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Abstract: This article examines the reliability of satellite and reanalysis estimates of rainfall in the
Congo Basin and over Lake Victoria and its catchment. Nine satellite products and five reanalysis
products are considered. They are assessed by way of inter-comparison and by comparison with
observational data sets. The three locations considered include a region with little observational
gauge data (the Congo), a region with extensive gauge data (Lake Victoria catchment), and an inland
water body. Several important results emerge: for one, the diversity of estimates is generally very
large, except for the Lake Victoria catchment. Reanalysis products show little relationship with ob-
served rainfall or with the satellite estimates, and thus should not be used to assess rainfall in these
regions. Most of the products either overestimate or underestimate rainfall over the lake. The diver-
sity of estimates makes it difficult to assess the factors governing the interannual variability of rain-
fall in these regions. This is shown by way of correlation with sea-surface temperatures, particularly
with the Nifo 3.4 temperatures and with the Dipole Mode Index over the Indian Ocean. Some guid-
ance is given as to the best products to utilize. Overall, any user must establish that the is product
reliable in the region studied.
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1. Introduction

Equatorial Africa has some of the world’s most interesting climate regimes, from the
extreme thunderstorms of the Congo Basin to the extreme year-to-year variability of rain-
fall in eastern Africa. Unfortunately, in much of this region, precipitation gauge data have
become increasingly scarce, so that there is an almost complete reliance on satellite prod-
ucts for the examination of interannual variability. In the study of equatorial Africa, two
serious problems have emerged with respect to the satellite rainfall products. One is that
the accuracy of the product is strongly dependent on gauge data incorporated into the
development of the product [1,2]. A result of this is that the various satellite products give
extremely diverse results in regions where gauge data are particularly scarce, such as the
Congo Basin [3]. This holds true for reanalysis products as well [4]. The second problem
is that the products which are strongly dependent on passive microwave data produce
questionable results over the extensive lakes of eastern Africa [5]. The purpose of this ar-
ticle is to demonstrate the extent of these problems, to determine the most reliable prod-
ucts in these two regions, and to suggest some possible explanations and solutions for the
diversity of the estimates.

Two geographical areas are considered here (Figure 1). One is central equatorial Af-
rica, in particular a region within the Congo Basin. Analysis in this area will serve to il-
lustrate the diversity of estimates in an area without gauge coverage. The second is east-
ern Africa, with emphasis on the Lake Victoria region. This region will illustrate the diffi-
culty of using satellite products to produce reliable estimates of over-lake rainfall. In both
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Figure 1.

regions, an equatorial rainfall regime prevails, with two rainy seasons in the boreal spring
and autumn. Both fall under the Tropical Forest (Af) classification of Kppen —Geiger. A
difference between the two regions relates to topography. The Congo Basin region is one
of relatively uniform topography. In contrast, the topography is quite complex over the
Lake Victoria region. This presents special problems in the remote sensing of precipitation
[6-12]. A second contrast is in gauge availability. While gauges are plentiful in the Lake
Victoria region, the area defined in Figure 1 as the Congo Basin is almost devoid of sta-
tions. At the beginning of the analysis period, only four stations are available, and those
lie along the western edge of the region. By the end of the analysis period, no stations exist
in the region in the accessible station archives, such as the Global Precipitation Climatol-
ogy Centre (GPCC).

Map of locations: Congo Basin, Lake Victoria, and Lake Victoria catchment.

Accurate monitoring of climate in equatorial Africa is of critical importance. The lev-
els of Lake Victoria control the flow of the Nile [13], the waters of which sustain 300 mil-
lion people. A one-meter change in lake level can modify Nile flow by 70 to 80% [14]. The
region is considered to be a “hotspot” for climatic change, so that the climatic responses
to global warming are a serious concern [13,15,16]. It is very likely that precipitation will
be strongly affected [17-19]. Some changes have already been noted. An alarming de-
crease in productivity in the Congo rainforest starting around 2000 was noted by Zhou et
al. [20] for the April-to-June season. Nicholson [21] noted a decrease in rainfall in this re-
gion starting in the late 1990s during both rainy seasons. In October and November of
2019, an unprecedented flood situation encompassed all of equatorial Africa, with rainfall
150-400% above normal over most of East Africa and the Guinea Coast [22].

The overall goal of this article is an inter-comparison of precipitation estimates from
three types of sources: gauge data, satellite products, and reanalysis data sets. Secondly,
the article shows how that diversity in the estimates makes it difficult to ascertain rainfall
trends and factors in interannual variability. The data and methodology are described in
Sections 2 and 3. Section 4 presents mean rainfall, including the seasonal cycle. Section 5
examines interannual variability and trends. Section 6 considers the impact of the diverse
rainfall estimates on the identification of causal factors in interannual variability. The re-
sults are summarized in { = |on 7, along with suggestions for improving the utility of the
satellite products. —

2. Materials and Methods
2.1. Data Sets
2.1.1. Overview

This study utilizes ten satellite rainfall products, four gauge products, and five Rea-
nalysis products. The gauge products include the Global Precipitation Centre Climatology
(GPCC), Centennial Trends (CenTrends), NIC131 gauge data, and NIC131-gridded. The
reanalysis data sets include National Center for Environmental Prediction reanalysis ver-
sion II (NCEP II), ECMWEF Re-Analysis version 5 (ERA 5), Japanese 55-year Reanalysis
(JRA 55), Climate Forecast System Reanalysis (CSFR), and Modern-Era Retrospective
analysis for Research and Applications Version 2 (MERRA 2).

Several satellite rainfall products are based only on thermal infrared (IR) retrievals.
These include Climate Hazards Group InfraRed Precipitation with Station Data Climatol-
ogy Version 2 (CHIRPS2), African Rainfall Climatology version 2 (ARCv2), Tropical Ap-
plications of Meteorology using SATellite Data and Ground-Based Observations (TAM-
SAT3) and Precipitation Estimation from Remotely Sensed Information using Artificial
Neural Networks (PERSIANN-CDR). Other products merge thermal IR and microwave
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data: Tropical Rainfall Measuring Mission (TRMM) 3B43; Integrated Multi-satellitE Re-
trievals for GPM Final Product (IMERG-F), Climate Prediction Center (CPC) MORPHing
technique (CMORPH CRT); CPC Merged Analysis of Precipitation (CMAP); CPC Rainfall
Estimation (RFE) 2.0; The Global Precipitation Climatology Project (GPCP V3.1). Three of
the products (ARCv2, RFE 2.0, TAMSATS3) cover solely the African continent and are pro-
duced primarily for drought monitoring.

Table 1 summarizes the characteristics of these products. The satellite products con-
sidered are those that have been used extensively to study rainfall over Africa. Most of
the products are available since 1979 or 1983. However, TRMM 3B43, RFE 2.0, and
CMORPH CRT have been available only since 1998. All are merged with gauge data or
utilize gauge data for bias-adjustment. Table 1 also includes the extent to which gauge
data, such as that from the Global Telecommunications System (GTS) or GPCC, have been
incorporated into each product or used to adjust it.

Table 1. The satellite rainfall products evaluated in this study.

Resolution

Product Start End Spatial Temporal Global Coverage
ARC2 1/83  present  0.1° daily ;Lg\?v_jl;)é\];
CHIRPS 2.0 1981  present  0.05° daily 0_530650_ i%ljg_
CHl\i?\IPCig_ 1/79  present  2.5° pentad Global
CMORPH CRT  12/2002 present 8km sub-daily 0?2656 6L0§1 .
GPCP V.3.1 1/83  present 0.5° monthly Global
IMERG-F 6/2000 present  0.1° sub-daily Global
PERSIANN CDR  1/83  present  0.25° sub-daily 0?2656 ioijlg
RFE 2.0 1/83  present  0.1° daily ;Lg\i:i;);
TAMSAT V3 ~ 1/83  present 4km daily 13965\/__35821\:5
TRMM 3B43 V7 1/98  12/2019  0.25° monthly 1 :85\]__510 8NOE

2.1.2. Satellite Rainfall Products

The TRMM (Tropical Rainfall Measuring Mission) satellite was a joint mission be-
tween NASA and the Japanese Aerospace Exploration Agency. It was specifically de-
signed to measure tropical rainfall globally. The product used here, 3B43 V7, is a monthly
accumulation of 3B42 V7 product that merges precipitation estimates from several passive
microwave products with microwave-calibrated infrared-based precipitation estimates
and then performs bias adjustment using monthly accumulated rain gauge analysis from
GPCC [23-25]. TRMM 3B43 is a monthly product with a spatial resolution of 0.25 degrees.
Data are available for 1998 through 2019. Several studies have shown good agreement
between TRMM 3B42 and gauge data over equatorial Africa [26-31]. Guo and Liu [32]
found that, when TRMM 3B42 values are aggregated to the monthly scale, they provide
rainfall estimates extremely close to those of TRMM 3B43.

IMERG was developed within the Global Precipitation Measurement (GPM) mission
as the successor to TRMM. It combines Passive Microwave (PMW) satellite retrievals from
whichever constellation of satellites is operating in earth’s orbit at a given time and loca-
tion to estimate precipitation over the majority of the earth’s surface [33]. Precipitation
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estimates are derived from a fully parametric retrieval algorithm based on PMW bright-
ness temperature (GPROF). The PMW estimates are also merged with Infrared (IR) esti-
mates and are eventually calibrated and merged with gauge data. The current algorithm
fuses the early precipitation estimates collected in 2000-2014 from the TRMM satellite
with more recent estimates collected from the GPM Core Observatory satellite, launched
in 2014. These serve as both input and calibrators. However, the bulk of the input data is
from the constellation of other PMW sensors, with geo-Infrared fill-in. IMERG V06B has
a 0.1 degree and half hour resolution. Here, we use the Final run (IMERG-F), which has
gauge-adjusted estimates based on GPCC. Data are available for 2001 to 2021.

CHIRPS2 [34] is based on thermal infrared (IR) brightness temperature from geosta-
tionary satellites. It has a spatial resolution of 0.05 degrees and a daily temporal resolution.
CHIRPS2 begins in 1981 and extends to the present time. It is a result of a collaboration
between the University of California at Santa Barbara and USGS. CHIRPS2 is based on
cold-cloud duration from two geosynchronous thermal IR archives produced by NOAA.
One is the 1981-2008 Globally Gridded Satellite (GridSat) produced by the National Cli-
mate Data Center, the second is the 2000-present NOAA Climate Prediction Center da-
taset (CPC 4 km Merged IR). The thermal IR data are merged with African gauge data,
using ‘smart’ interpolation techniques that take the spatial correlation structure into ac-
count. The CHIRPS2 data have low bias and better gauge coverage over Africa compared
to other similar products [27].

PERSIANN-CDR [35] is also based on geostationary thermal IR brightness tempera-
ture, with a neural network approach applied to produce the precipitation estimates. The
product is calibrated using NCEP/NCAR precipitation forecasts. It is bias-corrected with
GPCP precipitation estimates on a monthly basis, such that PERSIANN-CDR and GPCP
monthly totals are consistent. Its spatial resolution is 0.25 degrees. Data are available for
1983 through to the present time.

GPCP was originally produced by NASA’s Goddard Space Center [36] but is now
being produced by NOAA/University of Maryland. As with TRMM 3B43, it merges mi-
crowave and infrared estimates from polar orbiting and geostationary satellites, but from
a different constellation of sensors. It is also a monthly product, though has a spatial res-
olution of 2.5 degrees. GPCP V3.1 is available from 1979 and it does not utilize data from
TRMM instruments, which do not commence until 1998. It is adjusted with gauge data
from GPCC.

NOAA'’s Climate Prediction Center (CPC) provides two rainfall products for Africa
only, namely RFE and ARC. RFE 2.0 is based on three satellite products [37-39]; daily
gauge data from the Global Telecommunications System (GTS) are used to correct the
bias. The satellite products include: 1) IR data from the Geosynchronous Operational En-
vironmental Satellite (GOES) precipitation index (GPI); 2) Passive microwave estimates
from the Special Sensor Microwave Imager (SSM/I); 3) Advanced Microwave Sounding
Unit (AMSU) microwave estimates of rainfall. The GPI is based on IR cloud-top tempera-
ture from Meteosat, which is centered over Africa. A daily product is produced with a
spatial resolution of 0.1 degrees. The ARCv2 (version 2) product has the same spatial and
temporal resolution. The main difference between RFE 2.0 and ARCv2 data is that the
algorithm used to produce the latter does not contain microwave data [40]. RFE 2.0 runs
from 2000 to present and ARCv2 runs from 1983 to present.

CPC also provides two global products: CMORPH and CMAP. The former “morphs”
high quality passive microwave estimates from several low orbiting satellites with high
spatial and temporal resolution IR data to yield information for the time period between
microwave sensor scans [41]. The final product is half-hourly precipitation estimates. The
current study uses the CMORPH CRT product, with bias removed via comparison with
gauge data [42]. It is available from 1998. The raw CMORPH CRT product has been shown
to have a positive bias over tropical land areas. CMAP [38] provides pentad and monthly
analyses at a spatial resolution of 2.5 degrees. It is based on a merger of gauge data plus



Remote Sens. 2021, 13, x FOR PEER REVIEW 5 of 20

five infrared and microwave satellite estimates [38,43]. Satellite estimates provide the spa-
tial pattern of rainfall and gauge data are used to calibrate the magnitude. IR data is from
geostationary satellites as of 1986; previously, only outgoing longwave radiation (OLR)
from polar orbiting satellites was used. An “enhanced” version, which is used here, uti-
lizes NCEP/NCAR reanalysis data to fill in any gaps in coverage.

TAMSAT (Tropical Applications of Meteorology using Satellite Data and Ground-
based Observations), produced at the University of Reading, utilizes thermal IR data from
Meteosat, a geostationary satellite. It is based on two assumptions: that most rainfall over
Africa results from convective clouds and that there is a linear relationship between cold-
cloud duration and precipitation amount. The IR estimates are not merged with contem-
poraneous gauge data, but the product is calibrated with historical rain gauge data [44-
46] It runs from 1983 to present. There are two versions of TAMSAT, with the second
(TAMSATS3) designed to correct a dry-bias evident in the earlier version [47]. TAMSAT3
is used here.

2.1.3. Gauge Data Sets

Four gauge-data sets are used in this study, as each set provides different advantages
in the two regions of study. Individual station records, such as those in the NIC131 gauge
data set, provide the most direct estimate of rainfall. These are useful in creating multi-
year maps in cases where the station network is relatively dense. Gridded products such
as GPCC and NIC131-gridded facilitate spatial averaging, particularly in an area with
very heterogeneous rainfall, such as over the Lake Victoria catchment. Centennial Trends
has a very dense station network, and thus is very reliable, but it is only available for East
Africa.

The NIC131 data set is Africa-wide and has been assembled over the years by the
author. It has been used in numerous publications and is described in Nicholson [48] and
Nicholson et al. [49]. The original data set extended only to 1998, but it was recently up-
dated and now includes well over 2000 station records [50]. In the central equatorial re-
gion, the station number continually increased to nearly 1000 in the 1970s. Afterward,
there was a long decrease then a sharp drop off after 2010. Similar trends are evident in
other gauge data sets for Africa, such as CenTrends and GPCC [51]. The trend in the Lake
Victoria catchment is similar, except that the number rose sharply around 1960 and de-
creased sharply starting in 1990. However, a recent update extended the data set in eastern
Africa to 2019 [52].

Nicholson et al. [52] used the NIC131 data set to create a gridded data set for western
and central equatorial Africa. It has a spatial resolution of 2.5 degrees of latitude and lon-
gitude and covers the period from 1921 to 2014. The gridding was not based on a simple
spatial aggregation of the records but instead relied upon a spatial reconstruction tech-
nique based on principal components. This allowed for a complete spatial coverage in
years with a sparse gauge network. The data set is based upon a total of 1826 gauge rec-
ords in the analysis sector, of which only several hundred operate in recent years. In recent
years, few stations are available over the Democratic Republic of the Congo (Figure 2), the
heart of the Congo Basin and Congo rain forest, so that, in this region, its reliability since
around 2010 is questionable.

Figure 2. Ocean sectors used for calculating the Dipole Mode Index (DMI), Nifio 3.4, equatorial Atlantic and eastern At-
lantic SST time series.

The GPCC Full Data Monthly Product version 7 (GPCC V7) is produced by the Ger-
man Weather Service (DWD) under the auspices of the World Meteorological Organiza-
tion. It is a gridded product available at spatial resolutions of 0.5 x 0.5, 1.0 x 1.0, and 2.5 x
2.5 degrees [53]. GPCC V7 runs from 1901 through to the present date. The precipitation
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data are acquired by agreement with individual countries or from the Global Telecommu-
nications System (GTS).

The CenTrends data set, also a gridded product, is produced by the US Geological
Survey/UC Santa Barbara Climate Hazards Group [51]. Coverage is restricted to eastern
Africa (=155 to 18N, 28E to 54E) and from the year 1900 to 2014. It is based on 634 stations.
Roughly half that number are available in GPCC in the same area and time frame. Cen-
Trends has a spatial resolution of 0.1 x 0.1 degrees.

These are the most extensive rainfall data sets for Africa, but they do not constitute
all operative stations. Many countries do not disseminate their data or charge extremely
high prices to obtain it. In some cases, however, the absence of gauge data is real. Exam-
ples of this are Angola and the Democratic Republic of the Congo, countries in which the
meteorological services have all but ceased to operate for decades.

It should be noted that these four gauge-data sets are not completely independent.
NIC131-gridded, of course, was created from NIC131. The NIC131 stations were also pro-
vided for the CenTrends data set, but the latter includes many additional stations. For the
years up to 1998, the African portion of GPCC was largely NIC131. Since 1998, GPCC has
relied mostly on data transmitted through the Global Telecommunications System (GTS),
while NIC131 includes numerous updates obtained directly from the African meteorolog-
ical services. Hence, there is considerable overlap in the stations incorporated into the four
data sets, although, since 1998, GPCC and the “NIC” data sets are largely independent.
Moreover, the processing is very different in the three gridded data sets, providing some
degree of independence.

2.1.4. Reanalysis Data Sets

A reanalysis data set uses forecast models and data assimilation systems to analyze
and merge irregular observations of the land, atmosphere, and oceans. These are “reana-
lyzed” or synthesized into a coherent and uniform gridded image or map of observational
variables with spatial homogeneity, temporal continuity, and a multi-dimensional hierar-
chy [1].

Table 2 gives the temporal and spatial resolution of the five reanalysis products used
here. All but ERA 5 and JRA 55 are relatively new products. ERA 5 replaces ERA Interim.
NCEP II [54] covers the longest period, beginning in 1948. The disadvantage is its low
spatial resolution, and 2.5 degrees of latitude and longitude. MERRA 2 [55], ERA 5 [56],
JRA 55 [57], and CSER [58] all have higher spatial resolution, and except for JRA 55, com-
mence only in 1979 or 1980.

Table 2. The reanalysis products used in this study.

Resolution

Product Start End : Global Coverage
Spatial Temporal
CFSR 1/1979 11/2017 0.25° Sub-daily Global
ERA5 1/1979 Present 0.10° Sub-daily Global
JRA5B5 1/1958 Present 0.56° Sub-daily Global
MERRA 2 1/1980  Present  0.5° x 0.625° Sub-daily Global
NCEP II 1/1979 Present 2.0°x2.0° Sub-daily Global

The reanalyses generally assimilate precipitation estimates from satellites, surface ra-
dar, and/or surface gauge data. However, the sources and approach to assimilation vary
among the different reanalysis products. Hua et al. (2019) performed a validation of the
reanalyses used here and considered the central equatorial Africa region. They found that,
while the reanalyses could reproduce major features such as the seasonal cycle, they ex-
hibit considerable spread in rainfall magnitude and spatiotemporal characteristics. The
rainfall produced in the reanalyses is strongly dependent on the model’s hydrologic cycle
and is also affected by model biases.
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2.1.5. Other Data Sets

Additional data utilized are sea-surface temperatures (SSTs) and the Indian Ocean
Dipole Index (DMI). SSTs were derived from the NOAA Extended Reconstructed SST
(ERSST) V5 data set [59]. The DMI represents the anomalous SST gradient between the
two Indian Ocean sectors: 50°E-70°E, 10°5-10°N and 90°E-110°E, 10°5-0°N [60].

2.2. Methodology

The goals of this study are to show the diversity of rainfall estimates produced by the
various products, to illustrate the impact of gauge data on the reliability of satellite re-
trievals, and to demonstrate how this diversity hinders attempts to find causal factors in
variability. The approach is somewhat different for central equatorial Africa and eastern
Africa.

For both areas, long-term means were calculated from the various products. The
long-term annual mean and the long-term mean for one wet month (November) were
derived from all products. However, the contrasts among the products in November are
similar to those evident in the annual maps, therefore only the annual maps are presented
here. November is utilized because it is a wet month through the regions evaluated. In
order to have a common period for the various products, the mean was calculated for the
nineteen-year period from 2001 to 2019.

As described in Section 2.1.3, gauge coverage in these years is sparse. In order to
obtain a reliable spatial picture from the gauge data, the maps for the recent years were
compared with a NIC131 gauge average for an earlier time period with dense gauge cov-
erage, namely 1945 to 1984. However, there is reasonable gauge coverage in the Lake Vic-
toria catchment, therefore a map of NIC131 rainfall for the satellite period is presented.
Twenty- and thirty-year means are relatively stable over time, though some changes in
the magnitude of rainfall cannot be ruled out. Nevertheless, the spatial pattern can be
assumed to be largely conservative. In addition to the comparison with NIC131, a com-
parison was also made with published maps for the two areas, including a map of rainfall
over Lake Victoria itself.

To quantify the diversity of the various products, spatial averages were produced for
three locations: the central Congo Basin, Lake Victoria, and Lake Victoria’s catchment.
These locations are shown in Figure 1. The seasonal cycle at each location was also derived
and compared for the various products.

A second type of analysis was year-to-year time series of rainfall, both for the year
and for the month of November. These were produced for the aforementioned four re-
gions. The analysis included a calculation of standard deviations and trends over the pe-
riod of 2001 to 2019. Trends are often used in the evaluation of causal factors in variability
or in changes in the vegetation density of productivity. For example, Zhou et al. [20] com-
pared rainfall trends in the Congo Basin over the period of 2000 to 2012, with trends in
such variables being related to vegetation productivity (e.g., vegetation index, ground and
vegetation water storage, and vegetation optical depth).

The third analysis was correlation with potential causal factors of rainfall variability.
The purpose was to demonstrate the difficulty of identifying causal factors because of the
diversity in the estimates by the various rainfall sources. This was demonstrated using
November rainfall and was considered.

The potential causal factors that were considered include two sectors of the equato-
rial Atlantic, the western Indian Ocean, Nifio 3.4 sea-surface temperatures (SSTs), and the
Indian Ocean Dipole Mode Index (DMI). All of these factors have been identified in past
literature as possible factors in rainfall variability in the regions considered here. The SST
locations are shown in Figure 2. Nifio 3.4 is considered to be an index of the El Nifio/South-
ern Oscillation phenomenon. The DMl is an indicator of the east-west temperature gradi-
ent across the tropical Indian Ocean, calculated as the difference between SSTs in the west-
ern tropical Indian Ocean and the southeast tropical Indian Ocean (see Figure 2). The DMI
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is known to be strongly correlated with rainfall in East Africa in the boreal autumn [61-
63].

3. Results
3.1. Mean Rainfall
3.1.1. Central Equatorial Africa

Years ago, meteorological observations were plentiful in equatorial Africa. As some
examples, Institut National pour I/Etude et la Recherche Agronomiques (INERA) oper-
ated 62 stations in the Democratic Republic of the Congo (DRC, formerly Zaire) during
the 1950s and 1960s. The meteorological service operated 200 stations in the DRC,
Rwanda, and Burundi. Well over one thousand stations operated in Kenya alone. Since
the 1960s or 1970s, the number of stations has steadily decreased in the region. However,
the data from the earlier years allows for a reliable picture of the spatial pattern of rainfall
over equatorial Africa and its magnitude.

Figure 3 shows the mean annual rainfall published in Bultot’s [64] classic four-vol-
ume work on the DRC, which is based on roughly 50 stations. The same from the NIC131
data set and the GPCC V7 data set for the years 1945 to 1994 (of which the station network
was dense) is also shown, along with a map based on GPCC V7 for the years 2001-2019
(when few stations were available) (Figure 4). The spatial pattern is clear and robust. There
are maxima in the equatorial region at roughly 21° E and 28° E. The more eastern maxi-
mum lies over the Western Rift Valley highlands and is the stronger of the two. Other
evidence that this pattern extends to the present time comes from lightning data, which
shows maxima in these same areas (Figure 5), and counts of Mesoscale Convective Sys-
tems [65], which produce some 50 to 70% of the rainfall in this region [66]. Another small
maximum is evident just to the north of the eastern one.

Figure 3. Mean annual rainfall over the Congo region based on an extensive gauge data set (adapted
from Bultot, [64]).

Figure 4. Mean annual rainfall based on NIC131 for the years 1945-94 (a), on GPCC for the years 1945-94 (b) and GPCC
for the years 2001-20219 (c).

All of the satellite products show some semblance of the double maxima over the
Congo Basin (c. 22° E) and eastern Congo (c. 28° E), although the pattern is not well de-
veloped in the low-resolution products (Figure 6). However, the intensities of the two
maxima vary substantially. TRMM 3B43 and CHIRPS2 arguably show the closest agree-
ment with gauge data but IMERG-F, TAMSAT3, and PERSIANN-CDR also show good
agreement. RFE 2.0 and ARC2 show somewhat lesser agreement. CMORPH CRT dramat-
ically overestimates the eastern maximum, but appears to underestimate rainfall in most
other areas.

Figure 5. Map of world lightning frequency from NASA.

Figure 6. Mean annual rainfall (2001-2019) over the Congo region from fifteen satellite and reanalysis products.

Of the reanalysis products, only ERA5 and CFSR show the double maximum over
the Congo Basin. However, ERA5 appears to overestimate the eastern maximum and un-
derestimate the maximum in the Congo Basin. CFSR appears to underestimate through
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the region. JRA55, NCEP2 II, and ERAS5 all show a second maximum far to the west and a
clear minimum over the Congo Basin.

Rainfall is quantified in Table 3 for the analysis region termed Congo (Figure 1). The
values obtained from three gauge-data sets are indicated, in addition to the values from
the satellite and reanalysis products. For the latter, the average rainfall for the Congo re-
gion ranges between 1402 and 1758 mm, compared to gauge estimates of 1840 (GPCC 2V7)
and 1831 (Nic131). The satellite estimates range from 1571 to 1954 mm per year. For No-
vember, the range is 160 to 210 mm for satellites and 156 to 202 mm for reanalysis prod-
ucts, compared to 206 mm for GPCC V7 and 199 mm for Nic131. For the satellite estimates,
CMORPH CRT is an outlier, giving the lowest estimate by far for both annual and No-
vember rainfall.

Table 3. Mean annual and November rainfall for the three locations shown in Figure 1.

Source Congo Lake Catchment

Ann Nov Ann Nov Ann Nov

IMERG 1896 210 2372 259 1257 153
TRMM 1797 207 1714 206 1194 149
GPCP V3.1 1887 204 1706 196 1175 137
CHIRPS 1815 178 1448 164 1172 134
ARC2 1735 171 1522 180 1040 123
RFE 1713 179 1470 172 1051 122
CMAP 1854 196 1127 133 1245 167
TAMSAT 1954 188 1559 167 1179 131
CMORPH 1571 160 1800 208 996 126
PERSIANN 1830 205 1498 194 1169 146
CFSR 1405 158 1183 143 1353 145
ERA5 1553 162 2093 253 1301 167
JRA55 1685 198 535 86 706 101
MERRA 2 1402 156 1933 292 1940 244
NCEP II 1758 202 886 151 1267 196
GPCC 1840 206 9999 9999 1200 144
NIC131 1831 199 9999 9999 1218 129

3.1.2. Lake Victoria and its catchment

Figure 7 shows annual rainfall over Lake Victoria and its catchment for the 12 prod-
ucts. The diversity of rainfall over the lake itself is tremendous. Most of the products show
higher rainfall over the lake than over the surrounding catchment. However, in the prod-
ucts with a high enough resolution to delineate the lake, the maximum rainfall over the
lake varies from around 400 to 600 mm in JRA55 to over 3750 in IMERG. The spatial res-
olution of CMAP, GPCP V3.1, and NCEP2 Il is too coarse to capture the lake itself, but the
pixels lying primarily over the lake do not suggest an enhancement over the lake. Such
diversity is similarly evident for November rainfall (not shown).

Figure 7. Mean November rainfall (2001-2019) over the Congo region from fifteen satellite and rea-
nalysis products.
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Figure 8 shows mean rainfall over the lake, based on a combination of gauge records
from island stations and dynamic modeling. A strong maximum exists in the western por-
tion of the lake, with highest annual rainfall on the order of 3000 mm. A similar spatial
pattern is apparent in the higher resolution satellite products but is not evident in any of
the reanalysis products. In a more detailed evaluation, Nicholson et al. [5] concluded that
TRMM 3B43 provided the best estimate over the lake and gave values similar to that
which is shown in Figure 8.

Figure 8. Map of annual rainfall over Lake Victoria and the surrounding region (based on Flohn and
Burkhardt [67]).

In the catchment surrounding the lake, there is less diversity (Table 3). In this case,
two gauge products provide some comparison. CenTrends is the best gridded product for
this region because it is based on the largest number of stations. CenTrends annual means
for the period of 2001 to 2014 are shown in Figure 9, along with station values from NIC131
averaged for the period of 2001 to 2019, which is the period of analysis for the satellite and
reanalysis products. NIC131 is probably more accurate than CenTrends in the mountain-
ous area of Rwanda and Burundi, because of its high concentration of stations.

Figure 9. Mean annual rainfall (mm) from NIC131 (2001 to 2018) and CenTrends (2001 to 2014).

Collectively, the two products suggest that annual rainfall shows a maximum on the
order of 1800 to 2500 mm to the northeast of the lake, with rainfall on the order of 1200 to
1600 most elsewhere in the north and east. To the west and south, annual rainfall is typi-
cally 400 to 1200 mm. All but the low-resolution satellite products exhibit a similar pattern
and magnitude, but TRMM 3B43, IMERG-F, and CHIRPS2 generally have a higher
amount of rainfall than the gauge products in the west and southwest. Of the reanalysis
products, only ERA5 shows any similarity to CenTrends or NIC131, but the values are too
high over the highlands to the west and northeast of the lake. Values exceeding 3750 mm
are indicated in numerous locations. For the most part, the November patterns (not
shown) are similar to the annual, though of lower magnitude.

3.2. The Seasonal Cycle
3.2.1. Congo Basin

Figure 10a shows the seasonal cycle for the Congo Basin region based on the satellite
products. There is substantial agreement in the first rainy season and in the dry months.
Ignoring the obvious outlier (CMORPH CRT), the spread of estimates is on the order of
20 to 30 mm during the first rainy season. The spread is notably larger during the second
rainy season, reaching as high as 50 mm during October. Most satellite products give val-
ues similar to that of the observational data sets, the two of which give almost identical
values. IMERG-F and TRMM 3B43 show the best agreement with the observations. All
except CMORPH show two distinct rainy seasons, with maxima in April and October and
minima in June and January. CMORPH CRT is an extreme outlier on the low side and
TAMSATS3 tends to overestimate in the rainy seasons and boreal summer dry season. RFE
2.0 and ARCv2 are outliers in the second rainy season, both underestimating rainfall.

Figure 10. Seasonal cycle of rainfall (mm/mo) over the Congo (averaged for the sector shown in Figure 1: (a) satellite, (b)

reanalysis.
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The range of estimates is roughly twice as great for the reanalysis data sets (Figure
10b). Of the five, NCEP II and JRA55 are closest to observations, but in general the reanal-
ysis products tend to underestimate rainfall in this region. All clearly show two distinct
rainy seasons, with that of the boreal autumn being the strongest. All show October as the
wettest month and all but NCEP II show June as the driest of the boreal summer dry sea-
son. In contrast, the wettest month of the first rainy season varies between March and
May.

3.2.2. Lake Victoria and its Catchment

Figure 11 shows the season cycle over the lake and catchment. The graphs on the left
are based on the satellite products. GPCC V7 and the long-term mean from NIC131 are
also shown for the catchment. Those on the right are based on the five reanalysis products,
with GPCC V7 and NIC131 also shown for the catchment. GPCC V7 and NIC131 are av-
eraged for the period of 1945 to 1994, in order to produce averages for the period with the
greatest gauge coverage.

The range of estimates over the lake is vast for both satellite and reanalysis products.
The April maximum ranges from 160 mm to 375 mm for the satellite products but the
seasonal cycle is similar in all products. Maxima are evident in April and November, with
a minimum in July. April values for the reanalysis products range from 105 to 310 mm;
however, as with the satellite products, there is agreement on the seasonal cycle.

The situation is very different over the catchment. Satellite estimates in this area are
in good agreement. All show maxima in April and November and the spread is generally
on the order of only 20 to 30 mm. Over the catchment the reanalysis products are similarly
diverse. As over the lake, estimates for April vary from roughly 100 to 300 mm. One prod-
uct (NCEP 1I) does not capture the seasonal cycle. The maximum in the second rainy sea-
son varies between October and December.

Figure 11. Seasonal cycle of rainfall (mm/mo) averaged over Lake Victoria or its catchment (see Figure 1 for location):
NIC131 is an average for 1945-94, when gauge coverage was very dense. Others are averaged for 2001-2019: (a) Lake
Victoria—satellite (b) Lake Victoria—reanalysis (c¢) Catchment—satellite (d) Catchment—reanalysis.

3.3. Interannual Variability and Trends
3.3.1. Congo Basin

Figure 12a shows the time series of rainfall for satellite products for the period of
2001 to 2019 for the year and for the month of November for the Congo Basin region. There
is considerable disparity among the estimates for annual rainfall. RFE 2.0, TAMSATS3, and
ARCv2 are extreme outliers. The overall magnitude is not so different among the remain-
ing satellite products, but the sequence of interannual variability appears almost random.
The only case with substantial agreement is the rainfall increase between 2015 and 2017.

Figure 12. Interannual variability (mm/year) over the Congo (averaged for the sector shown in Fig-
ure 1): (a) satellite, annual (b) reanalysis, annual (c) satellite, November (d) reanalysis, November.

There is considerably more agreement among the satellite estimates for November;
however, the spread is still very large. There is, however, substantial agreement for the
sequence of interannual variability, at least for the wet years such as 2007, 2010, and 2017.
Most products also show 2007 as a peak year.

There is substantial disparity among the reanalysis estimates in this region (Figure
12b). For the annual estimates, the range is on the order of 500 mm. NCEP II shows a clear
and increasing trend, as does MERRAZ2, albeit to a limited extent, while CMORPH shows
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a clearly decreasing trend. This holds true for November as well. The range of magnitudes
for November is on the order of 200 mm.

The observational products were not used here for comparison because their reliabil-
ity during these years is questionable. GPCC V7, NIC131, and NIC131 gridded are nearly
devoid of stations in the region during the time period shown.

The diversity of the estimates is quantified in Figure 13, which gives the correlations
among the various products. Only like products were correlated, in order to simply the
interpretation of the figure. Correlations between reanalysis products and satellite prod-
ucts (not shown) were, as a whole, lower than the satellite—satellite correlations but higher
than the reanalysis-reanalysis correlations. The satellite-satellite correlations, based on
the 19-year period from 2001 to 2019 with a range from 0 to 1.0 for annual rainfall, with
most being around 0.4 or lower. For the most part, the correlations among the reanalysis
products are weaker, with the exception of four cases with correlation coefficients of 0.63.
Looking into this, it appears that ERA5 and JRA55 are well-correlation, as are MERRA2
and NCEP II. Still, the common variance is only about 40%.

Figure 13. Correlation among rainfall products over the Congo: Each satellite product is correlated with all other satellite
products, with the correlation values indicated on the x-axis (red values). Each reanalysis rainfall product is correlated
with every other reanalysis product (blue values). Annual rainfall correlations are on the left. November rainfall correla-
tions are on the right. The 10% significance level is 0.37 and the 5% significance level is 0.43.

For November, the reanalysis-reanalysis correlations are similar to those for annual
rainfall, but the satellite—satellite correlations are substantially higher. Again, they range
from 0 to 1.0, but they tend to cluster between 0.5 and 0.9. For both annual and November
rainfall, the 1.0 correlation is between GPCP V3.1 and PERSIANN-CDR, both of which are
strongly dependent on the GPCC gauge data set. Arguably, the products with the best
correlations with other similar products are the most reliable. In this case, that would be
IMERG-F, TRMM 3B43, GPCP V3.1, and PERSIANN-CDR.

3.3.2. Lake Victoria

Figure 14 shows the interannual variability of rainfall over Lake Victoria for the year
and for the month of November based on the satellite products. For annual rainfall (Figure
14a), the sequence of inter-annual variability is similar in all products, but there is an ex-
treme diversity in magnitude. CMAP is an outlier on the low side, with annual rainfall on
the order of 1000 to 1500 mm. IMERG-F is an extreme outlier on the positive side, with an
annual rainfall ranging from roughly 2000 to 3000 mm. CMORPH CRT is also a positive
outlier in most years. The remaining products are fairly similar in magnitude but gener-
ally somewhat higher than the GPCC V7 observational data set. In November (Figure 14c),
the sequence of all satellite products is similar, however there are numerous discrepan-
cies. Overall, CMORPH CRT and IMERG-F are again outliers on the positive side and
CMAP is an outlier on the negative side. Nicholson et al. [2] noted the extremely positive
bias of IMERG-F over the lake and attributed it to problems with passive microwave re-
trievals (PMWs). Since CMORPH CRT relies on PMW, its over-estimation is not surpris-
ing. Nicholson et al. [2] noted that CMAP performed poorly over the Congo Basin, exhib-
iting a very high root mean square error and also a large bias. However, the latter was
mostly positive.

The diversity of annual rainfall estimates for the reanalysis products (Figure 15) is
much greater. The lowest (JRA55) is on the order of 500mm while the highest (ERA 4)
generally gives values between 2000 and 2500 mm. The sequence of interannual variabil-
ity is also quite disparate among the products. The same holds true for November.
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Figure 14. Interannual variability of rainfall (mm/yr or mm/mo) based on satellite products: (a) Lake Victoria, annual (b)
catchment, annual (c) Lake Victoria, November (d) catchment, November.

Figure 15. Interannual variability of rainfall (mm/yr or mm/mo) based on reanalysis products: (a) Lake Victoria, annual,
(b) catchment, annual, (c) Lake Victoria, November, (d) catchment, November.

The picture is very different for the Lake Victoria catchment. Except for CMAP, there
is excellent agreement among the satellite products both for annual rainfall (Figure 14c)
and for November rainfall (Figure 14d). The agreement is excellent for both the magnitude
of rainfall and for the sequence of interannual variability. CMORPH CRT, ARCv2, and
RFE 2.0 give the lowest values. Agreement is particularly strong among the remaining
products, and they agree closely with GPCC V7. In contrast to the situation over the lake,
IMERG-F appears to provide excellent values over the catchment. Notably, a good array
of stations is available in that area.

In contrast to the satellite products, there is an extreme diversity among the reanaly-
sis products (Figure 15), especially for annual rainfall. Values for CFSR and ERA 5 are
fairly similar in magnitude, but JRA55 is an extreme outlier on the low side and MERRA2
is an extreme outlier on the high side. The contrasts increase steadily between 2001 and
2019. The same holds true for the November estimates, except that NCEP II is also an
outlier in most years.

The correlations among the products are shown for both the lake and catchment in
Figure 16. As with the Congo, the correlations among the satellite products are much
higher than the correlations among the reanalysis products. Those for November are also
clearly higher than for annual rainfall. Regarding the annual rainfall over the catchment,
no products clearly emerge as the best, but correlations are notably lower with CMAP,
TAMSAT3, and CMORPH CRT, suggesting that these products might not be highly reli-
able in this region. November, however, suggests that the best performance may be from
IMERG-F, TRMM 3B43, CHIRPS2, RFE 2.9, and ARCv2. Again, correlations are notably
lower for CMAP, TAMSAT3, CMORPH CRT, and PERSIANN-CDR.

Figure 16. Correlation among rainfall products in the Lake Victoria region. Each satellite product is
correlated with all other satellite products, with the correlation values indicated on the horizonal
axis (red values). Each reanalysis rainfall product is correlated with every other reanalysis product
(blue values). Annual rainfall correlations are on the left. November correlations are on the right.
Top panels are for rainfall over the catchment and bottom panels are for rainfall over the lake. The
10% significance level is 0.37 and the 5% significance level is 0.43.

A surprising result is the higher correlations among satellite products over the lake
itself. The diversity in magnitude among the various products was noted earlier. Figure
14 shows that most satellite products tend to show a similar pattern of interannual varia-
bility. However, variability over the lake is more extreme, which may the reason for the
higher correlations.

3. Trends

The examination of trends in data sets is a common approach used for studying cli-
matic variability and change. Zhou et al. [20], for example, compared recent trends in
rainfall, vegetation productivity, and total water storage in an attempt to demonstrate de-
forestation in the Congo rain forest and link it to a drying trend.

Here, the trend in each of the annual time series in Figures 12, 14, and 15 is assessed
using linear regression. Values are indicated in Table 4. For the Congo Basin, the calcu-
lated trends vary between -1.15 and +4.19 mm per year per decade. Of the 15 products,
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there are negative trends in five cases for annual rainfall. Notably, the spread among the
satellite products is much smaller; they range from 1.95 to .80 for annual data.

For the Lake Victoria region, where some satellites appeared to perform well, the
diversity of the trend estimates is as large as or greater than that for the Congo region.
However, almost all of the products register a positive trend between 2001 and 2019. For
annual rainfall, the magnitude of the trend varies between —.47 and +4.44 mm per year per
decade for Lake Victoria and between -1.0.5 and +6.04 for its catchment.

Table 4. Rainfall trends (mm/year/decade) over the period 2001-2019 for annual and November
rainfall in the three areas shown in Figure 1: N.A. in the lake column indicates the product has no
stations over the lake.

Source Congo Lake Catchment
Ann Nov Ann Nov Ann Nov
IMERG 0.44 0.12 0.17 0.04 0.22 0.09
TRMM 0.23 0.28 0.54 .09 -0.12 -0.01
GPCP V3.1 0.05 0.10 1.42 0.03 0.41 0.06
CHIRPS 0.08 0.12 1.08 0.16 0.89 0.16
ARC2 0.88 0.06 1.43 0.30 0.71 0.24
RFE 1.95 0.21 3.62 0.47 1.07 0.20
CMAP -0.59 0.10 0.84 0.22 0.41 0.43
TAMSAT 0.37 0.16 0.62 0.10 0.81 0.21
CMORPH -0.80 -0.09 3.14 0.30 0.35 0.17
PERSIANN 0.10 0.14 0.49 0.03 -0.21 0.00
CFSR -0.48 -0.32 2.72 0.34 3.66 0.42
ERA5 -1.06 -0.08 0.88 0.02 0.72 0.05
JRAS55 -1.15 -0.19 -0.47 -0.02 -1.05 -0.01
MERRA 2 2.01 0.28 4.44 0.63 6.04 0.88
NCEP II 4.19 0.74 1.16 0.12 0.94 -0.33
GPCC 0.12 0.07 N.A. N.A. 0.44 0.11
NIC131 -0.75 -0.21 N.A. N.A. -1.05 0.11

3.4. Links to Large-Scale Factors in Variability

The November rainfall time series for each product for the Lake Victoria catchment
and the Congo region was correlated with sea-surface temperatures (Figures 17 and 18).
Because the time series of over-lake rainfall is so similar to that over the catchment, corre-
lations with over-lake rainfall were not carried out. From these, a handful are presented
here to illustrate the difficulty posed by the product differences in identifying causal fac-
tors in variability. The various time series are also correlated with the Nifio 3.4 SSTs, the
DM]I, and SSTs in the equatorial and eastern Atlantic (see Figure 2). Values are given in
Table 5.

Table 5. Correlations between rainfall estimates from satellite and reanalysis products and indica-
tors of potential large-scale factors: Nifio is SSTs from the Nifio 3.4 region; equatorial Atlantic and
eastern Atlantic are also SSTs. DMI is the Dipole Mode Index. Locations for these are shown in
Figure 2. C = Congo, LC = Lake catchment; these regions are shown in Figure 1. Only correlations
reaching at least the 10% significance level are indicated. Those highlighted in yellow exceed the 5%
significance level.

PRODUCT NINO DMI Equatorial Atlantic Eastern Atlantic
C Lake LC C ©Lake LC C Lake LC C Lake LC
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IMERG —-0.49 0.39 0.54 0.65

TRMM 0.39 0.53 0.58 -0.47
GPCP V3.1 -0.39 0.39 0.82 0.62

CHIRPS 0.79 -0.47

ARC2  -047 0.61 0.78 -0.48

RFE -0.53 0.57 0.59 0.77

CMAP 045 0.65 0.56 0.60 0.73
TAMSAT -0.40 0.73 0.64

CMORPH -0.59 0.50 0.55 0.46
PERSIANN -0.51 0.40 0.60 0.57

CFSR 0.68 0.71 0.50 0.65 0.47

ERA5 0.53 -0.57

JRAS55 0.38 0.57 0.37 -0.40
MERRA?2 0.50 0.47 0.48

NCEPII 0.48 -0.40 0.45 -0.45 -0.50

Figure 17 shows the SST correlations for the Congo November rainfall time series
from the satellite products RFE 2.0, CMORPH CRT, and IMERG-F, and the reanalysis
products ERA5, MERRA2, and JRA55. ERA5 suggest that the main forcing is from the
Pacific, with rainfall being positively correlated with SSTs. There is also some contribution
from the isolated areas of the Atlantic and Indian Oceans. JRA55 shows predominantly
negative correlations in the equatorial Pacific, positive in the higher latitudes, and ex-
tremely high negative correlations within the Indian Ocean. MERRA2 shows extremely
high positive correlations within the Indian Ocean. Nearly everywhere, the correlations
are of opposite sign in Merra2 and JRA55. The correlations shown with IMERG-F tend to
be opposite in sign to those of ERAS5, especially in the Pacific. CMORPH CRT and RFE 2.0
fail to show a strong link to the Pacific and, overall, show weak correlations. Notably, they
show correlations of the opposite sign in the equatorial Atlantic.

Figure 17. Correlation between November rainfall over the Congo (area shown on map) and November SSTs for three
satellite products and three reanalysis products: The 10% significance level is 0.37 and the 5% significance level is 0.43.

Figure 18 shows the SST correlations for the Lake Victoria catchment. Those for Lake
Victoria itself are exceedingly similar and are therefore not shown here. TRMM 3B43
shows a pattern that is well known to be associated with interannual variability of the East
African short rains of the boreal autumn. This includes a link to both El Nifio and the
Indian Ocean Dipole. TAMSAT3 and CMAP show similar patterns in the Indian Ocean
and the western Pacific, but fail to show a link to El Nifio. CMAP shows strong correla-
tions in the equatorial Atlantic that are not indicated in other products. The similarity in
the correlations for the reanalysis products are better than in the Congo region, but there
are still strong disparities among them. Both MERRA2 and CFSR show patterns resem-
bling that of TRMM 3B43. However, CESR shows a limited and barely significant correla-
tion with the tropical Pacific. NCEP Il shows weaker correlations overall and the strongest
correlations in the western Pacific.

Figure 18. Correlation between November rainfall over the Lake Victoria catchment (area shown on map) and November
SSTs for three satellite products and three reanalysis products: The 10% significance level is 0.37 and the 5% significance

level is 0.43.
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4. Discussion

The two primary results of this study are to demonstrate the strong diversity of rain-
fall estimates from satellite and reanalysis products and to show that this diversity is
strongly dependent on the region considered. Sun et al. [1], examining precipitation data
sets on a global basis, demonstrated similar findings. Figures 13 and 16 amply demon-
strate this diversity by showing the correlations between products over the Congo, Lake
Victoria, and the Victoria catchment for annual and November rainfall. This diversity sug-
gests that many of the rainfall estimates are unreliable.

The lowest correlations are among the reanalysis products. The correlations are very
low in all three regions and for both annual and November rainfall. For the satellite prod-
ucts, correlations are considerably lower for the Congo region than for the Lake Victoria
region. They are also higher for November than for annual rainfall for both the Lake Vic-
toria region and the Congo. The reason for this is not clear.

An unexpected finding is the relatively uniform estimates over the complex terrain
within the Lake Victoria catchment. As indicated earlier, such terrain can pose problems
for the remote sensing of precipitation. Notably, the impact of terrain was lower than the
impact of the lack of gauge stations, such as over the Congo Basin.

It would be good if one or more of the satellite products would clearly emerge as
most reliable in these regions. No validation was carried out in this study, in part because
of the absence of recent gauge data in the Congo region and over Lake Victoria. Based on
the various analyses, however, some subjective comments can be made. Most satellite
products, with the exception of CMORPH CRT, appear to capture the spatial pattern over
the Congo. The low-resolution products fail to show any semblance of the spatial pattern
over the Lake Victoria catchment, and TRMM 3B43, IMERG-F, and CHIRPS2 tend to over-
estimate rainfall over much of the catchment. The results of the seasonal cycle suggest
poor performance of CMORPH CRT, RFE 2.0, TAMSAT3, and CMAP. The inter-product
correlations suggest good performance of IMERG-F, TRMM 3B43, GPCP V3.1, CHIRPS2,
and PERSIANN-CDR. Similar results were obtained by Nicholson et al. [2]. What does
stand out clearly in the results is that the reanalysis products are not reliable and therefore
should not be used to evaluate rainfall.

Another result that emerges is the overestimation of over-lake rainfall by IMERG-F
over Lake Victoria. Nicholson et al. (2021a) showed that this is a general problem with
IMERG-F over the East African lakes, with the cause most likely lying in the passive mi-
crowave estimates utilized. This issue is discussed in detail in Nicholson et al. [2].

5. Conclusions

In most of the analyses present in this study, there is great diversity in the rainfall
estimates by the various products. This suggests that many of the rainfall estimates are
unreliable. That is clearly the case with the reanalysis products considered. They should
not be used to estimate rainfall over equatorial Africa.

In the absence of a true validation study, the “best” products cannot be ascertained.
However, a collective look at the results suggests that, in the regions studied, the more
reliable satellite products for monthly and annual rainfall include IMERG-F, TRMM 4B43,
GPCP V3.1, CHIRPS2, and PERSIANN-CDR. Results could be different at the sub-
monthly scale.

The low correlations among the various products, the contrasts in the temporal
trends exhibited by them and in the correlations with causal factors indicate that it is dif-
ficult to assess interannual variability and determine its causes in the regions studied. De-
pending on the product used, very different conclusions could be reached. It is imperative
that any such study carefully choose and, if possible, validate the product or products
used.

This study also demonstrated a marked contrast in the diversity of satellite rainfall
estimates between areas with good station coverage (e.g., the Lake Victoria catchment)
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and poor station coverage (e.g., the Congo Basin region). Sun et al. [1] conducted a study
on the reliability of precipitation data sets on a global basis and similarly concluded that
the reliability is mainly limited by the number and spatial coverage of surface stations, a
finding echoed by Nicholson et al. [2]. This is an acute problem because gauge is either
scarce or exceedingly difficult to obtain in many areas of the world, but especially in parts
of Africa.

The lack of observational data sets not only affects the reliability of precipitation
products, but it also limits the ability to validate them. Some alternative approaches may
be necessary. Munzimi et al. [68] used a long-term data set of historical isohyets to validate
and bias correct rainfall estimates over the Congo Basin. Pombo et al. [69] did likewise in
evaluating reanalysis products over Angola. Beighley et al. [29] evaluated three satellite
rainfall products over the Congo Basin via comparison with stream flow and water stor-
age. Peng et al. [70] used hydrologic modeling to evaluate satellite rainfall products in an
arid region of Central Asia. Additional but non-quantitative checks include examining
such variables as cloud cover and surface temperature.

Ideally, a re-emergence of adequate gauge networks over Africa would occur. At
least two projects are promising in this context: SASSCAL has established some 150 sta-
tions in Angola, Botswana, Namibia, Zambia, and South Africa, and the TAHMO project
hopes to establish 20,000 stations across the continent of Africa. They currently have 500
stations in 20 countries—This is a giant step forward.
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GPCP V3.1

https://cmr.earthdata.nasa.gov/search/concepts/C1921115203-GES_DISC.html (accessed on 1 August
2021)
do0i:10.5067/DBVUO4KQHXTK

https://disc.gsfc.nasa.gov/datacollection/TRMM_3B43_7.html (accessed on 1 August 2021)

TRMM3B43 doi:10.5067/TRMM/TMPA/MONTH/7
IMERG-F https://gpm.nasa.gov/data (accessed on 1 August 2021)
doi:10.5067/GPM/IMERG/3B-MONTH/06
CHIRPS http://chg.geog.ucsb.edu/data/chirps/index.html (accessed on 1 August 2021)

doi:110.3133/ds832.

PERSIANN https://www.ncei.noaa.gov/data/precipitation-persiann/access/ (accessed on 1 August 2021)
doi:10.7289/V51V5BWQ

. http://gws-access.jasmin.ac.uk/public/tamsat/rfe/data_zipped/v3.1/monthly (accessed on 1 August 2021)
Satellite  TAMSAT 4 &0 1002/2014]D021927
https://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP/.CPC/ FEWS/.Africa/ DAILY/ RFEv2/ (ac-
RFE cessed on 1 August 2021)
doi:NOT AVAILABLE
https://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP/.CPC/ FEWS/.Africa/ DAILY/.ARC2/.daily/
ARC2 (accessed on 1 August 2021)
doi:10.1175/JAMC-D-11-0238.1
http://www.cpc.ncep.noaa.gov/products/global_precip/html/wpage.cmap.html (accessed on 1 August
CMAP  2021)

doi:10.1175/1520-0477(1997)078<2539: GPAYMA>2.0.CO;2

CMORPH https://ftp.cpc.ncep.noaa.gov/precip/PORT/SEMDP/CMORPH_CRT/DATA/ (accessed on 1 August 2021)
doi:10.1175/1525-7541(2004)005<0487: CAMTPG>2.0.CO;2

Reanalysis ERA5  https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5 (accessed on 1 August 2021)
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doi:10.1002/q;.3803

https://disc.gsfc.nasa.gov/datasets?project=MERRA-2 (accessed on 1 August 2021)
doi:10.1175/JCLI-D-16-0758.1
https://climatedataguide.ucar.edu/climate-data/climate-forecast-system-reanalysis-cfsr (accessed on 1
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