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Cold air intrusions in three areas frequently affected by frosts of southeastern South America are ana-
lyzed based on GFDL-CM2.0 Coupled Atmospheric and Oceanic Global Circulation Model. The general ob-
jective is to investigate the model ability to simulate the frequency of intrusions in the present climate as
well as the changes in the frequency of occurrence and atmospheric characteristics in a future climate
scenario. The cold period (May to September) is analyzed for the control period 1961 to 1990 and for
the period 2081 to 2100 from the CMIP3 A2 scenario, which reflects the extreme global warming. The
coupled GFDL-CM2.0 overestimated the number of cold air intrusions for the present climate (control).
This systematic error should be considered in the analyses of future climate results. Future projections
indicated a reduction of these cases in GFDL results. As this model overestimated the number of cases,
the reduction could be even greater. Composites of extreme cases for the present and future climate in
the three areas indicated intensification of the temperature gradient which suggests more vigorous fron-
tal systems, intensification of post-frontal highs and cold air extending to lower latitudes as compared to
the present climate. Anomaly intensification was related to the climatological mean temperature, which
is higher in the future than in the present. Therefore, even with less cold air intrusion over southeastern
South America and a lower number of frost cases in the three areas, the occurrence of more intense sys-
tems would have an impact on the agriculture of these areas and such impact would extend to lower
latitudes.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

the global temperature rise (IPCC, 2007) at high latitudes, reducing
the north-south temperature gradient that affects the atmospheric

Even though an increase in both minimum temperature and number
of warm nights as well as a reduction of cold nights number have been
registered in the last years over several regions of South America
(Vincent et al., 2005; Alexander et al., 2006; Haylock et al., 2006;
Barrucand et al., 2008; Marengo et al., 2010; Rusticucci et al., 2010),
extreme events of cold air intrusion have also been reported after the
passage of cold fronts over the continent. These specific events have af-
fected the agriculture and economy of southern countries in southeast-
ern South America: Argentina, Uruguay, Paraguay and Brazil. Even with
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baroclinicity, the synoptic systems could be more intense in a more en-
ergetic atmosphere. Trenberth (1999) discussed the role of global
warming on the hydrological cycle as well as on the increase of moisture
in the atmosphere to feed the systems. Hall et al. (1994) noticed a pole-
ward displacement of the Northern Hemisphere storm tracks and inten-
sification of transient systems in a general circulation model experiment
with an increase in CO,. Other experiments using Global Circulation
Models forced by greenhouse gases also led to a poleward shift and an
increase in intensity of the storm tracks (Kushner et al., 2001; Yin,
2005).

The Special Report on Extremes (SREX, 2012) provided a global re-
view and assessment of the relationship between climate extremes,
their impact and the strategies to manage associated dangers. Studies
on extreme events in several regions of the globe have reflected a reduc-
tion in extreme events of cold days and few cases of frosts in observed
data and future scenarios (Meehl et al.,, 2000; Easterling et al., 2000;
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Alexander et al., 2005). Similar results were reported in different coun-
tries, such as a reduction in the annual number of frost days in Canada
(Bonsal et al., 2001) and in the United States of America (Easterling,
2002), and a reduction of 5 to 15 frost days in the period running
from 1951 to 1998 in New Zealand (Salinger and Griffiths, 2001). Dur-
ing 1951-2000, the frost-free period increased around 0.5 day/year in
Germany, Austria and Switzerland and 0.34 day/year in Estonia
(Menzel et al., 2003). A reduction in frost occurrences in the Pampa re-
gion (central-northern Argentina) during 1964 to 2003 was observed
by Fernandez Long and Miiller (2006) and the shortening of frost pe-
riods during the total period 1940-2007 was discussed in Fernandez
Long et al. (2013).

Andrade et al. (2012) indicated that the synoptic characteristics
of frontal systems in South America had been well simulated in the
present climate by two models, GFDL and HadCM3 from CMIP3. Howev-
er, the model simulations overestimated the frequency of frontal
occurrence in southeastern regions in the observed period. Skansi
et al. (2013) revealed the results of an assessment of changes in both
area-averaged and station-based climate extreme indices over South
America for the last half of the twentieth century using high-quality
daily maximum and minimum temperature series. They reported
strong warming evidence in South America with cold (warm) extremes
decreasing (increasing) over the 1950-2010 period. Southeastern South
America has been more intensively explored for observed changes
in temperature extremes during the last half of the twentieth cen-
tury (Rusticucci et al., 2010 in Argentina; Rusticucci and Renom,
2008 in Uruguay; Marengo and Camargo, 2008 in southern Brazil),
and for model simulations of annual indices of extreme tempera-
ture climate events (Marengo et al., 2010; Rusticucci et al., 2010).
A positive trend in night time temperatures observed in station
data of South America was well represented by CMIP3 models
(Marengo et al., 2010). Rusticucci et al. (2010) simulated annual in-
dices of extreme temperature climate events in South America dur-
ing the last half of the twentieth century, and showed that the
number of warm nights is better represented by models than frost
days.

The agricultural areas in southeastern regions of South America
are frequently affected by frosts in the cold months. Based on the
negative trend in cold nights as seen in recent publications of cli-
mate change in the region, a question that arises is: can we expect
fewer cold air intrusions in the future, and what would be the asso-
ciated atmospheric conditions? Therefore, the objective of this
study is to identify the occurrence of cold air cases over specific
areas of southeastern South America, which are frequently affected
by frosts. The results from model simulations are compared to ob-
servations conducted during a period in the 20th century, to further
investigate the changes in frequency and intensity of cases in the
future climate. The observed cases are not expected to be repre-
sented in the simulations, still it is worth verifying if the models
have the ability to represent the frequency of cases during the peri-
od, and whether the number of cases are over or underestimated.
The evaluation of the models' behavior in the areas frequently af-
fected by frosts and the identification of changes in this behavior
are issues worth addressing so as to be aware of the models' limita-
tions and the degree of reliability of the results, as well as to alert
about future changes.

2. Data and methods

Three areas comprising Brazil, Uruguay, Paraguay and Argentina
were selected, with 5° lat x 5° lon: area 1 (52°W-57°W, 23°S-28°S),
area 2 (52°W-57°W, 28°S-33°S) and area 3 (65°W-60°W, 33°S-38°S)
(Fig. 1). These represent areas of frost risk in regions of large agricultural
production in southeastern South America. The observed daily mean
temperatures in those areas were obtained from the National Meteoro-
logical Service (Argentina), the National Meteorological Direction
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Fig. 1. Areas of analysis: area 1 (52°W-57°W, 23°S-28°S), area 2 (52°W-57°W, 28°S-
33°S) and area 3 (65°W-60°W, 33°S-38°S).

(Uruguay), the Hydrological and Meteorological Direction (Uruguay),
and CLARIS data (Tencer et al., 2011). The surface temperature at
station data was compared to the NCEP/NCAR 925 hPa reanalysis
data (Kalnay et al., 1996) in the period available for each area
using the meteorological station data of the three areas above par-
ticularized. The analyses of the 20th century period ranged from
May to September 1961 to 1990.

The model used to investigate the present and future cold air
intrusions was the Coupled Atmospheric and Oceanic Global Circu-
lation Model (AOGCM) from CMIP-3 integrations GFDL-CM2.0 (Geo-
physical Fluid Dynamics Laboratory/NOAA). The resolution of the
land and atmospheric components is 2° latitude-2.5° longitude;
and the atmospheric model has 24 vertical levels. The ocean resolu-
tion is 1° in latitude and longitude, with meridional resolution
equatorward of 30° becoming progressively finer, such that the me-
ridional resolution is 1/3° at the equator. There are 50 vertical levels
in the ocean, with 22 evenly spaced levels. More GFDL-CM2.0 infor-
mation is found in Delworth et al. (2006). For the future climate, the
experiment with SRES A2 scenario was taken from CMIP3 GFDL-
CM2.0 from May to September 2081-2100.

Several tests were conducted to define a criterion to select the
cases, and after analyzing the temperatures that normally occur in
cases of cold air intrusion in each of the three areas, the criterion was
based on temperature intervals, specific for each area (subtropical
and extratropical regions). The mean spatial temperature for each
area (considering the stations or the grid points inside a 5° lat x 5°
long area) had to lie in the intervals: T<0 °C; 0 °C< =T <25 °C;
25°C<=T<5°Cforareal; T<0°C;0°C< =T <25 °C for area 2;
and T < 0 °C for area 3. After applying this criterion, the cases were se-
lected with a minimum of 4 days apart. The criterion based on a 2.5 °C
temperature is commonly used as a frost reference in tropical regions
(Pezza and Ambrizzi, 2005). For each group, daily composites were
made for the first day of the event; and different variables were
employed for the mean and the anomaly field analysis. The select-
ed variables were SLP, zonal and meridional wind and temperature.
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Fig. 2. Interannual spatial and temporal (May to September) mean observed temperature at surface stations and NCEP/NCAR reanalysis at 925 hPainarea 1 (a), area 2 (b) and area 3 (c).

Composites anomalies were calculated with respect to the climato-
logical periods.

3. Results
3.1. Evaluation of model temperatures

The interannual (May-September) variability of temperature ob-
served in meteorological stations, NCEP/NCAR reanalysis and GFDL
model results is analyzed in Figs. 2-3 for each area. The timeseries of
925 hPa temperature reanalysis are in accordance with the variability
of observed data in area 1 (Fig. 2a) and 2 (Fig. 2b). As regards area 3, a
large agreement is noticed after 1975 (Fig. 2c). Therefore, the reanalysis
temperature was used to choose the cases of cold air intrusions over
southeastern South America, and to compare the reanalysis with the
model results at 925 hPa. Mean temperature timeseries at 925 hPa

simulated by GFDL model and those based on the reanalysis are illus-
trated in Fig. 3. In area 1 (Fig. 3a), GFDL overestimates the observed
temperatures for most years. However, in several years, the
model simulates the observed temperatures. In area 2 (Fig. 3b), a
few years of underestimated temperatures are noticed and in area
3 the model underestimates the observed temperature almost in
the whole period (Fig. 3c). These results are consistent with
Knutson et al. (2006) who reported, for the same model, that sim-
ulations in the period of 1871 to 2000 somehow tend to warm less
(more) than observations, particularly in the southern extratropics
(tropics).

This subjective analysis is reflected objectively in Table 1. In area 1,
the temperatures at 925 hPa from reanalysis vary from 16 °C to
19.5 °C during May-September, and average 17.6 °C (Table 1). GFDL
represents the minimum value of 16 °C, as in the reanalysis, and the
maximum value of 22 °C, with an average of 19.3 °C (Table 1). As for
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Fig. 3. Interannual spatial and temporal (May to September) mean temperature of NCEP/NCAR reanalysis and of GFDL model at 925 hPa in areas 1 (a), 2 (b) and 3 (c).

area 2, the temperatures at 925 hPa range from 11 °C to 15 °C, with an
average of 13.3 °C, in the reanalysis. GFDL simulates temperatures be-
tween 10 °C and 16 °C, with an average of 12.9 °C (Table 1). In
area 3, the mean values oscillate between 9 °C and 10 °C, with an
average of 10.3 °C for NCEP (Table 1). GFDL results reveal temper-
atures between 8 °C and 11 °C, with an average of 9 °C (Table 1).

Table 1
Spatial mean temperature at 925 hPa from May to September.
Area 1 Area 2 Area 3
NCEP 17.6 133 10.3
GFDL 19.3 129 9.0
GFDL future 232 153 111

Therefore, in average, the GFDL model tends to be warmer (colder)
at lower (higher) latitudes. The same table shows that for the fu-
ture climate, the model projects an increase of average temperature
in the three areas, but in area 1 the warming is larger compared to
the others.

The BIAS of model vs. reanalysis is not of the same order in every
month of the period under study, i.e, May to September, with an
RMSE that varies in each region depending on the month (Table 2).
The BIAS sign of GFDL vs. NCEP shows such variation, depending on
the area and the month. In area 1, the BIAS yields a positive (negative)
value during June to September (May), thereby indicating that GFDL
overestimated (underestimated) NCEP. Regarding area 2, during May
to July (August and September) GFDL underestimated (overestimated)
NCEP; whereas in area 3, the model underestimated the reanalysis from
May to August and overestimated in September. The model repre-
sents reasonably well the interannual variability, mainly in area 2.
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Table 2
NCEP vs. GFDL.

Month RMSE BIAS

Area 1

May 3.0 —0.2
June 29 0.5
July 33 2.0
August 39 3.2
September 25 13
Area 2

May 4.2 —29
June 34 —-13
July 2.9 —04
August 23 1.1
September 19 1.0
Area 3

May 4.7 —4.1
June 3.6 —2.0
July 31 —1.2
August 1.7 —0.1
September 2.1 0.9

In the other areas, although there are periods of overestimation
(area 1) and underestimation (area 3), there are some years with
similar temperatures. Table 3 also shows that the bias is small in
some months.

The annual cycle of temperature in each area shows similar
behavior in areas 2 and 3, a slight overestimation of temperature
in the second semester and a larger underestimation during the
first semester (Fig. 4b,c). In area 1 the temperatures are very
well simulated from February to May and overestimated from
June to January (Fig. 4a). Thus, the model simulates the monthly
temperature variations during the period of analysis, May to
September.

3.2. Frequency distribution of temperature in the present and future climate

Histograms of spatial average of daily temperature from May to
September are analyzed in the three areas using reanalysis, obser-
vations and the GFDL model for present and future climate (Figs. 5,
6 and 7 respectively). The reanalysis represents well the most fre-
quent temperature intervals in areas 1 and 2, but underestimates in
area 3 (Fig. 5). The frequency distribution according to GFDL shows
larger number of extremes (in both tails) than observation does in
every studied area, except in area 3 for the highest temperatures
(Fig. 6).

The model underestimates the most frequent range of tempera-
tures, i.e., towards the center of the histogram in the 3 areas. This
result is congruent with that provided in Fig. 3 for the interannual

Table 3
Number of cases from May to September (the whole period).

T<0°C 25°C<T<°0°C 25°C<T<5°C

Area 1 Reanalysis 1 1 16

GFDL present 2 12 39

GFDL future 0 0 7
Area 2 Reanalysis 1 25

GFDL present 29 87 -

GFDL future 0 12 -
Area 3 Reanalysis 30

GFDL present 103 - -

GFDL future 16 - -
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Fig. 4. Annual cycle of spatial mean temperature of NCEP/NCAR reanalysis and of GFDL
model at 925 hPa in areas 1 (a), 2 (b) and 3 (c).

variability of GFDL vs. NCEP temperatures in areas 2 and 3. Howev-
er in area 1, the model overestimates the annual mean reanalysis
temperature (Fig. 3a). The reason for this apparent inconsistency
is explained by the magnitude of the frequency at which the
highest temperatures of the GFDL model are above those of the ob-
servations, which are similar to NCEP (Figs. 5a, 6a). Even though
GFDL also overestimates the observed frequency of the highest
temperatures in area 2 (Fig. 6b), the proportion is considerably
smaller than for area 1. Towards the other end of the histogram,
GFDL overestimates observed lower temperatures, mainly in area
2 (Fig. 6).
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Fig. 5. Histograms of spatial mean temperature in areas 1 (a), 2 (b) and 3 (c) for the period
of 1964 to 1980. Blue columns represent observations and red columns represent NCEP/
NCAR reanalysis.

The frequency distribution of temperature according to the GFDL
model in the present versus future is displayed in Fig. 7. Comparing
the frequency distribution of future with respect to present climate,
the three areas of study show that the frequency distribution shifts to-
wards higher temperatures, which is consistent with the global
warming. This displacement is greater in area 1 if compared to areas 2
and 3. In area 1, the maximum frequency of occurrence in the present
climate is 22 °C, while, for the future, that maximum is 26 °C (Fig. 7a).
Area 2 displays the highest frequency of occurrence around 12 °C and
14 °C, while for the future is 14 °C. Yet temperature frequency above
this threshold increases in the future in relation to the present
(Fig. 7b). In area 3, the maximum frequency occurs for temperatures
of 10 °Cin the present and 12 °Cin the future (Fig. 7c) and higher tem-
peratures are more common in the future than in the present. As a mat-
ter of fact, below these respective threshold values in each area, the
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Fig. 6. Histograms of spatial mean temperature in areas 1 (a), 2 (b) and 3 (c) for the period
of 1964 to 1980. Blue columns represent observations and red columns represent GFDL
model.

temperature frequencies of occurrence are significantly lower in the fu-
ture than in the present climate. Consequently, the frequency of occur-
rence of cold air intrusion is substantially reduced in the future in all
areas.

3.3. Frequency of cold air intrusions in the present and future climate

This section deals with the frequency of cold air intrusions from May
to September in the three areas using the model and reanalysis results.
The frequencies are analyzed in each temperature interval of each area
(Tables 3 and 4).

Three temperature intervals were analyzed in area 1 (Table 3),
since temperatures are higher in this region than in the other two
regions located at higher latitudes. In this area, only one case of
temperature below zero was detected in the reanalysis and 2


image of Fig.�5
image of Fig.�6

LFA. Cavalcanti et al. / Global and Planetary Change 111 (2013) 31-42 37

a
00 u GFDL present
450 1 B GFDL future
400
> 350
= 300
Q
S 250
T
@ 200
(T8
150
100 ‘
° | |
0! - l_L I '
6 -4 -2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42
Mean Temperature °C
b 500
= GFDL present
450 | W GFDL future
400
3_ 350 -
= 300
S 250
T
L 200-
(T
150 -
100 - l I
P | |
ol —- | | J | -
6 -4 -2 0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42
Mean Temperature °C
C
500 = GFDL present
450 = GFDL future
400
3 350 1
c 300
E 250
T
E 200
150
100 l
" 1
ol-= L . i E NN BN ,‘,J,,-, -

% -4 -2 0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42
Mean Temperature °C

Fig. 7. Histograms of spatial mean temperature in areas 1 (a), 2 (b) and 3 (c). Blue
columns represent GFDL results for the period of 1961-1990 and red columns rep-
resent GFDL results for the future climate (2081-2100).

cases in GFDL model results. In the 0 °C-2.5 °C interval, one case
was identified in the reanalysis while GFDL showed 12 cases.
With respect to the 2.5 °C-5 °C interval, the number of cases in-
creased in the reanalysis to 16 and to 39 in GFDL, respectively.
Therefore, in area 1, the models simulated a higher frequency of
cases than observations did, taking into account that the reanalysis

Table 4
Frequency of cases from May to September.
Areal Area 2 Area3
(25°C<T<5°C) (25°C<T<0°0) (T<0°C)
NCEP 0.5/year 0.8/year 1/year
GFDL 1.3/year 2.9/year 34/year
GFDL future 0.4/year 0.6/year 0.8/year

was very close to the observed data. In the future climate projec-
tion, no cases of spatial average temperature below 2.5 °C were de-
tected in area 1 from May to September. In this area, the minimum
extreme temperature interval in the future climate simulation was
registered between 2.5 °C and 5 °C. In such interval, 7 cases were
identified in a 20-year period. The frequency was reduced from
1.3 cases/year in the control climate to 0.4 cases/year in the future
climate projections (Table 4).

With regard to area 2, two temperature intervals were analyzed
(Table 3). Only one case occurred with temperatures below zero in
the reanalysis, while GFDL simulates 29 cases. In the 0 °C-2.5 °Cin-
terval, the number of cases increased in the reanalysis and model
results, and the model also simulated a higher number of cases
than observations did. In this area, no cases of temperature below
0 °C were detected in the future climate projections. In the 0 °C-
2.5 °C interval, there were 12 cases in 20 years, with a frequency
of 0.6 cases/year, less than the frequency of the control period 2.9
cases/year (Table 4).

As it could be expected from area 3, the frequency of cold air in-
trusions with temperatures below zero is higher in this area than in
the other two (Table 3). The number of cases is also greater in GFDL
than in the reanalysis. As for the future climate projection, the
number of cases decreased to 16 in 20 years. Thus, the frequency
changed from 3.4 cases/year in the control to 0.8 cases/year in
the future (Table 4).

The results in Table 3 are in line with the analysis in Fig. 6, which
shows that the GFDL model overestimates observations regarding to
the number of low temperature cases. This is clearly reflected in the
number of cold air intrusions, yielding substantially higher values
for areas 2 and 3 in different selected intervals. Moreover, the re-
sults discussed above for the future climate (Fig. 7) are confirmed
in Table 3, where the number of cold air intrusion cases decreases
significantly to the point of not showing future events. That is the
case of area 1 at intervals of less than 2.5 °C and area 2 for the inter-
val below 0 °C. With respect to area 3, being further south, temper-
ature values even below 0 °C are obtained; however, the frequency
of cases in the future decreases significantly compared to the
present.

3.4. Mean atmospheric characteristics in the present and future climate in
cases of cold air intrusion

The large-scale characteristics associated with cases of cold air intru-
sions resulting from GFDL model for the present climate as compared to
those obtained from NCEP reanalysis were analyzed. The atmospheric
characteristics represented by the model in the present and future cli-
mate were analyzed in composites of cases identified in each region.
As the number of cases is smaller in the future projections than in the
present climate (Table 3), the smallest number was taken for the two
periods in each area. The limited number for the present climate was se-
lected by the smallest temperatures for each interval of the three areas.
The composites were performed with 7 cases identified in area 1 in the
2.5 °C-5.0 °Cinterval; 12 cases identified in area 2 in the 0 °C-2.5 °Cin-
terval, and 16 cases identified in area 3 with temperatures below 0 °C.
The patterns resulting from the composites of these events are
displayed in Fig. 8 for the reanalysis and Figs. 9, 10, and 11 for the
GFDL model.

The resulting patterns of the Sea Level Pressure (SLP), temperature
and wind fields at 925 hPa simulated by the model (Figs. 9-11 upper
row) are similar to the results obtained from the reanalysis in the differ-
ent areas (Fig. 8). The results agree with previous studies of Garreaud
(2000), Vera and Vigliarolo (2000), Miiller and Berri (2007), and
Miiller and Berri (2012). The simulated pressure values (Fig. 9a) are
generally of the same order as those from the reanalysis (Fig. 8a) as
well as SLP anomalies that appear well represented in the areas under
study.
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On the other hand, when comparing the GFDL model results of
both periods (present and future), the pressure values are similar
for both of them, but the anomalies extend to lower latitudes in
the future climate and are more intense in the analyzed areas
(Fig. 9a,d for area 1; Fig. 10a,d for area 2, and Fig. 11a,d for
area 3). The SLP field for area 1 presents a high pressure center
over northern Argentina yielding maximum values of 1030 hPa

in the present climate, which is consistent with the cold air intru-
sions (Fig. 9a). In the future composite, this center extends to
Paraguay, Uruguay and southern Brazil (Fig. 9d). Anomalies of
12 hPa over northern Argentina, in the control, extend to lower
latitudes as well. The maximum pressure associated with the
cold air intrusion in area 2 is 1025 hPa in the control (Fig. 10a)
and increases to 1030 hPa in the composite of the future projection
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Fig. 9. Composites of cases with spatial mean temperature between 2.5 °Cand 5.0 °Cinarea 1 for GFDL[1961-1990] (above) and future climate [2081-2100] (below) of SLP and anomalies

(a,d), 925 hPa temperature and anomalies (b,e), 925 hPa wind vector and magnitude (c,f).

(Fig. 10d). Anomalies of 12 hPa over southeastern Argentina, in
the control, also expand to Paraguay, Uruguay and southern
Brazil in the future projection. The center of high pressure
composite for area 3 in the control has a maximum value of
1025 hPa over southern Argentina and southern Chile (Fig. 11a).
In the future, the maximum value of high pressure is 1030 hPa
and the high pressure anomalies extend over lower latitudes of
Argentina (Fig. 11d).

Figs. 9b, 10b and 11b show that the simulated isotherms better
represent the reanalysis (Fig. 8) in areas 2 and 3 rather than area 1.
In the future scenario (Figs. 9e, 10e and 11e), more intense tem-
perature anomalies are projected over South America than in the
present climate. Negative temperature anomalies extend to lower
latitudes far beyond the composites of the present climate, imply-
ing stronger gradients. The composites for area 1 reveal the expan-
sion of negative temperature anomalies from the control to the
future climate projections, but also a temperature increase in Ama-
zonia, from 28 °C in the control to 32 °C in the future climate
(Fig. 9b,e). Negative anomalies intensify for the composite of
area 2 in the future projection and also the north-south gradient
(Fig. 10b,e). With respect to area 3, the temperature gradient
also increases and anomalies of —6 °C exist in large areas of
Argentina in the present (Fig. 11b), while anomalies of —9 °C ex-
tend to these areas in the future (Fig. 11e).

The 925 hPa wind fields present confluence over the ocean close to
South America (Fig. 8c), demonstrating the influence of frontal systems
on the cold air intrusion of the three cases, also represented by the
model (Figs. 9c¢, 10c, 11c¢). In the future, the southerly flow is stronger
and reaches lower latitudes than it does in the present time (Figs. 9f,
10f, 11f).

4. Conclusion

This paper aimed to investigate the coupled GFDL-CM2.0 model abil-
ity to simulate the frequency of cold air intrusions in the present climate
as well as the changes in the frequency of occurrence and atmospheric
characteristics in a future climate scenario.

The average temperature of the reanalysis is overestimated
(underestimated) by the GFDL model in area 1 (areas 2 and 3) because
the proportion of temperature frequency in the range of the highest
temperatures is considerably higher (lower) for the GFDL model. Never-
theless, the GFDL model overestimated the number of cold air intrusions
over southeastern South America in the period 1961-1990 in the three
regions.

Conversely, the frequency distribution of the spatial mean tempera-
ture in the three areas from the GFDL present climate is displaced to
the right in the future (to higher temperatures), which is consistent
with the global warming and indicates extremes shifting to higher
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Fig. 10. Composites of cases with temperature between 0 °C and 2.5 °C in area 2 for GFDL [1961-1990] (above) and future climate [2081-2100] (below) of SLP and anomalies (a,d),

925 hPa temperature and anomalies (b,e), 925 hPa wind vector and magnitude (c,f).

temperatures. In these areas, a smaller number of cases are simulated by
GFDL in the future projections in the three areas of southeastern South
America affected by frosts in the cold season of the present climate.
Even area 1 does not present any event in the future with temperatures
below 2.5 °C, and, area 2, below 0 °C.

The model represents well the configurations of atmospheric
fields in the composites of the three areas. Comparing the atmo-
spheric features simulated in the present and future periods, an
increase in the temperature gradient can be noticed over South
America, which is associated with warming in tropical South
America, stronger cold air intrusion and to the fact that the cold
air reaches lower latitudes in the future climate than it does in
the present climate. The high pressure centers related to the intru-
sions are also more intense and the temperature anomalies are
stronger in the future than they are in the present, mainly in
areas 2 and 3.

Indeed, an extended cold air intrusion in subtropical areas of South
America is simulated in the future projections compared to the present
climate simulation. However, fewer cases of cold air are simulated in the
defined threshold intervals in the future projections. The apparent in-
consistency is related to the same threshold intervals applied to the
present and future when the mean temperature has changed. Thus,
even in a future scenario when the mean temperature will be higher
than it is in the present and when a reduced number of cold air intru-
sions with the defined temperature threshold is projected to occur,
the systems would be more intense and the cold air would reach

lower latitudes in a stronger temperature gradient environment.
The future projections of fewer cold air intrusions over southeast-
ern South America but more intense systems featuring stronger
negative anomalies in the future climate would produce a strong
impact on agriculture.
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