:00 and 09:00
UTC times) cloud water content mixing ratio, greater than
0.4 g kg−1, along the eastern coast of São Paulo State and also
other parts of southeastern Brazil. It is important to point out
that the band follows the mountain (“Serra do Mar”) contours
(see Fig. 1). Fog events in R20 simulation are characterized by a
positive anomaly of cloud water content covering eastern São
Paulo State, with greater values (until+0.6 g kg−1) over and to
the southwest of MASP (Fig. 10b). The R20 simulated values are
higher than that simulated by MM5 in other regions such as
southeastern China (around 0.4 to 0.6 g kg−1 according to Shi
et al., 2010) probably due to the Serra do Mar coastal range.

4. Conclusions

Numerical simulations for JJAS 2003 and 2004 are conducted
with RegCM3 using two spatial resolutions named R50 (50 km
and 18 sigma-pressure levels) and R20 (20 km and 23 sigma-
pressure levels). The simulated spatial patterns are compared
to gridded analyses (CRU and TRMM), while simulated local
atmospheric characteristics are accessed through comparison
with observations from IAG and synoptic stations. In addition,
an objective criterion based on relative humidity and precipi-
tation is used to identify fog events in the simulations.

Firstly, the R50 and R20 simulate spatial patterns of rainfall
and air temperature similar to the ones of the gridded analyses
for mean values of JJAS 2003–2004. In terms of inter-annual
variability, the simulations and analysis show that JJAS-2003
was wetter than JJAS-2004 over southern Brazil and Uruguay.
On the other hand, it is simulated and observed that there is a
lower amount of rainfall in JJAS-2003 compared with JJAS-2004,
over a smaller area such as SC. In addition, R20 simulates more
precipitation over center-western Brazil in 2003 than 2004. This
feature is in agreement with the observation, but it is not
simulated by R50. Another positive impact of the finer resolution
in R20 is themore realistic representation of the spatial patterns.
For example, R20 simulates the narrowing of rainfall area along
the Brazilian southeastern coast, with consequent reduction
of the rainfall amount in MASP. This pattern shows greater
agreement with the observation. Furthermore, comparisons
with IAG Station indicate many improvements in the local
climate representation as a function of the finest resolution

Fig. 9. Specific humidity (g kg−1) at first sigma level (~30–40 m above
surface) simulated by R20: (a) average value considering only the 00:00 and
09:00 UTC hours, (b) anomaly (fog events minus average value). The shaded
in (b) indicates values statistically significant at 95% confidence level.

Table 4
IAG Station, R50 and R20 mean and SD values of the meteorological variables (relative humidity, temperature, specific humidity and surface pressure): (top) for
JJAS 2003–2004 considering all 00:00 and 09:00 UTC data; (bottom) for JJAS 2003–2004 only for 00:00 and 09:00 UTC fog events.

Relative humidity (%) Temperature (°C) Specific humidity (g kg−1) Surface pressure (hPa)

Mean and SD values for all
00:00 and 09:00 UTC

IAG 88.0 ± 9.1 14.5 ± 3.0 10.0 ± 1.7 929.2 ± 3.1
R50 91.1 ± 9.7 13.1 ± 2.6 9.2 ± 1.6 949.9 ± 3.5
R20 88.4 ± 11.5 13.0 ± 2.8 9.0 ± 1.6 933.2 ± 3.2

Mean and SD values only for fogs
00:00 and 09:00 UTC

IAG 94.4 ± 2.6 13.5 ± 2.9 10.3 ± 1.8 928.8 ± 2.4
R50 98.1 ± 0.8 12.1 ± 2.0 9.3 ± 1.2 950.1 ± 3.0
R20 97.9 ± 0.7 12.1 ± 2.0 9.4 ± 1.3 934.0 ± 2.8
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RegcM3	reproduces	the	observed	cycle	

G20	à	fogs	occur	under	positive	anomaly	of	
specijic	humidity	over	SP	city	and	negative	

southward	(anomalous	anticyclone)		

-  fine resolution captures well the occurrence of fog events; 

- realistic synoptic pattern associated with fogs is simulated by G20. 



 
Assesment of fine resolution RegCM simulations 
over south-southeast Brazil (da	Rocha	et	al.,	2018) 

 



Ds=100, 50, 25 km                    ds=5km 

Landuse: zoom over south-southeast Brazil 
100 km                       50 km                         25 km                    5 km 

Model version: RegCM4.6.1 
à Simulation period: December/2009 – December/2010 (analysis – 2010) 
àInitial and boundary conditions: ERA-Interim (~ 75km) – Dee et al. (2011) 
àConvective scheme: Emanuel over all domain; Large scale precipitation: SUBEX 
àSurface schemes: BATS and CLM4.5 

Hydrostatic 
non-Hydrostatic 



Annual mean rainfall – 2010  

OBS 
 
 
 
 
 
 
 
 
 
CLM 
 
 
 
 
 
 
 
 
 
BATS 
 
 

àLocation of more intense rainfall over south Brasil/Paraguay: BATS has greater 
agreement with observations; 
à positive impact of high resolution in both CLM and BATS 

à   Fine resolution: deficit of rainfall over part of southeast Brazil 



 
 
 

Some improvemments of the annual cycle of rainfall and spatial 
pattern of simulated variables in fine resolution experiments 

(CLM and BATS) à “Added Value”  
 
 
Next à Local features of climate in the 5 km simulations 
 
 
 



Mesoscale circulations over eastern southest Brazil: 5 km  

Annual mean (2010): 10-m wind and rainfall 
 
CLM                                                           BATS  

Tiete river basin 

Main patterns of mean circulation/rainfall are similar in CLM and BATS; 
Local features à CLM simulates less rainfall in the main SP river basin 
(Tiete) and more rainfall over Sao Paulo city. 

São 
Paulo 
city 



Annual mean differences: CLM minus BATS  

SE winds (sea breeze) and continental NW 
winds are stronger in CLM than in BATS à 
contributing to wind convergence over São 
Paulo à higher amount of rainfall over 
center-north of the city in CLM 

2-m air temperature                                                   10-m wind/rainfall  

CLM simulates higher 
temperatures over São Paulo 
(urban effect?) and along the 
valey  



Local validation: diurnal cycle of meridional wind over São Paulo 

Observation: wind changes 
from north to south in the 
early afternoon (13-14 LT à 
16-17 UTC; OND 11-12 LT); 
More intense N winds JF/
2010 

CLM has large hability to reproduce the observation (weaker winds 
and time of change from N to S) than BATS  

Montlhy mean 
diurnal cycle 
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Final comments 
-  Some progress in RegCM studies over SAM; 
 
-  CREMA-SAM simulations: 

 -  were used to access climate variability, synopitc systems 
climatology/trends, thermal comfort over SP, frost events over Peruvian Andes. 

 - pointed the need of fine resolution simulations to access impacts; 
 - relavant point:  we need to use local/mesoscale observations to 

evaluate physical processes in the high resolution simulations. 
 
Next  

 
-  SESA-FPS – RegCM4 fine resolution over SESA to understand 

extreme precipitation events  

-  CREMA-Phase 2 is being planned/executed by ICTP: it will 
provided 25 km downscaling with RegCM4.7.0 nested in 3-4 
CMIP5/GCMs in various CORDEX subdomains, including SAM 



Thanks!	
Obrigada!	

 



Contribution to the  
CORDEX-CORE program 
by the RegCM community 

The CREMA 
Phase II 

Experiment 

Simulations done by 
ICTP 

Gao-IAP 
Ashfaq-ORNL 

Others? 
 

6 Scenario simulations (1970-2100) 
9 CORDEX domains 
RegCM4 at dx=25 km 

3 driving CMIP5 GCMs  
(MPI,HADGEM, NorESM) 

2 GHG scenarios (RCP2.6/8.5) 
CORE set of variables stored 

 
Most simulations completed at the 

CINECA supercomputing centre 
~1 Pbytes of data produced ? 



CLM                                            BATS     

During the day SE winds and along shore rainfall à sea breeze 
 
CLM à greater amount of rainfall over São Paulo during the day (urban effect?) 

Day (15-21 LT) minus nigth (03-09 LT) – zoom  


