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Decision-scale relevant climate information on climate change is needed to inform
policy and decision making but often involves high uncertainty. To enhance confi-
dence in interpreting regional climate projections, it is important to understand the
underlying physical processes driving the change. This study explores a methodol-
ogy to investigate climate change as a function of changes in frequency of synoptic
circulation. The approach examines how dynamically downscaled future climate
from two regional climate models (RCMs) from the Coordinated Regional Climate
Downscaling Experiment (CORDEX), driven with four general circulation models
(GCMs), can give rise to surface climate changes that differ from those of the driv-
ing GCMs. The study focuses on changes in precipitation and the circulation pro-
cesses driving the projected changes from the regional climate simulations. Despite
uncertainty in future projections, the RCMs and GCMs both show decreases in pre-
cipitation over most of southern Africa and suggest a reduction (increase) in the
frequency of circulation patterns associated with precipitation (no precipitation)
over the region. However, some contradictions are seen in the centre of the domain
for some ensemble members. This study shows that some of this disagreement in
precipitation projections between GCMs and RCMs is due to the inconsistencies in
the physical parameterizations of precipitation processes rather than inconsistences
in regional-scale circulation patterns.
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1 | INTRODUCTION

Southern Africa’s geographical location is governed by trop-
ical, subtropical and mid-latitudes synoptic systems. Sea-
sonal variability and location of these circulation features
and their interaction are the primary drivers of the regional
weather and climate, modulated by interactions with the sur-
rounding oceans and topography. It is therefore crucial to
understand how well climate models are simulating the rele-
vant atmospheric circulation processes and the projected

changes. General circulation models (GCMs) are the primary
tools used to provide such information. However, the spatial
scale of data from GCMs is coarse resolution (~250 km res-
olution) relative to many scales of vulnerability assessments
and decision making. In view of the need for regional detail,
downscaling of GCMs using regional climate models
(RCMs) is often utilized (Giorgi, 2006). RCM downscaling
is expected to add value (Di Luca et al., 2012; Pinto et al.,
2016) and may provide a better representation of the
regional climate than that of the global driving data, due to
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the RCM’s ability to resolve small-scale features (Di Luca
et al., 2012; Laprise et al., 2013; Dosio et al., 2015; Pinto
et al., 2016). However, projections from RCMs and GCMs
can contradict, particularly in the case of precipitation
(e.g., Saini et al., 2015). Aside from the issues of model
error and bias, a reason for the differences is that RCM’s
respond to drivers from the boundaries of the domain and
have some freedom to evolve a climate internal to the
domain that is different to the driving GCM (Knutti and
Sedlá�cek, 2012; Mariotti et al., 2014; Xie et al., 2014).
Additionally, some studies suggested that the different cli-
mate sensitivity between GCMs and RCMs is related to local
processes (Mariotti et al., 2011). Long-term changes in syn-
optic circulation events, especially on the daily timescale of
weather events, remains weakly explored, yet offers a valu-
able additional source of information to assess the robustness
and value of downscaled climate (Hewitson, 2010). The aim
of this study is to explore a method to help understand the
mechanisms or processes that are responsible for projected
changes and disagreements in precipitation in both RCMs
and GCMs.

2 | DATA AND METHODS

2.1 | Data

Data from two RCMs forced by four GCMs are analysed in
this paper. The two RCM simulations, the Rossby Center
(SMHI) regional climate model (RCA4) (Dieterich et al.,
2013) and the Consortium for Small-scale Modeling
(COSMO) Regional Climate Model (COSMO-CLM)
(Panitz et al., 2014) are from the Coordinated Regional Cli-
mate Downscaling Experiment (CORDEX)1 project
(Giorgi et al., 2009). The four GCMs are from the Coupled
Model Intercomparison Project Phase 5 (CMIP5) (Taylor
et al., 2012) global climate projections, namely, CNRM-
CM5, EC-EARTH, HadGEM2-ES and MPI-ESM-LR were
used as lateral boundary conditions (LBCs) for the two
RCMs. All CORDEX simulations are available at a grid
resolution of 0.44 × 0.44 over the same Africa domain. For
a more detailed description of the models the reader is
referred to Dieterich et al. (2013) and Panitz et al. (2014).
The GCMs projections are forced by the RCP8.5 concen-
tration scenario (representative concentration pathways)
(Moss et al., 2010). RCPs are prescribed greenhouse gas
concentration pathways through the 21st century, corre-
sponding to different radiative forcing stabilization levels
by the year 2100. RCP8.5 represents a high-level emission
scenario with a rising radiative forcing pathway to 8.5 W/
m2 in year 2100, equivalent to ~1,370 ppm CO2 (Moss
et al., 2010).

2.2 | Methods

The basic aim of synoptic climatology is to relate local or
regional climates to the large-scale atmospheric circulation
(Yarnal, 1993). This typically involves classifying atmo-
spheric circulation types and then relating a local response
variable (e.g., temperature and precipitation) to these circula-
tion types. In order to gain confidence in the simulated his-
torical climate and projected changes in extremes events, the
atmospheric circulation at synoptic scales is analysed. This
offers a valuable additional source of information to assess
the robustness and value of downscaled climate (Hewitson,
2010). A nonlinear classification method, the self-organising
maps (SOM), described in detail by Kohonen (2001) is used
to classify the regional atmospheric circulation. A review of
SOMs and the application to synoptic climatology have been
described in detail by Hewitson and Crane (2002). Other
applications include extreme climate events, GCM evalua-
tion, weather regime classification and season definition and
classification (Cazavos, 2000; Tennant and Hewitson, 2002;
Brown et al., 2010; Radic and Clarke, 2011; Lennard and
Hegerl, 2014). Detailed description on the SOM training
algorithm can be found in Sang et al. (2008).

The SOM reduces a high-dimensional data set into a
two-dimensional matrix of reference vectors (synoptic
states), or nodes (SOM map), which form a representative
subset of the variance in the larger data set. The nodes are
arranged in an array with similar types located adjacent to
each other in the two-dimensional ordered array, facilitating
interpretation of the range of representative synoptic types
and their relationship. The SOM solution is robust to choices
made in its application, with the resulting reference patters
on each node being an emergent property of the SOM
method. The nodes span the continuum of states represented
by the source data and offer a powerful means of visualizing
the continuum of the data space with distinct advantages in
interpreting underlying physical processes (Hewitson and
Crane, 2002).

The size of the SOM array determines the number of
synoptic states identified by the solution. The fewer the
number of nodes in the SOM array the more general each
node’s reference pattern will be, while with a greater number
of nodes a more detailed variation of states can be repre-
sented. The general overarching synoptic systems influenc-
ing the South African domain are described by Tyson and
Preston-White (2000) in eight primary circulation types. On
testing various sizes, a 20-node SOM patterns (5 × 4 array)
was selected to span the range of combinations of these syn-
optic systems for all seasons. The size of the SOM node is to
some degree a pragmatic choice, based on achieving an opti-
mal number of nodes where there are not too few resulting
in an inability to discriminate between relevant synoptic
states, neither too many so as to make identified states
redundant or the analysis too complex. The SOM solution is
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robust under varying sizes of the node array (Hewitson and
Crane, 2002).

The SOMs were trained with daily mean sea level pres-
sure (MSLP) from the combined GCMs, RCMs and the
European Centre for Medium-range Weather Forecasting
(ECMWF) ERA-Interim (ERAINT) Reanalysis (Dee et al.,
2011) fields, chosen in part due to its commonality across
the available data sets. Tyson et al. (1996) showed that
MSLP is a good proxy of the regional climate synoptic state.
The MSLP data were bilinearly interpolated onto a common
rectilinear 2� latitude/longitude grid. Prior to training the
data is standardized by the global mean and standard devia-
tion of the combined GCMs, RCMs and ERAINT data,
maintaining in this way individual model biases. By includ-
ing all the data in SOMs we ensure that the map that is cre-
ated spans the full range of circulation patterns present in all
the different data sets. The map created in this way is
referred to as the master SOM and represents the range of
atmospheric circulation patterns over southern Africa as seen
in the combination of data sets.

The study domain covers southern Africa from 9 S to
44 S. This latitude range includes synoptic weather system
of tropical, subtropical and mid-latitude origins. The longi-
tude range is from 6�E to 45�E and encompasses processes
from the oceans around the sub-continent. The procedure to
train the SOM begins with a random initialization of the
SOM array node vectors, followed by a two-step training
process with passes of 50,000 iterations each. For the first
training step the learning rate was set to 0.05 and the initial
radius of training area set to five which decreases linearly to
one during training, and serves to establish the broad distri-
bution of the synoptic patters across the SOM node array. In
the second training process the initial radius was set to three,
with a training rate of 0.025. The second training process
refines the characterization of synoptic states on the SOM
array.

3 | RESULTS AND DISCUSSION

3.1 | Precipitation projections

The ability of this set of RCMs to represent the observed
southern African precipitation characteristics was assessed
by Pinto et al. (2016). The authors showed that the RCMs
capture the precipitation characteristics over southern Africa;
however, biases exist and are found to be specific to individ-
ual models and regions. The authors also showed that pre-
cipitation was better simulated, that is, less bias in the RCMs
than the GCMs used as boundary conditions when compared
with observed gridded data set. Figure 1 shows the annual
precipitation change signal (2069–2098 minus 1976–2005)
for the RCMs and corresponding driving GCMs. Although a
general similarity between the precipitation change patterns
across the GCM and RCM experiments is evident,

individual model pairings exhibit quite different patterns of
precipitation changes. A common feature in the model
ensemble is the decrease of precipitation in the west part of
the subcontinent with the exception of the CNRM members,
where an increase of precipitation over the Atlantic Ocean
(AO) is observed in CNRM and propagated in the down-
scaled simulations. CCLM downscaling simulations of
changes in precipitation agrees with the driving GCMs with
the exception of CNRM over the subcontinent and the
Indian Ocean (IO). In the RCA4 downscaled simulations the
pattern of change is contrary to the driving GCMs for most
parts of southern Africa. Discrepancies between RCMs and
GCMs have also been found in previous studies
(e.g., Mariotti et al., 2011; Saeed et al., 2013; Coppola et al.,
2014). The multi-model ensemble mean of the RCMs shows
similar decrease in precipitation over southern Africa as in
the GCM multi-model mean (Sillmann et al., 2013; Pinto
et al., 2016).

3.2 | Synoptic systems in 20th century simulations

It is essential to have a good understanding of how RCMs
and GCMs perform over southern Africa under the present
climate before considering how they simulate atmospheric
circulation changes in the future. The master SOM of MSLP
is shown in Figure 2. It is overlain with the moisture trans-
port composites at 850 hPa from ERAINT reanalysis data to
aid in the interpretation. The archetypal modes of MSLP and
moisture transport describe the characteristic circulations
over southern Africa. Features of the low level circulation
can be seen through the MSLP patterns—these include the
conventionally recognized systems of the South Atlantic and
Indian anticyclone, mid-latitude westerlies, west coast
trough, coastal low and the continental high and the north-
east monsoon (Tyson and Preston-White, 2000). Similar
synoptic circulation patterns are clustered together across the
node space while more distinct types are further apart. The
circulation types that include continental troughs and to a
larger extent mid-latitudes troughs are in the left portion of
the SOM while the synoptic states characterized by broad
regions of high pressure are on the right side.

In the first two left columns of the SOM array, nodes
represent mid-latitudes troughs and continental troughs
extending down from the equator. These nodes represent cir-
culation patterns typical of austral summer (DJF) over the
region. The subtropical highs pressure systems are less dom-
inant and weaker in summer and are further south. The mois-
ture is typically transported into southern Africa domain
from the southwest IO and from the southeast tropical AO
(Reason et al., 2006) through the Angola low (Tyson and
Preston-White, 2000; Cook et al., 2004). The westerly mois-
ture from the AO converges with a warm moist air from the
IO in the heat low located over the interior of southern
Africa which result in ideal conditions for strong vertical
uplift and the formation of cloud bands (Todd and
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Washington, 1999). These features are commonly referred to
as tropical temperate trough (TTT) (Hart et al., 2013) and
contribute significantly to summer precipitation over south-
ern Africa (Harangozo and Harrison, 1983) including heavy
precipitation events (Hart et al., 2010). Over southern
Africa, a TTT is formed when an easterly low or wave at
surface combines with a westerly wave leading to the forma-
tion of northwest–southeast oriented cloud bands which
extend over both continental southern Africa and adjacent
southwest IO (Todd and Washington, 1999). Circulations
represented by node 16 and 17 suggest a linkage between
the mid-latitudes and subtropical low-pressure systems and
represent conditions favourable for the formation of TTT.
The high-pressure system located in the southwest of the
domain, results in a polewards displacement of frontal sys-
tems and dry summers over southwestern part of the West-
ern Cape Province of South Africa. The circulation types
represented in the middle column occur either in summer
and winter, however with less frequency compared with the
types represented in the two left columns of the SOM array.

Typical austral winter (JJA) circulation patterns for the
region are located at rightmost two columns of the SOM
map as the subtropical high pressure belts have migrated
equatorwards. The continental high is also discernible during
this time. These nodes are associated with ridging highs
from the AO, intense high pressure over the IO and the
strong westerly wave with associated cold frontal systems.
These cold fronts (nodes 18, 19, 20) are the primary rain-
bearing system along the southern coast and the southwest-
ern part of the Western Cape Province of South Africa
(Tyson and Preston-White, 2000). Nodes 3, 8 and 13 repre-
sent patterns of ridging high pressure system as the South
Atlantic High propagates eastwards. And this system con-
tributes to 46% of annual rainfall over Cape south coast
(Engelbrecht et al., 2015). The moisture flux in this region is
predominantly westerly, in contrast to the easterly flux expe-
rienced across the bulk of the subcontinent.

During austral autumn (MAM) and austral spring (SON)
transitions periods, synoptic situations typical of either win-
ter or summer can occur.

FIGURE 1 Projected annual mean precipitation changes (%) for the period of 2069–2098 under RCP8.5, relative to reference period 1976–2005. All the data
are interpolated to a common 2� resolution [Colour figure can be viewed at wileyonlinelibrary.com]
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Having derived characteristic circulation patterns, the
average climatological frequency of daily events on each
SOM node for the common period 1989–2005 is determined
for all ensemble members and shown in Figure 3. Frequen-
cies are expressed as a percent of days out of the total num-
ber of days in the data set that belong to a particular node.
Each bar represents the node frequency of occurrence of
synoptic patterns from each GCM (including ERAINT) pro-
viding boundary conditions, and the circle and cross repre-
sent the frequency of occurrence of CCLM and RCA,
respectively. The frequency of occurrence of each node
shows very different magnitudes for each ensemble member.
For ERAINT reanalysis, the frequency of occurrence of each
synoptic node shows a relatively flat distribution across the
node array. Relative to the ERAINT data, in most cases
CCLM has more of a tendency to overestimate DJF circula-
tion frequency and underestimate JJA frequencies when
compared with RCA4. The most striking inconsistencies in
the frequency of occurrence is seen in top right of SOM,
nodes 4, 5 and 10. The RCMs overestimate the frequency of
occurrence of these nodes when compared with the GCMs.
This over simulation of winter time circulations dominated

by high-pressure synoptics may be a function of the position
of the southernmost boundary of the CORDEX-Africa
domain which may retard the ability of the regional models
to develop mid-latitude troughs that move northwards
through this latitude (Kalognomou et al., 2013).

In order to further explore the differences in the fre-
quency of occurrence of synoptic circulation of the GCMs
and RCMs we have introduced the concept of agreement
maps. The agreement maps show the distribution of node
occurrence of RCMs on the SOM space when the GCM sim-
ulates a particular node (Figure 4). Figure 4a,b shows that
when CNRM-CM5 maps to for example node 16 (bottom
left), the RCMs maps to not only to node 16 but to other
nodes in the SOM space. This shows that for the present
period the RCMs are modifying the circulation from the
CNRM-CM5 boundary conditions. These show errors in
how RCMs differently propagate CNRM-CM5 variability at
the boundaries into the RCM’s domain (e.g., Endris et al.,
2016). On the contrary, EC-EARTH seems be in phase with
both RCMs (Figure 4c,d). This means that the GCM and
RCMs are simulating the same circulation patterns. How-
ever, a few differences are notable. For example when the

FIGURE 2 The 5 × 4 master SOM of mean sea level pressure (MSLP). Vectors represent moisture transport (units: g kg−1 m s−1) composite from ERAINT
reanalysis associated with each node. Node number is shown in the bottom left
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EC-EARTH simulates node 10, the RCMs simulates nodes
10 and adjacent nodes (e.g., node 5) indicating that the
RCM has to some measure modified the internal domain
synoptic pattern, although retaining the general system state.
This could explain why the RCMs are over simulating node
5 as seen in Figure 3. ERAINT, HadGEM2-ES and MPI-
ESM-LR show similar results as the EC-EARTH and are not
shown here.

3.3 | Future changes in synoptic systems

The change in synoptic circulation is defined as the differ-
ence in frequency of occurrence of synoptic circulation
between the simulated climate under future and current forc-
ings. Stationarity of climate dynamics is assumed; that is,

that the historical synoptic types continue to occur through-
out the 21st century and that the precipitation response is
nominally the same from these synoptic states. The stationar-
ity assumption is likely to become progressively more of a
concern into the far future, but for this analysis the assump-
tion allows for isolating the role of the changing occurrence
of synoptic states.

The difference in the number of days matching each syn-
optic type in the SOM map is shown in Figure 5 for the late
(2069–2098) 21st century relative to 1976–2005 under the
concentration pathway RCP8.5. On most nodes there is
agreement in the sign of change between GCMs and RCMs,
although magnitudes differ. In general the results show pro-
jected decreases in the frequency of occurrence of nodes in
the bottom left portions of the map. These are nodes that are
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frequent during DJF and are dominated by a thermal low
pressure trough over the continent.

Nodes that represent the passage of westerly troughs and
associated cold fronts are typical for JJA, and are also pro-
jected to decrease (nodes 18, 19, 20). These are synoptic cir-
culation systems that primarily contribute to precipitation
over the southwest and south parts of South Africa. Engel-
brecht et al. (2013) found a general decrease in the annual
frequency of occurrence of closed mid-latitude cyclones in
the westerlies which were associated with a general strength-
ening of the subsiding branch of the Hadley cell. This sug-
gests a decrease in circulation patterns that favour the
occurrence of precipitation over most of southern Africa.
Indeed, a decrease in precipitation over the winter precipita-
tion regions of South Africa is projected for the future cli-
mate (Engelbrecht et al., 2009; Pinto et al., 2016).

The increasing frequency of occurrence on nodes in
the top of the right of the SOM map implies an increase in
circulation patterns that are associated with dry states or
low precipitation events. A trend in the polewards dis-
placement of the dominant high pressure systems have
been found in previous studies as a response to the south
bound expansion of the tropical belt and Hadley circula-
tion (Seidel et al., 2008; Choi et al., 2014; Vizy and
Cook, 2016).

Changes in the frequency of occurrence of circulation
types produce commensurate change in the experienced sur-
face climate. Despite the model agreement in the changes in
the frequency of occurrence of circulation patterns over the
region, the model derived precipitation changes for each
node can differ. Figure 6 shows projected changes in model
precipitation associated with each SOM node. For example,
in node 16 both RCMs and GCM agree in the sign of change
in the frequency of circulation patterns; however, the precip-
itation has a different signal of change and patterns. In EC-
EARTH, results suggest an increase in precipitation over
most of east southern Africa, while RCA(EC-EARTH) sug-
gest an increase over the centre of the domain and northern
regions and CCLM suggest generally a drying trend. These
results suggest that disagreements in projected changes are
at least partly a result of how the RCMs and GCMs represent
sub-grid-scale processes (e.g., convection, clouds and pre-
cipitation) that give rise to the local-scale responses to circu-
lation patterns.

4 | SUMMARY AND CONCLUSIONS

In this study we compared the projected changes in precipi-
tation of individual GCMs with RCMs. Three out of the four

FIGURE 4 Frequency (%) distribution of RCMs nodes occurrence corresponding to each GCM node occurrence (agreement maps). Node number is shown
on top left
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GCMs showed a drying trend over much of southern Africa.
CCLM and RCA4 agree on the sign of change over much of
the region with the exception over the centre of the domain.
The centre of the domain coincides with the region of con-
vergence of the IO’s southeast trade winds and the recurved
South Atlantic air, or the Congo Air Boundary (CAB). And
this system brings widespread precipitation to the region,
which becomes heavy when it is associated with the Inter-
tropical Convergence Zone (ITCZ). The differences in the
sign of change in rainfall in the centre of the domain might
be related to deficiencies in the representation of convection
(e.g., Kyselý et al., 2016) in the CAB. Exploring the root
cause of the differences requires a thorough investigation of
issues related to convective parameterizations schemes and

is beyond the scope of this study. We also explored the
SOM method to help understand the mechanisms or pro-
cesses that are responsible for projected changes in precipita-
tion in both RCMs and GCMs. The 5 × 4 SOM developed
using all model data and ERAINT MSLP identifies the syn-
optic types that would be expected in southern Africa in all
of the seasons (e.g., Tyson and Preston-White, 2000).

The analysis of changes in the frequency of synoptic cir-
culation associated with precipitation has led to a better
understanding of the changes in the climate system that lead
to precipitation decline over southern Africa. In terms of
skill in simulating the climatological frequency of synoptic
systems, a large spread of winter types was observed
between models. Regarding changes in the frequency of
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FIGURE 5 Projected changes in the SOM node frequency for GCMs and RCMs over the periods 2069–2098 relative to 1976–2005 under RCP8.5. Node
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(a)

(b)

(c)

FIGURE 6 Composites of precipitation change associated with
each node (synoptic state) in the 5 × 4 master SOM for the
period of 2069–2098 under RCP8.5 scenario, relative to
reference period 1976–2005. Node number is shown on bottom
right [Colour figure can be viewed at wileyonlinelibrary.com]
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circulation patterns, the RCMs and GCMs project similar
changes in atmospheric circulation for this region. The pro-
jected changes in the atmospheric circulation of the above
results suggest a decrease in circulation patterns that favour
the occurrence of precipitation over most of southern Africa.
The results also suggest an increase in circulation patterns
that are associated with reduced precipitation events. In gen-
eral, these changes represent an increase in the frequency of
regional synoptic circulation states where the subtropical or
oceanic high-pressure systems dominate the region and pro-
duce conditions associated with dry conditions and a
decreased occurrence of patterns of continental lows and
mid-latitude lows. Since the atmospheric circulation is rela-
tively well simulated in both RCMs and GCMs (i.e., the
RCM and GCM are in phase regarding to circulation pat-
terns), the differences in the projected precipitation is due to
the representation of local sub-grid-scale parameterized pro-
cesses, such as convection and/or the representation of coast-
lines, rather than disagreements over their projection of
future atmospheric circulation. This means that the climate
change signal can be a local response dynamic rather than
circulation dynamic.

However, there are a number of caveats to consider. The
first is that the SOM based analysis only considered MSLP
in order to characterize circulation patterns. It is certainly
possible that important atmospheric processes that influence
local-scale precipitation responses are not reflected by
MSLP field but rather in upper air thermodynamic fields.
This is most likely in the interior of the continent though
could also be significant over ocean and coastal regions. Fur-
ther targeted modelling experiments and analyses would be
required to untangle and quantify the full range of factors
that contribute to differences in the sign of the change of pre-
cipitation over this region. The second caveat is that the
SOM node mean precipitation anomalies in Figure 6 have
not been analysed for statistical significance in any way.
Other work (e.g., Wolski et al., 2018) shows that there can
be high variance in the local-scale precipitation response
within each SOM node cluster. This would suggest that
anomalies as calculated in Figure 6 may indeed be insignifi-
cant relative to the underlying variance in precipitation
response.
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