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Abstract The climate of a particular region is governed

by factors that may be remote, such as the El Nino

Southern Oscillation or local, such as topography. How-

ever, the daily weather characteristics of a region are

controlled by the synoptic-scale atmospheric state. There-

fore changes in the type, frequency, duration or intensity of

particular synoptic states over a region would result in

changes to the local weather and long-term climatology of

the region. The relationship between synoptic-scale circu-

lation and the rainfall response is examined for a 31-year

period at two stations in different rainfall regimes in South

Africa. Dominant rain-bearing synoptic circulations are

identified for austral winter and summer as mid-latitude

cyclones and convective systems respectively whereas no

circulations are dominantly associated with spring and

autumn rainfall. Over the 31-year period a statistically

significant increase in the frequency of characteristic

summer circulation modes is observed during summer,

winter and spring. During autumn a statistically significant

shift towards characteristically winter circulation modes is

evident. Seasonal rainfall trends computed at each station

corroborate those of the circulation data. Extreme rainfall

is associated with particular circulation modes and trends

in both circulation and station data show an earlier occur-

rence of extreme rainfall during the rainy season.

Keywords Self-organising maps � Circulation

archetypes � Rainfall response � Extreme rainfall �
Downscaling

1 Introduction

The weather in South Africa is conditional on both large-

scale teleconnective processes such as El Nino Southern

Oscillation (ENSO) and the Southern Annular Mode

(SAM) as well as the short-term regional synoptic state

(van Heerden et al. 1988; Jury et al. 1993; Mulenga et al.

2003; Reason and Rouault 2005). Whereas the telecon-

nective processes determine responses over longer time

scales (monthly to seasonal), the daily-scale phenomena

are a function of synoptic-scale forcing, which if strong

dominates the regional response or if weak facilitates local-

scale processes. For example, a deep mid-latitude cyclone

passing over the south-western parts of South Africa would

dominate the regional temperature, rainfall and wind

response whereas a weak, stagnating high-pressure system

over the region would facilitate smaller-scale processes

such as land and sea breezes. Southern African weather

regimes have been generalized into a number of weather

types by Harrison (1984), Taljaard (1995) and Tyson and

Preston-Whyte (2000). These are summarized briefly

below to provide a context for this study. This summary

does not present all South African synoptic types and their

related regional weather expressions but is an overview to

contextualise the synoptic forcing of rainfall in two South

African cities, namely Cape Town and Johannesburg.

South Africa (SA) can be divided into regions that

experience three distinct rainfall regimes—(austral) sum-

mer or winter rainfall and a small region that receives rain

all year round. Responsible for this are four major synoptic
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regimes. The first is a semi-permanent high-pressure sys-

tem located over the subtropical extent of the country and

the oceans that border it to the east and west. This circu-

lation is a function of the descending limb of the large-

scale Hadley and Ferrel cells and is strongest during the

winter resulting in cold, clear and dry weather over the

interior of the country. Secondly, westerly baroclinic dis-

turbances in the mid-latitudes propagate as travelling

Rossby waves, which, during winter bring rainfall to the

south-western and southern regions of the country. If par-

ticularly deep, these frontal systems are associated with

extreme rainfall and gale force winds (Taljaard 1996).

Passing fronts may spawn cut-off lows that can be asso-

ciated with extreme rainfall (Taljaard 1985; Singleton and

Reason 2007; Favre et al. 2012). The third dominant cir-

culation type is a barotropic, quasi-stationary sub-tropical

easterly wave low-pressure that may also form a closed

low-pressure system over the interior of the country. This is

a thermal low that occurs in summer and facilitates con-

vective rainfall over the interior of the country. The low

may link with mid-latitude westerlies passing south of the

country to form tropical-extratropical cloud bands or

tropical-temperate troughs (TTTs), which occur primarily

during the summer and result in cloud bands that span the

north–south extent of the country. These are often associ-

ated with rainfall over large parts of the country. Extreme

rainfall is convective in nature in this region and occurs as

thunderstorm systems, ranging from single-cell storms

through to mesoscale convective systems (Laing and Frit-

sch 1993; Blamey and Reason 2009), closed mid-tropo-

spheric low-pressure systems (Dyson and van Heerden

2002) and tropical temperate troughs (Hart et al. 2010).

Lastly, south of the country transient mid-latitude anticy-

clones ridge eastwards from the south Atlantic to the south

Indian Oceans. During summer these ridging highs bring

dry, windy weather to the southwestern and southern

regions of the country whereas in the eastern parts, warm

moist air may be advected into the region increasing

chances of rainfall here. During winter these may follow in

the wake of cold fronts and advect cold air into the coastal

regions of the Western and Eastern Cape.

These large-scale synoptic regimes establish the envi-

ronment for the daily regional weather response. A

quantification of the large-scale forcing can thus facilitate

an investigation into the regional scale response on both

shorter weather time scales as well as longer climate time

scales. We quantify the large-scale synoptic forcing over

South Africa to investigate the relationship between these

and the rainfall response from gauge stations at Cape

Town International Airport and OR Tambo International

Airport near Johannesburg for 31 years between 1979 and

2009.

2 Methodology

A quantification of large-scale atmospheric forcing

involves the reduction of a large number of atmospheric

variables into a smaller set of data that should still repre-

sent the original data. For instance, rainfall is a function of

many variables (pressure, temperature, humidity, etc.) so

the relationship between these variables must be preserved

when relating synoptic-scale process to the local-scale

rainfall response. Self-organizing maps (Kohonen 1997)

are used to reduce multivariate atmospheric data into

generalized modes of synoptic-scale circulation over South

Africa. They are a form of artificial neural net that reduce

high-dimensional data space to produce a low-dimensional

(usually two-dimensional), discretized representation of the

input data and presents the major characteristics of the

multidimensional data distribution function as an array, or

map of data archetypes (Hewitson and Crane 2006).

We use self-organizing maps (SOMs) to categorize

31 years of daily atmospheric data over South Africa into a

number of archetypal circulation modes. The relationship

between these circulation modes and the local-scale rainfall

response is then investigated at the Cape Town and

Johannesburg stations. Daily rainfall at these stations is

associated with circulation archetypes after which trends in

the frequency of occurrence of each archetype and daily

rainfall are investigated using a bootstrapping methodol-

ogy. The bootstrapping tests for statistical significance of

the trends over the 31-year period with the number of

bootstrap replicates being set to 1,000. Using the linear

regression of each bootstrapped replicate a histogram of the

slopes of the linear regressions is generated. This forms a

normal distribution for regression slopes from which the

95th percentile is determined. The slope of the regression

of the actual data is placed within the normal distribution

and if it falls above the 95th percentile the trend is con-

sidered significant. This type of significance testing has

been applied elsewhere. For example, Chu and Wang

(1997) test for differences in tropical cyclone occurrences

during El Nino and La Nina years; Sardeshmukh et al.

(2000) show evidence of significant systematic changes of

spread in the standard deviation of the 500 hPa geopoten-

tial height induced by ENSO and Xu (2006) uses boot-

strapping to calculate the statistical significance level

between three distance statistics. This last paper also pre-

sents a number of other studies that use this type of

methodology and the interested reader is referred here. We

investigate trends seasonally to capture any seasonal shifts

in rainfall at each station.

Finally, synoptic drivers of extreme rainfall at the two

stations is briefly examined. In South Africa, particular

circulations or interactions between different circulations
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can produce extreme rainfall which causes flooding that

often results in fatalities, damage to or loss of property and

crops (Edwards 1997; Crimp and Mason 1999; Fraser

2006). We define extreme rainfall as the 95th percentile

threshold in the respective station records throughout the

31-year period. Seasonal assessments are again carried out

to preserve any seasonal shifts there may be in extreme

rainfall.

2.1 Self-organizing maps

The SOM technique is useful for abstraction, clustering and

visualization of multi-dimensional data. Self-organizing

maps are preferred over other weather classification tech-

niques as SOMs treat the data as a continuum whereas most

classical weather discretization processes rely on some

form of correlation, cluster, and/or eigenfunction analysis.

Hewitson and Crane (2002) suggest a major problem

underlying these traditional approaches to synoptic classi-

fication is the premise that the continuum of weather states

may be effectively divided into a small number of cate-

gories with clear, discernible boundaries. They point out

that in doing so much information is inherently subsumed

by the degree of generalization needed to achieve good

first-order insight into the basic characteristics of the cli-

mate system. Self-organizing maps, however, have an

advantage in that they span the entire multi-dimensional

data space and attempt to find points in measurement space

that are representative of the data space. They are able to

capture the non-linear characteristics of the data and pre-

serve quantitative relationships between the atmosphere

and local surface variables. Although not primarily a

clustering technique, the end result can be directly/physi-

cally interpreted as an array of atmospheric states, unlike,

for example the principal component analysis (PCA)

approach that produces patterns of variance rather than

direct physical states of the atmosphere (Reusch et al.

2005, 2007). Furthermore, Liu et al. (2006) found SOMS

extracted known patterns in data whereas empirical

orthogonal functional analysis did not. Although a detailed

description of the SOM methodology is available in Ko-

honen (1997), below we summarise the technique as used

in this study for the convenience of the reader.

This technique classifies input data into a predefined

number of reference patterns or modes using an unsuper-

vised artificial neural net (ANN). The ANN facilitates a

non-linear projection of the probability density function of

high-dimensional input data onto a two-dimensional array

of nodes while still spanning the full continuum of the data

space. The SOM identifies nodes within a given data space

such that the nodal distribution fully represents the

observed distribution, providing a means for data to be

generalized into a number of arch-types. The main

advantage of the SOM technique is that it can be applied to

non-linear data (such as the continuum of atmospheric

conditions) and it does not force orthogonality, as for

example in PCA. The application of SOMs to atmospheric

circulation reduces the degrees of freedom in the data by

forming archetypal circulations and facilitates the identi-

fication of dominant modes of circulation within the data

set.

The SOM architecture is comprised of an output layer of

nodes in a single or multi-dimensional lattice, which can be

arranged in a rectangular or hexagonal topology. The

rectangular lattice is used as it facilitates easier visual

display and analysis, although the choice of lattice has little

effect on the end product (Openshaw 1994). The SOM

software used is SOM_PAK version 3.11 that has three

distinct stages in the data mapping routine.

The first stage is to set up the size of the SOM and how

it is initially distributed amongst the multidimensional

data. The size of the map is chosen subjectively according

to the degree of generalization desired and has a strong

bearing on the range of synoptic situations represented. A

fewer number of nodes in the SOM array would result in

more generalized circulation archetypes while a greater

number of nodes would represent a wider range of circu-

lations. South African synoptic systems have been gen-

eralized into eight primary circulation types (Tyson and

Preston-Whyte 2000). On testing various sizes a 12-node

SOM was selected that adequately represent all the

expected synoptic types that cause rainfall at the two sta-

tions. Once the SOM size (number of nodes) has been

decided, a random distribution of the nodes within the data

is defined during which the reference vectors of the map

are initialized with either random or linear values. In the

latter, reference vectors undergo an orderly initialization

along a two-dimensional subspace spanned by the two

principal eigenvectors of the input data vectors. The former

allocates random numbers to the reference vectors equally

across the data space and was used here. Both initializa-

tions are equally effective, although more care needs to be

taken with input data preparation when using the latter.

The second stage is the map training process. The choice

of predictor (training) variables has been shown to be

critical to capture climatic variation by Hewitson and

Crane (1994) and Cavazos and Hewitson (2005). These

studies identified mid-tropospheric circulation was the

most relevant predictor of daily rainfall followed by

humidity fields. The most relevant surface predictor iden-

tified was sea level pressure, which is also useful for the

assessment of surface weather characteristics. The fol-

lowing training variables are used to capture the regional

1 Software and documentation available online at http://www.cis.hut.

fi/research/som_lvq_pak.shtml.
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atmospheric circulation as well as moisture and heat

transport: mean sea level pressure, 500 hPa geopotential

height level, relative and specific humidity at the surface

and at 700 hPa, daily maximum temperature at the surface,

U- and V- wind components at the surface and at 700 hPa.

Training data are the NCEP–NCAR global reanalysis data

set having a resolution of 2.5� 9 2.5� (Kalnay et al. 1996).

Thirty-one years (1979–2009) of daily data are extracted

for a domain over South Africa whose latitudinal extent

captures synoptic circulations from the sub-tropics to the

mid-latitudes and whose longitudinal extent captures the

evolution and translation of mid-latitude cyclones. We

restrict the period to post-1979 because over southern

African the quality of reanalysis data prior to 1979 has

been shown to be problematic—an absence of observa-

tional data in the Southern Oceans pre-1979 influences the

accuracy of recreated reanalysis circulation fields (Kistler

et al. 2001; Tennant 2004). This is especially relevant when

changes and trends in circulation patterns are considered

(Malherbe et al. 2011). The resultant domain stretched

from 25�S–40�S and 10�E–34.5�E and consisted of 11 9 7

grid cells. Training data are standardized to preserve the

local gradients in each field. This resulted in each daily

atmospheric state over the region being represented by an

847-element vector, which forms the training data for the

SOM. Although it is possible to over-fit training data in a

SOM, as can be done with other statistical techniques, this

is not considered to be problematic where simple explo-

ration of the data space is the goal. Lampinen and Kos-

tiainen (1999) show that searching for the best fit to the

training data is ‘‘reasonable’’ for data analysis and visual-

ization if all the data are assessed and phenomenological

aspects of the data are relevant. Even when random noise is

added to training data, the SOM is still capable of identi-

fying essential patterns in the data (Liu et al. 2006).

Overfitting may become problematic in studies that assess

dependencies within the training data (Lampinen and

Kostiainen 2000). It can be argued that using multivariate

training data is desirable because it gives greater clarity to

the dominant circulation modes.

Training the SOM is an iterative process in which the

weights on a node are adjusted toward the training vectors

such that they span the variance structure of the data space.

During this process, the node whose weight matches the

input vector most closely (having a minimum Euclidian

distance between node vector and data vector) is chosen as

the ‘winning’ node for the particular vector. Unlike most

clustering techniques, not only is the winning node updated

but the nodes surrounding the winning node also benefit

from the learning process by adjusting their weights such

that each vector converges to the input pattern. These form

an update neighbourhood, at whose centre the winning

node lies. Two important parameters are set in this process,

namely the radius of influence and the learning rate. The

radius of influence determines how many nodes sur-

rounding the winning node are updated and can be thought

of as the ‘‘stiffness’’ of the SOM. This parameter should

start off quite high to ensure that the topology of the map is

maintained strongly while it aligns itself with the data—if a

value set too low at this stage it may cause various types of

error on the map (Kohonen 1997; Clothiaux and Bachmann

1994). With each iteration the radius of influence is slowly

reduced to unity to allow individual nodes the freedom to

achieve a final stable position within the data space. The

learning rate determines how quickly the weights move

towards the data points. Should this parameter be set too

high, so that the map moves rapidly towards the data dis-

tribution, it may lead to an unstable solution, while too

small a learning rate results in the analysis taking longer to

converge on a solution. However, the computational needs

of the SOM analysis are modest so a small learning rate is

usually set and an arbitrarily large number of iterations are

made. The learning rate decreases to almost zero towards

the end of the training to allow the map to stabilise and

settle on a final solution. The vectors adjust during the

iterative training process such that they span the whole data

space (unlike other clustering techniques) where the num-

ber of iterations is chosen such that final convergence (the

fine adjustments of the nodes in the data space) can be

achieved by the end of the training.

A two-phase training process was employed in which

the initial phase first developed a broad-base mapping of

the SOM (the map order is established) and the second

phase developed the finer aspects of the array to capture the

map’s final convergence. In the first training phase the

radius of influence is set to 1.0, the learning rate to 0.1 and

the number of iterations to 100,000. In the second, refining

phase, the radius of influence is again set to 1.0 (due to the

relatively small size of the SOM), the learning rate to 0.01

and the number of iterations to 500,000.

The result of the training is a two-dimensional map of

nodes whose weight vectors span the data space continuum

as represented by the input data. Each node represents a

position that is the approximate mean of the nearby data

samples, the archetypal points in the data space. This

procedure places nodes most dissimilar from each other

furthest from each other and locates nodes most similar to

each other closely. During this procedure, archetypes that

span the data space are identified such that the two diag-

onals of the node array are analogous to the first two

principal components of the data, although they are not

necessarily orthogonal to each other. The nodes in between

represent the transition states between these (Hewitson and

Crane 2002). For rainfall data this would result in the one

axis capturing the very dry to very wet states and the

second axis spatial variation in the dominant rainfall
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patterns. For sea level pressure, one axis would capture the

dominating high-pressure to dominating low-pressure sys-

tems and the second axis the spatial variation in pressure

states across the region.

The third stage of the process evaluates the quantization

error in order to attain the best SOM. For each input vector,

the winning node is selected through an assessment of the

Euclidean distance to the node vectors. The shortest dis-

tance between nodes, or quantization error, is calculated

and the input vector is allocated to that node. In this way

each day in the 31-year time period can be associated with

a particular node. The best SOM is attained when the

minimum average Euclidean distance is obtained (the

smallest average quantization error). Detection of error in

the SOM can be monitored easily through the use of

Sammon maps (1969). Sammon maps use a non-linear

mapping technique that maps high dimensional data space

to a lower dimensional data space whilst maintaining the

structure of the data. This is done by creating a two-

dimensional image of the reference vectors where distance

between the node vectors approximate the Euclidean dis-

tances in data space. We obtain a very ordered Sammon

map in the training of the SOM, which made for a robust

interpretation of nodal relationships (Fig. 1).

Once the average quantization error has been mini-

mized, the relationships between the predictor data and the

nodes can be investigated. Each individual data element

used in the training procedure is associated with the best

matching node in the map and used to create representative

archetypes of the data. Mean sea level pressure and

moisture flux are used as examples to demonstrate this

though any of the training variables could be displayed.

The 12 archetypal states produced by the SOM for the

31-year period shown in Fig. 2 are described in detail in

Sect. 3.1. Similar types of circulation are close to each

other in the SOM space and dissimilar circulations furthest

from each other, which is a characteristic of self-organizing

maps.

As each individual data element is associated with the

best matching node in the map, the individual quantization

error can be used for calculating the frequency that each

node is mapped to over the 31-year period. The mapping

frequency is relatively homogeneous across the map indi-

cating that days in the 31-year time period are evenly

distributed across the synoptic archetypes (Fig. 3). Of all

the days in the 31-year period 8.4 % mapped to node 1, a

circulation mode associated with a mid-latitude low-pres-

sure system to the south of the country, a high-pressure

system in the west of the domain and relatively high

pressure over the interior of the country.

In an additional step, daily station data can be associated

with corresponding SOM nodes. Station data from Cape

Town and OR Tambo International Airports are compared

with the SOM output to facilitate an examination of the

relationship between the circulation modes and the regional

weather expression as well as concurrent changes in the

two data sets.

3 Results

3.1 Synoptic archetypes

The archetypal modes of mean sea-level pressure (MSLP)

and moisture transport are used to describe the character-

istic circulations over the region (Fig. 2a, b), although,

where appropriate, additional training variables are men-

tioned in the text. In the bottom row of the SOM, nodes

represent a mid-latitude cyclone at lower latitudes and a

relatively high pressure and low 700 hPa specific humidity

(SH700) values over the interior of the country. These

nodes would generally represent days associated with the

passage of a cold front over the southern parts of the

country and node one also indicates a ridging anticyclone.

These circulation states represent typical (austral) winter

circulation patterns over the region. On the right hand side

of the SOM nodes 8, 9, 11 and 12 represent a low-pressure

trough and high SH700 values over the interior of the

country and a high-pressure system to the south of the

country. There is no evidence of mid-latitude cyclones in

these nodes and suggests these modes are typical of sum-

mer. Circulations represented by node 4 and to a lesser

degree node 5 suggest a linkage between the mid-latitudes

and subtropical low-pressure systems, which is also evident

Fig. 1 Sammon map showing the two-dimensional distribution of

SOM nodes within the data space after training. Each node would be

surrounded by a cloud of data points and the node would be a

representative archetype of those data points
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in node 4 in the SH700 field and may represent conditions

favourable for the formation of tropical-temperate troughs.

In nodes 4, 7 and 10 the SAHP is strongly evident with a

weaker low-pressure circulation over the interior and

would likely represent dry and windy conditions in the

southern parts of the country with some possibility of

convection over the interior.

Characteristically, the SOM places similar circulation

modes close to each other and dissimilar modes furthest

from each other. The SAHP circulations mapped to the

upper two rows of the SOM, deep subtropical low-pressure

systems to the left, mid-latitude cyclones primarily to

bottom row and deep subtropical modes to the top and

right. These groupings illustrate the ability of the SOM to

group seasonally similar circulations and made for a rela-

tively easy quantification of the characteristics of the sea-

sonal modes of circulation. This is important over South

Africa where weather is very seasonal and any changes in

the characteristics of seasonal synoptic circulations would

have local consequences.

However, it is possible to more accurately quantify

characteristic seasonal circulations using the trained SOM

as each day of the training data is associated with one of

the 12 characteristic modes of circulation. By extracting

seasonal data and passing it through the trained SOM we

are able assess the seasonal frequency mappings. The nodal

loadings for austral summer (December, January, Febru-

ary—DJF), winter (June, July, August—JJA), autumn

(March, April, May—MAM) and spring (September,

October, November—SON) are presented in Fig. 4. These

show the frequency (as a percentage) that each node was

mapped to in each respective season over the 31-year

period.

The majority of summer days map to nodes 5, 6, 8 and 9.

These nodes, grouped on the right hand side of the SOM,

are associated with the characteristic summer sub-tropical

easterly wave low that brings in rainfall over the interior of

the country. In nodes 8 and 9 a high-pressure system is

located in the south of the domain, which results in a

poleward displacement of frontal systems and dry summers

Fig. 2 a Archetypal sea level

pressure (shaded) and 500 hPa

geopotential heights (contours)

states for the 31-year time

period. b Archetypal states of

moisture transport at 700 hPa

for the 31-year time period

represented by specific humidity

(shaded) and wind vectors
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over the western parts of the country. These four nodes

exhibit correspondingly high SH700 values over the east-

ern and central parts of the country and high surface spe-

cific humidity values over the Agulhas region at the surface

(not shown). The airflow at these levels indicate moisture

advection from the warm Agulhas current into the interior

that would facilitate the potential for rainfall here (Tyson

and Preston Whyte 2000). Node 4 is also a frequently

mapped to node in summer—in this node a linkage

between the tropical low and mid-latitude circulations

indicate potential for the formation of tropical-temperate

troughs which bring rainfall over large parts of the interior

of the country.

The majority of winter days (almost 70 %) map to nodes

at the bottom of the SOM (nodes 1–3) and node 10. Nodes

1–3 are associated with cold fronts which are the primary

rain-bearing systems in the south-western and southern

parts of the country and node 10 is associated with ridging

SAHP which often follow cold fronts and introduce cold,

Fig. 2 continued

Fig. 3 Frequency mapping of days used in the training period to the

archetypal states as a percentage. Node numbering corresponds with

Fig. 2—the lower left square shows the frequency node 1 is mapped

to and similarly the top right square for node 12. This convention is

maintained throughout the paper
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polar air into the coastal regions. Over the interior of the

country, the sub-tropical low is only weakly evident in the

very north of the domain and in nodes 1, 2 and 3 is largely

replaced by a high-pressure system. These synoptic modes

would be associated with cold, dry conditions over the

interior. A typical winter synoptic sequence would be a

progression from nodes 3–2–1–10 over the period of about

2 days.

Nodes to which the highest percentage of autumn days

map are on the right of the SOM. These nodes consist of

both winter and summer circulation modes and when

moving up the column from nodes 3 to 12 identify a pro-

gressively deeper trough over the interior of the country

and replacement of frontal circulation with a relatively high

pressure. Although node 3 is most frequently mapped to,

autumn days map more homogeneously across the SOM so

the season would experience greater diversity in weather

than the summer and winter seasons.

Spring days map most frequently to the left and top of

the SOM. These nodes are all associated with the (ridging)

SAHP high to the west and south of the country and the

sub-tropical low over the interior to the north. Unlike

autumn, none of these nodes are associated with key

summer or winter circulation modes except node 10, which

was frequently mapped to in winter. As with autumn,

mapping across the SOM is more homogeneous than

summer and winter indicating spring days are more broadly

distributed across the SOM.

Given that the regional weather expression is forced by

the synoptic state, observed rainfall data would be expected

to corroborate the seasonal results obtained from the SOM

above. For example, if days that mapped to characteristic

winter nodes did not show much recorded rainfall in Cape

Town the SOM results should be questioned. In the next

section we use rainfall data from the Cape Town Interna-

tional Airport (CTIA) and OR Tambo International Airport

(ORTIA) near Johannesburg to verify the results of the

SOM.

3.2 Verification of SOM results

Daily rainfall data from the two stations are mapped to

corresponding nodes of the SOM to test the reliability of

the SOM output. Climatologically, Cape Town experiences

wet winters as a result of the passage of mid-latitude

cyclones and warm, dry summers as a result of the SAHP

(Fig. 5). Johannesburg experiences wet summers through a

convective rainfall regime as a result of the sub-tropical

easterly wave low and winters here are cold and dry,

caused by a quasi-stationary high-pressure system over the

interior of the country (Taljaard 1995; Tyson and Preston-

Whyte 2000). Rain days at each station can be mapped to

specific SOM nodes as each day of the training data is

associated with one of the 12 characteristic modes of cir-

culation. To this end, daily rainfall data from the stations

are indexed very simply as wet or dry where a wet day

received [1 mm of rainfall per day and a dry day \1 mm

and each day is then mapped to the appropriate SOM node.

3.2.1 Cape Town

Data from the CTIA had 70.9 % days indexed as dry,

17.3 % as wet and 11.8 % of the days had no data. Wet

days map primarily to nodes 1, 3 and 2 (Fig. 6, indicated

by the blue shaded area) and dry days did not map strongly

to any one particular node (Fig. 6, yellow shading). The

greatest percentage of days classified as wet map to nodes 1

and 3 (40.8 %) and to lesser degrees nodes 2 and 4

(25.3 %). This indicates that almost two-thirds of the wet

days at CTIA are associated with the passage of mid-lati-

tude cyclones over the area.

Fig. 4 Frequency mapping for summer (DJF), autumn (MAM),

winter (JJA) and spring (SON). Grid boxes represent the nodes as in

Fig. 2 and mappings are in percentages. For example, during the DJF

season 1.61 % of the days mapped to node 1 over the 31-year time

period
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The seasonal distribution of wet and dry days across the

SOM follows the seasonal frequency distribution evident in

Fig. 4. Figure 7 expands on Fig. 4 and presents the sea-

sonal mapping of wet and dry days to each node of the

SOM. From the station data it is computed that during

summer 91 % of the days at CTIA were dry over the

31-year period. When there were wet summer days, these

tended to be associated with circulations that indicated a

linkage between the tropical temperate region (nodes 5 and

6) or a ridging high following a cold front (node 4). During

winter, 33 % of the days were classified as wet and the

majority of these (81.7 %) map to nodes associated with

frontal circulations (nodes 1–3). During the shoulder sea-

sons, the largest proportion of wet days are associated

primarily with nodes 1–4 indicating that mid-latitude

cyclones are the primary source of wet days at Cape Town.

3.2.2 Johannesburg

Over the 31-year period 75.6 % of the days at ORTIA were

dry, 18.0 % were wet and there were no data for 6.4 % of

the days. Seasonally, the highest number of wet days occur

in summer and the most frequently mapped to nodes for

wet summer days are, in descending order 9, 5, 8 and 6

(Fig. 8). These nodes account for 55.7 % of wet summer

days. Circulation types associated with these nodes are the

sub-tropical easterly wave low at varying depths and spa-

tial extents (nodes 6, 8 and 9) and node 5 with a circulation

mode that exhibits a tropical-temperate linkage. Winter

days were primarily dry (only 3 % were classified as wet)

as a result of the high-pressure system over the region but

when wet days occurred these tended to be associated with

nodes on the left side of the SOM. During autumn, the

highest proportion of wet days map to nodes with a strong

sub-tropical circulation mode (nodes 12, 9, 8, 7) and node

4, which exhibits a well developed tropical-temperate

linkage. Wet autumn days are infrequently associated with

core winter circulation modes. The highest percentages of

wet spring days are associated with the same nodes as in

autumn. Rainfall at this summer station has been associated

primarily with convective synoptic states and TTT-like

circulations. Without cloud data it is not possible to verify

the TTT structure (see Hart et al. 2010).

3.3 Changes in the frequency of occurrence of synoptic

archetypes

Station rainfall data from two different weather regimes

corroborate the SOM description of circulation archetypes

as well as the SOM seasonal mapping. Given this, it should

be possible to relate nodal mapping frequency changes in

the SOM to changes to the local rainfall data. As each

Fig. 5 Monthly average rainfall

at the Cape Town and OR

Tambo International Airports

for the 31-year period

1979–2009
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synoptic archetype is associated with characteristic rainfall,

changes in the frequency of occurrence of an archetypal

synoptic state over time would be expected to have an

effect on the type of weather experienced over a particular

period. For example, if over time a fewer number of days

mapped to nodes 1, 2 and 3 during the winter months, it

would suggest that the number of wet winter days in Cape

Town have decreased. In this way, the SOM offers a means

to identify changes in the surface rainfall response through

an assessment of changes in the frequency of occurrence of

synoptic states.

Hope et al. (2006) conducted a similar study and

assessed the historic trend of synoptic circulations influ-

encing south-west Western Australia using SOM frequency

maps by dividing their study period into two time periods

and differencing them. They then relate the synoptic

changes to changes in rainfall over the region. Building on

this type of synoptic shift assessment, we assess trends in

the frequency of occurrence of synoptic modes over the

31-year period and trends in the frequency of wet days at

the two stations. We then relate these trends to each other.

Significance of the trends is computed using the boot-

strapping technique described in the Sect. 2.

Positive and negative frequency trends are evident across

the SOM for each season (Fig. 9). Nodes shaded blue indicate

a statistically significant decrease in the particular circulation

mode and red shaded nodes a statistically significant increase.

In summer there is an increase in two characteristic summer

circulation types, nodes 6 and 9, the latter which has (1) the

highest proportion of wet days at ORTIA associated with it

and (2) is also associated with wet summer days at CTIA.

There is a decrease in the frequency of circulation modes on

the left side of the SOM—two of these nodes (4 and 7) have a

relatively high proportion of wet summer days map to them at

both CTIA and ORTIA. There is a decrease in winter types of

circulation during DJF (nodes 1 and to a lesser degree nodes

10 and 11). This would suggest that in summer, fewer wet

days ought to have been recorded at CTIA over the 31-year

period, which on inspection of the station data was found to

be the case, however, this trend in the station data is not

statistically significant (Fig. 10a). At the Johannesburg sta-

tion, it would be expected that the increasing trend in syn-

optics associated with nodes 6 and 9 would be reflected in the

station data as an increase in the number of wet days in the

summer season. However, this is not the case. In fact, the

opposite is seen with a significant decreasing trend in the

number of wet summer days evident (Fig 10b). The reason

for this discrepancy is apparent when daily rainfall volumes

over the season are assessed. Daily rainfall volumes, mea-

sured as the ETCCDMI simple daily intensity index metric

(SDII), display a significant increase. This suggests that

increasing seasonal rainfall volumes are falling in a fewer

number of rain days, which has implications for rainfall

intensity characteristics in this region. This will be addressed

further in Sects. 3.4 and 3.5.

During winter six circulation modes record significant

increases and two significant decreases in their frequencies

of occurrence over the 31 years. Modes with increasing

trends include the four most frequently mapped to summer

nodes (5, 6, 8 and 9) while modes with decreasing trends

are the most frequently and fourth most frequently mapped

to winter nodes (nodes 3 and 10). These trends (increasing

summer and decreasing winter circulation modes) would

suggest fewer winter rainfall days in Cape Town. This is

reflected in the decreasing trend of wet days in the station

data, however, the trend is not significant (Fig. 10). The

non-significant nature of this trend suggests that the posi-

tive trends in nodes 4 and 7 offsets the negative trend of

circulation types associated with node 3. It should be noted

that node 10 is not associated with a high percentage of wet

days during JJA.

Fig. 6 Wet and dry day mapping at the Cape Town International

Airport. For each node the central number indicates the total

proportion of days that mapped to it over the 31-year period. In

blue (top left) is the nodal loading, as a percentage, of all wet days

that map to each particular node and in yellow (bottom right) the same

for dry days. Using node one as an example—over the 31-year period

8.3 % of all days map here, 20.4 % of all wet days and 5.3 % of all

dry days. Days with no data are excluded from this analysis
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During the transition seasons, only node 11 did not

display a significant change. The occurrence of core winter

circulations (nodes 1, 2 and 3) increased significantly

during MAM and decreased significantly during SON.

These circulation changes were reflected in the CTIA sta-

tion data where a significant increase in the number of wet

Fig. 7 Seasonal mapping at the

Cape Town International

Airport. The central number in

each node is the proportion of

days in the particular season that

map to that node over the

31 years. The top left number

(in the blue shaded region) is

the proportion of wet days in the

particular season that map to

each node and the bottom right

number (in the yellow shaded

region) the same but for dry

days. For example, considering

node 1 in the JJA season,

throughout the 31-year period

17.1 % of all JJA days map to

this node; of days that were wet

during JJA 29.2 % were

associated with circulations

represented by node 1 and

11.3 % of JJA dry days. In the

context of the full JJA SOM,

circulations associated with

nodes 1, 2 and 3 occur most

frequently in the season and are

also most frequently associated

with rain days. Days with

missing data were excluded

from this analysis

Relating changes in synoptic circulation to the surface rainfall response

123



days is recorded for MAM and a significant decrease in

SON. Significant decreases in the occurrence of summer

types of circulation were seen in MAM and the opposite in

SON. These changes are also reflected in the occurrence of

wet days at ORTIA where a significant decrease (increase)

in the number of wet days during MAM (SON) is recorded.

Fig. 8 Seasonal mapping at the

OR Tambo International

Airport. Interpretation is as for

Fig. 7
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In summary, trends in the frequency of occurrence of

particular synoptic types have been related to trends in

observed station data. Seasonal synoptic shifts are identi-

fied and matched against corresponding changes in station

data at CTIA and ORTIA. Thus circulation changes iden-

tified in the SOM have been related to changes in wet day

characteristics of the two stations examined. Is it now

possible to identify the synoptic drivers of extreme rainfall

and changes in these given the infrequent nature of

extremes? Extreme rain days, where extreme rainfall is

defined as 95th percentile rainfall, are identified in the

station record, circulation data for those days extracted

from the reanalysis data and then mapped onto the trained

SOM. This facilitates an assessment of the synoptic drivers

of extreme rainfall at each station.

3.4 Characteristics of extreme rainfall

At the CTIA the 95th percentile threshold for daily rainfall

between 1979 and 2009 was 19.8 mm and a total of

141 days recorded rainfall equal to or over this. The

majority of these days map to node 1 (41 days), which

together with nodes 2 and 3 account for 96 days, or 68 %

of all extreme rain days (Fig. 11). Seasonally, 76 extreme

rain days (54 %) occurred in JJA, of which 62 days map to

nodes 1, 2 and 3. In MAM 38 extreme rainfall days were

recorded (27 % of all extreme rain days) with similar node

loading characteristics as in JJA. These two seasons

account for 81 % of all extreme rain days at CTIA and the

rainfall is dominantly associated with frontal circulation

types. Spring extreme rainfall is also associated primarily

Fig. 9 Changes in the seasonal

node frequency mapping over

the 31-year time period. Nodes

shaded red (blue) experienced a

statistically significant increase

(decrease) in frequency of

occurrence over the 31-year

period. Unshaded nodes show

no statistically significant

change
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with nodes 1 and 2 where 10 of 20 extreme rain days map

here. Seven summer extreme rain days are associated with

core summer circulations (nodes 5, 6, 8 and 9) and only

1 day mapped to node 1. This would indicate that the

majority of extreme rainfall recorded at CTIA is associated

with frontal circulations during winter.

At ORTIA the 95th percentile threshold was 29 mm in a

day and a total of 137 days recorded rainfall equal to or

over this. The most frequently mapped to nodes are 8

(27 days) and 12 (25 days), which together account for

38 % of extreme rain days. Other nodes associated with

extreme rain are 9, 5 and 11. All of these circulation modes

exhibit a sub-tropical low-pressure system and high spe-

cific humidity values at 700 hPa in the north west of the

domain. Seasonally, half of all extreme rain days (69 days)

occurred in DJF and map to nodes 8 and 12 (15 days each),

node 5 (10 days) and nodes 6 and 9 (9 days each). All of

these nodes had a high proportion of wet days map to them

with the exception of node 6 (Fig. 8). During SON 36

extreme rain days were recorded and 25 of these mapped to

nodes 8, 9, 11 and 12. In MAM 32 extreme rain days were

recorded of which 20 map to nodes 7, 8, 9 and 4. No

extreme rain days were recorded in JJA. Extreme rainfall at

ORTIA is therefore primarily associated with a deep sub-

tropical low-pressure and moisture advection into the

interior from the east of the country during the summer

season.

3.5 Changes in extreme rainfall

Over the full 31-year period CTIA recorded a non-signif-

icant decrease in the number of extreme rain days. How-

ever, at the seasonal scale MAM recorded a significant

increase in the number of extreme rainfall days with cor-

responding significant increases in the frequency of

occurrence of nodes associated with extreme rain days,

namely nodes 1, 2 and 3 (Fig. 12a). This trend is put into

context if the 31-year period is divided into two periods,

the first a 16-year period from 1979 to 1994 and the second

a shorter 15-year period from 1995 to 2009. The difference

between the numbers of extreme rainfall events in the two

periods is then calculated. During 1979–1994, 14 extreme

rain days were recorded in MAM and of these three map to

node 5 and two each to nodes 1, 3 and 11 (Table 1). In the

15 years following 24 extreme rain days were recorded in

MAM that map primarily to nodes 1, 2 and 3. This almost

doubling of the number of extreme rain days in the latter

period is associated with an increase of up to 400 % in the

number of extreme rain days that map to nodes 1, 2 and 3.

The increasing occurrence of extreme rain days in MAM

coincides with the increasing frequency of occurrence of

winter rainfall modes seen in Sect. 3.4. This suggests that

extreme rainfall at CTIA may begin earlier in the rainy

season. During JJA (SON), a decrease of 16 (9) extreme

rainfall days was recorded in the 1995–2009 period com-

pared to 1979–1994. The combined 25 fewer days are

greater than the increase of 10 days during MAM and

results in the non-significant negative trend of extreme rain

days over all seasons at this station.

Over the full 31-year period a non-significant positive

trend in extreme rain days is evident at the ORTIA airport.

However, significantly positive trends are evident during

DJF and SON and a significantly negative trend in MAM

(Fig. 12b). During DJF 30 more extreme rainfall days are

Fig. 10 Seasonal trends in the occurrence of wet days in station data

at CTIA (top) and ORTIA (bottom) between 1979 and 2009. The

linear regression is bold red if statistically significant
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recorded between 1995 and 2009 (51) than 1979 and 1994

(21) and nodes 5, 8, 9 and 12 recorded the highest fre-

quency changes (Table 1). Mappings to nodes 5 and 9

quadrupled and to nodes 8 and 12 doubled. These nodes are

the most frequently mapped to nodes in the extreme rain

day analysis above. During SON 13 more days were

recorded in the latter period with the largest circulation

mode changes being those associated with nodes 11 and 8,

which respectively recorded 0 and 1 extreme rain days in

the former period and 6 and 5 in the latter. Node 5 is

associated with a weak linkage between the sub-tropics and

the mid-latitudes and nodes 8, 9 and 12 with the sub-

tropical low-pressure system. In these two seasons (SON &

DJF) no extreme rain days were associated with nodes 1–3.

The changing characteristics of these two seasons through

(1) the increased frequency of occurrence of nodes 5, 8, 9

and 12 synoptically and (2) the increase in the number of

days associated with extreme rainfall that map to these

nodes suggest that extreme rainfall has begun to occur

earlier in the rainy season and that the frequency of

extreme rainfall during the rain season has increased. This

echoes the results in Sect. 3.4 that suggest increasing

annual rainfall volumes and fewer rain days implying an

intensification of rainfall at this station.

Fig. 11 Nodal mapping of

extreme rain days at CTIA (top)

and ORTIA (bottom)
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4 Summary and discussion

The regional rainfall response to large scale synoptic

forcing is examined at two stations in South Africa using

self-organizing maps. The SOM identified characteristic

seasonal circulations for summer (subtropical low-pres-

sure) and winter (mid-latitude cyclone) while transition

seasons had a more homogenous circulation mapping. At

Cape Town International Airport the majority of wet days

are associated with winter frontal circulations and at OR

Tambo International Airport with summer convective cir-

culation types. Changes in the seasonal frequency of

occurrence of synoptic states are observed in all seasons. In

summer an increase in the frequency of key summer cir-

culation modes is evident and during winter a decrease in a

key winter mode of circulation is accompanied by an

increase in characteristically summer circulation modes.

During MAM an increase (decrease) in winter (summer)

circulation modes is evident and the opposite during SON.

The synoptic change is reflected in the station rainfall

records. At CTIA a significant positive (negative) trend in

MAM (SON) in the frequency of wet days is evident

suggesting an earlier occurrence of rainfall in the autumn.

At ORTIA these trends are opposite, suggesting an earlier

occurrence of rainfall in the spring. Extreme rainfall days

at CTIA are associated predominantly with frontal circu-

lation patterns whereas at ORTIA with easterly-wave low

types of circulations. Trends in extreme rainfall echo those

of wet days and indicate an earlier occurrence of extreme

rainfall in the rainy season at both stations.

Trends in rainfall over South Africa have been the

subject of a number of recent studies. Easterling et al.

(2000) and Groisman et al. (2005) found little change in

annual rainfall over the period 1906–1997 but did report an

increase in heavy precipitation in the southwest and eastern

parts of the country (see also Mason et al. 1999). Kruger

(2006) identified significant changes in certain ETCCDMI

precipitation metrics over some regions of SA between

1910 and 2004 but not at CTIA or ORTIA. Considering

extreme rainfall New et al. (2006) show a statistically

significant increase in the simple daily intensity index at

CTIA between 1961 and 2000 but non-significant increases

in other extreme rainfall indices. They show similar results

for a station near Pretoria, which would be representative

of the climate at the ORTIA station. Although Kruger

(2006) found no trends in extreme precipitation indices at

the two airports, Sen Roy and Rouault (2013) detected

neutral to weak positive trends in extreme precipitation

indices over the Johannesburg region during summer

(which they define as November to March) and weak

negative trends in the Cape Town region during winter

(defined as JJA). However, they use a relatively short

10-year period (1998–2007) so significance is difficult to

evaluate. Our results corroborate the work reported above

but more rigorously address the seasonality of rainfall

change. In the above papers, if seasons were examined,

only summer and winter were considered and the shoulder

seasons are overlooked. Although we also find no signifi-

cant changes in rainfall characteristics at the annual scale,

seasonally we find significant changes in wet day and

extreme rain day characteristics at both stations. There are

especially large changes in rainfall characteristics during

Fig. 12 Changes in the seasonal frequency of occurrence of extreme

rainfall at CTIA and ORTIA between 1979 and 2009. The linear

regression is bold red if statistically significant
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shoulder seasons, the consequences of which are important

to understand in a highly seasonal rainfall region that

depends heavily on rainfall for agriculture (Blignaut et al.

2009; Johnston et al. 2013). Additionally, we link observed

changes in the station record to changes in the synoptic

drivers and investigate the large-scale synoptic forcing of

the observed changes. Tadross et al. (2005) suggest the

increasing trend in rainfall during summer is a result of

convective processes and we find an increase in the fre-

quency of key summer circulation modes that would be

associated with convection. Engelbrecht et al. (2009)

attribute a declining trend in winter rainfall in the winter

rainfall region to more frequent formation of mid-level

highs and consequent subsidence, a more summer-like

feature in the region, which we also find.

One limitation of the way we implemented the SOM is

the large degree of generalization. Using only 12 nodes for

31 years of data means the SOM cannot resolve, for

example, closed low-pressure systems at the surface or in

the mid-troposphere. This would be especially important in

the case of extreme rainfall which is usually associated

with deep low-pressure systems like cut-off lows, closed

mid-tropospheric low-pressure systems and deep cold

fronts. To address this, however, a SOM could be trained

with circulation data extracted only for days that experi-

ence extreme rainfall to isolate the driving synoptics of

extreme rainfall. Furthermore, as heavy rainfall in summer

over South Africa is also caused by tropical weather sys-

tems frequenting Botswana and even southern Zambia and

Angola, expanding the SOM domain northwards could

help to isolate the contribution of these systems. This type

of assessment, in which we explore changes in the drivers

of extreme rainfall across South Africa, is currently being

carried out.

Table 1 The difference in

nodal frequency loading of the

number of extreme rain days

between the period 1979–1994

and 1995–2009 at the Cape

Town and OR Tambo

International Airport stations

In brackets next to each station

name is the 95th percentile

threshold, which is computed

from the full 31-year period

MAM JJA SON

1979–1994 1995–2009 1979–1994 1995–2009 1979–1994 1995–2009

Cape Town International Airport (19.8 mm)

Node1 2 8 12 13 5 0

Node2 1 4 11 6 4 1

Node3 2 5 17 3 1 0

Node4 1 3 1 3 1 0

Node5 3 1 0 0 0 1

Node6 1 0 0 1 0 0

Node7 1 1 2 1 1 2

Node8 0 1 0 0 0 0

Node9 1 0 0 0 2 1

Node10 0 0 2 2 0 0

Node11 2 1 1 1 1 0

Node12 0 0 0 0 0 0

Total 14 24 46 30 15 5

DJF MAM SON

1979–1994 1995–2009 1979–1994 1995–2009 1979–1994 1995–2009

ORT International Airport (29 mm)

Node1 0 0 1 1 0 0

Node2 0 0 0 1 0 0

Node3 0 0 0 0 0 0

Node4 0 2 5 0 1 1

Node5 2 8 3 0 1 3

Node6 3 6 0 0 0 0

Node7 1 1 4 1 1 2

Node8 5 10 5 1 1 5

Node9 2 7 3 1 2 4

Node10 0 0 1 0 2 0

Node11 2 5 2 0 0 6

Node12 5 10 3 0 3 4

Total 20 49 27 5 11 25
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This paper has demonstrated the ability of SOMs to

relate the synoptic drivers of rainfall to the observed

record, a process that effectively downscales large-scale

synoptic information to a higher resolution surface

response (Hewitson and Crane 1996). This method is a

relatively inexpensive downscaling tool compared to

other downscaling techniques, especially regional cli-

mate models, and is useful for assessing the effect

changes in atmospheric circulation characteristics might

have on a local surface response. This type of assess-

ment has been carried out over the south-west Western

Australia (SWWA) where Hope et al. (2006) linked a

decrease in observed rainfall during June and July to a

decrease in the number of low-pressure troughs and

other associated rain-bearing systems. Similarly, we for

example link an increase in the number of wet days and

extreme rain days during MAM at Cape Town airport to

an increase in the frequency of cold fronts in the region.

Linking the surface rainfall response to the driving

synoptics is desirable in the global modelling context

because general circulation models simulate regional

rainfall poorly, and regional-scale assessments using

GCM rainfall data are fraught with uncertainty, espe-

cially in regions of complex topography. Sylla et al.

(2012) and Cook and Vizy (2013) show that the sign of

projected rainfall change can change between the driv-

ing GCM and the downscaled product. However, GCMs

are able to capture large-scale synoptic fields reasonably

well. Hewitson and Crane (2006) analysed three CMIP3

GCMs and showed that even though there was large

intermodel disagreement in future rainfall projection, the

three GCMs projected similar changes in circulation

states. When downscaled over South Africa using a

SOM technique, the models converged on a similar

solution of increased summer rainfall over the interior

and decreased winter rainfall over the Western Cape.

Hope (2006) examined 5 CMIP3 GCMs (2 scenarios)

over the SWWA, also using SOMs, and found continued

drying trends into the far future due to fewer low-

pressure troughs in the region. Therefore a SOM trained

on observed synoptic data could be used to evaluate

GCM bias and also to investigate future changes in

circulation and the regional surface response. With

CMIP5 projections now available, this computationally

cheap assessment can provide insight into future regio-

nal change over South Africa by investigating changes

in the synoptic drivers of rainfall.
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