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Abstract This study presents the first consolidation of palaeoclimate proxy records from multiple archives to develop
statistical rainfall reconstructions for southern Africa covering the last two centuries. State-of-the-art ensemble
reconstructions reveal multi-decadal rainfall variability in the summer and winter rainfall zones. A decrease in precipitation
amount over time is identified in the summer rainfall zone. No significant change in precipitation amount occurred in the
winter rainfall zone, but rainfall variability has increased over time. Generally synchronous rainfall ﬂuctuations between the
two zones are identiﬁed on decadal scales, with common wet (dry) peri-ods reconstructed around 1890 (1930). A strong
relation-ship between seasonal rainfall and sea surface temperatures (SSTs) in the surrounding oceans is conﬁrmed.
Coherence among decadal-scale ﬂuctuations of southern African rainfall, regional SST, SSTs in the Paciﬁc Ocean and rainfall
in south-eastern Australia suggest SST-rainfall teleconnections across the southern hemisphere. Temporal breakdowns of the
SST-rainfall relationship in the southern African regions and the connection between the two rain-fall zones are observed, for
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example during the 1950s. Our results confirm the complex
interplay between large-scale teleconnections, regional
SSTs and local effects in modu-lating multi-decadal
southern African rainfall variability over long timescales.
Keywords Precipitation reconstruction  Southern
Africa  Palaeoclimate  Climate dynamics  Southern
hemisphere

1 Introduction
Interannual variations in rainfall across southern Africa
have major consequences for human livelihoods through
their impacts upon water supply and vegetation. Rainfall
distri-bution is highly seasonal over most of the
subcontinent and is influenced by a variety of atmospheric
and oceanic circula-tion systems (see Tyson 1986; Chase
and Meadows 2007 for reviews). Rainfall in southwestern
South Africa (approxi-mately 31–34°S, 17–21°E) occurs
mainly during the austral winter months, with more than 66
% of mean annual pre-cipitation falling from April to
September. Here, rainfall is associated with the passage of
westerly cold frontal systems (Reason and Jagadheesha
2005). In contrast,[66 % of mean annual precipitation over
the interior regions (including northern and eastern South
Africa, plus Angola, Botswana, Lesotho, Malawi,
Mozambique, Namibia, Swaziland, Zambia and Zimbabwe)
falls between the summer months of October and March.
Here, the most significant contributors to rainfall are
tropical-temperate troughs and their associated cloud bands
(Mason and Jury 1997). In recognition of the antiphase
nature of the annual rainfall cycle, these two regions are
traditionally referred to as the southern African winter
rainfall zone (WRZ) and summer rainfall zone (SRZ),
respectively (Tyson 1986). The narrow belt of South Africa
between the SRZ and WRZ receives year-round precipitation (Chase and Meadows 2007).
Rainfall levels in southern Africa are modulated by the
interplay of large-scale climate modes, including the El
Nin˜o–Southern Oscillation (ENSO), Indian Ocean Dipole
(IOD) and Southern Annular Mode (SAM). ENSO warm
events may be preceded by periods of anomalously high
rainfall and are often followed by drought in the SRZ
(Nicholson et al. 2001). Positive phases of the SAM are
usually associated with anomalously wet conditions over
the SRZ and weak decreases in rainfall in the WRZ (Gillett
et al. 2006; Watterson 2009). Rainfall in the northeast of the
subcontinent is modulated by interactions of ENSO with the
IOD, with positive IOD phases generally associ-ated with
enhanced rainfall (Abram et al. 2008). In addition to large
scale modes of climate variability, SRZ and WRZ

rainfall are also linked to variability of sea surface temperatures (SSTs) in the oceans surrounding southern Africa
(Goddard and Graham 1999; Behera and Yamagata 2001;
Reason 2001; Reason and Jagadheesha 2005).
Understanding long-term rainfall variability is dependent
upon the availability of extended precipitation time-series.
Instrumental data, however, are not available until the endnineteenth century for most areas beyond coastal South
Africa (Nicholson et al. 2012). Recent efforts to develop
proxy records, including reconstructions of annual rainfall
vari-ability from historical documents, tree-rings and
speleothems, and SSTs from isotopic analyses of corals,
have extended the instrumental dataset (Neukom and Gergis
2012). To date, no attempt has been made to consolidate
these records for southern Africa. In this paper, we use stateof-the-art statis-tical analyses to combine all available
published rainfall proxies and reconstruct summer and
winter rainfall variations over the last 200 years. We
describe the reliability of the reconstructions and explore
the influence of the important modes of Southern
Hemisphere (SH) climate variability such as ENSO, SAM
and IOD on long-term rainfall variability. Further details,
relating mainly to the methodologies used in our
reconstructions, and additional illustrations are provided in
the supplementary material (SM; sections S1-S6).

2 Data and methods
2.1 Instrumental target
As our instrumental rainfall dataset we used rainfall totals
for the October–March (ONDJFM) and April-September
(AMJJAS) seasons in the CRU TS 3.0 grid (updated from
Mitchell and Jones 2005). The spatial distributions of seasonal rainfall totals are shown in Fig. 1a (ONDJFM) and b
(AMJJAS). The SRZ and WRZ areas were defined as follows. First, we separated the area south of 10°S into the
regions where C66 % of annual precipitation falls in the
respective (ONDJFM and AMJJAS) seasons (see Chase and
Meadows 2007). The resulting area of C66 % winter
(AMJJAS) rainfall is relatively small and spatially coherent
(Fig. 1d, see also Fig. S3.2 in the SM). Therefore, we
defined this area as the WRZ and used its spatial average as
our winter rainfall reconstruction target. In contrast, the area
with C66 % summer (ONFJDM) rainfall is very diverse in
terms of rainfall amounts and spatial coherence. We performed a Principal Component (PC) analysis to identify the
dominant modes of rainfall variability over this area. The
loadings and spatial correlations of the resulting PCs are
presented in Figs. S1.1-S1.2 and Table S1.1. The first PC
explains 26 % of the total rainfall variability and has the
strongest loadings and spatial rainfall correlations over the
area traditionally described as the SRZ (see Sect. 1).

3
Fig. 1 Top row seasonal
southern African rainfall totals
for the austral summer
(ONDJFM; panel a) and winter
(AMJJAS; panel b) seasons in
the CRU TS3.0 grid averaged
over the 1901–2006 period.
Bottom row correlation of
rainfall with the SRZ (panel c)
and WRZ (panel d) spatial
average over the period
1901–2006. The grid cells that
were averaged to create the SRZ
(WRZ) spatial averages are
highlighted with black dots in
the left (right) panels. Locations
of the proxy records used for the
rainfall reconstructions are
shown with circles. The
latitudinal positions of the Ifaty
coral records are adjusted to
improve visibility and avoid
overlapping circles. Note the
non-linear colour scheme in
panel b

We defined the SRZ as the area including all grid-cells with
significant (p \ 0.05) and positive correlations with this
first PC. For all correlations calculated herein, significance
was tested using a t-distribution, with the degrees of freedom adjusted for auto-correlation at lag 1 using the method
of Bretherton et al. (1999). As our summer rainfall reconstruction target we used the spatial average of the SRZ.
Figure 1c shows the strong and coherent relationship of the
individual SRZ grid cells with the field mean reconstruction
target (see also Fig. S3.2 in the SM).

2.2 Proxy data processing
As predictors for our rainfall reconstruction, we used
climate proxy records of at least annual resolution from
southern Africa and the surrounding oceanic areas. Only
proxies within the domain 10°E–50°E/10°S–35°S were
used, resulting in a total of 13 records from 11 sites (Fig.
1; T a b l e 1; see Neukom and Gergis 2012 for a detailed
review of proxy data avail-ability). Since the documentary
records all end in 1900 CE, it was necessary to extend these
records to the present-day to allow calibration within the
multi-proxy dataset. The exten-sion was performed using a
‘‘pseudo-documentary’’ approach (Neukom et al. 2009),
which degrades instrumental data to match the statistical
properties of an index time series based on historical
documents. This approach has been applied suc-cessfully
in South America (Neukom et al. 2009), where the
availability of documentary and instrumental data in terms
of quality, length and type of sources is very similar to
southern Africa. Further details of the process of
extending the documentary records are provided in section

S2 of the SM. In addition to palaeoclimate proxy data, we
also included a very long instrumental record from the Royal
Observatory in Cape Town as a rainfall predictor. Records
from 1850 to 2008 were provided by the South African
Weather Service, with infor-mation dating back to 1842
digitised directly from meteoro-logical ‘day books’ held at
the Royal Observatory.
The proxies were allocated to the SRZ and WRZ
according to their locations, resulting in 9 (5) rainfall
proxies used for the SRZ (WRZ) reconstructions (Fig. 1;
Table 1). SRZ proxies include coral records from Mayotte
(Zinke et al. 2009) and Ifaty (Zinke et al. 2004), a tree-ring
record from Zimbabwe (Therrell et al. 2006), and
documentary records from the Kalahari (Nash and Endfield
2002, 2008), Lesotho (Nash and Grab 2010) and Eastern
Cape (Vogel 1989). The WRZ rainfall proxies include a
tree-ring record from Die Bos (Dunwiddie and Lamarche
1980), documentary records from Namaqualand (Kelso and
Vogel 2007) and the South-ern and Eastern Cape (Vogel
1989), and the Royal Obser-vatory instrumental record.
Correlations of the records with the instrumental SRZ and
WRZ reconstruction targets are provided in Table S3.1.
Missing values in the proxy matrices in the 1911–1995
period (0.52 % for the SRZ; 4.7 % for the WRZ) were
infilled using composite plus scaling (Mann et al. 2008;
Neukom et al. 2011).
2.3 Reconstruction method description
We used an ensemble-based nested principal component
regression (PCR; Cook et al. 1994; Luterbacher et al. 2002,
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Table 1 Proxy records used in the southern African rainfall reconstruction
Name

Archive/Proxy

Resolution

Lon E

Lat S

Start

End

Reference

Zone

Mayotte

Coral d18O

Bimonthly

44.98

12.11

1865

1993

Zinke et al. (2009)

SRZ

Ifaty 1

Coral d18O, Sr/Ca

Annual

42.90

23.03

1882

1994

Unpublished

SRZ

Ifaty 4

Coral d18O, Sr/Ca

Bim./ann.

42.90

23.03

1660

1995

Zinke et al. (2004)

SRZ

Zimbabwe rainfall
reconstruction

Tree-ring width

Annual

26.94

18.08

1796

1996

Therrell et al. (2006)

SRZ

Die Bos

Tree-ring width

Annual

18.96

32.07

1762

1976

Dunwiddie and
LaMarche (1980)

WRZ

Kalahari rainfall
indices

Historical documents

Annual

26.00

25.00

1815

2002

Nash and Endfield
(2002, 2008)

SRZ

Namaqualand rainfall
indices

Historical documents

Annual

17.00

29.00

1817

1997

Kelso and Vogel (2007)

WRZ

Lesotho rainfall indices

Historical documents

Annual

26.92

29.08

1824

1995

Nash and Grab (2010)

SRZ

Eastern Cape rainfall indicesa

Historical documents

Annual

23.92

34.00

1821

2007

Vogel (1989)

SRZ/WRZ

Southern Cape rainfall indices
Royal observatory

Historical documents
Early instruments

Annual
Monthly

20.00
18.50

34.00

1821

1996

Vogel (1989)

33.90

1842

2008

This study

WRZ
WRZ

a
The area covered by the Eastern Cape documentaries includes the transition zone between the SRZ and WRZ (Vogel 1989) and the record is
therefore used for both regions

Table 2 Correlation of instrumental SRZ and WRZ rainfall averages with SH climate modes using the full period of overlap for each index
SOI

NINO3.4

PDO

IPO

SAM

IOD

SRZ

0.51 (p < 0.001)

20.52 (p < 0.001)

20.24 (p = 0.02)

20.41 (p < 0.001)

0.09 (p = 0.52)

20.25 (p = 0.02)

WRZ

0.01 (p = 0.95)

0.10 (p = 0.33)

0.02 (p = 0.81)

20.02 (p = 0.81)

20.1 (p = 0.50)

0.11 (p = 0.28)

Bold values indicate significant correlations (p \ 0.05)

2004; Neukom et al. 2010, 2011; Wahl and Smerdon 2012;
Trouet et al. 2013) to reconstruct southern African rainfall. A
description of the PCR reconstruction technique is pro-vided
by Luterbacher et al. (2002), and also outlined in section S4.
We used the period 1921–1995 for calibration and
verification. In addition, the 1911–1920 period, which has
reduced rainfall station data availability, was used for
independent early verification. These periods were chosen
because before 1911 and after 1995 the coverage of
instrumental data within the Global Historical Climatology
Network database (GHCN; Peterson and Vose 1997) i s
limited (Fig. S3.1).

2.4 Independent datasets for comparison and
verification
Instrumental and reconstructed data of important modes of
SH climate variability were used to assess large-scale
teleconnections of southern African rainfall and their
temporal stability. A number of independent palaeoclimate
datasets were also used to perform an additional

verification of our results. In this section we describe these
datasets and the methods used to process them.
2.4.1 Instrumental climate indices
To evaluate the influence of large-scale climate modes on
southern African rainfall, we used the following climate
indices: The Southern Oscillation index (SOI; 1867–2006;
CRU dataset; Allan et al. 1991), NINO 3.4 tropical Pacific
SST index (1871–2008; HadISST data set; Rayner et al.
2003), Pacific Decadal Oscillation index (PDO, 1901–2010;
Mantua et al. 1997), Inter-decadal Pacific Oscillation (IPO;
1872–2005; Power et al. 1999; Folland et al. 2002),
Southern Annular Mode (SAM; 1949–2009; NCEP data;
Thompson and Wallace 2000) and Indian Ocean Dipole
(IOD; 1872–1997; Dipole Mode Index calculated from the
HadISST data set (Rayner et al. 2003) using the Saji et al.
(1999) definition). Correlations between the climate indices
and our instrumental rainfall targets using the full period of
overlap for each index are shown in Table 2. Note that the
high p value in the SAM correlation is influenced by the
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Fig. 2 a Spatial correlations of instrumental SRZ rainfall with SSTs
(HadISST; Rayner et al. 2003) over the period 1901–2006 in the
ONDFJM season. Dashed line demarcates the area that was used to
calculate IOPC2; inset map displays the loadings of IOPC2. b As

lower number of years available for analysis (1949–2006)
compared to the other indices.

2.4.2 Reconstructions of climate indices
To allow for a long-term comparison of our reconstruction
with modes of SH climate variability, we used a suite of
existing reconstructions of these modes. For ENSO, we used
a tree-ring based reconstruction of the SOI (Stahle et al.
1998) covering 1706–1977, the multi-proxy Unified ENSO
Proxy (UEP; McGregor et al. 2010) covering 1650–1977
and the Li et al. (2011) tree-ring ENSO reconstruction
covering 900–2002. For the SAM, we used a tree-ring-based
recon-struction (Villalba et al. 2012) covering 1592-2010,
and a shorter reconstruction based on instrumental station
data (Jones et al. 2009) covering 1851–2006. Additionally,
we used reconstructions of IPO (corals; 1650–2004; Linsley
et al. 2008) and two PDO reconstructions based on treerings (1565–2004; D’Arrigo and Wilson 2006) and
historical documents (1470–1998; Shen et al. 2006) for

above but for instrumental WRZ rainfall in the AMJJAS season.
Dashed line demarcates the area that was used to calculate SOPC1,
with the inset map displaying the loadings of SOPC1

comparison with our reconstructions. Among the variety of
existing PDO reconstructions, recent work (Grove et al.
2013) has identified the D’Arrigo and Wilson (2006) and
Shen et al. (2006) P D O reconstructions, which are based
on Asian proxies, as most coherent with eastern African
climate. Finally, we use the coral-based IOD reconstruction
of Abram et al. (2008). Note that the tree-ring based
reconstructions represent the austral summer (SOI and
SAM) and boreal spring (PDO) and summer (Li et al. 2011
ENSO reconstruction) seasons. The docu-mentary-based
PDO reconstruction also represents the boreal summer
season, whereas the UEP, IPO and IOD reconstruc-tions
represent annual mean values. The Jones et al. (2009) SAM
reconstruction is available at seasonal resolution.

2.4.3 Regional SSTs
Given that southern African rainfall is not only linked to
large-scale SH circulation but also related to the SSTs of
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the surrounding oceans (Nicholson and Kim 1997; Nicholson 1997; Goddard and Graham 1999; Behera and
Yamagata 2001; Reason 2001; Reason and Jagadheesha
2005), we also compared our reconstructions to modes of
regional variability. We extracted modes of regional SST
variability using the HadISST dataset (Rayner et al. 2003).
Figure 2a, b shows the spatial correlation of instrumental
SRZ (WRZ) spatial mean rainfall with ONDJFM (AMJJAS) SSTs. Whereas 40 % of all SST grid cells south of
20°N show significant (p \ 0.05) correlations with SRZ
rainfall, only 2 % are significantly correlated to WRZ
rainfall. Apart from the clear ENSO signal in the tropical
Pacific, SRZ rainfall is also strongly linked to Indian Ocean
SSTs, whereas WRZ rainfall has the strongest correlations
with SSTs in the southern Atlantic and Indian oceans
around 40°S.
Next we performed a PC analysis on the instrumental
SST record to extract regional modes displaying strong
associations with SRZ and WRZ rainfall, respectively. For
the SRZ, we selected ONDJFM SSTs in the area of the
Indian Ocean within 30°E–120°E and 10°N–50°S (area
demarcated by a dashed line in Fig. 2a). The first four PCs
explain 48, 15, 7 and 5 percent of the total variance in the
basin over the period 1871–2008, respectively. PC2 shows
the highest correlations with instrumental SRZ rainfall
(r = -0.40, p \ 0.01). The loadings of this Indian Ocean
PC2 (IOPC2) are illustrated in the inset of Fig. 2a, showing
a dipole between the latitudes around 20°S and 40°S in the
western Indian Ocean.
For the WRZ, we calculated the PCs of AMJJAS mean
SSTs within the 20°W–50°E, 30°S–45°S domain of the
Southern Ocean (dashed line in Fig. 2b). SSTs in this
domain show a significant positive trend over the instrumental period, in contrast to SRZ/WRZ rainfall and the
selected Indian Ocean SST data. Therefore the Southern
Ocean SSTs were linearly detrended prior to calculating the
PCs. The four dominant PCs explain 22, 21, 12 and 8 %of
total SST variance within the domain. Southern Ocean PC1
(SOPC1) has clearly the highest correlations with
instrumental WRZ rainfall (r = - 0.23, p = 0.02). The
loadings of PC1 shown in the inset to Fig. 2b show a
consistent signal with all values of the same (negative) sign
and the strongest loadings south and southeast of the WRZ.

2.4.4 Independent palaeoclimate records from southern
Africa
Comparison of our rainfall reconstructions with independent records is problematic since all of the annuallyresolved proxies available for southern Africa were used in
our rainfall reconstruction. Nevertheless, a recently published synthesis of interannual rainfall variability across
Africa during the nineteenth century (Nicholson et al.

2012) offers the opportunity for semi-independent validation. The Nicholson et al. (2012) study uses published
documentary evidence and gauge data to reconstruct rainfall variability for a series of zones with statistically
coherent contemporary precipitation patterns. Statistical
inference from adjacent zones is used to infer conditions in
zones with sparse documentary and/or instrumental data.
Four zones from this study were selected for the validation
process, two from the SRZ (zone 76 centred on Kimberley,
South Africa; and 72 in Swaziland) and two from the WRZ
(zone 81 in the western Karoo, South Africa and 82 in the
adjacent Atlantic coast areas). Care was taken to select
zones that did not overlap with the geographical coverage
of documentary and early instrumental proxies used in our
reconstruction. Zones 72 and 76 in the SRZ fully meet this
criterion. Zone 81 is not an ideal candidate for validation of
the WRZ reconstruction as it falls partly within the yearround rainfall zone. However, as the remaining three zones
within the WRZ overlap with proxies used in our reconstruction it was the best possible option. Zone 82 is not
fully independent from our reconstruction due to some
proxy-overlap, but is included to investigate the agreement
between two reconstructions with overlapping data but
independent methodologies.
Given that southern African rainfall is strongly related to
large-scale circulation over the surrounding oceans, we used
wind speed measurements recorded in ships’ logbooks from
the CLIWOC database (Garcı´a-Herrera et al. 2005) a s
rainfall predictors to perform additional independent
reconstructions. Wind speed measurements were taken from
the combined CLIWOC/ICOADS dataset (K¨uttel et al.
2010), consisting of gridded (8° 9 8° spatial reso-lution) uand v-wind vector data and covering the period 1750–2002.
Only grid cells within a search radius of 1,000 km of the
SRZ and WRZ regions were used. Not all grid cells around
southern Africa could be used due to insufficient data
coverage in the pre-1850 CLIWOC period (Ku¨ttel et al.
2010). Grid cells with significant correlations (p \ 0.05)
with the reconstruction targets were selected as rainfall
predictors (details in SM section S6). This resulted in eight
grid cells being identified as suitable for SRZ rainfall
reconstruction and only one cell for the WRZ. Correlations
of each candidate cell are shown in Table S6.1 (SM) and the
locations of the selected cells are shown in Fig. S6.1. For the
SRZ, the selected cells were then used as predictors in an
ensemble PCR rainfall reconstruction using the method
described in Sect. 2.3. For the WRZ, the independent rainfall
reconstruction was developed by scaling the single selected
cell to the mean and standard deviation of the instrumental
data in the 1921–1990 period.
Finally, we also compared our SRZ reconstruction with
an additional coral record from Madagascar. This
‘‘MASB’’ coral record (Grove et al. 2013) is affected by a
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human deforestation signal in the twentieth century and
was therefore not included in our reconstruction proxy
database. However, the record is potentially useful for
comparison with our results in the nineteenth century.

3 Rainfall variability over the last two centuries
3.1 Summer rainfall zone
Our proxy networks allow rainfall reconstructions for the
SRZ with positive ensemble mean reduction of error (RE;
Cook et al. 1994) skill and early verification RE skill back
to 1796. Results suggest that the SRZ was significantly
wetter in the nineteenth than the twentieth century (students t-test, p  0.01). Average reconstructed rainfall
anomalies in the nineteenth (twentieth) century are 60.1 mm
(11.5 mm) wrt 1921–1995. A 30-year loess-fil-tered
reconstruction (Fig. 3a) reveals persistent decadal rainfall
anomalies relative to the 1921–1995 mean. Rela-tively drier
periods are reconstructed around 1845 and in the early
1860s, whereas the last 30 years of the nineteenth century
are the wettest of our reconstruction. The twentieth century
is characterised by dry phases around 1930, 1945 and in the
most recent period since the early 1970s. These decadal
scale fluctuations mask considerable interannual

Fig. 3 a Summer rainfall zone precipitation reconstruction for
1796–1996 on interannual (red) and 30-year filtered (blue, with
uncertainty bands shaded) timescales. Unfiltered instrumental data are
shown in green. b 30-year running standard deviation of the unfiltered
reconstruction (blue) and instrumental (green) data. c Distribution of
RE values of the reconstruction ensemble members (blue shaded,
dark blue line is the median), early verification RE (brown) and RE of

variability. The driest years of our reconstruction are 1983,
1973, 1992 and 1995 (consistent with instrumental data),
whilst the driest years of the nineteenth century are 1851,
1862 and 1842. In the nineteenth (twentieth) century, 4
(10) years exceed -1 standard deviations (s.d.) from the
1921–95 mean. The wettest reconstructed years are 1871,
1830 and 1925, and an additional 34 (21) years of the
nineteenth (twentieth) century exceed the ?1 s.d. threshold. The agreement of the reconstruction with instrumental
data is weaker for extreme wet years than for droughts.
Figure 3b shows the 10-year running standard deviation
of the SRZ rainfall reconstruction. This reveals periods of
reduced rainfall variability around 1825, 1960 and 1985.
Increased rainfall variability is reconstructed around 1835
and 1975. The instrumental record identifies an additional
period of increased rainfall variability around 1920; this is
not reflected by the proxy data and may be an artefact of the
instrumental rainfall data during these early years of
observation. There is no evidence for a loss in variability
back in time, as may be caused by a regression artefact
within the reconstruction (e.g. Smerdon 2011, and references therein). Figure 3c shows the evolution of reconstruction skill over time. Whereas the RE values of the
individual ensemble members and their median are close to
zero or even negative over large parts of the reconstruction
period, the early verification RE (average of 0.55 over

the ensemble mean (pink). d 30-year running correlations of the SRZ
reconstruction with reconstructions of the SAM index (blue dashed;
Villalba et al. 2012; blue; Jones et al. 2009); SOI index (red; Stahle
et al. 1998) and IOPC2 (green; HadISST data; Rayner et al. 2003)
The dotted lines represent the correlations between the corresponding
instrumental data
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1796–1996) and the RE of the ensemble mean (0.39) are
clearly higher (section S4.3). This indicates reasonable
skill of the rainfall reconstruction and emphasises the
importance of using ensemble reconstruction approaches to
achieve more accurate and robust results, particularly in
regions with limited proxy data availability and short
overlap periods with instrumental data. There is no shift in
mean SRZ rainfall between 1911–1920 and 1921–1995 that
could explain the high early verification RE compared to
the RE of the ensemble mean. However, due to the short
time window available for early verification (10 years), the
early verification needs to be interpreted cautiously. Single
years, such as the very wet 1918, which is well captured by
the reconstruction, can have a strong influence on the early
verification RE.
Correlations between reconstructed SH circulation
indices, instrumental and reconstructed SRZ rainfall over
the full respective periods of overlap are shown in Table 3.
Significant correlations are identified with the Stahle et al.
(1998) and Li et al. (2011) ENSO reconstructions, but not
with the UEP. In subsequent analyses, we use the Stahle et
al. (1998) SOI reconstruction because it shows the strongest
relationship to instrumental and reconstructed SRZ rainfall.
The instrumental SAM reconstruction of Jones et al. (2009)
shows a significant relationship with SRZ rainfall in contrast
to the tree-ring based SAM reconstruction of Villalba et al.
(2012). Despite the sig-nificant correlations of instrumental
PDO and IPO indices with SRZ rainfall (Table 2), the
reconstructions of these indices do not show a significant
relationship with our rainfall reconstructions over their
period of overlap (Table 3) or during 1921–1995 (not
shown) and are therefore not used for further comparisons.
The IOD reconstruction (Abram et al. 2008) is significantly
corre-lated to our SRZ reconstruction but not to the
instrumental target. Given that our Indian Ocean SST
extraction IOPC2 has a clearly stronger correlation with
instrumental rainfall (r =-0.40, p \ 0.01) and it is not much

shorter than the Abram et al. (2008) IOD reconstruction
(start date 1871 vs. 1846), we use IOPC2 for further
analyses of the relation-ship between Indian Ocean SSTs
and SRZ rainfall.
Figure 3d shows the 30-year running correlations of our
SRZ rainfall reconstruction with climate indices affecting
southern African rainfall, allowing the stability of the
teleconnections to be assessed (visual comparison of the
time series is provided in Fig. S5.1, alternative illustration in
Fig. S5.3). While the relationship between SRZ rainfall and
the Southern Oscillation Index (SOI) is significantly
positive over the full period of data availability (Tables 2
and 3), the running correlations show a clear breakdown in
the mid-nineteenth century. Apart from this period, the
correlations oscillate around 0.3. The running correlations
with the SAM are weaker, unstable and rarely significant.
The most stable relationship is found with IOPC2, confirming that Indian Ocean SSTs are a main driver of SRZ
rainfall. The absolute correlations of the SOI and IOPC2
fluctuate in phase (r = - 0.60), demonstrating the influence
of ENSO on regional Indian Ocean SSTs. Both SOI and
IOPC2 correlations are relatively weak around 1950, a
period where correlations with the SAM reconstruction of
Jones et al. (2009) are above average. This suggests a
stronger high-latitude influence on SRZ rainfall and a
breakdown of tropical influence during this period. The
much stronger and longer lasting breakdown of the relationship with the SOI around 1850 does not appear to be
associated with a strengthening of the SAM teleconnection.
It must be noted, however, that the relationship between
SRZ rainfall and the long SAM reconstruction of Villalba et
al. (2012) is weak (Table 3). Therefore, interpretations of
these correlations in the nineteenth century need to be
viewed cautiously. It should also be noted that the temporal
instability of running correlations may be caused partly by
the various sources of noise potentially biasing this analysis. These uncertainties include noise in the proxy-based

Table 3 Correlations of ENSO, SAM, PDO, IPO and IOD reconstructions with SRZ and WRZ instrumental and reconstructed rainfall data
SRZ
Instrumental target

WRZ
Reconstruction

Instrumental target

Reconstruction

SOI Stahle

0.46 (p < 0.01)

0.26 (p < 0.01)

0.13 (p = 0.24)

0.09 (p = 0.26)

UEP

0.20 (p = 0.09)

0.11 (p = 0.15)

0.11 (p = 0.35)

-0.09 (p = 0.28)

-0.46 (p < 0.01)

-0.23 (p < 0.01)

-0.11 (p = 0.26)

-0.07 (p = 0.38)

0.17 (p = 0.12)

-0.12 (p = 0.12)

0.06 (p = 0.57)

-0.11 (p = 0.22)

ENSO Li
SAM Villalba

0.21 (p = 0.03)

0.19 (p = 0.04)

-0.07 (p = 0.51)

0.05 (p = 0.60)

PDO D’Arrigo

SAM Jones

-0.18 (p = 0.09)

-0.19 (p = 0.08)

-0.07 (p = 0.47)

-0.05 (p = 0.68)

PDO Shen

-0.18 (p = 0.09)

-0.12 (p = 0.10)

-0.10 (p = 0.35)

-0.06 (p = 0.43)

IPO Linsley
IOD Abram

-0.25 (p = 0.02)
-0.17 (p = 0.13)

-0.09 (p = 0.24)
-0.26 (p < 0.01)

-0.08 (p = 0.45)
0.00 (p = 1)

-0.03 (p = 0.74)
-0.17 (p = 0.07)

Correlations with p \ 0.05 are bolded
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Fig. 4 Same as Fig. 3 but for
the winter rainfall zone
reconstruction covering
1817–1999, and with Southern
Ocean SST PC1 instead of
Indian Ocean SST PC2. SOPC1
correlations are inverted

reconstructions of SRZ rainfall and the reconstructed climate indices, and the potentially noisy coupling between
rainfall and large-scale circulation. Temporal fluctuations of
the noise can lead to breakdowns in the correlations.
However, the very similar running correlation values of the
corresponding instrumental data (dotted lines in Fig. 3d)
indicate that the noise introduced by the proxies plays a
minor role, at least during the twentieth century.

3.2 Winter rainfall zone
Due to the shorter time period covered by proxies from the
WRZ, rainfall can only be reconstructed with positive skill
back to 1817 (ensemble mean RE and early verification
RE). Reconstructed WRZ rainfall anomalies are shown in
Fig. 4a. There is no significant offset in mean rainfall
between the nineteenth and twentieth centuries (t-test),
suggesting that rainfall levels have not changed significantly through time. Decadal-scale dry conditions are
reconstructed around 1835, 1930 and 1965. Wet conditions
prevailed around 1890, 1920 and 1950. The driest years of
the nineteenth (twentieth) century include 1825, 1827 and
1865 (1935, 1960 and 1973), whereas the wettest are 1892,
1888 and 1889 (1993, 1989 and 1977).
In contrast to the SRZ reconstruction, there is a small but
significant (Mann–Kendall test, p \ 0.01) increase in
reconstructed rainfall variability over the reconstruction
period (Fig. 4b). The twentieth century instrumental WRZ
data show no such trend; however, a positive trend is
evident in three of the WRZ proxy records, including the
instrumental Royal Observatory data. This suggests that the
positive trend is not an artefact of the reconstruction

method but instead is reflecting real fluctuations of rainfall
variability. RE skills of the individual ensemble members
are relatively low (Fig. 4c) but the early verification
(average 0.69 for 1817–1999) and ensemble mean RE (0.49)
values indicate a skilful WRZ reconstruction. In contrast to
the SRZ, WRZ mean rainfall amounts are sig-nificantly
larger (p \ 0.05; t-test) during the 1911–1920 early
verification period than during the 1921–1995 cali-bration
period in both the reconstructed and instrumental data. This
may in part explain the high early verification RE compared
to the RE of the ensemble mean and indi-cates to some
extent that our reconstruction is able to detect shifts in mean
rainfall.
Running correlations with climate circulation indices
(Fig. 4d) show an unstable and mostly weak relationship
between WRZ rainfall and the SOI and SAM over time (see
also Figs. S5.2 and S5.4). This is unsurprising given the
non-significant correlations of SH climate circulation
indices with WRZ rainfall (Tables 2 and 3). The regional
SST index SOPC1 shows the most stable relationship with
WRZ rainfall, similar to IOPC2 for the SRZ. The relationship with SOPC1 is weaker prior to 1911, potentially
due to the decrease in SST data quality caused by fewer
available observations.

3.3 Comparison of summer and winter rainfall zones
Rainfall levels in the SRZ and WRZ are only weakly
correlated at interannual time scales (r = 0.22, p = 0.06
over 1921–1995 and r = 0.10, p = 0.19 over 1817–1996
in the instrumental and reconstruction data, respectively).
On decadal timescales, the relationship is much stronger
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Fig. 5 a Comparison of
interannual and 30-year filtered
SRZ (green) and WRZ (blue)
rainfall reconstructions. Filtered
instrumental data are dotted.
b Comparison of 30-year filtered
instrumental rainfall data with
IOPC2 (red), SOPC1 (pink) and
IPO index (grey). Indices are
scaled to the mean and variance
of the rainfall data, and IPO data
are inverted for better visibility.
c Same as b but compared
against instrumental southeastern Australian rainfall
(1860–2008) (brown; Gergis and
Ashcroft 2012) and IPO
(grey). d 30-year running
correlations between
reconstructed (black solid) and
instrumental (black, dotted)
SRZ and WRZ rainfall and
between IOPC2 and SOPC1
(orange)

(r = 0.41, p = 0.56 and r = 0.46, p = 0.51, respectively) but
Fig. 5a shows that the fluctuations are not always
synchronous. While some very dry (e.g. around 1930) and
wet (e.g. around 1890) decadal-scale periods are present
across both rainfall regions, there are periods of contrasting
anomalies. For example a wet SRZ and dry WRZ occurs
during the 1830s and 1960s, while very wet conditions were
experienced in the SRZ (WRZ) around 1873 (1950), when
the WRZ (SRZ) has only moderate anomalies. On decadal
timescales, SRZ, WRZ, IOPC1 and IOPC2 show
synchronous fluctuations and a negative relationship with
low frequency variability of the Pacific Ocean, illustrated in
Fig. 5b by the IPO (Folland et al. 2002). Compared to the
high frequency indices of ENSO variability (SOI and
NINO3.4), IPO represents Pacific SST variability on decadal timescales and has similar and higher correlations with
30-year loess-filtered SRZ and WRZ rainfall, respectively
(SRZ: r = –0.54; WRZ: r = –0.34). Unfortunately, exist-ing
reconstructions of the IPO and our rainfall recon-structions
do not share significant fractions of variance to allow an
assessment of this relationship further back in time (Table
3).
The late nineteenth century is the wettest period identified in the 30-year filtered southern African rainfall
reconstructions for both seasons. Significantly, the period
around 1890 was also one of the wettest of the last 200 years
in south-eastern Australia, as identified by long instrumental
data (Gergis and Ashcroft 2012), natural palaeoclimate
archives (Gergis et al. 2012) and documen-tary sources
(Gergis and Ashcroft 2012). Rainfall in south-eastern
Australia is also strongly linked to low frequency SST

variability in the Pacific Ocean (correlation with the IPO: r
= - 0.77; Gergis et al. 2012). Figure 5c shows the close
agreement between decadal-scale rainfall fluctuations in the
SRZ, WRZ, south-eastern Australia and the IPO, suggesting
large-scale rainfall teleconnections in the SH through low
frequency SST variability in the Pacific Ocean.
Around 1950, there is a breakdown in the running correlations between SRZ and WRZ rainfall (Fig. 5d). This
decrease in correlation between the rainfall zones may also
be related to the reduced connectivity of the SRZ with the
tropical Pacific around this time (Fig. 3d) and the sug-gested
stronger influence of high latitude variability. Dur-ing the
same period around 1950, correlations between IOPC2 and
SOPC1 SST fluctuations are also close to zero (Fig. 5d),
again highlighting the importance of regional SST
fluctuations on rainfall in southern Africa. Due to the lack of
long SST data, we can only hypothesise that a similar
disconnection between the two ocean basins occurred
between c.1840 and 1885, where our SRZ and WRZ
reconstructions also exhibit negative correlations.
Alternatively, the various sources of noise in the running
correlations, as discussed in Sect. 3.1, may be responsible
for the unstable relationship in the nineteenth century.

4 Comparison against independent palaeoclimate
datasets
The SRZ and WRZ rainfall reconstructions described
above show close statistical agreement with the majority of
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Fig. 6 Comparison of the SRZ rainfall reconstruction with independent reconstructions. Top interannual and 30-year loess-filtered
reconstruction (black with shaded uncertainties) and 30-year filtered
rainfall reconstructions for Nicholson et al. (2012) zone 72 (blue) and
zone 76 (red), the CLIWOC/ICOADS reconstruction (green) and the
MASB coral record (orange; Grove et al. 2013). The lower four

panels compare the unfiltered SRZ reconstruction with the unfiltered
independent reconstructions (same colours as above, correlations over
the full period of overlap are indicated in parentheses for each
reconstruction). Data in the independent reconstructions were scaled to
the mean and standard deviation of the SRZ reconstruction over the
period 1921–1995 (1801–1900 for the Nicholson et al. (2012) data)

Fig. 7 Same as Fig. 6 but for
the WRZ and using Nicholson
et al. (2012) zones 81 and 82 as
well as the CLIWOC/ICOADS
WRZ reconstruction for
comparison

selected independent palaeoclimate time-series, suggesting
that they are robust. Correlations between our reconstructed annual SRZ rainfall anomalies and independent
palaeoclimate data are shown in Fig. 6. The SRZ reconstruction is significantly correlated with Nicholson et al.

(2012) zone 72 (r = 0.29, p \ 0.01) but only weakly correlated with zone 76 (r = 0.15, p = 0.15). For zone 76, the
agreement is good between 1835 and 1880 (r = 0.37, p =
0.02) but weak in the years before and after this per-iod. A
strong and significant correlation is identified between SRZ
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rainfall and the CLIWOC/ICOADS wind vector-based
reconstruction (r = 0.37, p \ 0.001), whereas no relation
with the MASB coral record could be identified (Fig. 6).
The agreement of our reconstruction with the Nicholson et
al. (2012) zones 72 and 76 is good on decadal scales (Fig.
6a), where all three datasets identify the wet (dry) periods
around 1835, 1855 and 1875 (1845 and 1865). The
CLIWOC/ICOADS reconstruction suggests drier conditions
in the nineteenth century, particularly around 1850,
suggesting a weaker influence of oceanic conditions on
WRZ rainfall during this period, which is in agreement with
low correlations with teleconnection indi-ces (Fig. 3d).
However, it is important to note that data coverage in the
CLIWOC/ICOADS database is signifi-cantly reduced prior
to c.1860 (Ku¨ttel et al. 2010), indi-cating that this reduction
in the wind vector-based rainfall amount may also be a data
artefact.
Our WRZ rainfall reconstruction is correlated with
Nicholson et al. (2012) zones 81 (r = 0.20, p = 0.08) and 82
(r = 0.61, p \ 0.01) and the CLIWOC/ICOADS
reconstruction (r = 0.17 p = 0.02). The very good agreement with Nicholson et al. (2012) zone 82 (Fig. 7) can be
explained by the partial overlap in rainfall predictor data,
but also confirms the ability of our multi-proxy approach to
identify extremes on various timescales. The CLIWOC/
ICOADS data show good agreement with our reconstruction on decadal timescales (Fig. 7a), confirming the very
wet phase around 1890. In contrast, the Nicholson et al.
(2012) data suggest only moderately wet conditions during
this period. Within our WRZ rainfall predictor matrix, this
wet phase is predominantly present in the instrumental and
tree ring proxies, whereas the documentary records used in
our reconstruction show anomalies similar to the Nicholson
et al. (2012) zones. This may be explained by the different
ability of proxies from different archives to capture very wet
phases, or the spatial variability of rainfall within the WRZ
over the 1880–1895 period.

5 Conclusions
This paper has presented the first consolidation of terrestrial and marine rainfall proxy records from multiple
archives to investigate long-term rainfall variability over
southern Africa. The extended rainfall series presented
here should provide a baseline for future water-allocation
and climate change adaptation strategies in southern
Africa. We have demonstrated that our results are skilful
and verify well with independent data. We identify decadal-scale rainfall variations in both the SRZ and WRZ.
Our results suggest that the SRZ was wetter in the nineteenth than the twentieth century. Rainfall variability in
the WRZ shows a small increase over time. SRZ and

WRZ rainfall fluctuations are generally synchronous on
decadal scales, but interrupted by periods of contrasting
anomalies. Our results confirm that southern African
rainfall is influenced by local effects, regional SSTs and
large scale teleconnections. The latter also appear to
influence rainfall co-variability between the SRZ, WRZ
and south-eastern Australia on decadal timescales. The
relationship between SRZ rainfall and ENSO has been
relatively stable over the last 200 years, although it may
have broken down at times, particularly around 1850 and
1950. Running correlations show the most stable relationship between SRZ (WRZ) rainfall and Indian
(Southern) Ocean SSTs. Additional rainfall-proxy records
are now required to extend this analysis beyond the early
nineteenth century.
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S1. Definition of SRZ
Fig. S1.1 shows the loadings of first three the rainfall Principal Components (PC 1-3) over all grid
cells south of 10°S where ≥66% of annual precipitation falls in the ONDJFM season. Fig. S1.2
shows the spatial correlations of PC 1-3. Table S1.1 lists the fraction of total variance explained by
PC 1-3, together with the fraction of grid cells that display significant correlations with
PC 1-3.

Fig. S1.1: Spatial distributions of the loadings to the first three PCs of ONDJFM rainfall. Only grid
cells with ≥66% of annual precipitation falling during the ONDJFM season are used.

Fig. S1.2: Spatial distributions of ONDJFM rainfall correlations with the first three PCs. Only grid
cells with ≥66% of annual precipitation falling during the ONDJFM season are used.
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Table S1.1: ev: Explained variance of total rainfall variability over the area with ≥66% of annual
precipitation falling during the ONDJFM season by PC 1-3. Fsig: Fraction of grid cells with
significant correlation with PC 1-3. Fsig.pos: Same as Fsig but counting only significant positive
correlations.
ev

Fsig

Fsig.pos

PC 1

26

77

67

PC 2

10

51

13

PC 3

9

26

26
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S2. Documentary data: extension to present
S2.1. Rationale
The five documentary-based rainfall index-time seri es available from southern Africa (see main text
and Table S2.2 below) cover a period of 76-85 years within the 19th century. None of these records
extend into the 20th century, making calibration with instrumental data impossible. To allow
inclusion in our multi-proxy rainfall reconstruction, these records needed to be extended to the
present day. There are two ways in which it is possible to perform such an extension:
a) “Real documentaries”: Using the same or comparable sources that were used to derive the 19thcentury documentary records to obtain rainfall indices for the 20th century;
b) “Pseudo-documentaries”: Degrading instrumental data to generate pseudo-documentary indices,
which mimic the properties of a “real” documentary time series.
Both approaches are described in further detail in Neukom et al. (2009). Whereas approach (a)
would yield more robust records of true documentary nature, it would be extremely time consuming
and would require years of additional archive work to derive full-length 20th century documentary
time series for all five regions. Given that 20th century instrumental data are available for southern
Africa, the outcome of this approach would not provide any new information or benefit except for
the possibility of calibrating the documentary records against instrumental data. Neukom et al.
(2009) have shown that the results of a rainfall reconstruction using “real” and “pseudo”
documentaries are very similar. Furthermore, pseudo-documentaries are able to mimic realistically
the statistical properties of a documentary time series, if the correlation between documentary and
instrumental data can be estimated (Neukom et al. 2009). Therefore, we applied approach (b) here,
to extend the southern Africa rainfall records to the present day. The methods we used are based on
Neukom et al. (2009) and are described in detail in the following paragraphs.
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S2.2. Instrumental records used for the extension
First, we needed to identify which instrumental rainfall station data adequately represented the five
regional documentary records. Candidate stations needed to extend further back than AD 1900 in
order to have an overlap period with the documentary data. Table S2.1 summarises the available
data for each region.
For all calculations, anomalies relative to the 1901-1990 period were used for the instrumental
data. For larger regions, the available station data were grouped into sub-groups using cluster
analysis (k-means method). Various combinations of composite time-series among individual
stations and clusters were tested to obtain the optimal target data to derive the pseudodocumentaries for each region. We used the temporal coverage of the stations and Spearman
correlation coefficients with the documentary data in the overlap period as selection criteria. Details
for each region are provided in the following paragraphs. Table S2.2 summarises the instrumental
target data for each region.
Kalahari (original annual indices and all calculations based on July-June rain-years)
We used the mean of the stations Barkly West and Kimberley as the instrumental target composite.
Namaqualand (calendar years)
We used the Springbok time series. Two years with missing values (1880 and 1993) were infilled
with linear regression from the Port Nolloth station.
Lesotho (July-June rain-years)
We used a composite of all available stations.
Southern Cape (calendar years)
Cluster analysis resulted in a cluster from the inland/north region (Clanwilliam, Malmesbury and
Worcester), separated from the other records. This cluster has a correlation of 0.34 with the
documentary record in the overlap period. Given that the Clanwilliam station alone has higher
correlations and the best temporal coverage of the three records from the cluster, Clanwilliam was
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used as the target time series. Missing values (seven years between 1880 and 1910) were infilled
using multiple linear regression from Malmesbury and Worcester.
Eastern Cape (calendar years)
Cluster analysis yielded four clearly separated clusters, which also matched the geographical
distribution of the stations: northeastern stations (Steynsburg and Tarkastad), eastern stations
(Grahamstown, Fort Beaufort, King William’s Town, Somerset East and Alicedale) southeastern/
coastal stations (Port Elizabeth, Uitenhage and Humansdorp) and western stations (Oudtshoorn,
Prince Albert, Calitzdorp and Willowmore). Only the eastern (r=0.49, p<0.01) and southeastern/
coastal (r=0.42, p<0.01) clusters showed significant correlations with the documentary data in the
overlap period; the northeastern (r=0.10, p=0.71) and western (r=0.34, p=0.12) show a clearly
weaker relationship to the documentary data. This result also reflected the distribution of locations
from which historical information used in the construction of documentary time series was derived;
predominantly sites within 100km of the coast. The average of the eastern and southeastern/coastal
composites has a correlation of 0.51 (p<0.001) with the documentary time series, a higher value
than the individual composites from the two regions, suggesting that both regions contribute to the
data derived from the historical archives. We used this average of the eastern and
southeastern/coastal composites as the target time series. All composites were calculated after
standardising all stations, in order to account for differences in variance among the stations.
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Table S2.1: Instrumental data available for each region (Peterson and Vose 1997). Station names,
coordinates, time period covered, Spearman correlation with documentary data in the overlap
period (cor) and length of the overlap period (n). Temporal coverage of the documentary data for
each region in brackets.
Lat (°S)

Long (°E)

Start

End

cor

n

Barkly West

28.30

24.55

1884

1998

0.67

11

Kimberley

28.80

24.77

1877

2008

0.61

23

Pella

29.00

19.10

1878

1981

0.08

14

Port Nolloth

29.23

16.87

1879

1997

0.51

13

Springbok

29.67

17.88

1878

1997

0.62

20

Leribe

28.88

28.05

1886

1996

0.67

12

Ladybrand

29.17

27.43

1879

1993

0.75

11

a

Region/station name
Kalahari (1815-1900)

Namaqualand (1817-1900)

Lesotho (1824-1900)

Maseru Airport

29.45

27.57

1888

1996

NA

2

Quthing

30.42

27.72

1887

1996

0.58

13

Aliwal North

30.80

26.90

1866

1993

0.37

29

Clanwilliam

32.18

18.90

1869

1997

0.52

24

Malmesbury

33.45

18.73

1877

1995

0.27

Southern Cape (1821-1900)

Wellington

33.65

19.00

1876

2000

0.09

Worcester

33.65

19.43

1880

1995

0.32

15
b

23
21

c

Groot Drakenstein

33.80

19.00

1865

1975

0.31

Royal Observatory

33.93

18.48

1850

2000

0.27

50

Bredasdorp

34.53

20.03

1869

1997

0.22

22

Steynsburg

31.30

25.83

1877

1997

-0.02

13

Tarkastad

32.00

26.27

1877

1995

-0.01

15

Somerset East

32.72

25.58

1870

1997

0.24

25

Fort Beaufort

32.78

26.63

1877

1997

0.43

16

King William’s Town

32.80

27.40

1868

1997

0.49

29

Prince Albert

33.22

22.03

1877

1997

0.43

19

Willowmore

33.28

23.50

1877

2000

0.39

18

Grahamstown

33.30

26.53

1854

1997

0.43

32

Alicedale

33.32

26.08

1877

1995

0.17

11

Calitzdorp

33.53

21.68

1877

1995

0.36

17

Oudtshoorn

33.58

22.20

1878

1997

0.28

17

Uitenhage

33.80

25.40

1859

1999

0.42

37

Port Elizabeth

34.00

25.60

1867

2008

0.32

17

Humansdorp

34.03

24.77

1878

1997

-0.03

17

22

Eastern Cape (1821-1900)

a

Only two overlapping years, both with a documentary index of 0;
This time series has variance issues and many missing values and is therefore not used;
c
This time series has an artificial shift in its mean between the 19th and 20th centuries (change in mean of 2.45 standard
deviations) and is therefore not used.
b
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Table S2.2: Properties of the instrumental target data used for each region: Number and period of
the overlapping years with the documentary record and Spearman correlation over this period (cor);
start and end years of the combined documentary/pseudo-documentary time series.
Region

Years overlap

cor

Start

End

Kalahari

23 (1877-1899)

0.66

1815

2002

Namaqualand

21 (1878-1900)

0.65

1817

1996

Lesotho

33 (1866-1899)

0.54

1824

1995

Southern Cape

29 (1870-1900)

0.56

1821

1996

Eastern Cape

46 (1854-1900)

0.51

1821

2007

S2.3. Methods to calculate the pseudo-documentaries
The selected instrumental target rainfall series of all regions were degraded to pseudodocumentaries using the approach of Neukom et al. (2009), as illustrated in the workflow shown in
Fig. S2.1. First, the overlap period correlation between the documentary data and instrumental
rainfall series was calculated and used to derive the signal-to-noise ratio for the degrading process
(Mann et al. 2007). The corresponding amount of white noise was then added to the instrumental
data. This was needed to obtain a time series with realistic amounts of noise, to avoid over- or
under-weighting the documentary data in the climate reconstruction relative to the proxy records
from other archives, and to obtain realistic reconstruction verification and uncertainty measures.
Next, the degraded instrumental data needed to be categorised to the index categories of the
documentary data. All southern African documentary rainfall records consist of five index
categories: -2 (very dry), -1 (dry), 0 (normal), +1 (wet), +2 (very wet). A major difficulty in
quantitative analyses of documentary data is allocating these categories to absolute rainfall values
(Brazdil et al. 2005; Pfister et al. 2008; Dobrovolny et al. 2009). Pfister (1999) uses thresholds
based on deviations from the climatological mean: ±0.65 standard deviations (std.dev.) for the
category ±1, and ±1.3 std.dev. for the category ±2. Note that the definition of the zero value (a
normal year) is also not trivial as it depends strongly on the reference period chosen. Given the
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nature of documentary sources, the distribution of the index categories is often skewed, and
“normal” years (index 0) are often less frequent th an wet (+1) or dry (-1) years.
The use of such std.dev.-based and symmetric thresholds for the categories may not be ideal,
leading to pseudo-documentaries with very different distributions of categories compared to the
“original” documentary data, most probably not refl ecting real climatic shifts. We therefore used a
slightly different approach to define the categories, making use of the available but short overlap
periods of instrumental and documentary data. We defined the thresholds in a way that the fraction
of years allocated to each category remained the same for the original documentary data and the
categorised instrumental data. For example, in the case of Lesotho, three years of the overlap period
have the category -2 in the documentary data, reflecting a fraction of 9%. The other categories -1, 0,
+1 and +2 have fractions of 35%, 26%, 21% and 9%, respectively. The percentiles of each category
in the overlap periods of all regions are shown in Table S2.3. In the example of Lesotho, all years
with rainfall anomalies smaller than -52mm (with respect to 1901-1990; representing the 9 th
percentile of rainfall amounts in the 1866-1899 overlap period) were allocated to the category -2.
Years with anomalies between -52mm and 55mm (representing the 44th percentile (9th + 35th
percentile)) were allocated to an index of -1. Accordingly, the thresholds of 121mm, representing
the 70th percentile (100-21-9) and 238mm, representing the 91st percentile (100-9) were used as
thresholds for the categories +1 and +2, respectively.
Note that we used the raw and non-degraded instrumental data to define the categorythresholds, whereas the allocation to categories for the pseudo-documentaries was calculated after
adding white noise to the instrumental data. The disadvantage of this percentile-based
categorisation approach is that it depends strongly on the overlap periods, which are relatively
short, so that each individual year can affect the outcome (such as outliers or problematic years in
terms of amount or coherence of the available documentary information). The categorisation can
have a substantial influence on the relation of the pseudo-documentaries to the original instrumental
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data. To avoid biases introduced by this step, we repeated the white noise degrading and
categorisation until three criteria were fulfilled:
i)

Realistic target correlation - The correlation of the pseudo-documentaries with the original
instrumental data must be within ±0.05 of the target correlation calculated within the overlap
period;

ii)

No artificial trend - The residuals between the original instrumental data and the white noisedegraded rainfall amounts must not have a significant (p<0.05) trend over the full period of
instrumental data availability, as assessed by the Mann-Kendall test (Mann 1945);

iii)

No variance bias - The ratio of the standard deviations between the overlap period (sdo) and
the full period of instrumental data availability (sdl) must remain stable. For the documentary
data we used the standard deviation of the original documentary data in the overlap period
(sdodocu) and the standard deviation of the pseudo-documentaries over the full period of
instrumental data availability (sdlpseudo). Their ratio must not exceed 1±0.15 times the same
ratio of the instrumental data (the value of 0.15 reflects a subjective choice based on the tradeoff between calculating too many iterations and allowing too large variance biases):

0.85 <

< 1.15

To assess the importance of the definition of the categories, we repeated the calculation of the
pseudo-documentaries using two other approaches. First, we used the method of Pfister (1999)
using ±0.65 and ±1.3 standard deviations from the “ normal” value for the categories ±1 and ±2,
respectively. Instead of an average to define “norm al” years, we used the maximum value of the
distribution function of rainfall amounts over the full period of instrumental data availability
(Neukom et al. 2009). Note that none of the instrumental composites has a significant trend, except
for Lesotho with a negative trend of -0.9mm/year, making the choice of the reference period less
important. Second, we applied a scaling approach where the thresholds were identified by scaling
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the documentary data to the mean and standard deviation of the instrumental data over the overlap
period, and with the resulting rainfall amounts used as thresholds for each category.
Fig. S2.2 compares the reconstruction outcomes of the three approaches. The reconstructions
are very similar but the approach of Pfister (1999) yields systematically lower rainfall amounts
during the 19th century (Fig. S2.2a). This is because the method of Pfister (1999) does not account
for the unequal distribution of positive and negative indices in the original documentary data. These
are all slightly skewed towards dry extremes (Figs. S2.3-S2.7; Table S2.3). As a consequence, the
method of Pfister (1999) yielded a too large fraction of positive indices in the 20th century pseudodocumentaries relative to the original data from the 19th century (Fig. S2.2b), leading to a relatively
drier 19th century reconstruction. The other two approaches are able to deal with the unequal
distribution of indices in the documentaries and yielded more realistic results. The use of standard
deviation-based methods for categorisation is therefore not ideal because of the non-normal
distribution of most documentary-based time series.
The pseudo-documentaries (starting in the first year after the overlap period) were then spliced
together with the original historical indices to obtain the documentary time series used in the
rainfall reconstructions. The entire routine was repeated 1000 times to obtain an ensemble of
pseudo-documentaries. For each reconstruction ensemble member, one of the 1000 pseudodocumentary records was selected for each region. Figs S2.3-S2.7 show the documentary records
(grey bars), instrumental composites (black) and one example of a pseudo-documentary time series
(red bars) for each region.
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Fig. S2.1: Workflow of the process of generating pseudo-documentaries
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Fig. S2.2: (a) Comparison of SRZ (top) and WRZ (bottom) rainfall reconstructions based on
different methods to allocate rainfall data to index categories. Blue: Same fraction of years in each
category during the overlap period. This approach was used for the final reconstructions (see text).
Blue shading represents the reconstruction uncertainties as in Figs 2 and 3 in the main text. Red:
Standard deviation-based thresholds as defined by Pfister (1999). Green: Scaling of indices to mean
and standard deviation of instrumental data in the overlap period. (b) Fraction of years allocated to
each index category. Grey lines: Values from the original documentary data of the 19th century for
each of the five regions. Coloured boxplots: Fraction of years allocated to each category over all
regions and noise-iterations (1000 per region) in the 20th century pseudo-documentaries. Colours
same as in (a)
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Table S2.3: Percentiles of each index category of the documentary data in the overlap period with
instrumental data.
Category

-2

-1

0

1

2

Kalahari

26

22

13

30

9

Namaqualand

38

24

14

24

0

Lesotho

9

35

26

21

9

Southern Cape

13

35

26

13

13

Eastern Cape

17

30

24

15

13

Fig. S2.3: Kalahari documentary record (grey bars), instrumental composite (black line) and one
realisation of pseudo-documentary indices (red bars)

Fig. S2.4: Same as Fig. S2.3 but for the Namaqualand region.
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Fig. S2.5: Same as Fig. S2.3 but for the Lesotho region

Fig. S2.6: Same as Fig. S2.3 but for the Southern Cape region

Fig. S2.7: Same as Fig. S2.3 but for the Eastern Cape region
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S3. Correlation between proxy and instrumental data
Table S3.1 shows the correlations of our SRZ and WRZ rainfall proxies with the corresponding
reconstruction targets. Correlations were calculated over the 1911-1995 period. This period was
chosen because before and after these years the coverage with instrumental station data in the
Global Historical Climatology Network (GHCN) database (Peterson and Vose 1997) is clearly
reduced (Fig. S3.1).
Fig. S3.2 shows an alternative illustration of Fig.1 in the main text but showing only significant
(p<0.05) correlations in panels c and d.

Table S3.1: Pearson correlation coefficients with the instrumental targets (cor) and an indicator of
selection (sel) are provided for all proxy records and both seasons.

ONDJFM

AMJJAS

Name

cor

sel

cor

Mayotte

0.21

1

0.11

Ifaty1 d18O

0.25

1

0.11

Ifaty1 Sr/Ca

-0.21

1

0.06

Ifaty4 d18O

-0.28

1

-0.25

Ifaty4 Sr/Ca

-0.20

1

-0.21

Zimbabwe precipitation reconstruction

0.47

1

0.10

Die Bos

0.12

Kalahari precipitation reconstruction

0.35

Namaqualand precipitation reconstruction

0.21

Lesotho precipitation reconstruction

0.35

1

0.11

Eastern Cape precipitation reconstruction

0.20

1

0.25

1

Southern Cape precipitation reconstruction

0.10

0.41

1

Royal Observatory

0.20

0.68

1

a

a

0.27
1

sel

1

0.12
0.26

1

The area covered by the Eastern Cape documentaries includes the transition zone between the SRZ and WRZ and
the record is therefore used for both regions;
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Fig. S3.1: Temporal evolution of rainfall station data coverage in southern Africa. The curve shows
the number of rainfall stations within GHCNv2 (Peterson and Vose 1997), with measurements
available for each year within the domain 10°S-35°S /10°E-55°E. The period used for
calibration/verification in our reconstruction is dark brown shaded (1921-1995, at least 160 stations
with data available for each year), the early verification period is light brown shaded (1911-1920,
133-152 stations available)

Fig. S3.2: Same as Fig. 1 in the main text, but showing only significant (p<0.05) correlations in
panels c and d.
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S4. Description of reconstruction method
S4.1. Rainfall reconstruction
We used an ensemble-based nested principal component regression (PCR) to reconstruct southern
African rainfall (Luterbacher et al. 2002; Neukom et al. 2010; Neukom et al. 2011). In this
approach, principal components of the rainfall predictor data were regressed against the
instrumental target over the calibration period to establish a transfer function. This transfer function
was then applied to the proxy-PCs over their full temporal coverage to obtain reconstructed rainfall
values. This step was repeated for each existing combination of proxy records during the
reconstruction period (nested approach). Given that objective selection criteria for a number of
reconstruction parameters are largely missing, we performed an ensemble of 3000 reconstructions
with randomly chosen parameters for each ensemble member (Neukom et al. 2010). Randomisation
was applied to the following reconstruction parameters for each member:
•

One of the nine (five) proxies for SRZ (WRZ) rainfall was removed from the proxy nest;

•

The percentage of total variance of the predictor matrix explained by the retained PCs was
varied between 50% and 95% by varying the number of PCs included in the regression
analysis;

•

A calibration period of 35–50 (non-successive) year s between 1921–1995 was selected, and
the remaining 25–40 years used for verification;

•

The weight of each proxy record in the PC analysis was scaled with a factor of 0.67 to 1.5;

•

For the documentary proxy records, one of the 1000 realisations of pseudo-documentary
data was chosen (see section S2).

Of the resulting 3000 reconstructions, we considered the ensemble mean the most probable
outcome and used it as our best estimate reconstruction. Fig. S3.1 shows a workflow with all steps
of the reconstruction.
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S4.2. Reconstruction uncertainties
An advantage of the ensemble approach is that it makes it possible to quantify not only the
traditional regression residual-based uncertainties, referred to as ‘calibration error’ (e.g. Cook and
Kairiukstis 1990), but also the spread of the ensemble members generated from the random
selection of the reconstruction parameters, described as the ‘ensemble error’. The total
reconstruction confidence interval was defined as the combined calibration and ensemble standard
error (SE), calculated as

=

+

with σres denoting the standard deviation of the

regression residuals (calibration error) and σens the standard deviation of the ensemble members
(ensemble error). Uncertainties of the filtered curves were calculated the same way using the
residuals of the filtered data and standard deviation between the filtered ensemble members.
S4.3. Reconstruction skill
We assessed the reconstruction skill based on different variations of the reduction of error measure
(RE; Cook et al. 1994). The RE is defined as RE = 1 −

3
∑4
+56(&'()*+ ,&-./0(1 )
3
∑4
+56(&'()*+ ,&789+: )

, with xinst denoting

instrumental values and xrecon the reconstructed values for each year i of the verification period.
xcalib is the calibration period mean of the instrumental data. The aim of the RE is to test whether
the reconstruction has more predictive potential than the calibration period climatology (xcalib). If
the reconstruction has skill, then its RE values lie between 0 and 1 (a hypothetically perfect
reconstruction), while RE values <0 have no predictive skill. While we calculated an RE value for
each ensemble member over its individual verification period (blue shading in Figs 3c and 4c), the
skill of the ensemble mean, which we considered our best estimate reconstruction, was assessed
using two variations of the RE.
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Ensemble mean RE
The ensemble mean RE was calculated over the 1921-1995 period based on verification years only.
This means that for each ensemble member, we used only the years that were withheld for
verification and were therefore independent from the calibration period. Because the years used for
calibration and verification were randomly chosen for each of the 3000 ensemble members and
between 33% and 53% of the years were used for verification, for each year of the 1921-1995
period around 1000-1600 values were available for verification. These values were averaged to
obtain a validation ensemble mean, which was then used together with the instrumental target data
to calculate the ensemble mean RE (see above). This RE value is slightly different from the
traditional RE statistic because the verification years (covered by xinst and xrecon) and the calibration
years (represented by xcalib) are both drawn from the same 1921–1990 period.
Early verification RE
To calculate the early verification RE, the ensemble mean reconstruction (in this case based on the
full 3000 member ensemble) was verified against the instrumental target over the 1911-1920 precalibration period.
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Fig. S4.1: Workflow of the rainfall reconstruction method
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S5. Climate index and SST comparison plots
S5.1. Reconstruction vs. indices
In addition to the running correlations shown in Figs 3d (4d) in the main text, Fig. S5.1 (Fig. S5.2)
shows a direct comparison of our SRZ (WRZ) reconstruction with the selected climate indices.

Fig. S5.1: Comparison of the SRZ rainfall reconstruction with independent climate indices. Top:
interannual and 30-year loess-filtered reconstructi on (black with shaded uncertainties) and 30-year
filtered SAM reconstructions (solid blue; Villalba et al. 2012 and dashed blue; Jones et al. 2009),
SOI reconstruction (red; Stahle et al. 1998) and Indian Ocean PC2 (green). The lower three panels
compare the unfiltered reconstruction with the unfiltered indices (same colours as above,
correlations over the full period of overlap are indicated in parentheses for each index). Data for the
indices were scaled to the mean and standard deviation of the SRZ reconstruction over the period
1921-1995. Indian Ocean SST PC2 curves are inverted for clearer comparison
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Fig. S5.2: Same as Fig. S5.1 but for the WRZ and Southern Ocean SST PC1 instead of Indian
Ocean SST PC2. SAM and Southern Ocean SST PC1 curves are inverted for clearer comparison

S5.2. Running correlations regional SSTs vs. ENSO indices
Alternative running correlations to Figs. 3d and 4d in the main text, are provided in Figs. S5.3 and
S5.4. They include also the instrumental and reconstructed NINO3.4 running correlations with SRZ
and WRZ rainfall, respectively. Fig. S5.3 illustrates the very similar relation of SRZ rainfall to the
SOI, NINO3.4 and Indian Ocean SSTs.
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Fig. S5.3: 30-year running correlations between the SRZ rainfall and SST indices. a) Running
correlations between instrumental SRZ (reconstruction target) and instrumental Indian Ocean SST
PC2 (IOPC2; green), SOI (red) and NINO3.4 (blue) indices. b) Running correlations between
reconstructed SRZ rainfall and reconstructed indices. For the IOPC2 correlations, instrumental
(HadISST) data are used. NINO3.4 and IOPC2 correlations are inverted for improved comparison.
The red and green lines in panel a (b) correspond to the solid (dotted) red and green lines in Fig. 3
in the main text.

Fig. S5.4: Same as Fig. S5.3 but for the WRZ and using Southern Ocean PC1 (SOPC1) as regional
SST index (green). NINO3.4 and SOPC1 correlations are inverted. The red and green lines in panel
a (b) correspond to the solid (dotted) red and green lines in Fig. 4 in the main text.
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S6. CLIWOC/ICOADS-based rainfall reconstructions
Prior to the reconstructions, the gridded CLIWOC/ICOADS wind speed data series were screened
for suitability as rainfall predictors by correlating them against the seasonal reconstruction targets
over the 1911-1995 period. Only grid cells with a maximum distance of 1000 km from the SRZ and
WRZ areas were considered.
Table S6.1 lists the cells of the gridded wind speed data that are available in the southern African
domain of the CLIWOC/ICOADS data set (Küttel et al. 2010) and their correlation with SRZ and
WRZ rainfall. The cells that were selected for the reconstructions are indicated in Table S6.1 and
shown in Fig. S6.1.
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Fig. S6.1: Same as Fig. 1 in the main text but including the CLIWOC/ICOADS cells (Küttel et al.
2010) that were selected for the independent reconstruction
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Table S6.1: Results of the proxy screening procedure for the SRZ (ONDJFM) and WRZ
(AMJJAS) reconstructions for the CLIWOC/ICOADS data. Pearson correlations coefficients (cor)
and an indicator of selection (sel) are provided for both seasons. “U” (“V”) denotes the zonal
(meridional) direction of the wind vectors and the coordinates indicate the centre of the 8°x8° grid
cells. No correlations are provided if the record is outside the search radius of 1000km (from the
closest grid cell corresponding to the SRZ and WRZ respectively). Some of the grid cells
surrounding southern Africa are not considered because they do not have sufficient data coverage in
the respective season (Küttel et al. 2010). Note th at the degrees of freedom for the correlations are
dependent on the data coverage and lag-1 autocorrelation of each individual record.
ONDJFM

AMJJAS

Name

cor

cor

CLIWOC U 4°E / 4°S

sel

AMJJAS

Name

cor

-0.16

CLIWOC U 60°E / 28°S

0.13

CLIWOC U 12°E / 4°S

0.04

CLIWOC V 20°E / 28°S

CLIWOC U 44°E / 4°S

0.29

CLIWOC V 28°E / 28°S

-0.14

CLIWOC V 12°E / 4°S

-0.15

CLIWOC V 36°E / 28°S

0.18

CLIWOC V 44°E / 4°S

-0.13

CLIWOC V 44°E / 28°S

0.03

CLIWOC U 12°E / 12°S

0.22

CLIWOC V 52°E / 28°S

-0.22

CLIWOC U 44°E / 12°S

-0.26

CLIWOC U 4°E / 36°S

-0.12

0.19

CLIWOC V 12°E / 12°S

-0.09

CLIWOC U 12°E / 36°S

-0.24

0.16

CLIWOC V 44°E / 12°S

0.12

CLIWOC U 20°E / 36°S

-0.22

CLIWOC U 4°E / 20°S

0.22

CLIWOC U 28°E / 36°S

0.09

CLIWOC U 36°E / 20°S

0.07

CLIWOC U 36°E / 36°S

0.06

CLIWOC U 44°E / 20°S

-0.16

CLIWOC U 44°E / 36°S

-0.23

CLIWOC U 52°E / 20°S

-0.09

CLIWOC V 4°E / 36°S

0.09

CLIWOC V 4°E / 20°S

-0.23

CLIWOC V 12°E / 36°S

0.27

CLIWOC V 36°E / 20°S

-0.12

CLIWOC V 20°E / 36°S

0.03

-0.17

CLIWOC V 44°E / 20°S

-0.37

1

CLIWOC V 28°E / 36°S

0.20

0.16

CLIWOC V 52°E / 20°S

-0.30

1

CLIWOC V 36°E / 36°S

0.14

CLIWOC U 4°E / 28°S

-0.17

0.14

CLIWOC V 44°E / 36°S

0.20

CLIWOC U 12°E / 28°S

-0.13

-0.08

CLIWOC U 12°E / 44°S

-0.08

CLIWOC U 20°E / 44°S

-0.15

-0.17

-0.15

CLIWOC U 28°E / 44°S

0.09

0.38

CLIWOC U 36°E / 44°S

-0.13

-0.26
1
0.24

CLIWOC U 20°E / 28°S

sel

ONDJFM
sel

cor

-0.24
0.12

1

1

0.30
0.29

1
-0.06
1

0.15

-0.27

CLIWOC U 28°E / 28°S

-0.15

CLIWOC U 36°E / 28°S

0.28

CLIWOC U 44°E / 28°S

0.09

CLIWOC V 12°E / 44°S

CLIWOC U 52°E / 28°S

0.15

CLIWOC V 20°E / 44°S

0.19

0.39

CLIWOC V 4°E / 28°S

0.15

0.05

CLIWOC V 28°E / 44°S

0.25

0.30

CLIWOC V 12°E / 28°S

-0.07

-0.17

CLIWOC V 36°E / 44°S

0.11

1

sel

-0.21

1
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