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and total precipitation. In contrast with frequency of total 
precipitation, the frequency of frontal precipitation is well 
reproduced by the models, with the higher values located at 
the mid latitudes. The results suggest that models represent 
very well the dynamic forcing (fronts) and the frequency 
of frontal precipitation, though the amount of precipitation 
due to fronts is overestimated.

Keywords  Frontal activity · Precipitation · Present 
climate · CMIP5 models · Southern Hemisphere

1  Introduction

The atmospheric fronts are dynamic systems that control 
the day-to-day weather of the extratropical latitudes. The 
study of these systems is relevant since most of the pre-
cipitation that occurs at the mid and high latitudes of the 
Southern Hemisphere (SH) is associated with fronts (Catto 
et al. 2012). Under unstable atmospheric conditions fronts 
could be a dynamic mechanism that triggers convection 
and subsequent precipitation (Bjerknes and Solberg 1992; 
Browning and Roberts 1994). Moreover, it has been dem-
onstrated that the frontal activity variability exerts an influ-
ence on precipitation variability at different timescales. 
Blázquez and Solman (2016, 2017) studied the variability 
of frontal activity and its connection with the variability of 
the atmospheric circulation and precipitation in the SH for 
the austral winter using reanalysis. They found that the var-
iability of fronts at both the intraseasonal and interannual 
timescales exerts a strong control on the variability of pre-
cipitation, especially over the southern Pacific Ocean and 
South America.

Solman and Orlanski (2014) demonstrated that the 
moistening of the high latitudes and the drying of the 

Abstract  Wintertime fronts climatology and the rela-
tionship between fronts and precipitation as depicted by a 
group of CMIP5 models are evaluated over the Southern 
Hemisphere (SH). The frontal activity is represented by 
an index that takes into account the vorticity, the gradient 
of temperature and the specific humidity at the 850  hPa 
level. ERA-Interim reanalysis and GPCP datasets are used 
to assess the performance of the models in the present cli-
mate. Overall, it is found that the models can reproduce 
adequately the main features of frontal activity and front 
frequency over the SH. The total precipitation is overesti-
mated in most of the models, especially the maximum val-
ues over the mid latitudes. This overestimation could be 
related to the high values of precipitation frequency that are 
identified in some of the models evaluated. The relation-
ship between fronts and precipitation has also been evalu-
ated in terms of both frequency of frontal precipitation and 
percentage of precipitation due to fronts. In general terms, 
the models overestimate the proportion between frontal 
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mid-latitudes in the last 20  years in the SH are in agree-
ment with the frontal activity change. Hence, it is natural 
to question the extent to which future changes in frontal 
activity may impact on future precipitation. However, the 
first step to study climate change scenarios is to analyse 
the present climate conditions, particularly in terms of the 
capability of the models in capturing the main features of 
the synoptic-scale systems and the associated precipita-
tion. Several studies have focused on evaluating the abil-
ity of models in representing mid-latitude eddies. Among 
them, Chang et  al. (2013) have analysed the performance 
of a group global climate models belonging to the Cou-
pled Model Intercomparison Project Phase 3 (CMIP3) in 
representing the storm tracks over the SH. They found that 
most of the models represent adequately the equatoward 
migration and strengthening of the storm tracks during 
the cold season. Grieger et  al. (2014) explored the ability 
of a subset of climate models in representing extratropical 
cyclones in the SH and found that most of the individual 
models reproduce satisfactorily the main cyclone features, 
compared against reanalysis data. It is known that both 
cyclone activity and storm tracks are related with frontal 
systems (Bjerknes and Solberg 1992; Houze 2014; Berry 
et al. 2011). Even though, in the literature few authors have 
analysed the capability of climate models in representing 
fronts. Among them, Catto el al. (2014) explored the ability 
of 18 CMIP5 models in reproducing the spatial distribution 
of front frequency and intensity in the present climate on a 
global basis. They found that the model ensemble is able 
in reproducing both front strength and frequency compared 
with the ERA-Interim reanalysis dataset. However, they 
focus their analysis on the ensemble mean, without tak-
ing into account the behaviour of individual models; which 
would allow studying in depth the main differences among 
models.

On the other hand, several recent studies have focused on 
evaluating the capability of the models in reproducing sev-
eral precipitation features in different regions of the world. 
Particularly, Gulizia and Camilloni (2015) used CMIP3 and 
CMIP5 models to evaluate the representation of the mean 
precipitation over South America (SA) and found that some 
bias were reduced in the CMIP5 models over some regions 
of SA. Koutroulis et al. (2016) evaluated the performance 
of CMIP3 and CMIP5 models in representing daily pre-
cipitation metrics in the historical experiments over many 
regions of the world, including the SH. They found that 
the CMIP5 models represent better the intense events and 
the number of wet days compared with observational data-
sets compared with CMIP3 models. Mehran et  al. (2014) 
explored the performance of CMIP5 models in represent-
ing continental precipitation and they found that monthly 
precipitation is well represented by the models, but not the 
upper quantiles of the precipitation distribution. As was 

mentioned previously, precipitation in the mid-latitudes of 
the SH is strongly associated with frontal systems, thus, it 
is worth to evaluate the extent to which CMIP5 models are 
able of capturing the precipitation associated with fronts. 
Accordingly, the foci of this work are twofold: first, to ana-
lyse how climate models represent the fronts’ climatology 
over the SH and second, to explore the capability of a sub-
set of CMIP5 climate models in representing the relation-
ship between fronts and precipitation over the SH.

Since in a warming scenario the austral winter precipi-
tation is projected to change over the SH (IPCC 2013), a 
companion paper focuses on evaluating to what extent 
changes in precipitation are associated with changes in 
frontal systems. Accordingly, the two objectives that are 
going to be achieved in this work are the starting point for 
studying the future projections.

This work is organized as follows: Sect. 2 describes the 
data and methodologies used in this study, results are pre-
sented in Sect. 3 and a summary of the results and the con-
clusions of the study are discussed in Sect. 4.

1.1 � Data and methodology

To study how climate models represent the climatology of 
fronts over the SH and its relationship with precipitation, 
a subset of CMIP5 global models were selected (Taylor 
et al. 2012). The model selection was based on two criteria: 
model performance and climate sensitivity. First, the per-
formance of CMIP5 models in terms of the representation 
of the interannual variability of the atmospheric circulation, 
as shown by Grainger et al. (2014), and the representation 
of mean precipitation discussed by Gulizia and Camilloni 
(2015), was identified with the aim of using observational 
constraints to reduce the uncertainty. Second, climate sen-
sitivity evaluated by Forster et  al. (2013) was taken into 
account with the aim of capturing the models’ spread and 
avoid using a large number of models. This issue was 
addressed because in a second part paper the future projec-
tions are going to be analysed. After evaluating the results 
from the referred literature, a subset of eight global models 
was selected (listed in Table 1). Daily data from the histori-
cal period 1979–2005 was used.

The model data was contrasted with the European Cen-
tre Medium Range Weather Forecasts (ECMWF), ERA-
Interim reanalysis (Simmons et al. 2007; Dee et al. 2011) 
with 1.5° resolution for the period (1979–2005) and with 
the Global Precipitation Climatology Project (GPCP) 
daily precipitation dataset (Huffman et  al. 2001), with 1° 
of resolution for the period (1997–2005). For this database 
a shorter period was used due to lack of daily data before 
1997.

To represent fronts the FIq index was used. This index 
was calculated as the product between monthly averages 
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of the daily horizontal gradient of temperature times the 
cyclonic relative vorticity at 850 hPa and the monthly mean 
specific humidity at the same level:

where the ( ) operator indicates the monthly mean. Note 
that the front definition requires the daily joint occurrence 
of a cyclonic system (represented by the cyclonic vorti-
city) and a thermal contrast (depicted by the temperature 
gradient). The presence of the humidity in the definition 
responds to the modulation of the intensity. With these var-
iables, the index definition is taking into account both the 
dynamic and the thermodynamic characteristics of a fron-
tal system. For the temperature gradient, values higher than 
1 °C/100 km are used to compute the index to account for 
a minimum thermal contrast associated with fronts, as dis-
cussed in Hewson (1998). The threshold was defined after 
performing a sensitivity analysis of the frontal systems cli-
matology to different values of this parameter. There are 
some authors that have used an index similar to FIq to rep-
resent frontal activity. The front index was first introduced 
by Solman and Orlanski (2010), who used the gradient of 
temperature and the cyclonic vorticity at 850  hPa to rep-
resent fronts. The same definition was then used in Sol-
man and Orlanski (2014) to analyse the observed changes 
in frontal activity during the last decades; Blázquez and 
Solman (2016, 2017), used the index to explore the intra-
seasonal and interannual variability of fronts, respectively. 
Solman and Orlanski (2016) introduced some modifications 
to the index by calculating the product between cyclonic 
vorticity and the specific humidity. Overall, the representa-
tion of fronts using these indices were found to be realistic. 

FIq = |
|∇T850 hPa

|
| × �

850 hPa
× q

850 hPa

Other authors have analysed fronts based on the wet bulb 
potential temperature (Hewson 1998; Berry et  al. 2011; 
Catto et al. 2012) and the main characteristics of fronts are 
similar to the results of the present study.

The study was performed for the austral extended win-
ter: May–August (MJJA), the period when the strongest 
relationship between fronts and precipitation is expected to 
occur in the SH.

2 � Results

2.1 � Characteristics of fronts

As was mentioned previously, one of the objectives of this 
work is to study the performance of the models in repre-
senting the climatology of the frontal activity; therefore, 
the seasonal mean of fronts, represented by the FIq index 
for the period (1979–2005) is shown in Fig. 1. The ERA-
Interim data presents the highest values between 60 and 
70ºS and relative maxima are located over mid-latitudes 
of the Atlantic and Indian Oceans. This configuration of 
the frontal activity matches with Solman and Orlanski 
(2014), who used an index similar to the FIq. The models 
represent the general characteristics of the frontal activ-
ity climatology, however some differences can be found. 
CSIRO-MK3.6.0, GFDL-ESM2G and MIROC5 models 
overestimate the maximum values of FIq. In particular, 
GFDL-ESM2G and MIROC show values that exceed by 
two or three times the reanalysis over some regions of the 
southern oceans. On the other hand, some models depict 
systematic underestimation of the frontal activity the lowest 
low values of FIq compared with ERA-Interim. Note also 

Table 1   CMIP5 models used in this study

Model name Institution (country) Resolution (°lat × °lon)

CanESM2 Canadian Centre for Climate Modelling and Analysis (Canada) Atm: 2.79 × 2.81
Oce: 0.93–1.14 × 1.41

CNRM-CM5 Centre National de Recherches Météorologiques, Centre Européen de Recherche et de Formation 
Avancée en Calcul Scientifique (France)

Atm: 1.4 × 1.41
Oce: rotated coordinates

CSIRO-Mk3.6.0 Commonwealth Scientific and Industrial Research Organization/Queensland Climate Change Cen-
tre of Excellence (Australia)

Atm: 1.87 × 1.86
Oce: 0.93–0.95 × 1.86

GFDL-ESM2G Geophysical Fluid Dynamics Laboratory (USA) Atm: 2 × 2
Oce: 0.36–0.5 × 1

IPSL-CM5A-LR Institut Pierre Simon Laplace (France) Atm: 1.9 × 3.75
Oce: rotated coordinates

MIROC5 Atmosphere and Ocean Research Institute (The University of Tokyo), National Institute for Envi-
ronmental Studies, and Japan Agency for Marine-Earth Science and Technology (Japan)

Atm: 1.4 × 1.4
Oce: 0.5 × 1.41

MPI-ESM-LR Max Planck Institute for Meteorology (Germany) Atm: 1.87 × 1.88
Oce: orthogonal curvi-

linear coordinates
NorESM1-M Bjerknes Centre for Climate Research, Norwegian Meteorological Institute (Norway) Atm: 1.89 × 2.5

Oce: rotated coordinates
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the local maxima over southeastern South America, south-
ern Africa and southeastern Australia captured by both 
reanalysis and models. These regions are characterized by 
strong frontal and synoptic-scale activity, as reported by 
Sinclair (1995). Based on a visual inspection, NorESM1-M 
and MPI-ESM-LR models seem to display the best agree-
ment with the reanalysis.

Not only the mean frontal activity is relevant, particu-
larly when the relationship between fronts and precipita-
tion is examined. Recall that fronts are defined on a daily 
basis and their relationship with precipitation also occurs 
on a daily basis. Accordingly, it is worth exploring the fre-
quency of the frontal activity as shown in Fig. 2. The ERA-
Interim reanalysis displays the maxima frontal activity 
frequency between 60 and 70ºS, reaching values between 

30 and 45% while in mid-latitudes only a 10–20% of the 
days are affected by a frontal system. Taking into account 
that the total number of days considered in the analysis 
is 3321 (27 extended winters), the total number of fronts 
that develop at mid-latitudes is approximately one front 
per week, a reasonable estimate for the SH (Simmonds 
et al. 2012). Using another definition of fronts Catto et al. 
(2014) and Simmonds et  al. (2012) found a similar struc-
ture of front frequency as depicted by the ERA-Interim rea-
nalysis. The models represent very well the frequency of 
fronts in most of the regions; however, some differences 
can be found at the mid-latitudes of the Pacific Ocean, 
where IPSL-CM5A-LR and GFDL-ESM2G overestimate 
the frequency of fronts and in the extratropical latitudes of 
the Atlantic and Indian Oceans, where CNMR-CM5 and 

Fig. 1   Seasonal mean frontal activity for the period 1979–2005 as depicted by CMIP5 models and the ERA-Interim reanalysis for austral win-
ter. Units are 1 × 10−13 °C/m/s
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NorESM1-M underestimate the number of days affected by 
fronts. Note also the local frontal frequency maxima over 
southeastern South America, southern Africa and New 
Zealand (Berry et  al. 2011), a feature well reproduced by 
almost every model.

Differences among models in both seasonal mean and 
frequency of fronts could be associated to the different spa-
tial resolution of the models, since the fronts are based on 
the cyclonic vorticity, which is strongly dependent on reso-
lution. Overall, it can be concluded that the main charac-
teristics of both the seasonal mean and frequency of fronts 
during the extended winter season in the SH are adequately 
represented by the set of global models selected in this 
study. This result agrees with Catto et al. (2014) who evalu-
ated the capability of a subset of CMIP5 GCMs in repro-
ducing the climatology of fronts on a global basis. They 

found that the multi-model ensemble mean produced a sim-
ilar frequency of fronts and a similar front strength, though 
some biases were identified in the front frequency maxima. 
However, it is worth to remark that the multi-model ensem-
ble mean may mask out the diversity in the performance of 
individual models. Inspection of individual model behav-
iour may lead to a better understanding of the relationship 
between fronts and precipitation, discussed below.

2.2 � Characteristics of precipitation

As was said previously, another objective of this paper 
is to analyse how climate models represent the relation-
ship between fronts and precipitation. First, the capabil-
ity of the models in reproducing the spatial distribution 
of winter precipitation is explored. The seasonal mean 

Fig. 2   Front frequency for the period 1979–2005 as depicted by CMIP5 models and the ERA-Interim reanalysis for austral winter. Units are %
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precipitation has been computed from the daily values 
larger than 1  mm/day. This threshold was considered 
because most of the selected models overestimate the 
number of days with light precipitation (not shown), 
which is a common shortcoming in every model (Dai 
2006). Other studies have also selected this threshold 
(e.g. Catto et al. 2015). In this case, not only the reanaly-
sis dataset was used but also GPCP. It is worth to remem-
ber that for the latter database, the average was done in a 
shorter period (1997–2005). In Fig.  3 GPCP and ERA-
Interim show a band of large precipitation values at mid-
latitudes, with maxima over the oceans, New Zealand, 
South-eastern South America (SESA) and the western 
coast of South America. GPCP dataset displays higher 
amounts of precipitation than ERA-Interim over most of 
the SH. Most of the models overestimate the maximums 

over the oceans. In particular, CNRM-CM5 and MIROC5 
display the largest values of winter precipitation com-
pared with ERA-Interim and GPCP over the Pacific, 
Atlantic and Indian oceans. This result matches with 
Catto et al. (2015), who showed that the ensemble mean 
of 18 CMIP5 models also overestimates the precipitation 
over the mid-latitudes of the SH oceans. Over New Zea-
land and the southern tip of South Africa an overestima-
tion of most of the models can be also observed. On the 
other hand, it can be noted that most models underesti-
mate the maximum over the SESA region, where winter 
precipitation is mainly associated with frontal systems 
(Garreaud et al. 2009). The general pattern of precipita-
tion reproduced by the models is in agreement with the 
multi model ensemble mean displayed in the last IPCC 
report (Flato et  al. 2013); however, the intensity is 

Fig. 3   Seasonal mean austral winter precipitation (larger than 1 mm/day) as depicted by CMIP5 models, the ERA-Interim reanalysis and GPCP. 
For models and reanalysis the average is calculated for the period 1979–2005 and for GPCP for the period 1997–2005. Units are mm/day
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overestimated by the models chosen in this study. Sun 
et al. (2006) evaluated the precipitation frequency in cli-
mate models and found that the frequency of light precip-
itation (between 1 and 10 mm/day) is overestimated. This 
behaviour could contribute to explain the overestimation 
of the mean precipitation in some regions of the domain. 
Therefore, to explore this issue Fig.  4 shows the fre-
quency of winter precipitation (note that only days with 
precipitation larger than 1 mm/day were considered). The 
reanalysis shows that between 60 and 75% of the days 
have precipitation at mid-latitudes, with peaks of 80–90% 
over the Indian Ocean. Over the continents, the maximum 
is located over the southern tip of Chile, where almost 
80% of the days exhibit precipitation larger than 1  mm/
day. On the other hand, the GPCP dataset shows values 

of frequency visibly lower than the reanalysis, although 
the mean precipitation were larger compared with ERA-
Interim (see Fig. 3). It is important to take into account 
that daily precipitation data from GPCP is available for a 
shorter period. Computing the frequency of wet days for 
ERA-Interim for the period 1997–2005, for which GPCP 
data is available, resulted in higher frequencies of pre-
cipitation compared those obtained for the longer period 
(1979–2005). Hence, the shorter period is not the reason 
of the differences between ERA-Interim and GPCP. This 
difference can be due to the reanalysis overestimates the 
frequency of wet days, and particularly overestimates the 
frequency of light precipitation events and underestimate 
the frequency of heavy precipitation events, as remarked 
by Herold et  al. (2016). Recall that precipitation is not 

Fig. 4   Frequency of days with precipitation (larger than 1 mm/day) 
for winter as depicted by CMIP5 models, the ERA-Interim reanalysis 
and GPCP dataset. For models and reanalysis the frequency is calcu-

lated for the period 1979–2005 and for GPCP for the period 1997–
2005. Units are %
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assimilated in the ERA-Interim reanalysis, consequently, 
precipitation from ERA-Interim is purely the result of 
model physics. Hence, precipitation from the ERA-
Interim reanalysis is expected to display some differences 
when compared with observational products, like GPCP, 
due to it is largely dependent on model parameterizations.

Most of the models overestimate the number of days 
with precipitation at the extratropical latitudes of the SH. 
CNRM-CM5, CSIRO-MK3.6.0, GFDL-ESM2G, IPSL-
CM5A-LR and MIROC5 show values near 75–90%, clearly 
these models simulate more days with precipitation than 
ERA-Interim and GPCP. In these models the overestima-
tion of the frequency of wet days may explain the overes-
timation of the mean precipitation, apparent from Fig.  3. 
This is a common shortcoming of most models, mainly due 
to they produce higher frequency of light rain (Pendergrass 

and Hartmann 2014). On the other hand, CanESM2, MPI-
ESM-LR and NorESM1-M display frequencies that goes 
from 60 to 75%, resembling the reanalysis dataset.

2.3 � Relationship between fronts and precipitation

In order to capture the relationship between fronts and pre-
cipitation, the correlation between the daily time series 
of frontal activity and precipitation at each grid point has 
been calculated. The results are displayed in Fig.  5. The 
ERA-Interim dataset displays positive values in most of 
the domain, as expected, with the largest correlation coef-
ficients (around 0.6) over the West Indian Ocean and the 
Atlantic Ocean. Over the continents, high values are found 
in the centre and south of Argentina, New Zealand and 
some regions of Australia. This result indicates that fronts 

Fig. 5   Daily correlation (unitless) between fronts and precipitation for the period 1979–2005 as depicted by CMIP5 models and the ERA-
Interim reanalysis for austral winter. Dots mean significant correlation values with a confidence level of 95% according to a Fisher test
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and precipitation have a strong relationship at the daily 
timescales in the ERA-Interim reanalysis in mid and high 
latitudes of the SH for the winter season. As the correlation 
coefficient is positive in almost the whole of the domain, 
it can be asseverated that the presence of a front implies 
most of the times a precipitation event. However, it is also 
important to highlight that not all the frontal systems are 
associated with precipitation; in fact some fronts can be 
categorized as dry fronts. Moreover, from the ERA-Interim 
reanalysis it is apparent from Fig.  5 that a maximum of 
36% of the daily precipitation variance can be associated 
with fronts. The models evaluated in this study display 
diverse capabilities in reproducing the correlation between 
fronts and precipitation. The majority of the climate mod-
els show higher correlation coefficients at mid and high 
latitudes, suggesting that fronts are more strongly linked 
with precipitation in the models than in the reanalysis. In 
particular, CNRM-CM5, CSIRO-Mk3.6.0, GFDL-ESM2G 
and MPI-ESM-LR models overestimate the correlation 
coefficients over most of the domain, and particularly over 
the Pacific Ocean, while CanESM2 and MIROC5 underes-
timate the correlation over the subtropics (between 30 and 
40ºS). Over the continental areas, most of the models dis-
play the highest correlation values over SESA, central and 
southern Argentina, New Zealand and some areas of Aus-
tralia, resembling the reanalysis dataset. The overestima-
tion (underestimation) of the correlation coefficients indi-
cates an overestimation (underestimation) of the percentage 
of the daily precipitation variance explained by fronts, sug-
gesting that the models tend to trigger precipitation events 
more (less) frequently than the reanalysis. This behaviour 
may explain the differences in precipitation frequency dis-
cussed from Fig. 4.

The analysis of Figs. 1 and 2 allows concluding that in 
general terms the frontal activity, in terms of both mean 
and frequency of fronts, is well represented by the sub-
set of CMIP5 models. On the other hand, the relationship 
between fronts and precipitation, quantified by means of the 
correlation coefficient, is also well reproduced by the mod-
els. However, the correlation accounts for the simultaneous 
occurrence of a frontal event and a precipitation event, but 
the precipitation amount associated with fronts cannot be 
quantified with this metric. In order to explore the extent 
to which the models can capture the fraction of precipita-
tion due to fronts, the proportion between frontal and total 
precipitation is calculated. To compute the frontal precipi-
tation, first a precipitation event larger than 1  mm/day is 
identified in a grid point and then if a front is detected in 
the same grid point or in any of the eight points around, 
then the precipitation is considered as frontal precipita-
tion. Results of the proportion of precipitation associated 
with fronts are displayed in Fig. 6. The reanalysis shows the 
highest values between 60 and 70ºS, where more than 60% 

of the precipitation is due to fronts. At mid-latitudes, the 
percentage ranges from 40 to 60%, with larger values over 
the Atlantic and Indian Oceans and smaller values over the 
Pacific Ocean, in agreement with Fig. 5. Over SESA, south-
eastern Africa, and New Zealand more than 60% of the 
total precipitation is due to frontal systems. These results 
agree with Catto et  al. (2012). Except MIROC5, all the 
models overestimate the proportion of frontal precipitation 
at high latitudes. Note that at mid-latitudes over the Pacific, 
the Atlantic and the Indian Oceans, where the largest total 
mean precipitation occurs (Fig.  3), most models overesti-
mate the mean precipitation and also overestimate the pre-
cipitation due to fronts, with exception of the MIROC5 and 
CNMR-CM5 models. The total amount of precipitation due 
to fronts is also overestimated by the models (not shown), 
in agreement with the behaviour discussed above. A frontal 
system is associated with a cyclonic vorticity centre at the 
lower levels of the atmosphere, which may trigger upward 
motion so that the overestimation of precipitation may be 
due to the overestimation of the amount of the large-scale 
precipitation.

Deficiencies in the representation of the frontal precipi-
tation may be due to deficiencies in the representation of 
the amount of precipitation associated with fronts and/or on 
deficiencies on the representation of the frequency of fron-
tal systems. From the analysis of Fig. 4 it was noted that the 
frequency of days with precipitation is overestimated at the 
extratropical latitudes of the SH. On the other hand, from 
the analysis of Fig.  2, it was found that the models ade-
quately reproduced the frequency of fronts over most of the 
SH. Thus to understand the differences highlighted in the 
analysis of the percentage of frontal precipitation (Fig. 6), 
the behaviour of the frequency of frontal precipitation is 
explored in Fig. 7. The ERA-Interim shows the maximum 
values (around 40%) at the high latitudes of the Pacific and 
the Indian Oceans. This pattern is consistent with the con-
figuration of the frequency of total precipitation (Fig.  4). 
Even though the models represent adequately the pattern of 
the frequency of frontal precipitation, there are some mod-
els that overestimate (CanESM2, GFDL-ESM2G, IPSL-
CM5A-LR, CSIRO-Mk3.6.0 and NorESM1-M) and others 
that underestimate the ERA-Interim values (CNRM-CM5 
and MIROC5) in some parts of the domain. By comparing 
Figs. 4 and 7, it can be seen that the frequency of frontal 
precipitation is better reproduced by the models than the 
frequency of total precipitation. Moreover, these figures 
suggest that the models overestimate the number of pre-
cipitation events not associated with frontal systems. These 
results also indicate that the models are able in reproduc-
ing the dynamic forcing (the fronts) and the associated 
precipitation events. Consequently, the deficiencies in the 
modelled precipitation may be due to the amount of pre-
cipitation associated to fronts is not well represented (not 
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shown), since the frequency of frontal precipitation is well 
captured by the models. This behaviour may be due to defi-
ciencies in the large-scale precipitation schemes.

3 � Summary and conclusions

The climatology of the frontal activity depicted by a group 
of eight CMIP5 models over the SH and the relationship 
between fronts and precipitation were evaluated in this 
study. The analysis was performed for the austral winter. 
The frontal activity was represented by an index that takes 
into account the vorticity, the temperature gradient and the 
specific humidity at the 850  hPa level. The CMIP5 mod-
els were compared with the ERA-Interim reanalysis for 

the period 1979–2005 and GPCP dataset for the period 
1997–2005.

The largest values of the wintertime frontal activity 
were found between 60 and 70°S and over the extratropi-
cal Atlantic and Indian Oceans. The models represent ade-
quately the mean configuration of fronts being NorESM1-
M and MPI-ESM-LR those with the largest agreement with 
observations. The front frequency from the ERA-Interim 
reanalysis dataset was found to range between 30 and 45% 
at the high latitudes (from 60 to 70°S) and between 10 and 
20% at mid-latitudes. The models could represent ade-
quately the rate of occurrence of fronts, even though IPSL-
CM5A-LR and GFDL-ESM2G overestimate the frequency 
at the mid-latitudes of the Pacific Ocean and CNMR-CM5A 
and NorESM1-M underestimate the frequency at the extrat-
ropical latitudes of the Atlantic and Indian Oceans.

Fig. 6   Proportion between total and frontal precipitation for the period 1979–2005 as depicted by CMIP5 models and ERA-Interim for austral 
winter. Units are %
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Summarizing, there is an overall agreement between 
models and the ERA-Interim reanalysis dataset on the 
representation of the mean and frequency of occurrence 
of fronts during the winter season on the SH both in 
terms of the spatial distribution and magnitude.

In general terms, the models can represent adequately 
the pattern of the mean precipitation, compared with the 
reanalysis; nevertheless, most of them overestimate the 
maximums located over the oceans and over New Zea-
land and southern South Africa. In terms of frequency 
it was found that most of the models (CNRM-CM5, 
CSIRO-MK3.6.0, GFDL-ESM2G, IPSL-CM5A-LR and 
MIROC5) overestimate the amount of days with pre-
cipitation larger than 1 mm/day, which could explain the 
overestimation of mean precipitation in some regions.

With the aim of exploring to what extent fronts and 
precipitation are related in climate models, the correla-
tion between the daily time series of fronts and pre-
cipitation at each grid point was analysed. From the 
ERA-Interim reanalysis it can be concluded that at mid-
latitudes a 36% of the daily precipitation variance can be 
related with fronts. The models showed the highest corre-
lation coefficients at the mid and high latitudes of the SH, 
displaying some differences compared with the ERA-
Interim dataset, especially over the oceans. Most of the 
models overestimate the correlation between fronts and 
precipitation, indicating that the models produce a larger 
percentage of precipitation variance associated with 
fronts compared with the reanalysis. Even though, the 
positive coefficients imply that the majority of the fronts 

Fig. 7   Frequency of frontal precipitation (larger than 1 mm/day) for the period 1979–2005 as depicted by CMIP5 models and ERA-Interim rea-
nalysis for austral winter. Units are %
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were associated with precipitation events in climate mod-
els. Taking into account this result and the outcome that 
the climatology of fronts is also well represented by the 
models, the proportion between winter frontal precipita-
tion and total precipitation was explored. It was found in 
the reanalysis dataset that more than 60% of the precipi-
tation is due to the frontal activity between 60 and 70°S 
and in some continental regions of the SH (SESA, south-
eastern Africa and New Zealand), whereas in most of the 
extratropical latitudes around 40% of the precipitation 
occurs in a presence of a front. In general terms, climate 
models agree with the reanalysis, although most of the 
models overestimate the fraction of precipitation due to 
fronts over most of the domain (with a few exceptions). 
Moreover, the overestimation of the mean precipitation 
may be due in part to the overestimation of the fraction 
of precipitation due to fronts. The rationale behind this 
statement is that though the models reproduce adequately 
the fronts, which provide the dynamical forcing for trig-
gering ascending motions in the atmosphere, the amount 
of associated precipitation may be overestimated by the 
microphysics scheme. This statement may be reinforced 
by the analysis of the frequency of frontal precipitation 
that showed that models are capable of reproducing both 
the spatial pattern and intensity of this metric. At mid lat-
itudes, both models and reanalysis depict frontal precipi-
tation more or less 30–40% of the days. In contrast with 
the total precipitation frequency, the frontal precipitation 
frequency is well represented by the models.

To summarize, despite some differences, the eight cli-
mate models chosen to study the frontal activity and its 
relationship with winter precipitation over the SH had a 
good performance in the present climate. This result may 
be useful to analyse the future projections of precipita-
tion, taking into account that models represent adequately 
the frontal systems and the number of precipitation 
events associated to fronts. However, the deficiencies 
in the large-scale precipitation parameterizations could 
be responsible for the inadequate representation of the 
amount of frontal precipitation. An ongoing study ana-
lyse this issue.
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