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The article presents a newly created precipitation data set for the African continent and describes the
methodology used in its creation. It is based on a combination of proxy data and rain gauge records. The data
set is semi-quantitative, with a “wetness” index of −3 to +3 to describe the quality of the rainy season. It
covers the period AD 1801 to 1900 and includes data for 90 geographical regions of the continent. The results
underscore a multi-decadal period of aridity early in the nineteenth century.
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Introduction

Concerns about global change have increased the need for long-
term data sets to evaluate past climate. Of particular interest are
multi-decadal and multi-century time series to evaluate the factors
governing such low-frequency variability. Because of this interest,
there has been a push to develop climatic data sets that cover at least
a century or longer. For example, the ICOADS global SST data set has
recently been extended back to 1800 AD (Woodruff, 2011), and a
reanalysis data set with global circulation parameters now goes back
to 1871 AD (Compo et al., 2011). These new data sets provide an
unprecedented opportunity to study the temporal stability of the
forces driving climate.

The precipitation records for the United States, Europe and Asia
extend back two or more centuries, long enough to exploit these
historical data sets. In contrast, except for Algeria and South Africa,
the modern precipitation record for Africa barely covers a century. In
this article we present a newly developed African precipitation data
set that extends the record back to 1800 AD, using a combination of
gauge records and historical information. The data are semi-
quantitative, i.e., “wetness” is expressed as a seven-class index.
However, the detail suffices for standard statistical analysis methods,
such as linear correlation and spectral analysis, to be applied. The data
cover 90 regions of the African continent and are available from the
NOAA Paleoclimate Data Center in Boulder, Colorado.
.
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One purpose of this article is to present the data set to potential
users. With the development of high-resolution paleoclimate in-
dicators for recent centuries (e.g., Halfman and Johnson, 1988; Russell
et al., 2007; Shanahan et al., 2008), the data set can provide a useful
comparison for many paleoclimate researchers. A second purpose is
to demonstrate a methodology for integrating and making use of the
diverse indicators available on historical time scales. Much more
historical climate information exists and can be exploited in this
context.

Information on African precipitation in the 19th century

Gauge records

The African precipitation records for the 19th century are of three
types: official records for stations continuing to modern day; regular
reporting stations established by colonial governments but generally
abandoned with the change of the colonial power structure early in
the twentieth century; and temporary, non-governmental observa-
tions, usually made at mission stations, explorers' camps, etc. The first
type is the most readily usable and this type of record comes mainly
from Algeria, Tunisia, Senegal, Namibia, and South Africa. Isolated
stations with continuous records also exist in many other countries,
such as Sierra Leone, Gambia, Ghana, Nigeria, Cameroon, Kenya, and
Zimbabwe. The second type of station record is common in countries
such as Togo, Southwest Africa (currently Namibia) and Tanganyika
(currently Tanzania), which were under German control. The British,
French, Portuguese, Italians and Belgians also left behind extensive
meteorological records from their former colonies, but their records
continued well into the 20th century.
c. All rights reserved.
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Figure 1. Number of African rainfall stations in the gauge archive during the period 1850 to 1900. Light shading, stations in South Africa; no shading, stations in Algeria; dark
shading, stations in remaining countries in Africa.

Figure 2. Map of locations with one or more years of data in the 19th century.
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A useful inventory of African precipitation data is that of Supan
(1898), who summarizes all available African gauge data up to the
time of his publication and also gives the source of the data for each
station. Many of the records made their way into scientific journals.
Particularly useful sources are Petermann's Geographische Mitteilungen
and Meteorologische Zeitschrift, as well as the geographical journals of
several national geographic societies. A more extensive list of sources
of nineteenth century African precipitation records is included in
Nicholson (2001).

Figure 1 shows the total number of African stations available from
1850 to 1899 AD. By far the largest number of records is for South
Africa and Algeria, so these are shown separately. Records become
plentiful for Algeria in the 1860s AD and for South Africa in the
1880s AD. For most other African countries, records commence in the
late 1880s or 1890s. Figure 2 shows the location of stations available
during one or more years of the nineteenth century. Clearly, the
coastal areas are best represented. Some of the notable long-term
station records are listed in Table 1.

Documentary data

Documentary data consist of verbal descriptions of conditions
related to climate. The sources include settlers' diaries, explorers'
journals, reports of scientific expeditions, historical chronicles docu-
menting the reign of centuries of kings, oral tradition, missionary
reports, and government records. The diaries, journals and reports are
tremendous sources of meteorological information. In some cases the
material is merely descriptive, e.g., references to famine or drought, the
character of the year's rainy season, or the state of a lake. However,
many of the explorers, such as the German Heinrich Barth (1859), kept
day-by-day records of the weather, often including even temperature
measurements.

The documentary data reports provide transient and temporary
records. Sources of more continuous and homogeneous reporting are
the European settlers in various African countries and the numerous
mission stations, particularly those in the Anglophone countries. The
missionary records are particularly important because annual entries
are made, the observations are diligently recorded, and many mission
stations endured for decades in the same location. These sources
generally give descriptive information on such things as famine,
drought, the conditions of crops, unusual weather, and the status of
vegetation and waterways.

Several authors have produced multi-decadal climate chronolo-
gies for Africa from missionary records. These include chronologies
for the Kalahari (Nash, 1996; Nash and Endfield, 2002a,b), Lesotho
(Grab and Nash, 2010; Nash and Grab, 2010), and South Africa (Vogel,
1989; Kelso and Vogel, 2007). Vogel (1989) validated her records for
time periods with overlapping gauge data, supporting the accuracy
and credibility of the missionary reports. Support for the validity of
oi.org/10.1016/j.yqres.2012.03.012 Published online by Cambridge University Press
the documentary records also comes from correlations with El Niño
and the Southern Oscillation (Kelso and Vogel, 2007; Nash and
Endfield, 2008). However, the missionary records in Africa have not
been fully exploited in terms of climate information. Much more is
available, particularly for East Africa.
Other proxy indicators on the historical time scale

Other proxy indicators of historical climate conditions include lake
depth and/or extent, river discharge and tree rings. These present a
challenge in interpretation because of the complex response function
to climate variables, including the integration of conditions over more
than one year. The height of a lake surface, for example, is influenced
by rainfall, temperature and wind, as well as other variables that
modulate evaporation (Nicholson et al., 2000). The composition of a
sediment core reflects several factors, including characteristics of the
inflow, the net balance of precipitation and evaporation, and even
wind (Johnson et al., 2002). The growth rings of trees respond to
temperature, precipitation, and other factors controlling moisture
availability, including orographic effects (Nicolini et al., 2010;
Touchan et al., 2011).

image of Figure�2
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Table 1
Notable African stations with long precipitation records and first year of regular
coverage.

Station First year

Algiers, Algeria 1837
Constantine, Algeria 1838
Cape Town, South Africa 1838
Oran, Algeria 1841
Biskra, Algeria 1845
St. Louis, Senegal 1851
Luanda, Angola 1858
Alexandria, Egypt 1859
Port Said, Egypt 1866
Cairo, Egypt 1870
Mogador, Morocco 1873
Zanzibar, Tanzania 1874
Tunis, Tunisia 1873
Freetown, Sierra Leone 1875
Mombasa, Kenya 1875
Tripoli, Libya 1877
Omaruru, Namibia 1882
Aburi, Ghana 1883
Bismarckburg, Togo 1883
Banjul, Gambia 1884
Rehoboth, Namibia 1884
Douala, Cameroon 1885
Walvis Bay, Namibia 1885
Accra, Ghana 1886
Lagos, Nigeria 1886
Massawa, Eritrea 1886
Yaounda, Cameroon 1889

Figure 3. Map of 90 regions utilized in the data set.
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For Africa, tree-ring analysis is limited by the fact that there are
few locations where the trees have annual rings. Most of the
dendroclimatological studies stem from Morocco, Tunisia, and
Algeria (Touchan et al., 2008, 2011). However, some work has been
done in Namibia (e.g., Trouet et al., 2001), Tanzania (Fichtler et al.,
2004) and Zimbabwe (e.g., Therrell et al., 2006). Unfortunately, the
few tree-ring chronologies available to us either did not consistently
correlate well with annual rainfall or they covered locations/time
periods with adequate gauge data. For that reason tree-ring data were
not incorporated into the archive.

For the African lakes a wealth of documentary information exists,
enough to produce multi-century chronologies for ten lakes in
equatorial and southern Africa (Nicholson, 2001). Unfortunately,
those chronologies were of limited use in producing the annual
resolution data set described in this article. Our prior work (Nicholson
et al., 2000; Nicholson and Yin, 2001; Yin and Nicholson, 2002)
demonstrates the difficulties and complexities, which are described
in the Methodology section.

Some lacustrine hydrologic records do have annual resolution. In
such cases the sediment displays varves, or two distinct layers per
year, reflecting seasonal conditions. An excellent case in point is Lake
Bosumtwi, in West Africa (Shanahan et al., 2008). Data for this lake
have been included in this archive, as have some data points for Lakes
Victoria, Tanganyika, Rukwa, Chad, Malawi, Chilwa, Stefanie, Naiva-
sha, Albert, and Turkana. Further detail on the lacustrine records
utilized is presented in the Methodology section.

The record of the Nile flow has even higher resolution, with
minimum and maximum levels recorded in most years going back to
the 7th century (Toussoun, 1925). Lamb (1966) suggested that its
summer minimum reflects the equatorial rainfall regime and that its
annual flood represents rainfall in the source region of the Blue Nile in
Ethiopia. This is a reasonable approximation. However, the distinction is
not so clear-cut, with a very abnormal summer minimum influencing
the subsequent flood and vice versa. Rainfall in the regions traversed by
the Nile also affects its flow. Nevertheless, the Nile record provided
useful data for most years of the 19th century.
rg/10.1016/j.yqres.2012.03.012 Published online by Cambridge University Press
Methodology

Development of a methodology

The development of the historical data set described herein is an
outgrowth of a methodology developed by the first author over several
decades of research. A basic methodology of historical climate recon-
struction for Africa and the associated difficulties are described in
Nicholson (1979, 1981a, 1996). Early work produced a broad, highly
generalized sketch of the long-term climate history for key sectors, such
as the Sahel, and spatial anomaly patterns of periods of unusual rainfall
conditions over large sectors of Africa (e.g., Nicholson, 1978, 1980). Later
works detailed long-term fluctuations of lakes mainly in East Africa (e.g.,
Nicholson, 1998a,b, 1999).

A serious difficulty in exploiting Africa's historical precipitation
record is that the information is largely fragmentary, especially prior to
the 1890s, as well as qualitative. A methodology was developed to
utilize these diverse bits of information to construct semi-quantitative
indicators of precipitation for 90 regions of the continent (Nicholson,
2001). The data set described in the current article represents a
refinement and extension of the methodology developed therein.

The key to the climate reconstruction is the use of regions that are
homogeneous with respect to interannual variability (Nicholson,
1986). These regions are shown in Figure 3. A basic assumption is that
information pertaining to any location within the region can be used
to produce a precipitation time series representing the region.
Secondly, because so much of the available material is descriptive
rather than quantitative, a seven-class system is used to describe the
“wetness” of the season. These range from −3 to +3, with negative
numbers indicating below normal rainfall, positive numbers indicat-
ing above normal rainfall and a zero indicating normal conditions.

Gauge data

The gauge data were comparatively easy to utilize. The first step
was to ascertain geographical coordinates for the location of the
observations. The second was to find a modern analog station, in
order to determine an appropriate long-term mean for the 19th

image of Figure�3
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Table 2
Example of documentary entries for the Niger Bend. Included, from top to bottom, are
the region number, wetness index, geographical location, year, and documentary
entry.

%A 14
%F −3
%K Niger Bend
%D 1853/1854
%T Famine and drought in the Niger Bend (c. 17 N 3 W) (Barth, 1859).

%A 14
%F
%K Niger Bend
%D 1854c
%T It was, near Tombouctoo, rainy on the fifteenth of January; Barth states that rain
and thunder is not unusual along this quarter of the river toward the end of
January and the beginning of February.

%A 14
%F −2
%K Niger Bend
%D 1864/1865
%T Great drought in Oualata and the Soudan (Mali) (Marty, 1921).

%A 14
%F −3
%K Niger Bend
%D 1865/1866
%T Great drought and famine at Tichitt, Chinguetti, Oualata, Araouane, and Tombouctoo
(Monteil, 1939).

%A 14
%F +2
%K Niger Bend
%D 1866
%T This year of abundant precipitation “ended a long period of drought which
affected the regions of the Sahara between Adrar in the West and Tombouctoo
in the East” (Plote, 1974).

%A 14
%F +2
%K Niger Bend
%D 1880
%T After Lenz's passage in this year, floods of the Niger were always good, until at
least 1897, and the region became very prosperous (Plote, 1974). In 1880 the
floods were exceptionally good, filling Lake Faguibine and the daounas, bringing
fertility to a region that had been left sterile by many years of drought. This
would imply that the 1870s were reasonably dry.

Table 3
Algorithms for combining historical and gauge data, based on the number of entries of
both. G denotes gauge records in the region in question. H represents historical entries
for the region in question. If more than one gauge or historical entry is available, the
average for the region and year (μG or μH) is used.

Gauge→ 0 1 2 3 4+

Historical ↓

0 G μG μG μG
1 H 2/3 H+1/3 G 1/2 H+1/2 μG 1/3 H+2/3 μG μG
2 μH μH 1/3 μH+2/3 μG 1/3 μH+2/3 μG μG
3 μH μH 2/3 μH+1/3 μG 1/2 μH+1/2 μG μG
4 μH μH 2/3 μH+1/3 μG 1/2 μH+1/2 μG μG
5+ μH μH 3/4 μH+1/4 μG 1/2 μH+1/2 μG μG
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century station. Then quality control was carried out. For short-term
records, quality control was limited to searching for outliers. This was
done via comparison with the records of the analog station,
identifying any historical data that fell outside the extremes in the
modern station record.

The gauge data were then converted into the seven-class system,
to obtain a “wetness” value for each year. Several conversion
schemes were tested on modern station records, their applicability
assessed by examining the resultant frequency distribution of annual
anomalies. The chosen conversion distinguished the classes based on
standard deviations from the long-term mean. A wetness index of
zero corresponds to annual values within 0.25 standard deviations of
the mean. Index values of −1/+1 are assigned to annual totals
between −0.25/+0.25 and −0.75/+0.75 standard deviations.
Values of −2/+2 are indicated for anomalies falling between
−0.75/+0.75 and−1.25/+1.25 standard deviations. More extreme
departures from the mean are classed as −/+3.

An issue that arose is how to define a “year” for stations with a
rainy season that extends across two calendar years (e.g., from
October to the following March). When an analysis is restricted to
such rainfall regimes, annual data are typically calculated for what is
termed the “rainfall year” or the “agricultural year.” Such a regime
prevails over most of Southern Africa. This approach is problematic
when the analysis sector also includes rainfall stations with the rainy
oi.org/10.1016/j.yqres.2012.03.012 Published online by Cambridge University Press
season confined to a single calendar year. This is the case for most of
North Africa. Therefore we tested the impact of using calendar-
versus rainfall-year for various analyses and found that the impact
was relatively small. We also correlated calendar-year totals with
rainfall-year totals. Correlations were extremely high for the cases
with the rainy season extending across two calendar years. The
explanation is that most of the interannual variability is contributed
by only a few months. In Southern Africa these months generally fall
between January and April. Hence, in evaluating interannual variabil-
ity over Africa calendar-year totals can be used without difficulty.

Documentary information

Each documentary entry was first assigned to one of the 90
regions shown in Figure 3, based on its location. Then the entry was
subjectively fit into one of the seven “wetness” classes, with the
presence of key descriptors being used to distinguish the various
categories. For example, a dry year might be classified as −1, but a
−2 categorization requires explicit mention of a drought. An entry is
classed as −3, severe drought, only if human consequences such as
famine or migration are mentioned. In this scheme, a zero denotes
normal conditions and +1 to +3 indicate a range from good rains to
anomalously wet then very wet. The last category occurs infrequently
and often indicates a flood situation.

Table 2 gives an example of documentary information for the
Niger Bend region of West Africa, which includes Timbuktu. Each
entry in the archive was put into this format. It includes the rainfall
region the entry fits into the “wetness” class, the general geographical
region, the year to which the entry pertains, and the entry itself.
Unfortunately, in some cases a wetness class cannot be ascertained. In
these cases, the entry is retained in the archive but not utilized for
reconstructing precipitation. When feasible, geographical coordinates
are given within the descriptive section. In some cases, an interpre-
tation is given within the text of the entry. For example, if a famine is
discussed by the source, an annotation indicating that the famine
appeared to be related to drought or to conditions in a given month
might also be included.

Limited validation of the documentary entries was carried out by
comparing time series based on those entries with gauge data
available for the same time and region. Few regions had enough
data to carry out such a validation. An example is given in Nicholson
(2001). Vogel (1989), Nash and Endfield (2002a), and Kelso and
Vogel (2007) also carried out extensive validation of their re-
constructions based on missionary records and found them to be
very credible.

Incorporating hydrological information

The hydrologic information is difficult to interpret in terms of
precipitation. Three specific issues need to be dealt with: the
geographical region or regions represented by the indicator, the
nature of the relationship between the indicator and precipitation,

https://doi.org/10.1016/j.yqres.2012.03.012


Table 4
Appropriate substitute regions for rainfall regions 1 to 90 (see Fig. 3 for location). If the
region number is not listed, no other region provides an acceptable substitute. The firs
column of the table is the region for which substitutes are needed. Subsequen
columns are the regions that can be used as a replacement for the missing one.

Region # Acceptable substitute regions

1 6
5 6
6 1 5
9 10 13 14
10 9
11 14 15 16
12 15 16 17
13 9 14 18
14 9 11 13 15 18 19 20
15 11 12 14 16 20
16 11 12 15 17 20 21
17 12 16 21 22
18 13 14 19 23
19 14 18 20 23
20 14 15 16 19 21 26
21 16 17 20 26
22 17
23 18 19 24 28
24 23 25 28 29
25 24 28 29 36
26 20 21
27 31
28 23 24 25 29
29 24 25 28 36
31 27 32 33 87
32 31 38 39 87
33 31 87 88 89
36 25 29 86
37 38 87
38 32 37 39 43 44 53 87
39 32 38 44
40 41
41 40
43 38 44 48 53 54 56
44 38 39 43 48
46 47 51
47 46 51
48 43 44 56 57 62
49 50
50 49
51 46 47
52 61 62 63 71
53 38 43 54
54 43 53 55 56
55 54 56 58 59
56 43 48 54 55 57 59
57 48 56 59 60 62
58 55
59 55 56 57 60 66
60 57 59 62 64 66 68
61 52 62 63 65
62 48 52 57 60 61 65 68 69 77 78
63 52 61 65 69 71
64 60 66 67 68 72
65 61 62 63 69 78
66 59 60 64 67 72
67 64 66
68 60 62 64 72 73 74 77
69 62 63 65 70 71 78
70 69 71 78 82
71 52 63 69 70
72 64 66 68 73
73 68 72 74 75
74 68 73 75 76 77
75 73 74 76 79 80
76 74 75 77 79 80
77 62 68 74 76 78 80
78 62 65 69 70 77 80 81
79 75 76 80
80 75 76 77 78 79 81 83
81 78 80 82 83
82 70 81 83 84

(continued on next page)

Table 4 (continued)

Region # Acceptable substitute regions

83 80 81 82
84 82
86 36
87 31 32 33 37 38
88 33 89
89 33 88
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and conversion of the values of the indicator to the seven-point semi-
quantitative scale. A thorough resolution of these issues requires
detailed modeling of the hydrologic indicator (e.g., Nicholson and Yin,
2001) and/or statistical analysis of the relationship with precipitation
(e.g., Nicholson, 1998b). In some cases, this has been done. In others,
the hydrologic indicator was subjectively interpreted.

The indicators in question include several lakes and the maximum
and minimum levels of the Nile flow during the course of the year.
Lakes integrate precipitation over their catchment. For small lakes, it
can generally be assumed that the lake represents the nearby
surrounding region. This was the assumption for Lakes Rukwa,
Chilwa, Stefanie, Turkana and Naivasha. For Lakes Victoria and
Malawi, statistical correlations determined the region best repre-
sented by the lake. Lake Victoria's catchment lies within rainfall
region 32 and the lake level primarily reflects catchment rainfall
(Nicholson et al., 2000). Although Lake Albert receives outflow from
Lake Victoria, its level is also influenced by rainfall in its catchment
and inflow from the Semliki River. These sources are in rainfall region
31 and Lake Albert was assigned to this region. Lake Tanganyika's
catchment lies within rainfall region 39. Lake Malawi's catchment
straddles several uncorrelated rainfall regions, but statistical analysis
shows that its level is most strongly correlated with rainfall in region
38 (Nicholson, 1998b). This is reasonable, as the lake's major
tributaries lie in this region (Pilskaln and Johnson, 1991). Lake Chad
is more difficult to interpret because its tributaries originate in
equatorial regions (rainfall region 25) but the lake itself lies in the
Sahel (straddling regions 15 and 20). Its level is influenced by rainfall
in both the equatorial region and the Sahel (Nicholson, 1981b). Here
the assumption is made that it is most representative of region 20, in
which most of the over-lake rainfall occurs. This is an appropriate
“compromise,” in that region 20 correlates with both regions 15 and
25 (Nicholson, 2001).

The water-balance model of Yin and Nicholson (2002) demon-
strated that rainfall in Lake Victoria's catchment is reflected by the
year-to-year change in the level of the lake. This relationship may
depend to some extent on basin characteristics and the dominant
water-balance terms. However, it is assumed to be valid for the lakes
utilized in creating this archive. This means that rainfall can be
inferred from lake levels alone only when information about the level
is available for two consecutive years.

Data on Nile flow were obtained from Toussoun (1925), who
reported minimum and maximum levels at the Roda gauge (near
Cairo) since the 7th century AD. Interpretation is complex because
rainfall in several geographic regions influences its flow. We assumed
that, to a first approximation, the summer minimum reflects rainfall
in the source region of the White Nile (i.e., near Lake Victoria, region
32) and that its subsequent flood stage reflects rainfall over the
Ethiopian highlands (region 27) (Lamb, 1966). As for the nature of
the relationship to rainfall, it was assumed that the Nile flood stage
directly reflects rainfall over the highlands but that its summer
minimum reflects the year-to-year change in region 32 rainfall. The
justification for the latter assumption is as follows. The year-to-year
change in the level of Lake Victoria, the source of the Nile, reflects
annual rainfall. Its discharge, which largely determines the summer
Nile flow, is directly correlated with the level of the lake (Nicholson et
al., 2000).

https://doi.org/10.1016/j.yqres.2012.03.012


Figure 4. Histogram of correlation coefficients for all potential equivalent region
substitutions. Dark shading represents the highest inter-region correlation for each
region. Light shading indicates the values of all other inter-regional correlations
exceeding 0.4.
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The source of data for all lakes except Bosumtwi andMalawiwas the
lake chronologies published in Nicholson (2001). One of them, the Lake
Ngami chronology, was not utilized because of ambiguities in its
interpretation. The chronologies were examined to identify usable data
points. It was initially assumed that levels based on reports of a
continual rise or fall over a multi-year period would be usable.
However, an initial test of the impact of these data showed that such
generalizations masked high-frequency fluctuations, resulting in an
Figure 5. Histograms of data input and error statistics. Ranges of histogram classes are indicate
number of cases representing actual data input, equivalent regions, and spatially reconstructed
Bottom left. Root mean square error (in units of wetness classes) for reconstructed regional wet
reconstructed and observed index values are of opposite sign. Y-axis gives the number of regio

oi.org/10.1016/j.yqres.2012.03.012 Published online by Cambridge University Press
unrealistic red spectrum of resultant rainfall time series. Thus, the only
usable points from the chronologies were cases with reliable values of
lake level in two consecutive years.

Lake Malawi data were obtained from Bergonzini (1998). Nearly
continuous lake-level information was available from 1882 to 1900
and miscellaneous levels were available in the 1860s and 1870s.

The Lake Bosumtwi data were obtained from the Shanahan et al.
(2009) contribution to the NOAA's Paleoclimate Data Center (Data
Contribution Series #2009-084). Oxygen isotopes were measured in
laminated sediments in a lake core. These are interpreted by those
authors as a proxy for the precipitation/evaporation balance. Assuming
that evaporation is less variable from year to year than precipitation,
the isotopic record was assumed in this study to represent annual
rainfall. The lake was assigned to the region in which it lies, rainfall
region 28.

The final issue was converting the proxy data to the seven-class
system. For Lake Bosumtwi a mean and standard deviation for the
19th-century data were calculated and the same conversion was used
as for gauge data. This Nile data were similarly converted. For the
remaining lakes, too few data points were available to use this
approach. Instead the categorization was subjective, but it was based
to some extent on the frequency distribution of these categories in
modern rainfall data.

Merging gauge data and historical (documentary and hydrological)
information

Regional averages were created by merging all available informa-
tion within the region. A simple average of all data for the region was
not used because one cannot assume that gauge and historical data
d at the bottom of each graph. Top left: For each of the seven classes of wetness indices the
data. Top right. Correlation between reconstructed and observed regional wetness indices.
ness indices. Bottom right. The histogram classes denote the number of cases inwhich the
ns falling into each category.

image of Figure�4
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are equally representative of large-scale conditions. By definition a
drought covers a relatively large spatial area. Generally, only the
larger and more intense droughts get reported. A lake integrates
conditions over its catchment. On the other hand, a rain gauge
provides a point measurement that, in the tropics, is probably not
representative of a very large area. Lebel and Le Barbé (1997), for
example, show that when the gauge density in SahelianWest Africa is
two stations per 10,000 km2, the error is roughly 5% for annual data.
The error is considerably greater for a single station. Five or more
stations reduce the error to 3% or less. For this reason, a credible report
of drought or reliable lake levels may provide better information at the
regional scale than does a single gauge measurement.

The question then arises as to how to weight historical and station
data. Algorithms were derived for the weighting, based on past
experience of the first author, the examination of the impact of station
number on spatial averages presented in Nicholson (1986), and error
estimates in the literature, such as those of Lebel and Le Barbé (1997).
This reasoning suggested the algorithms shown in Table 3 for combining
gauge and historical data. As an example, if only one gauge record is
available, but two ormore historical entries are available, the gauge data
are given a zeroweighting and one defers to the average of the historical
entries μH. The average historical and gauge entries are equally
weighted when one historical and two gauge entries are available.
When four or more stations are available, the historical data are given a
zero weighting. Note also that the resultant values are rounded to the
nearest integer.

Quality control for the combined gauge-historical entries was
provided by comparing the spread of estimates from the various
sources. If more than a two-category spread existed among the
entries for an individual region and year, each of those entries was re-
Figure 6. Matrix of sources for the final data matrix (Fig. 7). Shadings distinguish betw
substitutions, and spatial reconstruction.
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evaluated. The choice of two categories was governed by the fact that
such a spread could still occur when the entries are consistently
indicating either dry conditions or wet conditions. Moreover, it would
not be unusual to find such a spread in rain-gauge data. Only a small
number of such cases occurred. In most of these, it was found that an
error was made in determining the location or year of a documentary
entry. Only eight “conflicts” could not be resolved in this way.
Statistical inference for missing regions: equivalent regions

Over much of Africa the spatial coherence of the interannual
variability of rainfall goes well beyond the space scales of the regions
shown in Figure 3 (Nicholson, 1993). In many cases the inter-regional
correlations are very high, exceeding 0.8 over nearly a century
(Nicholson, 2001). These local relationships are used to fill in gaps
with data from nearby regions, when the relationship is sufficiently
strong.

Nicholson (2001) determined that when the correlation between
two regions exceeds 0.5 the regions are appropriate substitutes for
each other. For the records utilized in that study, a correlation of 0.5
well exceeded the 1% significance level. With the longer data set
utilized in the current study, a correlation of 0.4 has roughly the same
significance level and is therefore adopted as a threshold for
acceptable regional equivalence.

For each of the 90 regions, the “equivalent regions” are listed in
Table 4. Some areas of extremely high coherence, such as the Sahel,
have numerous possible substitute regions. In other locations, fluctu-
ations have little spatial coherence and no regional substitutes are
acceptable. That is the case for 12 of the 90 regions. This is generally the
een gauge data, other direct information (documentary and hydrologic), regional
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Figure 7. The final data matrix of “wetness” indices for 1801 to 1900 and the 90 regions indicated on the x-axis. From left to right, the regions approximately extend by latitude from
the northern to southern extremes of Africa.
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case for desert regions and for areas of complex topography, such as
western equatorial Africa and Ethiopia.

Figure 4 shows the histogram of inter-regional correlations for the
acceptable regional substitutions. It includes two types of informa-
tion. The dark shading represents the values of the correlation
coefficients between each region and the region with which it is best
correlated. The light shading represents the correlation coefficients
between all other pairs of regions that can be substituted for each
other. Figure 4 indicates, for example, that 52 of the 78 regions have
at least one other region with which the correlation exceeds 0.65.

Two approaches were tested for filling in regional gaps by
substituting “equivalent” regions. In one case, the value of the most
highly correlated region was adopted. In the second case, the average
of the values for all possible substitute regions was used. The results
showed little difference and the former approach was adopted.

Spatial reconstruction

Several methods are available for proxy-based climate field
reconstruction using nonlocal relationships. In these methods, large-
scale covariance information is used to calibrate instrumental data
against proxy indicators (Zhang et al., 2004). The most common are
multivariate principal component regression, composite plus scaling,
and regularized expectation maximization (‘RegEM’) (Neukom et al.,
2010). The appropriate method depends on the variable being
estimated and the nature of the proxy variable or variables (Smerdon
et al., 2011).

In this study, principal component analysis (PCA) was used in
conjunction with multivariate regression to reconstruct the missing
oi.org/10.1016/j.yqres.2012.03.012 Published online by Cambridge University Press
regional values for the nineteenth century. To assign a value for a
specific region in a year with no data, the first step was to apply PCA
on the 20th century time series of all regions with data available for
the 19th-century year in question. The leading principal components
(PCs) that cumulatively explain a large fraction of the total variance
were retained. This serves to minimize random noise. The retained
PCs were then used as the independent variables in a multivariate
regression model whose dependent variable was the rainfall of the
region of interest. The resultant linear regression equation was
utilized to calculate the missing value. This process was repeated for
all regions/years with missing data in the 19th century. Various
numbers of PCs were initially retained to determine the sensitivity of
the analysis to the inclusion/retention of PCs. Results were relatively
stable for numbers ranging from 10 to 20 and the decision was made
to retain 20 PCs.

A tally of the composition of the final data set is shown in Figure 5.
In each anomaly class, regional data, equivalent regions, and spatial
reconstructions each provide roughly the same number of regional
index values. The exception is the zero class, in which the largest
amount of data comes from spatial reconstruction. This is not
surprising because in many cases the absence of data reflects normal
conditions (i.e., no need to comment on the quality of the season).

Figure 6 shows the source of the “data” for each region and year.
Shadings distinguish between gauge data, other direct information
(documentary and hydrologic), regional substitutions, and spatial
reconstruction. Overall, there is much more direct information
(including gauges) available for southern Africa than for other
regions. The availability of the first two classes becomes relatively
high in the 1840s AD for southern Africa, 1850s for West and North

image of Figure�7
https://doi.org/10.1016/j.yqres.2012.03.012


Figure 8. Select multi-region time series of “wetness” from 1801 to 1998 for eight geographical sectors of Africa (location shown in the inset map). The term “Kalahari” is used here
in a broad sense as an identifying label. The Kalahari region sensu stricto is a smaller region.
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Africa, and 1870s AD for equatorial Africa. On the other hand, there is
little direct information or regional substitution for region 8 (eastern
Sahara) or for regions 34, 35, 85 and 90 (central equatorial Africa).
Prior to 1820, most of the data set is based on spatial reconstruction
and the regional values become questionable.

Figure 7 shows the final data matrix. The most striking feature is
the tendency for increased aridity during the first few decades of the
nineteenth century. Anomalies tended to be smaller during the last
half of the century, but overall rainfall was generally higher than in
the first half of the century. A notable period of above normal rainfall
prevailed in the Sahel (roughly regions 9 to 23) in the 1880s and early
1890s AD, but elsewhere a tendency toward more arid conditions
commenced around 1880 AD.
Error estimates

An approximate estimate of error in the 19th-century data set can
be made by applying the same method to reconstructing 20th-
century data. Thus, for each of the 90 regions a PC analysis was
performed using all data except values for that region and the PCs
were utilized to reconstruct values for the region in question. The
period 1929 to 1990 AD was chosen for this analysis because the
regional data set is complete for these years.
rg/10.1016/j.yqres.2012.03.012 Published online by Cambridge University Press
The differences between the regional index value based on gauge
data and that in the reconstruction were expressed in three ways.
These included a correlation coefficient, a root mean square error
estimate, and a “count” of the number of cases in which the series had
indices of the opposite sign. The results are too voluminous to include
here, but are entered as part of our contribution to the Paleoclima-
tology Data Center. The observed versus reconstructed values for the
90 regions mostly correlate at 0.8 or higher. The correlation is less
than 0.6 for only 9 of the 90 regions. In general the root mean square
error is less than one anomaly class for nearly all regions. The third
statistic is a count of cases in which the anomalies have different
signs. Cases of−1 and+1were not in the tally, as both indicate near-
normal rainfall. The error in anomaly signs is less than 10% (i.e., less
than 6 cases in 62 years) for 23 of the 90 regions. It exceeds 13% for
only 6 of the 90 regions.
Select examples of time series and annual anomaly patterns

Figure 8 shows time series for eight multi-region sectors, arranged
roughly from north to south. These highlight some of the patterns
already evident in the data matrix. With the exception of northern
Algeria, all show the extensive aridity in the first three decades of the
nineteenth century. Most of the sectors also show a general tendency
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Figure 9. Rainfall anomaly patterns for 1835 and 1888. The anomalies relate to 90 regions shown in Fig. 3.
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for higher rainfall throughout the early and mid-20th century, or
later.

Figure 9 shows the spatial anomaly pattern for two years, 1835 AD
and 1888 AD. The pattern for 1835 AD suggests that the early
nineteenth-century period of aridity is nearly ubiquitous. Positive
anomalies are restricted to the region near the Benguela Coast. The
anomaly pattern for the year 1888 illustrates an opposition between
the equatorial and subtropical regions, with dry conditions through-
out most of the area between roughly 10° N and 20° S. This is one of
the most common anomaly patterns during the 20th century, but did
not appear frequently in the 19th century.
Archived data

The African historical data set has been contributed to the
Paleoclimate Data Center in Boulder, Colorado. The working title is
“Africa 2001 Precipitation” and it is filed under the first author's
name. The contribution number is 2011-130. It consists of four
separate entries, together with metadata and documentation. Each
has been subjected to extensive quality control. Part 1 is the gauge
data set (title: 19th century African gauge precipitation data set). It
includes 48 stations in Algeria, 93 stations in South Africa and 283
stations scattered over the rest of Africa. Included are long-term
means and standard deviations for each month and for annual totals,
as well as information on location. Part 2 (title: African historical
regional data) is the semi-quantitative data matrix with an annual
“wetness” value for each of the 90 regions and each year of the
nineteenth century (shown graphically in Fig. 7). Part 3 (title: African
historical documentary information) is the documentary record
based on descriptive historical sources. Its format is that shown in
Table 2.

Part 2 includes extensive information about the regional data set.
For each region and year the final index value is given. Also indicated
is a count of the number of entries (gauge plus historical) available for
the reconstruction and the source of the reconstruction for that
region and year, when no actual data are available. The “source” is
then indicated as spatial reconstruction or equivalence substitution.
oi.org/10.1016/j.yqres.2012.03.012 Published online by Cambridge University Press
When data are available that column gives the values of each
available indicator.

Part 4 (title: validation of spatial reconstruction) gives the error
estimates for each region, as described above. The value of each error
parameter is given for each of the 90 regions. This allows the user of
the data set to have an idea of how reliable the values are for the
individual regions during the 19th century.
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