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Abstract

Reliable long-term observations from precipitation stations are often required

for climatological studies but are strongly limited in many regions of the world.

To improve this limitation for West Africa, we compiled daily and monthly

observations from more than 20 national, continental and global databases, to

establish a historical precipitation archive with a focus on four countries

(Burkina Faso, Ghana, Benin and Togo). The new archive contains long-term

daily and monthly precipitation measurements from 1819 to 2013 for more than

1,000 sites. It is, therefore, the most comprehensive historical dataset with daily

and monthly precipitation observations for this region. To produce a quality-

controlled and harmonized precipitation dataset for the focal region, various

statistical algorithms have been implemented. These algorithms rely on

straightforward geostatistical approaches (e.g., spatial correlograms) and

corresponding statistical tests for identification and elimination of unreliable

time series, in addition to various standard approaches used by global data cen-

ters. Although the quality control revealed various data errors and uncertainties

for measurements and meta-information (e.g., unit conversion errors, temporal

offsets, frequent and long data gaps), a spatial interpolation using the quality-

controlled and harmonized dataset produced relatively reliable precipitation

patterns for different target variables (e.g., monthly precipitation amount and

daily precipitation probability). A major remaining challenge is providing free

access to this database for research and other noncommercial purposes, due to

national data protection regulations. However, several further tasks have been

initiated and implemented (e.g., free provision of gridded precipitation datasets

and point statistics) to improve the access and availability of station-based pre-

cipitation observations and related data products for this climatologically chal-

lenging region.
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1 | INTRODUCTION

Reliable long-term observations from precipitation sta-
tions are the basis for many investigations in climatology
and related disciplines. This information is required
for the analysis of climate variability and change
(Trenberth, 2011; O'Gorman, 2015), for application of
hydrological models and evaluation of climate models
(Dai, 2006; Tapiador et al., 2017), for ground-truthing of
satellite and radar precipitation products (Goudenhoofdt
and Delobbe, 2009; Huffman et al., 2009), and for many
other climate and weather services. Although more than
100,000 precipitation stations are operated by national
hydrological and meteorological services (NHMS) and
other institutions worldwide, long-term observations
from precipitation gauges on the ground are often diffi-
cult to obtain from NHMS. Many climatological studies
and related disciplines therefore use information from
station-based global and continental climate databases
and their associated gridded precipitation products in
data-scarce regions (e.g., Moron et al., 2010; Ceccherini
et al., 2017; Wan et al., 2021). The information in these
archives is usually free-of-charge for noncommercial pur-
poses and can be easily accessed via FTP servers or com-
fortable web interfaces.

Two of the most commonly used station-based global
databases are provided by the Global Historical Climate
Network (GHCN, Menne et al., 2012) and the Global Sur-
face Summary of Day (GSOD, NOAA, 2020a) of NOAA.
They have been used in many regional studies around the
world (Moron et al., 2009; Moron et al., 2010; Ermert
et al., 2011; Ceccherini et al., 2017; Zhang et al., 2019).
These archives are also a crucial source to generate a num-
ber of gridded products used for climate analysis and moni-
toring (Yatagai et al., 2009; Wong et al., 2011; Becker
et al., 2013; Schamm et al., 2014), and to evaluate climate
model outputs and seasonal forecast products (Diallo
et al., 2012; Nikulin et al., 2012; Siegmund et al., 2015;
Heinzeller et al., 2018; Bliefernicht et al., 2019). Although
GHCN and GSOD databases contain a huge amount of
daily and monthly precipitation records collected world-
wide, most stations are located in North America and
Europe. Lorenz and Kunstmann (2012) showed that the
number of measurements in different global climatological
products decreases sharply for Africa. An example of over-
coming data availability problems for this region is given in
Barry et al. (2018) for the use of climate extremes and
indices.

To provide reliable precipitation observations for sub-
sequent analysis in climatology and other disciplines,
quality assurance techniques must be applied to measure-
ments and metadata (Aguilar et al., 2003). Many different
algorithms are used to identify unreliable measurements

of climatological variables and for the homogenization of
long-term time series. Overviews are provided by
Peterson et al. (1998a), Aguilar et al. (2003), Costa and
Soares (2009) and Ribeiro et al. (2016). Recent examples
are shown by Delvaux et al. (2019), Skrynyk et al. (2019)
and Coll et al. (2020) for different regions of the world.
However, many of these approaches were primarily
developed for annual or monthly time series of climato-
logical variables, often with an emphasis on temperature
measurements due to the importance of this variable for
climate change studies. Vicente-Serrano et al. (2010) and
Costa and Soares (2009) noted that there are only a
few algorithms for automatic quality assessment of
sub-monthly precipitation information. Examples are
the quality control algorithms for daily precipitation
(and other meteorological variables) used by GHCN and
GSOD (Smith et al., 2011, Durre et al., 2010 and
Lott, 2004) and MeteoSwiss (Scherrer et al., 2011). Fur-
ther approaches for daily precipitation are presented
by Feng et al. (2004), Vicente-Serrano et al. (2010) and
Boulanger et al. (2010).

The objective of this work is to introduce a novel
station-based precipitation database for West Africa,
named West African Historical Precipitation Database
(WAHPD). The database consists of daily and monthly
observations from precipitation stations with first records
starting in 1819. The dataset was collected from global,
continental and national data archives as part of the
WASCAL (West African Science Services Centre on Cli-
mate Change and Adapted Land Use) Observation Net-
work (WASCAL ON, Salack et al., 2019) with a specific
focus on four West African countries (Burkina Faso,
Ghana, Togo and Benin) to support novel meso-scale
observation networks (Bliefernicht et al., 2018; Salack
et al., 2019) in this region with climate data. WASCAL
ON is a joint collaboration between the West African
NHMS, WASCAL and partner institutions to strengthen
the observational infrastructure of the West African
NHMS and to improve the availability of hydro-
meteorological observations for this region (Salack
et al., 2019). Subsets of the WAHPD and related data
products were already used by various investigations, for
example, for evaluation of regional climate model simula-
tions (Dieng et al., 2017) and seasonal forecasts products
(Bliefernicht et al., 2019), analysis of precipitation
extremes and comparison with satellite products (Engel
et al., 2017), as input information for groundwater recon-
struction (Ascott et al., 2020) and as climate background
data of the WASCAL hydro-meteorological observatories
(Bliefernicht et al., 2018; Salack et al., 2018b; Berger
et al., 2019).

In addition, an overview of statistical algorithms used
for quality control and harmonization of the different
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data archives is given, in order to produce a quality-
controlled and joint precipitation database. This work is
carried out for the focal region (Burkina Faso, Ghana,
Benin and Togo) with a specific focus on the daily data-
base. In addition to other quality algorithms (such as Durre
et al., 2010), the presented algorithms rely on geostatistical
approaches, such as spatial correlograms and statistical
tests for the identification of unreliable time series.
Geostatistical approaches are seldom used for quality assur-
ance (Costa and Soares, 2009), but have the advantage that
measurements and important meta-information
(e.g., station coordinates) can be treated together. One of
the first approaches was presented by Costa and
Soares (2009). Another approach was presented by Ribeiro
et al. (2017), which was applied to monthly precipitation.

The manuscript has the following structure. In
Section 2, a brief description of the status quo of climato-
logical observations and several reasons for the limited
data availability in West Africa are presented. A detailed
description of the precipitation database can be found in
Section 3. An overview of the statistical algorithms used
for quality control and the detected data limitations are
shown in Section 4. Section 5 gives an overview of the
harmonization procedure used for merging the different
data sources and shows an application of the joint data-
base. The outcomes of the study are discussed in
Section 6. Section 7 summarizes the main findings of this
work and ends with a conclusion.

2 | AVAILABILITY AND ACCESS
TO CLIMATOLOGICAL
OBSERVATIONS IN WEST AFRICA

Climatological observations are often not readily available
for many subregions in West Africa. Figure 1 shows this
problem for monthly precipitation for two different years
using the Global Precipitation Climatology Centre (GPCC)
gridded data set (Becker et al., 2013). This data set is one of
the world's most important precipitation products used for
validation of satellite precipitation products and regional
climate models in, for instance, West Africa (Nicholson
et al., 2003; Panitz et al., 2014; Dosio et al., 2015; Annor
et al., 2018). In August 1982, approximately 960 measure-
ments were used for interpolation. However, 30 years later,
in August 2012, the interpolated precipitation field was
only based on 134 measurements (86% fewer measure-
ments). Moreover, the network of precipitation stations for
2012 shows large spatial data gaps for several countries in
the southwest of West Africa (Sierra Leone, Guinea and
Liberia) and in Nigeria. In addition, the low measurement
density is not only a problem for a specific month or year.
The number of measurements peaked in the late 1980s and

has steadily declined since then (as shown in Figure S1 of
the supporting information). In 2013, an average of
150 measurements was used for the interpolation of the
GPCC product, comparable with the situation in the 1920s.

The most important reason for the limited availability
of climatological observations in West Africa is the weak
observational infrastructure of NHMS (Galle et al., 2018).
For instance, the network density for six West African
countries was 7–50 times smaller in comparison to the
rainfall observation network operated by the German
weather service in 2010 (Table 1). In the case of Togo,
more than 75% (50 out of 210) of the precipitation sta-
tions did not work. In a recent evaluation of the West
African observation networks, Salack et al. (2019) argued
that many stations do not transfer information to the
global transmission system because they are located in
conflict zones. Other stations have neither measured nor
reported, and in some cases, the stations were simply
abandoned due to the retirement or death of voluntary
observers. Moreover, due to the limited financial
resources of many NHMS, modernization and

FIGURE 1 Monthly precipitation amounts for August 1982

and 2012. The red dots indicate grid points at which measurements

from precipitation stations were available for interpolation. Thus,

the figure also indicates the spatial coverage of the measurements

used for interpolation. GPCC reanalysis version 7, 0.5� resolution
[Colour figure can be viewed at wileyonlinelibrary.com]
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densification of hydrometeorological networks seems like
a never-ending challenge.

Another important problem for the limited data
availability is the national data regulation, which NHMS
underlie. Hence, climate observations from West Afri-
can NHMS are usually not free of charge for research,
education or other noncommercial use, unlike other
countries like the United States or Germany. In some
cases, data can only be shared if there are bilateral
agreements between NHMS and the data acquiring
institution. However, even in a comfortable situation of
a cooperation agreement, it can be difficult to obtain
data due to slow and complicated bureaucracy (Salack
et al., 2019). In some instances, data requests can incur
a high fee, even for research or educational purposes.
Moreover, accessing data can be very difficult due to
specific technical limitations. Measurements may only
be available on paper, as they are not yet digitized.
Other data limitations are nonstandardized data for-
mats, frequent and long data gaps, and less quality-
controlled data, which are addressed in the next sections
in more detail.

3 | OVERVIEW OF THE WEST
AFRICAN HISTORICAL
PRECIPITATION DATABASE

The WAHPD consists of daily (WAHPD-D) and monthly
measurements (WAHPD-M, Figure 2). The backbone of
the WAHPD-D are 13 national datasets with long-term
measurements for a current period (NHMS) and a histori-
cal period (AMMA-P), compiled from NHMS and the
African Monsoon Multidisciplinary Analysis program
(AMMA; Redelsperger et al., 2006; Lebel et al., 2010). In
addition, two continental (regional) and global archives

(GHCN-D and GSOD) are used. The continental data
were compiled from a second data archive of the AMMA
project (AMMA-S) and the GLOWA initiative (Van De
Giesen et al., 2002). WAHPD-M is based on monthly
values computed from WAHPD-D, complemented by
four continental (regional) and global databases with
monthly records.

3.1 | Daily database

The NHMS database consists of four national datasets
(Burkina Faso, Ghana, Benin and Senegal, Figure 3) with
measurements ranging from 1960 to 2010 and good data
availability between 1970 and 2010 of approximately 85%
(Figure 4). The biggest dataset of the NHMS database is
the subset of Burkina Faso (NHMS-BF), with 142 precipi-
tation time series. Unlike the other three NHMS subsets,
this dataset contains information from synoptic (10), cli-
matic (10), agrometeorological (17) and standalone rain
gauges (105). The Senegalese subset (NHMS-SN) is the
most complete dataset of the NHMS-P database with
almost 100% data availability for 20 stations over
50 years. In addition, 22 precipitation time series from
rainfall gauges in Ghana (NHMS-GH) and 24 from Benin
(NHMS-BN) are used.

The AMMA-P database is a big archive of historical
daily precipitation measurements from before 1981,
which consists of 1,058 time series from locations in nine
West African countries (Figures 3 and 4). The data were
extracted from the Pluvio dataset of the AMMA database
(Fleury et al., 2011). First daily measurements are already
available from 1891, but more than 90% of the precipita-
tion sites did not contain any information before 1940
(Figure 4). Although this dataset provides a large amount
of data, the Pluvio datasets from the AMMA database

TABLE 1 The status quo of the

meteorological networks in Ghana

(GH), Burkina Faso (BF), Côte d'Ivoire

(CD), Benin (BN), Mali (ML) and Togo

(TO) in 2010

Characteristics GH BF CD BN ML TO

Country area (103 km2) 238 274 322 112 1240 57

Synoptic stations (−) 22 10 14 6 19 9

Climatological stations (−) 61 9 (12) 5 (6) 0 0 2 (19)

Rainfall stations (−) 156 130 41 (186) 59 200 50 (210)

Agrometeorological stations (−) 54 14 (20) 14 (26) 29 50 0

Network density (1/103 km2) 0.65 0.47 0.13 0.52 0.16 0.88

Density index (−) 9.6 13.3 49.5 12.0 39.0 7.1

Note: The information is based on a questionnaire made within the WASCAL (West African Science Service
Centre on Climate Change and Adapted Land Use) programme. The network density (ND) is based on the

number of functional rainfall stations. The total number of rainfall stations is given in the brackets. The
density index compares the network density of West African NHMS with the network density of the rainfall
network operated by the Deutscher Wetterdienst (DWD) in Germany. A density index of 10 indicates that the
NHMS needs 10 times more stations to have the same nationwide coverage as the DWD in Germany.
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seem to be rarely used. To our knowledge, there is no
study that refers to these datasets.

The GLOWA subset consists of 85 time series of pre-
cipitation measurements, mainly from 1950 to 2006, with
42 in Burkina Faso and 43 in Ghana. This dataset is a
good addition for Ghana since the NHMS database con-
tains only 22 precipitation sites for this country and the
AMMA-P database has no site. The origin of the GLOWA
dataset is the geoportal of the Volta basin authority,
established as part of the GLOWA-Volta project. The data
were originally obtained from the NHMS in Ghana and
Burkina Faso and digitized from weather reports. Precipi-
tation subsets of the GLOWA database were already used
by Neumann et al. (2007), Jung and Kunstmann (2007)
and Laux et al. (2008).

The AMMA-S subset contains measurements for all
West African countries. The data is available for 183 sites

from 1996 to 2012 (Figures 3 and 4). It was extracted from
an archive of daily and sub-daily measurements from
synoptic stations provided by the AMMA database. Since
the data extraction was done for a rectangular domain
that covers all West African countries, the AMMA-S also
contains time series from countries bordering West Africa
such as Cameroon (Figure 3).

The GHCN-D dataset extracted for the study region
consists of 119 stations, 88 of which are located in
10 West African countries (Figure 3). The dataset was
taken from the GHCN daily database (NOAA, 2020b).
Figure 4 shows that most of the GHCN-D measure-
ments are available from 1945 to 1980, and that the
data coverage has been relatively poor (approximately
20 measurements) since the 1980s. In addition to the
GHCN-D, 214 time series of the GSOD database are
used. GSOD is a global archive of daily weather

FIGURE 2 Overview of the West African Historical Precipitation Database (WAHPD) with its daily (WAHPD-D) and monthly archive

(WAHPD-M) and the data subsets used for the compilation. In addition, the country code, the number of time series and the data period are

shown for each subset. NHMS = national hydrological and meteorological services, AMMA-P = precipitation database of the AMMA

programme, GLOWA = precipitation database of the GLOWA-Volta project, AMMA-S = precipitation measurements from the synoptical

database of the AMMA programme, GSOD = global summary of surface day, GHCN-D = daily database of global historical climate network,

GHCN-M = monthly databases of the global historical climatology network, D = daily, M = monthly, 19C-APD = 19th Century African

Instrumental and Documentary Precipitation Data, BN = Benin, BF = Burkina Faso, CD = Côte d'Ivoire, GH = Ghana, ML = Mali,

MR = Mauretania, SN = Senegal, NI = Niger, GU = Guinea, GUB = Guinea-Bissau, TO = Togo, NG = Nigeria, CM = Cameroon,

CA = Chad, WA = West Africa [Colour figure can be viewed at wileyonlinelibrary.com]
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observations for 18 meteorological surface variables
from more than 9,000 land stations worldwide, with the
best coverage since the early 1970s (NOAA, 2020c). In
the past 40 years (1974–2013), approximately 80 mea-
surement values per day have been provided for 112 pre-
cipitation stations located in West Africa. Compared to
GHCN, the data coverage of the GSOD database has
been much better since the 1980s.

The different subsets of the WAPD-D database con-
tain 1,867 daily time series in total, with more than 11.9
million daily precipitation measurements that require
quality control. However, due to the same data sources,
GHCN-D, GCOS, AMMA-S and the other subsets of
WAHPD-D are not independent of each other and may
therefore contain many measurements from the same site
or measurement device.

FIGURE 3 Spatial coverage of the rainfall sites with daily measurements from the different data sources (NHMS, AMMA-P, GLOWA,

AMMA-S, GHCN, GSOD) used for the compilation of WAHPD-D [Colour figure can be viewed at wileyonlinelibrary.com]
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3.2 | Monthly databases

The monthly values of WAHPD-D with approximately
1,150 time series are the most important data set of
WAHPD-M. In addition, 1,804 monthly time series of the
AMMA-P database with measurements from 1851 to
1980 are used, but only 28% of the time series contained
data for over 10 years. This archive also contains monthly
measurements for locations that are not part of the daily
database, for example, for Nigeria and Guinea (Figure 5)
and from two West African neighbouring countries
(Cameroon and Chad). Furthermore, the monthly mea-
surements of GHCN version 2 (GHCN-M2, Peterson
et al., 1998b) and version 3 (GHCN-M3, Lawrimore
et al., 2011) are applied. The data were extracted for sites
located in a rectangular domain covering all West African
countries (Figure 5). Since GHCN-M2 contains time series
that are not part of GHCN-M3, both archives are used. In
addition, a small subset of 34 precipitation time series for
the 19th century is used (19C-APD, NOAA, 2020a) com-
piled from a database of historical precipitation records for

locations in Africa (Nicholson, 2001). According to this
data set, the first precipitation measurements in West
Africa were carried out in 1819.

4 | QUALITY CONTROL OF THE
PRECIPITATION DATABASES

The quality control system of the WAHPD consists of
three components. The first component (Q1) uses several
automatic algorithms and manual steps to control the
reliability and consistency of data format and meta-infor-
mation, such as dates and station coordinates
(Section 4.1). The second component (Q2) applies
straightforward quality control algorithms and visual
checks for data screening and elimination (or correction)
of unreliable precipitation measurements and time series
(Section 4.2). Similar approaches are used for quality con-
trol of daily precipitation time series at GHCN (Durre
et al., 2010; Menne et al., 2012). The third component
(Q3) consists of a geostatistical-based algorithm to detect
unreliable precipitation time series in comparison to their
neighbourhood (Section 4.3).

4.1 | Quality control of meta-
information and data format

The quality control of meta-information and data format
consists of the following steps:

1. Control, processing and conversion of data formats
into a uniform data format.

2. Check the completeness of dates (e.g., leap year, miss-
ing dates, extra days).

3. Visual control of station coordinates and correction of
nonplausible coordinates.

4. Check and convert missing values (e.g., −9, 9,999) and
other entries (e.g., tr, xxx) to a consistent missing
value format (−999).

5. Calculation of data availability (number of observa-
tions, average lengths) and gap statistics (e.g., number
of data gaps/mean duration of data gaps).

6. Elimination of precipitation stations without any daily
or monthly measurements.

This part of data control contains many manual and
subset-specific steps, especially for the processing and con-
version of data formats. For instance, raw data from the
AMMA-P database is a mixture of daily and monthly values
for the same precipitation station. A particularly large num-
ber of months contained only a single entry (a zero), proba-
bly to save space and time during data collection and

FIGURE 4 Temporal data coverage in terms of the mean

annual number of daily (upper panel) and monthly measurements

(lower panel) for the different daily (NHMS, AMMA-P, GLOWA,

AMMA-S, GHCN-D and GSOD) and monthly archives (AMMA-P,

GHCNM-2, GHCNM-3 and 19C-APD) of WAHPD [Colour figure

can be viewed at wileyonlinelibrary.com]
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archiving. These zeroes occurred mainly in the dry season
as shown for four different AMMA-P subsets in Figure S2.
Thus, the monthly zeroes indicate dry months in a relatively
plausible way. We used, therefore, the monthly zeros to
complete the daily time series with zeros. Based on this pro-
cedure, more than 2.8 million data entries were infilled with
zeroes. However, there is still the possibility that less or no
measurements were carried out during the dry season. Non-
automatic precipitation stations may not be permanently
manned during this period. This uncertainty should be
taken into account when historical precipitation measure-
ments from the rainfall network in West Africa are used for
data analysis, especially for questions where the exact
timing of the rainy season is of interest, such as the estima-
tion of the onset dates (Laux et al., 2008; Rauch et al., 2019).

Another serious limitation was the NHMS-GH archive's
data format. The raw data were provided using a spread-
sheet software with 31 × 12 data entries for each year and
station (see Figure S3). However, many months contained
more days (extra days) than allowed (see Table S1 of the
supporting information). Another problem was that the
data input (precipitation record or missing value) for

February 29 was not available in some leap years or on
other days (e.g., December 31). In total, four different docu-
mentation errors (extra days, missing days, typing errors
and missing unit conversion) and two further documenta-
tion limitations (unknown identifiers and missing entries)
were identified for this subset (Table S1 of the supporting
information). In particular, the extra days were present at
almost all sites and occurred in other datasets, as well
(Table S2). Extra and missing days are extremely problem-
atic as they lead to a temporal shift of the measurements,
affecting the synchronicity of the precipitation measure-
ments in a network. The example also demonstrates the
importance of the quality control of data format and dates,
the use of standardized data formats, and an appropriate
training of staff to avoid these simple documentation
errors. To create a consistent data format, the information
of all extra-days was neglected, and missing values were
added for dates for which no measurements (e.g., blanks,
identifiers) were available.

Frequent and long data gaps are a fundamental limita-
tion for almost all precipitation datasets of the WAHPD-D
database, but there are strong differences between the

FIGURE 5 Spatial coverage of the rainfall sites with monthly measurements for the different data sources (AMMA-P, GHCN-M1,

GHCN-M2, 19C-APD) used for the compilation of the WAHPD-M database. AMMA-P only shows stations with at least 3 years of

measurements [Colour figure can be viewed at wileyonlinelibrary.com]
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subsets (Figure 6, left panel). For instance, the GHCN-D
subset has a relatively small average number of data gaps
(20.0) per time series with a mean duration of 138.2 days,
while the GSOD stations have many more data gaps (711.6)
but with a shorter duration (29.4 days). There is only one
dataset with almost no data gaps (NHMS-SN). Another
problem is that almost all precipitation time series of a sub-
set contains data gaps, as shown in the right panel of
Figure 6. It should be also noted that the data gap statistics
in Figure 6 were only calculated from the first to the last
measurement of the precipitation time series and not over
the entire period, and data gaps due to late starting and
early ending are also relevant (B�ardossy and Pegram, 2014).
Thus, the data gap situation is often much worse, especially
if long-term observations from multiple sites are needed.

The outcomes of the Q1 algorithms are listed in
Table 2. It shows that a correction of the time series or
corresponding meta-information is dataset dependent
and was not performed for each step (e.g., data gap statis-
tics). However, for certain subsets like NHMS-GH, the
original data series were changed for more than 80% of
sites due to extra days or other limitations.

4.2 | Standard quality control of the
precipitation measurements

The quality control of the precipitation measurements
consists of following steps:

1. Check physical limits of daily and monthly measure-
ments (0–750 mm�day−1 and 0–5,000 mm�month−1).

2. Detect and eliminate measurement sequences with
the same nonzero measurement value (maximum two
repetitions are allowed).

3. Eliminate time series with a low sample size (n < 365
for daily and n < 36 for monthly).

4. Check for inhomogeneities using double sum analysis
and correction of unit conversion errors.

5. Calculation of basic precipitation statistics (e.g., rainfall
probability, mean-wet day amount, maximum value,
minimum precipitation amount).

6. Qualitative analysis of rainfall statistics in relation to
site factors like latitude and height to determine
unreliable time series.

7. Check time series repetition within a precipitation
subset and merging these to a single time series.

The physical limits for the daily and monthly precipita-
tion amount were subjectively defined based on an iterative
procedure following the WMO archive of world weather
records (WMO, 2021) and visual analysis of the precipita-
tion extremes concerning site factors (e.g., latitude) to iden-
tify unreliable data clusters (e.g., AMMA-S database).
Finally, relatively high thresholds were selected to elimi-
nate only a small number of extremes to better keep the
original data structure. The results of this quality check are
listed jointly with the other Q2 outcomes in Table 3.

The quality control of daily precipitation times series
showed that time series can contain repetitions of the
same nonzero measurement value for several consecutive
days or even longer (as shown in Figure S4). Frequent
observations of the same measurement value are fairly
unrealistic for moderate or high daily precipitation
amounts, due to the high stochastic nature of precipita-
tion in monsoonal regions, but occur in several datasets
as listed in Table 3. A similar problem was also shown by
Durre et al. (2010) for daily precipitation of the GHCN
database. According to them, these errors can be related
to a malfunction of the precipitation devices or setting
inadequate missing values.

Other data problems discovered are inconsistencies
due to an incorrect conversion of the precipitation amount
from inches to mm. Figure 7 shows that the annual

FIGURE 6 Data gap statistics (mean number of data gaps and mean data gap duration) for the precipitation subsets of WAHPD-D (left)

and for the individual precipitation stations of the NHMS dataset for Burkina Faso (right) [Colour figure can be viewed at

wileyonlinelibrary.com]
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precipitation of Kpeve in Ghana from 1981 to 1991 is
higher compared to a neighbouring location. A double-
sum analysis (Buishand, 1982), in which the accumulated
precipitation of Kpeve is compared with those of a neigh-
bouring station, clearly indicates two breakpoints (1981
and 1991). If the annual amounts are divided by a factor of
2.54 a much more reliable annual precipitation time series
is obtained and the double sum curve is improved (Fig-
ure 7, lower right panel). In total, 5 daily precipitation
time series (between 5 and 30% of the measurement
values) of the NHMS-GH and GLOWA dataset were
affected by this measurement problem and daily measure-
ments of approximately 40 years were corrected (Table 3).
Moreover, unit conversion errors are not only a problem
for annual precipitation. The affected period can also be
much shorter, and for some stations, a sequence of only a
few rainfall events is affected. This problem is shown for
the precipitation station in Accra for the GLOWA and
NHMS datasets in Figure 8. Dividing the precipitation
amount of the largest event (95.3 vs. 37.5 mm�day−1) and
for several smaller events yields the conversion factor of
millimetres to inches. Another problem is a temporal off-
set of one or multiple days (Figure 8, lower panels).

The calculation of the rainfall statistics revealed rela-
tively reliable precipitation characteristics for many sub-
sets, although more detailed investigations are necessary
to confirm these findings. For instance, both global data-
bases (GSOD and GHCN-D) show relatively similar latitu-
dinal changes in rainfall probability for their station
network (Figure 9). In the Sahelian region above 17�N, the
daily rainfall probability is less than 5%. Between 17�N
and 10�N, the rainfall probability strongly increases equa-
torward from approximately 5% to 20%. This characteristic
is also shown in more detail for the large and relatively
dense network of more than 200 precipitation stations in
Mali from the AMMA-P database. Below 10�N, the rainfall
probability is more diverse, and several stations show rela-
tively low rainfall probabilities for this latitude (<15%).
The local rainfall along the coast of the Gulf of Guinea
anomaly is a typical feature of the West Africa climate, as
a result of a strong weakening of the West African Mon-
soon (WAM) in this region (Acheampong, 1982; Vollmert
and Fink, 2003; Aryee et al., 2018). This feature is also
shown for several stations in the GLOWA database.
Another important characteristic is the extremely high pre-
cipitation amounts (>3,000 mm�a−1) along the mountain

TABLE 2 Outcomes of the quality control (Q1) applied for the control of meta information and data format of the daily subsets of

WAHPD (see Figure 2)

Subset nst n

Q1.1 Q1.2 Q1.3 Q1.4 Q1.5 Q1.6

— ncm (−) ncs (−) ncm (−) — ncs (−)

MS-BF 142 1,672,549 b 1.500 1 0 o 1

MS-GH 22 295,704 a,b 0.012 0 0 o 0

MS-BN 23 293,997 b <100 0 12,505 o 0

MS-SN 20 365,237 b <10 0 3 o 0

GSOD 214 1,206,198 c nq 0 0 o 0

GHCN-D 119 1,353,245 c nq 1 0 o 0

GLOWA 85 1,272,259 — nq 1 61 o 0

AMMA-S 183 315,702 c nq 0 0 o 18

AMMA-P BF 154 1,295,564 c d 0 0 o 0

AMMA-P BN 69 695,807 c d 0 0 o 0

AMMA-P CD 202 1,235,851 c d 0 0 o 0

AMMA-P GU 43 128,759 c d 0 0 o 20

AMMA-P GUB 35 255,939 c d 0 0 o 0

AMMA-P ML 208 1,815,278 c d 0 0 o 0

AMMA-P MR 60 470,929 c d 0 0 o 0

AMMA-P NI 112 799,839 c d 0 0 o 0

AMMA-P SN 210 1,403,627 c d 2 0 o 0

Note: ns = total number of stations, n = total number of records (sample size), Q1.1–Q1.6 refers to the six steps of Q1. Q1.2 and Q1.4 shows the number of
corrected measurements ncm, Q1.3 and Q1.6 lists the number of corrected (eliminated) stations ncs, a = time consuming manual processing of the data format,
b = daily measurements were given as line entries for each month and site, c = measurement series was not complete (e.g., months/days were missing),
d = infilling of missing days in the dry period using monthly zeroes, nq = not quantified, o = quality check was performed but no corrective action was done.

4010 BLIEFERNICHT ET AL.



TABLE 3 Outcomes of the quality control algorithms for each step of Q2 and the geostatistical algorithm (Q3), daily precipitation

subsets of WAHPD (see Figure 2)

Subset

Q2.1 Q2.2 Q2.3 Q2.4 Q2.5 Q2.6 Q2.7 Q3

ncm (−) ncm (−) ncs (−) ncs (−) — — ncs (−) ncs (−)

MS-BF 0 0 1 x o o 2 1

MS-GH 0 3 0 3 o (o) 0 0

MS-BN 0 0 0 x o (o) 0 0

MS-SN 0 0 0 x o (o) 0 0

GSOD 10 335 47 (o) o (o) 2 8

GHCN-D 3 31 0 (o) o (o) 1 4

GLOWA 2 28 0 2 o o 1 2

AMMA-S 17 0 66 (o) o o 2 20

AMMA-P BF 0 2 2 x o o 2 3

AMMA-P BN 0 12 1 x o o 1 3

AMMA-P CD 0 31 5 x o (o) 6 40

AMMA-P GU 2 3 1 x o o x x

AMMA-P GUB 2 259 2 x o o x x

AMMA-P ML 0 13 7 x o o 8 25

AMMA-P MR 0 0 15 x o (o) x x

AMMA-P NI 0 1 0 x o o 5 14

AMMA-P SN 0 14 1 x o (o) x x

Note: ncm = number of corrected (eliminated) measurement values, ncs = number of corrected (eliminated) sites, x = no quality check was performed, o = quality
check was performed but no corrective action was done, (o) = quality check was only partially performed (because site specific information was missing).

FIGURE 7 Annual precipitation amounts at Kpeve (Ghana) taken from the GLOWA database (upper left); double-mass-analysis for

Kpeve in comparison to the reference station Kumasi (upper right); corrected annual precipitation amounts for Kpeve in Ghana (lower left);

double-mass-curve for the corrected annual precipitation time series for Kpeve in comparison to the reference site (lower right); missing

values are indicated by a cross, 1961–1999 [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 8 Precipitation differences (ΔP) between two daily time series from the same precipitation station in Accra (Ghana) but from

two different subsets, namely GLOWA and NHMS, 1975–2009 (upper left). Comparison between both precipitation time series used for the

calculation of ΔP for the period between September 19, 1986 and November 9, 1986 showing several unit conversion errors (upper right).

Comparison between both daily precipitation time series indicating a temporal shift of one (bottom left, February 1990) and 7 days (bottom

right, August 1980) [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 9 Latitudinal changes of the mean daily rainfall probability for four selected subsets (GHCN-D, GSOD, AMMA-P ML,

GLOWA) of WAHPD-D [Colour figure can be viewed at wileyonlinelibrary.com]
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ranges in Southwest West Africa due to orographic lifting,
as described for the Fouta Djallon Highlands in Northwest
Guinea by Sall et al. (2007). The isolated GHCN-D data
points with the highest (30–45%) and relatively unusual
rainfall probabilities between 9�N and 12�N lie precisely in
this region. Based on this additional information, these
time series cannot be excluded. However, this cluster is
not shown in the GSOD subset, although the same rainfall
sites are part of this database. This outcome indicates that
there are substantial differences between both global pre-
cipitation subsets for certain regions, and that more
detailed investigations are necessary to clarify how reliable
these global datasets are for West Africa.

4.3 | Geostatistical quality control using
spatial correlograms

Precipitation measurements and meta-information such
as station coordinates can be wrong. To tackle these
problems jointly, a geostatistical algorithm was developed
to determine precipitation stations whose time series are
characterized by an unusual spatial correspondence com-
pared to their neighbourhood. The basis of this algorithm
is a pairwise comparison of a precipitation time series
x= x1,x2, ::: ,xnð Þ of a site i and a precipitation time series
y= y1,y2, ::: ,ynð Þ of a site j using correlation measures like
Pearson correlation rij or the Spearman rank correlation
ρij. The correlation measure is related to the separation
distance hij between both stations, which is usually based
on the Euclidean distance. The measure is then calcu-
lated for each data pair and is plotted in relation to the
corresponding separation distance. These scatter plots
(spatial correlogram clouds) are created in geostatistics as
the basis for calculating empirical correlogram functions
(Lorenz et al., 2018). Examples of spatial correlograms for
precipitation are given for example, by Ciach and
Krajewski (2006), Bliefernicht et al. (2008) and Schroeer
et al. (2018).

The graphical analysis of the spatial dependence
structure of the daily precipitation measurements is com-
bined with a statistical procedure for eliminating
unreliable precipitation time series from the original
database. This algorithm consists of the following steps:

1. Selection of station i and its closest neighbour stations.
The closest stations are defined using the Euclidean
distance.

2. Calculation of the mean correlation ri and mean dis-
tance di between station i and its neighbours:

ri=
1
nc

Xnc

i=1

rij ð1Þ

di=
1
nc

Xnc

i=1

dij ð2Þ

3. Standardization of the correlation measure using a z-
score transformation:

zi=
ri dð Þ−r dð Þ

sr dð Þ ð3Þ

Large negative (positive) values indicate stations with
much lower (higher) spatial correspondence in com-
parison to their neighbourhood.

4. Selection of rejection threshold zt and comparison
with standardized values zi. If zi> ztj j, the precipitation
time series of station i is removed from the original
database, otherwise it is accepted. We used a thresh-
old value of zt = 1.96 related to a 95%-confidence
interval for rejection.

5. Repeat steps 1–4 for all stations.

This quality control is performed globally, so that the
entire precipitation time series is excluded from the
dataset if it fails the test. An example of a correlogram
cloud is shown for four databases in Figure 10 using
Pearson correlation. The correlogram clouds for
AMMA-P, GLOWA and the NHMS Burkina Faso subset
show that spatial correspondence increases with decreas-
ing distance and that there are no strong outliers. How-
ever, the correlogram cloud of the GHCN-D database
indicates many unreliable data points. The problems
presented by the GHCN-D subset were a one-day time
lag for several time series in Nigeria and incorrect coordi-
nates (1.52�E instead of 1.52�W) for the precipitation sta-
tion at the Ouagadougou international airport.

The geostatistical check was performed for the daily
datasets needed to set up the harmonized database for
the focal region (see column Q3 of Table 3). In total,
1,237 time series were used and 119 time series (roughly
10%) were excluded from the datasets by this algorithm.

5 | HARMONIZATION OF WAHPD
DATASETS

In this section, the harmonization of the different data
archives to a joint database is described. In addition, an
application of the joint database is briefly illustrated
using a common interpolation algorithm.

5.1 | Initial analysis for Ouagadougou

The harmonization of the different data archives into a
single archive is not straightforward. A basic limitation is
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that precipitation time series are often not identical,
although the data comes from the same precipitation sta-
tion. This problem is shown in Figure 11 for the station
located at the international airport in Ouagadougou
(Burkina Faso). The precipitation time series at this site
is part of five precipitation subsets (NHMS, AMMA-P,
GSOD, GHCN-D and AMMA-S). Figure 11 shows an
inter-comparison of these subsets, in which the measure-
ments from the meteorological service of Burkina Faso
are chosen as reference values. In addition, a scatter plot
is shown for a neighbouring location (dij = 2.2 km). Sev-
eral standard measures, such as the mean absolute error
(MAE), are calculated to compare the time series
(Table 4). In addition, two binary association measures
(PSS and PCM) are calculated. PSS is based on the
Peirce skill score (Hogan and Mason, 2012). PCM is the
proportion of close measurements to determine the fre-
quency of data pairs that are close to the 1:1 line of
a scatterplot and are above a precipitation threshold
(pt = 1.0mm�day−1). The PCM value ranges between
0 and 1 and perfect match is indicated by 1. Figure 11
shows a very high correspondence for AMMA-P and
GHCN-D. Only a few measurements differ from the
NHMS observations, leading to a very low MAE and very
high r and PCM, respectively. A much poorer association
is shown for the other two datasets. The correspondence
of the GSOD subset (r = 0.526) is even lower in compari-
son to the neighbouring station (r = 0.860). The scatter

plot also shows that many GSOD-NHMS pairs are rela-
tively close to the 1:1 line. This leads to a relatively high
PCM value of 0.748, which is much higher in comparison
to the neighbouring site (PCM = 0.134). Thus, a substan-
tial part of the GSOD measurements seems to have the
same origin as the NHMS observations.

A second limitation of the different data sources is
shown in Table 5. The meta-information of the stations
can also be different, such as the geographical coordi-
nates. Because of both limitations (different precipitation
values and coordinates), adding a precipitation time
series to a reference database is tedious, and automatic
algorithms are required to facilitate this task.

5.2 | Semi-automatic algorithm for
harmonization

For harmonization of the individual database, a semi-
automatic algorithm is used, which searches for a time
series in a new dataset that is part of the reference
dataset. This algorithm consists of the following steps:

1. Select station j from the new dataset.
2. Calculation of the distance dij between station

i (reference dataset) and station j.
3. Calculation of the correspondence measures, for

example, rij or PCMij.

FIGURE 10 Spatial correlogram

cloud for four selected subsets

(AMMA-P [BF/BN], NHMS-BF,

NHMS-BN, GHCN) of the

WAHPD-D database [Colour figure

can be viewed at

wileyonlinelibrary.com]
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4. Repeat steps 2 and 3 for all stations in the reference
dataset.

5. Select station i with the maximum correspondence
measure and do infilling with the measurement from
station j for selected station i if conditions for an
infilling are fulfilled (e.g., PCMij > 0.2 and dij < 10 km).

6. If conditions are not fulfilled, station j is accepted as a
new station in the reference database.

7. Repeat steps 1–6 for all further stations in the new
dataset.

The harmonization algorithm was tested for
Burkina Faso, Ghana, Benin and Togo using 4 quality-
controlled daily archives (GLOWA, NHMS, AMMA-S
and GHCN-D) and 3 monthly archives (WAHPD-D,
GHCN-M2 and GHCN-M3). The archives were added

FIGURE 11 Inter-comparison of

the daily precipitation amounts for

the precipitation station located at

the international airport

Ouagadougou of the NHMS subset in

comparison to four precipitation

subsets (NHMS, AMMA-P, GHCN-D,

AMMA-S, GSOD) of the WAHPD-D

database and a neighbour site

(bottom left). The neighbour site

(Ouagadougou mission) is located

very close (approx. 2 km) to the

precipitation station at the airport.

The diagram in the lower right

corner shows the timeline of the

measurement data for the different

precipitation subsets [Colour figure

can be viewed at

wileyonlinelibrary.com]

TABLE 4 Quantitative comparison

of four precipitation subsets (AMMA-P,

GHCN-D, AMMA-S, GSOD) with

NHMS observations for the

precipitation stations at the

Ouagadougou airport using several

correspondence measures

Measure AMMA-P GHCN-D AMMA-S GSOD REF

nt (−) 670 668 838 1,646 992

k (−) 669 666 730 1,232 133

MAE (mm�day−1) 0.015 0.016 0.569 2.236 5.330

r (−) 1.000 0.998 0.971 0.526 0.860

PSS (−) 0.998 0.993 0.910 0.784 0.816

PCM (−) 0.999 0.997 0.871 0.748 0.134

Note: MAE = mean absolute error, r = Pearson correlation, PSS = binary discrimination measure based on

the Peirce skill score measuring the difference between the rate of right wet days minus the rate of false dry
days, PCM = proportion of close precipitation amounts, PCM = k=nt, k = number of close measurements,
nt = number of joint precipitation measurements above a precipitation threshold pt=1:0mm=d, ref = reference
site, NHMS = National Hydrological Meteorological Services, AMMA-P = AMMA Pluvio database,

AMMA-S = AMMA-SYNOP database, GSOD = global surface summary of the day, GHCN-D = Global Historical
Climate Network daily database, REF = neighbouring stations close (<2.2 km) to the Ouagadougou Airport.
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iteratively based on a reference data set. In each step, a
scatter plot is created, which relates a given correspon-
dence measure to the distance in order to visualize the
harmonization process. An example of this scatterplot is
shown in Figure 12 when the AMMA-S database was
compared with the merged daily database (GLOWA and
NHMS). The figure shows that there are no perfect
matches. However, several data pairs have a relatively
high agreement and a small distance in comparison to
many other data pairs. An even better separation
between the two groups is achieved in the PCM diagram.

5.3 | Application of the harmonized
precipitation database

The final database of the harmonization algorithm con-
sists of 413 daily time series (1940–2013) and 687 monthly
time series (1847–2013). Around 50% of the stations are
located in the four countries. This database was used for
a spatial interpolation using Ordinary Kriging (Atkinson
and Lloyd, 1998; Tobin et al., 2011) to check whether
important rainfall features of the WAM can be reliably
reproduced for this region. Figure 13 shows the interpola-
tion outcomes for four target variables with a focus on
the monsoon peak in August. The precipitation band
with the highest intensities and probabilities is located at
approximately 11�N. This outcome confirms Nicholson

(2013), in that the main precipitation band lies around
10�N during the Sahelian phase. Another important
feature is the very low precipitation amounts
(< 50 mm�day−1) and probabilities (<10%) along the
coast of the Guinean Gulf due to a strong and unusual
WAM weakening for this latitude (see also Section 4.2).
Moreover, typical interpolation artefacts like ‘bull eyes’
are still visible in the rainfall probability patterns, espe-
cially in Northwest Benin. However, these are much less
pronounced in comparison to former interpolation works
done for this region (Laux et al., 2009). Thus, the out-
comes of the spatial interpolation show that relatively
reliable spatial patterns for the different precipitation var-
iables can be produced with the quality-controlled and
harmonized database.

6 | DISCUSSION

The outcomes of the previous sections showed the impor-
tance of a comprehensive quality control of the precipita-
tion time series and their meta-information for the
different datasets used by this study. It was possible to
identify very simple errors in the data records, such as
the conversion error from millimetres to inches or the
extra days, which could have been avoided through good
data documentation. Although we applied several differ-
ent controls of metadata and precipitation time series,

TABLE 5 Meta information of the different precipitation subsets for the station located at the Ouagadougou international airport

Subset Lat. (�E) Lon. (�N) z (m) Name

NHMS −1.5167 12.35 303 Ouaga_aero

AMMA-P −1.5167 12.35 304 Ouagadougou_aero

AMMA-S −1.5167 12.35 306 Ouagadougou

GSOD −1.517 12.35 306 Ouagadougou

GHCN-D −1.52a 12.35 304 Ouagadougou

Note: Lat. = latitude, lon. = longitude, z = elevation height, NHMS = National Hydrological Meteorological Services, AMMA-P = AMMA Pluvio,
AMMA-S = AMMA-SYNOP, GSOD = global surface summary of the day, GHCN-D = daily database of Global Historical Climate Network.
aCorrected value due to quality routines used in Section 4.3; the original value was 1.52.

FIGURE 12 Inter-comparison of

the AMMA-SYNOP database with

WAHPD-D (consisting of NHMS,

GHCN-D and GLOWA) using the

Pearson correlation r (left) and the

proportion of close measurements

PCM (right)
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some data limitations could only be discovered by the
geostatistical approaches (as shown for the GHCN data-
base in Figure 10). This makes it clear how important a
joint analysis of the precipitation time series and the
station coordinates is. One limitation of the current
quality assessment is that the geostatistical approach is
applied globally. However, Costa and Soares (2009)
noted that quality-control approaches on finer temporal
scales are generally lacking. The same applies to stan-
dard methods like the double sum analysis, which is
usually carried out with monthly or annual precipita-
tion amounts (Buishand, 1982; Bickici Arikan and
Kahya, 2019). Another limitation of the quality controls
performed in this study is that no flag system is used,
although this is very common (Durre et al., 2010;
Menne et al., 2012). A flag-based system has the advan-
tage that information about data quality is available for
each precipitation value or time series. A further limita-
tion is the subjective evaluation of the proposed algo-
rithms. In the case of the harmonization algorithm, a
manual inspection of data protocols and added time
series was performed to minimize the error that stations
are incorrectly added to other stations. However, future
investigations should focus on the development of eval-
uation procedures to better determine the quality of the
applied algorithms in terms of the number of type I
and II errors and related quality measures like the false

positive rate, as proposed by Durre et al. (2008) for the
GHCN database.

The analysis in Figure 6 also revealed that 17 out
18 daily archives applied in this study contain many time
series with long (>10 days) and frequent (>10) data gaps.
However, time series with no data gaps are needed for
many different applications in climate sciences and in
many other disciplines. Moreover, infilled time series are
essential for a better quality analysis (Costa and
Soares, 2009), in particular for joint quality control at
multiple sites. However, closing data gaps for daily pre-
cipitation in a reliable way is extremely difficult in our
study region due to the high stochastic nature of this vari-
able and the low station density. Moreover, common
infilling approaches like inverse distance or regression
approaches (Di Piazza et al., 2011; Campozano
et al., 2014) are only applied deterministically, thereby
ignoring the inherent uncertainty of the infilling problem
and not maintaining the variability of the target variable.
There are more sophisticated methods for infilling precip-
itation time series, such as those presented by B�ardossy
and Pegram (2014) using Copulas. Due to their complex-
ity, however, these approaches cannot be easily inte-
grated within the quality control algorithms and were
therefore out of the scope of this study.

The investigation also indicated that many precipita-
tion subsets used in this study have a moderate to good

FIGURE 13 Interpolated

precipitation patterns using the

quality-controlled and harmonized

WAHPD database for the focal

region (Burkina Faso, Ghana, Benin

and Togo) for a period ranging from

1960 to 2010. Pa = mean annual

precipitation amount, Pm = mean

monthly precipitation amount,

PI = mean precipitation intensity in

terms of the mean wet day amount

and Pw = mean daily precipitation

probability (%). Pm, PI and Pw are

shown for August, the peak period of

the West African Monsoon. The red

dots indicate the location of the

precipitation stations used for a

spatial interpolation of the variable of

interest [Colour figure can be viewed

at wileyonlinelibrary.com]
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quality after passing the different steps (Q1–Q3) of the
quality control algorithm, although many different errors
and uncertainties were identified in the data. For
instance, the spatial interpolation of the four West Afri-
can countries using the quality-controlled and harmo-
nized precipitation database showed relatively reliable
patterns for monthly precipitation and the precipitation
probability for the peak period of the West African Mon-
soon. However, a more detailed analysis is needed to con-
firm these initial findings. These investigations should
also assess rainfall characteristics on other time scales
(e.g., seasonal, decadal) as those presented here. In addi-
tion, rainfall indices like intra-seasonal rainfall character-
istics (e.g., dry-spells) need to be used to assess whether
this information can be reproduced reliably, as well.

The free access to this database for research and other
noncommercial purposes is a remaining challenge. Most
of the data are owned by the NHMS and is, therefore,
based on national data protection regulations that usually
guide the free provision of daily meteorological time
series. Selected precipitation time series from the
WAHPD database can be obtained for research and other
noncommercial purposes, if corresponding formal agree-
ments are made between the involved institutions (data
user, WASCAL and NHMS) meeting the ongoing
country-specific memorandum of understandings for data
use and sharing established within the framework of
WASCAL (Salack et al., 2019). However, the current data
archive can be used to provide related precipitation prod-
ucts such as interpolated data sets in high spatial resolu-
tion for research and other noncommercial purposes. For
example, a first version of a historical daily gridded data
set with a spatial resolution of 10 km is provided via the
WASCAL database (WASCAL, 2020). In addition, point
and areal precipitation statistics can be computed and
freely provided for precipitation sites or ungaged areas.
This was realized by Salack et al. (2018a, 2018b) for loca-
tions in the Sahel region, focusing on precipitation
extremes. Thus, several alternative steps have been initi-
ated and implemented to overcome the current limita-
tions of data provision and to improve the provision of
station-based precipitation products for this region.

There are still many ways to expand the current data-
base for historical periods (before 2010). An extension of
this database to cover other West African countries that
were not the focus of the current study (like BF, GH, TO
and BN) is also planned for future studies. One example is
the AMMA-DClim database, which contains climate data
from 143 synoptic stations in 14 French-speaking coun-
tries, with daily measurements ranging from 1854 to 1983.
Another example is the historical rainfall databases of the
NHMS. As shown in the previous section, the daily mea-
surements of the national rainfall networks are missing in

WAHPD for many West African countries since 1980, and
there is practically no daily (monthly) information for
Nigeria, Sierra Leone and Liberia. However, an extension
of the database is not straightforward. A basic problem is
that precipitation measurements at NHMS are still avail-
able only in hard archives (e.g., paper or micro-fiches) and
are, therefore, not directly accessible. Future initiatives
should focus on the collection and digitalization of these
historical databases to conserve this valuable information,
as recently shown for Ghana by Israelsson et al. (2020),
and to make the data available for research.

There are also many possibilities to update the WAHPD
database with more recent precipitation measurements
(>2013) and in a much higher temporal resolution
(<1 day). The global database of GHCN and GSOD is regu-
larly updated with new measurements (Menne et al., 2018).
Although the number of updated daily time series is rela-
tively low (<100) and can contain data gaps, this informa-
tion can serve as initial observed precipitation information
for specific sites and regions inWest Africa. In addition, pre-
cipitation networks that are not directly operated by the
NHMS can be used for the expansion of WAHPD like the
meso-scale rainfall networks of the AMMA programme
(Galle et al., 2018) and the DACCIWA (Dynamics-Aerosol-
Chemistry-Cloud Interactions) project (Maranan et al.,
2020). WASCAL also established a new transnational
hydro-meteorological network for West Africa in 2017
jointly with the NHMS with 50 new or upgraded weather
stations located in 10 West African countries (Salack
et al., 2019) complemented by three meso-scale hydro-
meteorological networks with more than 30 rainfall sites
(Bliefernicht et al., 2018; Salack et al., 2019). Another impor-
tant example is the Trans-African Hydro-Meteorological
Network (TAHMO, 2020) of low cost weather sensors
established within the last few years over Africa (van de
Giesen et al., 2014). It contains more than 200 sensors in
eight West African countries (TAHMO, 2020).

7 | SUMMARY AND
CONCLUSIONS

In this study, a new station-based precipitation dataset,
the West African Historical Precipitation Database, was
designed for West Africa with a focus on Burkina Faso,
Ghana, Benin and Togo. The precipitation data were
compiled from more than 20 national, continental and
global data archives and contain long-term daily and
monthly precipitation measurements for more than 1,000
measurement locations over a period from 1819 to 2013.
It is, therefore, the most comprehensive dataset with
long-term daily and monthly precipitation observations
for the West African region. The free access to this
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database for research and other noncommercial purposes
remains a challenge due to national data protection regu-
lations. However, several further tasks have been initi-
ated and implemented (e.g., initiation of data sharing
policies, provision of gridded precipitation products and
statistics) to improve the access and availability of
station-based precipitation observations and related data
products for this challenging region.

We also established a semi-automatic geostatistical
approach in addition to the application of various stan-
dard algorithms for control of meta-information, data for-
mat and precipitation measurements. This new
algorithm allows a joint quality control of precipitation
time series and meta-information (station coordinates) to
eliminate unreliable time series in comparison to their
neighbourhood. In addition, a geostatistical-based algo-
rithm for harmonizing the different precipitation subsets
was developed and applied to generate a joint database
for the focal region. A spatial interpolation of this new
database illustrated that relatively reliable precipitation
patterns can be generated for this challenging region.
However, a basic shortcoming of the applied quality algo-
rithms is that no flag-based system is used and not
detailed validation has been carried out so far to better
assess their quality.

The data screening using various quality algorithms
revealed different data limitations, which were present in
the measurement values (unit conversion errors, tempo-
ral offsets), meta-information (wrong station coordinates)
and data format (incorrect dates and poor missing value
coding). We assume that many of these limitations can
be avoided through better data documentation and
processing. According to our current state of knowledge,
these limitations seem to be rarely documented in the sci-
entific literature but are important for a better under-
standing of the uncertainties and errors coming from
station-based precipitation databases. It also gives
insights into how quality algorithms for daily and
monthly precipitation can be advanced in the future for
this climatologically challenging region.

We also highlighted in this study that there are many
ways to extend the current database for historical and
present periods. They range from digitizing national data
archives, embedding new transnational and research
observation networks to using networks based on low-
cost weather stations. Future initiatives should closely
work with NHMS and partner institutions to integrate
this information in existing databases to improve the
availability of station-based precipitation observations for
the different countries. This is of great importance for
providing improved precipitation products for the West
African region. We are sure that in the long-term run not
only climate research and services, but also many other

disciplines will profit from these enhanced precipitation
databases.
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