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[1] The Sahel corresponds to the transition from the dry arid desert to wet savannahs,
where vegetation exhibits a well‐marked seasonal cycle in response to the West African
Monsoon. Precipitation data sets with high spatial and temporal resolutions are therefore
relevant to investigate the dynamics of the Sahelian vegetation. Three satellite‐based
precipitation products (TRMM3B42, RFE2.0, and CMORPH) are compared and tested
against kriged rain gauge measurements. The objective is to evaluate their capability to
retrieve the main precipitation characteristics during the rainy season. Comparisons are
performed over a 4 year period (2004–2007) at spatial resolutions of 0.25° × 0.25° or
0.5° × 0.5° by looking at sensitive criteria for vegetation: spatial distribution of the rainfall field,
precipitation frequency, dry spell distribution, and precipitation amounts. Intercomparisons
between satellite data sets are conducted over the Sahelian belt (10°N–20°N; 20°W–35°E)
at a 1–10 day time scale, while comparisons with 10 day kriged rain gauge measurements
are performed over a smaller area (10°N–17.5°N; 17.5°W–2.5°E). The precipitation
spatial distributions are in good agreement between satellite products and with the kriged
data. Considering the daily frequency, the satellite products show a high agreement between
them (∼80%). The TRMM3B42 product exhibits the lowest number of rainy days, and
RFE2.0 exhibits the highest. The CMORPH product overestimates rainfall amounts, while
TRMM3B42 and RFE2.0 are both in good agreement with the kriged data. The impacts
of these distinctive behaviors on simulated vegetation are investigated by comparisons
with MODIS LAI, considering vegetation dynamics and amounts. The studied criteria of
precipitation fields appear as a critical issue for Sahelian vegetation modeling.

Citation: Pierre, C., G. Bergametti, B. Marticorena, E. Mougin, T. Lebel, and A. Ali (2011), Pluriannual comparisons of
satellite‐based rainfall products over the Sahelian belt for seasonal vegetation modeling, J. Geophys. Res., 116, D18201,
doi:10.1029/2011JD016115.

1. Introduction

[2] The Sahel is usually defined as the region of Africa
limited by the isohyets 100 mm (northern border) and 600 mm
(southern border). This region extends over 400 to 600 km
to the south of the Sahara desert, depending on the year
[Le Houérou, 1989]. The latitudinal gradient of precipitation
is thus extremely strong, with about 1 mm km−1 [Lebel et al.,
2003]. The rainy season, associated to the West African
Monsoon (WAM) regime, lasts fromMay to October at most
in Sahel, with a maximum in August [Lebel and Ali, 2009].

The annual rainfall amount is provided by a limited number
of organized convective systems occurring during the rainy
season [Mathon et al., 2002].
[3] In response to this monomodal distribution of pre-

cipitation, the Sahelian vegetation is mainly composed of
annual plants, scattered shrubs, and low trees, and it exhibits
a well‐marked seasonal cycle [Le Houérou, 1989]. Annuals
germinate after the first rains, in June or July, and unless the
plants wilted before maturity because of lack of rain, plant
senescence immediately follows the fructification, largely
determined by plant sensitivity to the photoperiod and
matching approximately with the end of the rainy season.
The herbaceous growing season is followed by a long dry
season of about 8–10 months during which there is no
herbaceous growth. During this period, standing herb cover
decreases slowly during the first part of the dry season. This
decrease accelerates from March on as the air temperature
and humidity build on. This strong temporal dynamics
associated with wide spatial heterogeneity raises a chal-
lenge for modeling vegetation dynamics over the Sahel
belt. Furthermore, reliable rainfall maps are critical to the
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investigation of scientific issues such as dust emission in
semiarid regions [e.g.,MacKinnon et al., 2004;Mulitza et al.,
2010] or hydrological regimes [e.g., Hossain and Huffman,
2008].
[4] In the semiarid region of Sahel, the most limiting

factor for plant growth is the water content in the rooting
zone [e.g., Rambal and Cornet, 1982;Mougin et al., 2009a].
In consequence, the timing of plant growth depends on the
rainfall volume and distribution during the rainy season
[Rambal and Cornet, 1982]. Indeed, the extent of the sea-
sonal growth of annual herbaceous not only depends on the
annual precipitation amounts, but also on their distribution
over time and space [Hiernaux and Le Houérou, 2006].
Accordingly, precipitation data sets with high spatial and
temporal resolutions are requested as main inputs in vege-
tation dynamical models. As an example, the Sahelian
Transpiration Evaporation and Productivity (STEP) model
[Mougin et al., 1995] requires daily rainfall inputs.
[5] Since the Sahel droughts in the 1970s to 1980s, the

mechanisms controlling the monsoon system have been
largely studied [see e.g., Le Barbé et al., 2002; Ali and
Lebel, 2008]. Direct measurements of rainfall using gau-
ges are performed in a network of meteorological stations,
while indirect assessments of rainfall are increasingly car-
ried out using censors onboard satellites. However, the
gauge network is too sparse in many regions of the Sahel to
allow precise estimates of the spatial pattern of precipitation
at local (away from the gauge) to regional scales. Nowadays,
the temporal distribution of precipitation can be investigated
at regional to continental scales using a new generation of
precipitation products combining infrared (IR) and micro-
wave (MW) measurements [Xie and Arkin, 1996; Hsu et al.,
1997; Sorooshian et al., 2000; Huffman et al., 2001; Joyce
et al., 2004; Huffman et al., 2007; Bergès et al., 2010].
These products benefit from the good sampling rate of IR
measurements from geostationary satellites and from the
relatively high confidence level in rainfall estimates pro-
vided by MW sensors onboard various polar satellites.
Many studies have already investigated the quality of these
high spatial‐and‐temporal resolution precipitation products
[Negri et al., 1995; Laurent et al., 1998; Nicholson et al.,
2003; Ali et al., 2005b; Dai et al., 2007; Lamptey, 2008;
Sapiano and Arkin, 2009; Roca et al., 2010; Jobard et al.,
2011], but few of them focused on criteria relevant to the
modeling of Sahel vegetation at a regional scale, which
implies working at daily to decadal time steps over several years.
[6] The objective of the present work is to evaluate the

skills of rainfall products when used in vegetation modeling
over the Sahel. The evaluation includes (1) the intercom-
parison of three selected rainfall products on criteria relevant
to vegetation growth modeling which, according to the lit-
erature [e.g., Rambal and Cornet, 1982; Sivakumar, 1992;
Hiernaux et al., 2009], are the timing and amounts of
rainfall on a daily time step, the timing and duration of dry
spells, and the spatial pattern of the rainfall fields; and
(2) the test of the selected rainfall products in vegetation
growth simulations. To do so, three satellite‐based precipi-
tation products are chosen for their representativeness of
current satellite‐based rainfall products. They are inter-
compared over a wide region that include the Sahel (10°N–
20°N, 20°W–35°E), and tested against rainfall maps derived
by kriging from the network of rain gauge data available over

a slightly smaller region (10°N–17.5°N, 17.5°W–22.5°E)
that encompasses the nine member countries of the Perma-
nent Interstate Committee for Drought Control in the Sahel
(CILSS).
[7] The different data sets are presented in section 2, and

the methodology for comparing these precipitation products
is detailed in section 3. Section 4 describes the main results
obtained for each criterion of comparison (spatial pattern,
rainfall daily occurrence, and dry spell duration and dis-
tribution, and rainfall amounts), and section 5 illustrates
how these different rainfall attributes have an impact on
the numerical simulations of the Sahelian vegetation at a
regional scale, especially by comparing simulated vegeta-
tion fields to vegetation index maps from satellite observa-
tions. A concluding discussion is given in section 6.

2. Precipitation Data Sets

2.1. Satellite Precipitation Products

[8] Retrieving rainfall fields at fine scale – i.e., 10–50 km
and 1–3 h resolutions – is highly challenging, especially in
the Sahel. Great improvements in satellite‐based rainfall
estimation are provided by combining geostationary IR
measurements with passive MW measurements. Indeed, if
the satellite‐borne MW instruments can provide rainfall
rates with good accuracy, only two measurements per day
are available at the same location because of the polar orbit
of the satellite. Conversely, the geostationary IR satellites
offer a quasi continuous temporal coverage but less precise
quantitative information. More recently, active MW mea-
surements (radar) have also been used aboard satellites for
precipitation measurements, providing a more accurate
estimate of rain intensities but with a lower time sampling
than that of IR and passive MW satellites.
[9] Three rainfall precipitation products derived from

satellite measurements have been selected with regard to
their spatial and temporal resolution (Table 1). The Climate
Prediction Center Morphing (CMORPH) [Joyce et al.,
2004] and Tropical Rainfall Measuring Mission (TRMM)
3B42v.6 [Huffman et al., 2007] precipitation products are
available at a spatial resolution of 0.25° × 0.25° and a 3 h time
step. Among the products that present the required temporal
and spatial resolutions, CMORPH is considered as typical
from the real‐time products like Precipitation Estimation
from Remotely Sensed Information using Artificial Neural
Networks (PERSIANN) [Hsu et al., 1997] or TRMM Real‐
Time product (TRMM3B42‐RT) [Huffman et al., 2007].
In the same way, the TRMM3B42 is taken as representative
of global well‐calibrated products such as Global Satellite
Mapping of Precipitation (GSMAP) [Ushio et al., 2006],
besides the fact that TRMM3B42 is widely used by the
scientific community [e.g., Boone et al., 2010; Bock et al.,
2010; Yong et al., 2010]. The Rainfall Estimate (RFE2.0)
product [Xie and Arkin, 1996] has a finer spatial resolution
(0.1° × 0.1°) and a daily time step. It is chosen as a typical
regional African rainfall product, like Estimation des Pre-
cipitations par Satellite‐Seconde Generation (EPSAT‐SG)
[Berges et al., 2005].
[10] For these three products, the algorithms combine

several types of measurements, mainly IR and MW, and two
of them (RFE2.0 and TRMM3B42) also incorporate data
from rain gauge measurements. These two last products
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have already demonstrated good skills over the Sahelian belt
when compared with rain gauge observations in terms of
precipitation distribution and basic statistical parameters
[e.g., Jobard et al., 2011; Roca et al., 2010], which justify the
present effort to better characterize their ability as input in
vegetation modeling. The CMORPH product has been
selected to investigate the confidence that could be expected
from near‐real‐time vegetation modeling.
2.1.1. Tropical Rainfall Measuring Mission Product
3B42v.6 (TRMM3B42)
[11] The TRMM started in 1997 in a partnership between

National Aeronautics and Space Administration (NASA)
and Japan Aerospace Exploration Agency (JAXA). First,
each MW satellite observation (SSM/I, Special Sensor
Microwave Imager; TMI, TRMM Microwave Imager;
AMSR, Advanced Microwave Scanning Radiometer; and
AMSU, Advanced Microwave Sounding Unit) is converted
to rainfall estimate using its proper algorithm. Then the
microwave precipitation estimates are calibrated and
combined (using probability matching of precipitation rate
histograms). Then, IR precipitation estimates (GMS, Geosta-
tionary Meteorological Satellite; GOES, Geostationary Oper-
ational Environmental Satellite, Meteosat; and NOAA‐12,
National Oceanic and Atmospheric Administration) are
created using the calibrated MW precipitation, and the MW
and IR estimates are combined. As a last step, monthly
accumulated rain gauge data from the Climate Assessment
and Monitoring System (CAMS) produced by NOAA Cli-
mate Prediction Center (CPC) and rain gauge product from
the Global Precipitation Climatology Center (GPCC) are
incorporated [Huffman et al., 2007] (Table 1).
2.1.2. Rainfall Estimate 2.0 (RFE2.0)
[12] The RFE2.0 product was developed at NOAA by the

CPC [Xie and Arkin, 1996]. The algorithm merges IR
(GOES), passive MW (AMSU, SSM/I), and gauge mea-
surements as follows: each type of satellite observation is
converted to a rainfall estimate using its proper algorithm,
then weights are calculated for each satellite rainfall estimate
by comparison to gauge measurements (when and where
they are available). The rainfall estimates are combined
using these weights to remove random error. Then system-
atic bias is eliminated by adjusting the relative distribution
previously obtained to gauge measurements which provide
the magnitude of the rainfall field. As mentioned in Table 1,
the gauges used in this algorithm are the ones belonging to

the Global Telecommunication System (GTS) network,
which consists of about 1000 operating gauges in Africa.
2.1.3. CPC MORPHing (CMORPH)
[13] The CMORPH product [Joyce et al., 2004] has

been developed by the NOAA CPC. The algorithm is based
on a combination of passive MW observations from low‐
orbited satellites (the TMI, three SSM/I, three AMSU, and
one AMSR) with spatial propagation information deduced
from IR observations obtained by geostationary satellites
(Meteosat) (Table 1). More precisely, MW observations are
converted to cloud features and rainfall estimates. When no
passive MW data are available, the cloud features previously
obtained are propagated by motion vectors derived from IR
imagery, and then morphed using a linear combination of
weights regarding the time from the nearest passive MW
sensor. Thus, in this algorithm, IR imagery is not used to
estimate rainfall but to derive motion vectors.

2.2. Gauge Data

[14] Three networks of rain gauges are working in the
Sahel. The whole operational CILSS network is composed
of about 600 rain gauges located in nine African countries
(Burkina‐Faso, Mali, Niger, Senegal, Cape‐Verde Islands,
Gambia, Guinea‐Bissau, Chad, and Mauritania). The
AGRométéorologie‐HYdrologie‐METéorologie (AGRHY-
MET) regional center (CRA) manages a monitoring network
composed of about 250 rain gauges that is included in the
CILSS network. The data are available on a 10‐day basis at
the CRA. The synoptic network (SYNOP) is composed of
80 rain gauges, and data are available on a daily basis
through the GTS. This network is included in the CRA
network [Ali et al., 2005b].
[15] The average number of gauges from these networks

is around 600, but it can vary significantly from one year to
another [Ali and Lebel, 2008]. The present localization of
the CILSS and SYNOP stations is provided on Figure 1.
These networks have a relatively dense coverage at the
regional scale with a density of approximately one station
per 3500 km2. However, the stations are not homogeneously
distributed over the region. The network is sparser in the
northern part of the area, and no data are available over
Nigeria (10°N–12.5°N, 4°E–14°E).
[16] After testing different kriging algorithms, Ali et al.

[2005a] proposed a method to deliver optimized interpo-
lated precipitation fields based on the measurements from

Table 1. Main Characteristics of the Three Selected Precipitation Satellite Productsa

Data Set Name
(Reference)

Spatial and Temporal
Resolution/Coverage Data Sources Online Documentation

CMORPH [Joyce et al., 2004] 0.25° × 0.25° – 3 hourly
60°N–60°S, global
Dec 2002 to present

Microwave estimates (DMSP 13,
14 and 15 (SSM/I), NOAA‐15, 16
and 17 (AMSU‐B) and the
TRMM (TMI)) IR motion vectors
from geostationary satellites.

http://www.cpc.ncep.noaa.gov/products/
janowiak/cmorph_description.html

RFE2.0 [Xie and Arkin, 1996] 0.1° × 0.1° ‐ daily
40°N–40°S,
20°W–55°E
Jan 2001 to present

Microwave estimates (SSM/I, AMSU‐B)
IR estimates from geostationary satellites
GTS station data

http://www.cpc.ncep.noaa.gov/products/
fews/RFE2.0_desc.shtml

TRMM3B42 [Huffman et al., 2007] 0.25° × 0.25° – 3 hourly
50°N–50°S,
global Jan 1998 to
present

Microwave estimates (TRMM, SSM/I,
AMSR and AMSU), IR estimates
from geostationary satellites, Monthly
rain gauge analysis

http://disc.gsfc.nasa.gov/documentation/
TRMM_README/
TRMM_3B42_readme.shtml

aSee text for details on acronyms (adapted from Dai et al. [2007]).
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these networks. These interpolated fields are produced at a
spatial resolution of 0.5° × 0.5° with a 10‐day time step.
They extend from 10°N to 17.5°N and from 17.5°W to
22.5°E, except for the year 2007 for which they cover the
area ranging between 17.25°W–22.25°E and 10.25°N–
20.25°N.
[17] Since the kriged data are not real ground truth, they

carry an uncertainty that might bias comparisons with other
rainfall field estimates [Laurent et al., 1998; Lebel and
Amani, 1999; Ali et al., 2005b]. These interpolations of
rain gauge measurements will be, in a certain extent, con-
sidered in this study as the “best estimate” against which
satellite‐based products are compared, as shown by Ali et al.
[2005b]. However, the possible bias due to the scarcity of
the rain gauge network must be kept in mind since the
uncertainty on rainfall estimates depends strongly on the
rain gauge network density and on the duration of aggre-
gation [Lebel and Le Barbé, 1997].

3. Methodology

[18] Both the intercomparison of three satellite‐derived
rainfall products and the test of these products with the map
of precipitation fields interpolated from rain gauge data are
performed with several criteria relevant to vegetation mod-
eling in the Sahel. As indicated in section 2.2, the rainfall
fields resulting from kriging rain gauge data cannot be
considered as “the truth” since they can present strong un-
certainties, particularly when rainfall is weak and gauges
density is low, as in northern Sahel (north of latitude 15°N)
and at the edges of the rainy seasons [Ali et al., 2005a,
2005b]. To deal with these limitations, Jobard et al. [2011]
decided to retain only grid cells with at least one gauge in it,
but only 21% of the grid cells satisfy this condition over the
June to September periods from 2004 to 2006. Moreover,
the kriged data are only available at a 10‐day time scale,
which does not enable comparisons to be performed on the
daily distribution of the rainfall and the timing of dry spells.
For these two reasons (sparsity of the gauge network in the
north of the area and decadal time step), intercomparisons
between the different satellite‐based products are performed
to provide useful information that complements results

obtained with the kriged‐satellite products comparison.
Indeed, although they are based on similar measurements
(IR and MW satellite observations, and rain gauges for two
of them), the three selected satellite products are established
with different algorithms. The consistency between the three
products is thus investigated first. The comparison with
interpolated gauges measurements enables to estimate the
quality of the satellite‐based products in terms of agreement
with ground‐based data sets.
[19] As emphasized by Laurent et al. [1998], each crite-

rion can lead to a different ranking of the products; it is thus
important to consider a range of criteria. Here, three criteria
are selected: the spatial pattern of rain fields that should
contribute to retrieve the spatial pattern of vegetation growth
at a regional scale; the frequency of rainy days and the
occurrence of dry spells because of the strong sensitivity of
Sahelian vegetation to the temporal distribution of the rain
[see e.g., Rambal and Cornet, 1982; Sivakumar, 1992;
Frappart et al., 2009]; and the precipitation amounts as a
driver of vegetation growth and amount [Mougin et al.,
1995; Tracol et al., 2006]. For each of these three criteria,
the comparison is carried out following Hossain and
Huffman [2008], by answering the following questions:
how does the quality of the products vary in space? how
does this quality vary through time? and what is the quan-
titative difference between the products?
[20] The comparison is carried out over 4 years, 2004 to

2007. This duration is a compromise between the avail-
ability of the different data sets and the minimum duration
required to take into consideration, at least in part, the
interannual variability of the precipitation in the Sahel
region [see e.g., Ali and Lebel, 2008]. In each year, the
investigated period is restricted to the rainy season, i.e.,
from May to October, as in the study by Ali et al. [2005b].
The intercomparisons of satellite‐based rainfall products
have been performed over the whole Sahelian belt (10°N–
20°N; 20°W–35°E). The kriged rain gauge data sets being
available only from 10°N to 17.5°N and from 17.5°W to
22.5°E, the comparisons between the satellite products and
these data sets have been restricted to this area. CMORPH
and TRMM3B42 products are both provided with a spatial
resolution of 0.25° × 0.25° and can therefore be compared
directly at this resolution. Besides, the resolution of the
RFE2.0 product is finer (0.1° × 0.1°). However, for the sake
of consistency, the RFE2.0 product has been aggregated at
the same resolution of 0.5° × 0.5° as CMORPH and
TRMM3B42. The time scales used in the intercomparison of
satellite products range from 1 to 10 days, depending on the
data sets. Because of the resolution of the data set, the
comparisons with rain gauge kriged data are performed at a
spatial resolution of 0.5° × 0.5° with a temporal resolution of
10 days. The results of the tests on the structure, frequency,
dry spells, and amounts of the precipitation fields are suc-
cessively presented in section 4.

4. Results

4.1. Spatial Structure of the Precipitation Fields

[21] The first step of our analysis is to check the global
consistency between the different satellite‐based precipita-
tion products and of these satellite products with the kriged
data. Although the good skills of the selected products have

Figure 1. Location of the CILSS (dots) and the synoptic
network (encircled crosses) rain gauge stations (adapted
from Ali and Lebel [2008]).
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been demonstrated by Roca et al. [2010] and Jobard et al.
[2011], this step is performed to confirm these results over
the Sahel region from 2004 to 2007, which are wider and
longer than in the previous studies. The objectives of this
section are (1) to check the location and the extent of the
rainfall fields and the consistency of their relative propor-
tions and (2) to estimate the consistency of the temporal
variation of the structure of the rainfall fields between the
products. This is performed by examining (1) the spatial
distribution of the precipitation cumulated over the 4‐year
period and (2) the average temporal variation of the nor-
malized precipitation rates.
4.1.1. Satellite‐Based Products Intercomparison
4.1.1.1. Spatial Distribution of the Rainfall Field
[22] The consistency of the spatial distribution of the

precipitation fields is first examined at the regional scale. To
this end, the precipitation fields from each product are
cumulated over the four rainy seasons (values over oceanic
areas are disregarded). In order to minimize the variability
due to differences in rainfall intensity between the satellite
products, the cumulated precipitations are normalized to
their respective maximum over the whole studied area.
[23] The consistency of precipitation fields at regional

scale is checked by examining the distribution of the annual
mean rainfall for the rainy season (May to October) aver-
aged over the period 2004–2007 (Table 2). The CMORPH
distribution is much more stretched than those of the two
other satellite products, with a mean value of 527 mm,
against 303 mm for TRMM3B42 and 314 mm for RFE2.0,
and a maximum value of 2409 mm, against 1419 mm for
TRMM3B42 and 1177 mm for RFE2.0. However, the
mean/maximum ratio is similar for CMORPH and
TRMM3B42 (0.22 and 0.21), while it is slightly higher for
RFE2.0 (0.26), indicating that this product shows more
frequent high‐precipitation events.
[24] The three satellite‐based precipitation products pro-

vide similar spatial structure of rainfall fields over the Sahel
(Figure 2). Especially, both the northern limit of observed
precipitations (located around 18°N in the western part and
15°N in the eastern part) and the location of the relative
maxima (located around 15°W and 12°N and around 8°E
and 10°N) are clearly coherent in the three products. On the
other hand, some differences are observed in the southern
part of the area between 20°E and 30°E with very low
normalized precipitation values for TRMM3B42, while
CMORPH and RFE2.0 products suggest relatively high
precipitation in that area. Nevertheless, the spatial structures
of all three satellite‐based precipitation products are largely
coherent.
4.1.1.2. Ten‐Day Rainfall Variability
[25] To evaluate the consistency between the different

satellite products through time, the spatial correlation coef-

ficients between pairs of satellite products are computed
every 10‐day period from May to October over the 4‐year
period. As already pointed out by Laurent et al. [1998], the
correlation coefficient measures the cofluctuation of the
products and is not sensitive to bias.
[26] The computed correlation coefficients range between

0.6 and 0.9 (for n∼8000 for CMORPH/TRMM3B42,
n∼2000 for CMORPH/RFE2.0 and TRMM3B42/RFE2.0),
indicating a significant level of coherence at the decadal
time step between the different data sets. Moreover, the
values of the correlation coefficients do not vary signifi-
cantly along the rainy season nor during the 4‐year period:
for a given year, the standard deviation of the correlation
coefficient is around 5% of its annual mean for CMORPH/
RFE2.0 and CMORPH/TRMM3B42, and around 8% for
TRMM3B42/RFE2.0. They are also stable from one year to
the other: for each couple of satellite‐based products, the
standard deviation of the annual means is ∼2% of the 4‐year
global mean. It must be noted that the correlation coefficients
are more scattered in 2005 (with CMORPH/TRMM3B42
having the lowest values), and to a lesser extent in 2007.
These results suggest that the quality of the satellite products
remains relatively constant from the intraseasonal to the
interannual time scales.
4.1.2. Comparison with Kriged Rain Gauge Fields
4.1.2.1. Spatial Comparison
[27] The three satellite products are compared with the

precipitation fields derived from kriged gauge measure-
ments (further referred as “kriged fields”). In a first step, the
comparison is performed on the cumulated and normalized
precipitation fields, for the area over which kriged fields are
available, i.e., about one half of the area previously
concerned for the satellite‐based precipitation products
comparisons. The kriged fields over most of Nigeria (see
Figure 2, white box), are excluded from the analysis since
no gauge measurements were available from this country.
[28] For each product, the distribution of the 4‐year mean

rainfall field was first examined over the area where rain
gauge measurements are available (Table 3). As already
observed over the large domain, the CMORPH distribution
is much more stretched than those of the two other rainfall
satellite products with a mean value of 770 mm, against
445 mm for TRMM3B42, 453 mm for RFE2.0, and 424 mm
for the kriged fields. The maximum values are 2409 mm
for CMORPH, 1419 mm for TRMM3B42, 1177 mm for
RFE2.0, and 1330 mm for the kriged fields. The mean/
maximum ratio is similar for CMORPH, TRMM3B42, and
the kriged fields (0.32, 0.31, and 0.32), while it is again
slightly higher for RFE2.0 (0.38).
[29] The main patterns of the rainfall fields are similar for

the kriged fields and the satellite products (Figure 2). The
relative maxima of precipitations are located in the south-
eastern and southwestern parts of the studied area for all
precipitation data sets. However, some disagreements are
observed in the southwestern part of the area, where the
extent of high precipitation is larger on kriged fields than on
the satellite‐based rainfall fields. Note that the density of the
gauge network is important in this region, and thus, the
confidence level of the associated kriged fields is high. On
the other hand, the computation of the kriged fields should
yield a smoother spatial pattern of precipitation fields, and

Table 2. Characteristics of the Distribution of the Annual Mean
Rainfall for CMORPH, RFE2.0, and TRMM3B42 Averaged Over
the Rainy Season (May to October) Over the Period 2004–2007
and Over the Area 10°N–20°N; 20°W–35°E

Mean (mm) Median (mm) Max (mm) Mean/Max

CMORPH 527 354 2409 0.22
RFE2.0 314 266 1177 0.27
TRMM3B42 303 256 1419 0.21
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this can partly explain the differences observed between
kriged fields and satellite‐based rainfall fields in this area.
4.1.2.2. Ten‐Day Variability
[30] The spatial correlation coefficients between the

decadal rainfall fields derived from satellite‐based precipi-
tation products and the kriged fields are computed from
2004 to 2007 (not shown; n∼1200). The resulting correla-
tion coefficients are lower than those obtained for the
intercomparison of the different satellite‐based precipitation
products. They range approximately between 0.3 and 0.9
(against 0.6 to 0.9 for the intercomparison), and about 9%
of the values are lower than 0.6. The correlation coefficient
is particularly weak from May to August 2005 for the
TRMM3B42. However, these correlation coefficients remain
largely significant, indicating an overall good agreement
between satellite‐based precipitation products and kriged
fields. By taking into account estimation error uncertainty,
especially sampling error [Gebremichael and Krajewski,
2004, 2005], comparisons would yield to even higher corre-
lation coefficients [see Roca et al., 2010].
[31] The correlation coefficients are stable over the rainy

season: for a given year, the standard deviation of the cor-
relation coefficient is ∼10% of its annual mean for
CMORPH and RFE2.0 (against 8% for satellite products
only) and 12% to 27% for TRMM3B42. When averaged
over the rainfall season (May to October), the correlation
coefficients are stable from one year to another: for the
CMORPH and RFE2.0 products, the standard deviation of
its annual mean is about 2% of the 4‐year global mean. This
variability of the correlation coefficients is higher for the
TRMM3B42 product, with a standard deviation of its annual
mean of 8% of the 4‐year global mean, mainly because of
the poor agreement observed for 2005.
4.1.3. Conclusion Concerning the Spatial Structure
of the Precipitation Field
[32] The three selected satellite‐based precipitation pro-

ducts provide coherent spatial structure of the rainfall fields
over the whole Sahel. Moreover, the comparisons between
these satellite products and the gauge‐interpolated measure-
ments, even if they have been performed over a smaller area,
suggest that the structures provided by the satellite products
are also in good agreement with precipitation fields
derived from gauge measurements. This reinforces the results
obtained by previous studies on smaller areas and shorter
periods [Roca et al., 2010; Jobard et al., 2011].

4.2. Rainfall Frequency and Dry Spells

[33] As shown by Dai et al. [2007], the spatial distribution
of total precipitation amounts is first determined by the
number of rain events at different locations, and second, by

how much it rains during these events. Moreover, rainfall
frequency and dry spell occurrences are critical issues for
vegetation growth. This has already been pointed out among
others by Ali et al. [2005b] for crops. The aim of this section
is to check if the rainy days and the dry spells occur at the
same time for a same location, and in the same proportions
for the three satellite‐based rainfall products. Since kriged
fields are only available at the 10‐day time scale (which is
not sufficient to work on rainy days or to detect short dry
spells), this analysis is carried out on a daily basis, but
between satellite products only. The annual number of rainy
days is assessed separately for each rainy season 2004–2007
and for each satellite‐based precipitation products (Figure 3).
Themean annual values vary between approximately 100 and
150 rainy days (for a 184‐day period) at the very south of the
studied area to 0 rainy day at its northeastern edge. CMORPH
and RFE2.0 show very similar patterns, while the
TRMM3B42 product provides a lower number of rainy days,
especially over the 10°N–12°N latitudinal band.
4.2.1. Satellite Based Precipitation Products
4.2.1.1. Global Scores
[34] The consistency of the rainfall frequency provided by

the satellite‐based precipitation products has been quantified
by computing an agreement score between the different
products in terms of the detection of rainy days (rainfall >
0 mm) or nonrainy days (rainfall = 0 mm). These scores
(expressed in percent) have been computed for each pixel
and for the 4‐year period of interest (2004–2007) over the
Sahel. Four cases have been distinguished: (1) the two
satellite products A and B agree on the rainy day (y/y);
(2) the two satellite products A and B agree on the non-
rainy day (n/n); (3) product A indicates a rainy day, but
product B does not (y/n); and (4) product A indicates a
nonrainy day and product B indicates a rainy day (n/y).
These categories can be compared with the False Alarm
Ratio (FAR) and the Probability of Detection (POD) as
defined in Ebert et al. [2007]. However, since we do not
have any absolute reference here in terms of daily rain
detection, we preferred to use explicit names of the dif-
ferent cases.
[35] The scores corresponding to agreements for rainy (y/y)

or nonrainy days (n/n) are high (about 80% when summed)
for the three pairs of satellite products (Figure 4). These
scores are almost equally driven by the rainy and the nonrainy
cases, the number of y/y cases being slightly lower than the
number of n/n cases. Concerning the cases of disagreement
(y/n and n/y), it can be noted that RFE2.0 detects more rainy
days than CMORPH, which detects more rainy days than
TRMM3B42 (as also observed in Figure 3). Since the mean
annual rainfall was higher for CMORPH than for RFE2.0 (see
Tables 2 and 3), this suggests that the precipitation events are
of lower intensity for RFE2.0 than for CMORPH.
[36] A complementary insight about the consistency of

rain distribution between the studied products bears on the
dry spell analysis. Usually, a dry spell is defined as a period
of consecutive days without rain, embedded in the rainy
season [e.g., Sivakumar, 1992; Frappart et al., 2009]. A
threshold can be defined to detect the next rainy day that
ends the current dry spell. A criterion has also to be defined
to detect the beginning of the rainy season or the date of a
possible germination, in order to reduce the analysis to the
sensitive period for vegetation.

Table 3. Characteristics of the Distribution of the Annual Mean
Rainfall for the Kriged Data and CMORPH, RFE2.0, and
TRMM3B42, Averaged Over the Rainy Season (May to October)
Over the 2004–2007 Period and Over the Area 10°N–17.5°N;
17.5°W–22.5°E

Mean (mm) Median (mm) Max (mm) Mean/Max

Kriged data 424 430 1330 0.32
CMORPH 770 741 2409 0.32
RFE2.0 453 444 1177 0.38
TRMM3B42 445 438 1419 0.31
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[37] Based on the work of Sivakumar [1992] and
Frappart et al. [2009], it was decided to define the date of
possible germination by the first day after 1 May when
rainfall is at least 12 mm or when rainfall accumulated over
5 days is at least 20 mm. The analysis is carried out until the
end of September, since October matches with the senes-
cence stage, when annual vegetation is not sensitive any-
more to dry spells. Moreover, a very simple hydrologic
budget is computed by subtracting an evapotranspiration of
2 mm per day [see Ramier et al., 2009]. Here, a dry spell is
thus defined as consecutive days with a null hydrologic
budget.

[38] The global mean dry spell distribution over the 2004–
2007 seasons restricted as described above is expressed in
terms of the relative area concerned by dry spells by
counting the number of grid cells concerned for each dry
spell duration and dividing it by the total number of grid
cells (Figure 5). Similar behavior is observed from the three
selected satellite‐based rainfall products: dry spells shorter
than 4 days are numerous (over 20% to 35% of the area),
then the distribution shows a strong decrease (5‐day dry
spell represents about 5% to 10% of the area), and a con-
tinuous decay for longer dry spell (dry spells longer than
20 days bring a very small contribution). The proportion

Figure 4. Agreement between daily satellite‐based precipitation products for the detection of rainy days
(y/y, agreement on rainy day; n/n, agreement on not rainy day; y/n, disagreement rainy/not rainy day; n/y,
disagreement not rainy/rainy day), computed from May to October for the 2004–2007 period and over the
area 10°N–20°N; 20°W–35°E.

Figure 5. Mean dry spell distribution normalized to the studied area, over 2004–2007 restricted to the
vegetation growth period.
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of the studied area concerned by dry spells is of the same
order for the three products. However, there is a local
maximum in the distribution for the 4‐day dry spells for
TRMM3B42 and CMORPH, which does not appear for
RFE2.0. All these observations remain valid when perform-
ing a year‐by‐year analysis (not shown).
4.2.1.2. Spatial Comparison
[39] The scores of agreement (y/y and n/n) of the different

satellite‐based precipitation products have been cumulated for
the four rainy seasons and are displayed on maps (Figure 6).
Large parts of the area (76%, 60%, and 37% for CMORPH/
RFE2.0, CMORPH/TRMM3B42 and TRMM3B42/RFE2.0,
respectively) show agreement greater than 80%. The higher
levels of agreement are reached over the regions where pre-
cipitations are either very high (central south of the area) or
very weak (northern part of the area).
[40] The minimum score is about 40%. For the three pairs

of satellite‐based precipitation products, the agreement
scores are lower (but still higher than 50%) between 14°N
and 16°N, i.e., the zone corresponding to the northern limit
of the precipitation and along the Atlantic Ocean coast.
Smaller areas of disagreement are located in regions
including water bodies such as Lake Chad (13°N, 15°E).
This is likely due to a “mixed pixel” effect (pixels over Lake
Chad are considered as coastal water or coastal land) which
reinforces the inconsistency due to the differences between
the proper algorithms of the three products: propagation of
passive MW along the motion vectors derived from IR
measurements for CMORPH, weighted mean of MW

retrieval and IR‐based estimates (adjusted by monthly gauge
data at nearby location) for TRMM3B42, and a similar
methodology for RFE2.0 (adjusted by daily gauge data) but
with different sets of passive MW and IR estimations derived
from a different technique. The lowest agreement scores are
obtained for the couple TRMM3B42/RFE2.0. This is con-
sistent with the global scores given in the previous section,
indicating that the RFE2.0 product detects more rainy days
than TRMM3B42. Besides water bodies, disagreements are
thus located over areas of intermediate rainfall amounts.
[41] The geographical pattern of the mean annual number

of dry spells lasting 5 days or more (Figure 7) brings com-
plementary information. As expected, a north‐south gradient
appears, with more dry spells at the northwest of the area
(with a lighter extent for TRMM3B42), and almost none at
its southern edge. Numerous dry spells are also observed
between 30°E and 35°E at 16°N, particularly for the
TRMM3B42 product. Gray cells correspond to “always‐dry”
zones (where the germination criterion is never met); these
gray cells are least numerous for the CMORPH product. In
other words, slight differences are observed between pro-
ducts in terms of spatial repartition of the dry spells, par-
ticularly in zones where vegetation is the least likely to
develop (north and east). A specific analysis of the impacts
of these differences on vegetation simulations is carried out
further.
4.2.1.3. Daily Variability
[42] To evaluate the temporal variability of the agreement

in detecting rainy days, scores of agreement (y/y and n/n) or

Figure 7. Mean annual number of dry spells lasting 5 days or more for the three satellite‐based precip-
itation products, over 2004–2007 restricted to the vegetation growth period. (Gray cells correspond to
areas where the germination criterion is never met.)
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disagreement (y/n and n/y) are computed for each day of
each year over the whole area. The results obtained for year
2006 are displayed in Figure 8.
[43] The temporal evolutions of these scores differs from

one couple of rainfall products to the other. For each couple,
the agreement on rainy days increases from the beginning to
the middle of the rainy season and then decreases. Total
precipitation exhibits the same pattern [see e.g., Lebel and
Ali, 2009] suggesting a coinciding increase of the fre-
quency and intensity of the precipitation, in agreement with
the observations of Dai et al. [2007]. On the other hand, the
agreement score on nonrainy days is obviously the mini-
mum at the maximum of the rainy season and the maximum
at the beginning and at the end of the rainy season, where
nonrainy days are the most frequent cases. The total
agreement scores are stable during the whole period for the
couple CMORPH/RFE2.0, but exhibit a slight seasonal
trend for the pairs involving the TRMM3B42 product,
suggesting a seasonal bias in the detection of rainy days for
this product.
[44] For the CMORPH/RFE2.0 couple, the two scores

corresponding to disagreement (y/n and n/y) have compa-
rable values and temporal patterns. The scores for the pairs
involving TRMM3B42 differ significantly, underlining, as
noticed previously, that the TRMM3B42 product detects
less rainy days than the CMORPH and RFE2.0 products.
The same features are noticed for the other years of the
studied period (not shown).
[45] A similar day‐by‐day analysis in terms of dry spells

yields similar conclusions (not shown): the mean dry spell
duration is longer at the beginning and at the end of the
rainy season, and it reaches a minimum at its core. This
mean duration is slightly greater for CMORPH since the dry
spells computation for this product includes more cells (that
meet the germination criterion) at the northern edge of the
area of interest, which shows low rainfall and very strong
intermittency.
4.2.2. Conclusion on Rainfall Frequency and Dry Spells
[46] A satisfying global agreement between the different

satellite‐based precipitation products was found for the daily
rain detection and dry spell analysis, especially in areas
where rainfall is either very weak or very strong. A weakest,
but still very good agreement is also observed in areas ex-
hibiting intermediate rainfall patterns, i.e., in the Sahelian
area stricto sensu (100 to 600 mm, i.e., approximately
between 14°N and 16°N, see section 1). This underlines the
need to focus analysis on the specific criterion of rainfall
daily frequency. Moreover, this good level of agreement
persists all through the rainy season. For the TRMM3B42
product, the comparison with the other satellite‐based pre-
cipitation products suggests a seasonal bias in the detection

of the rainy days, and a slightly different spatial distribution
of dry spells. As a general trend, the rainfall frequency is the
highest with the RFE2.0 product and the lowest with the
TRMM3B42 product.

4.3. Rainfall Amounts

[47] The consistency of the precipitation amounts is
examined for the different satellite‐based precipitation pro-
ducts. First, a direct comparison is performed over the whole
Sahel and over the CILSS countries area; second, the spatial
distribution of the rainfall differences between products is
examined; finally, the temporal evolution of the agreement
between products is evaluated.
4.3.1. Satellite Products
4.3.1.1. Ten‐Day Precipitation Amounts
[48] Direct comparisons of 10 day precipitation amounts

from a couple of satellite‐based precipitation products are
performed at a spatial resolution of 0.5° (n∼100,000) over
the whole Sahel (10°N–20°N, 20°W–35°E, values over
oceans being removed) for the four rainy seasons of the
period 2004–2007 (Table 4).
[49] Overall, the agreement between the three satellite‐

based products is good: the correlation coefficients range
between 0.41 and 0.65, and the slopes of the linear regression
range from 1.48 to 0.78. The slope of the linear relationships
between the CMORPH and RFE2.0 products is the highest
(1.48) and is associated with the slowest intercept (4.3 mm)
and a medium mean absolute error (17.8 mm). The squared
correlation is the highest with about 0.65 (meaning that 65%
of the variability of the data is explained by the linear
regression). The slope of the linear relationship between the
TRMM3B42 and CMORPH products is very close to 1, but
the intercept and the mean absolute error are the highest
(13.1 mm and 21.4 mm, respectively), suggesting a small
systematic bias between these two products. The correlation
coefficient is lower (0.43) and close to the 1 obtained for the
TRMM3B42/RFE2.0 couple (0.41). The linear regression
between TRMM3B42 and RFE2.0 gives a slope of 0.8,
without significant systematic bias (intercept ∼5.56 mm).
Moreover themean absolute error is the lowestwith 13.66mm.
4.3.1.2. Spatial Distribution of Precipitation Amounts
[50] The differences between the different satellite‐based

precipitation products in terms of precipitation amounts over
the four rainy seasons 2004–2007 are displayed in Figure 9.
The highest differences in precipitation amounts involve the
CMORPH product. The regions where the differences are
the highest are located along the Guinean coast (15°W–
10°W, 10°N) and in the southern part of the area, i.e., in the
areas where precipitation is the highest. These areas almost
perfectly match the maximum of relative precipitation of the
CMORPH product. This clearly shows that the precipitation
amounts derived from CMORPH are much higher than those
from the two other products. In contrast, the areas where the
differences are minimum are located at the northern edge of
the studied area where rainfall is extremely weak.
[51] The two satellite‐based precipitation products using

rain gauge data for adjusting their precipitation rates retrievals,
i.e., TRMM3B42 and RFE2.0, are in good agreement over
most of the area. The differences are less than 100mm inmean
annual absolute value for 47%, 47%, and 87% of the studied
area for CMORPH‐RFE2.0, CMORPH‐TRMM3B42, and
TRMM3B42‐RFE2.0, respectively. Higher differences are

Table 4. Statistical Values of the Linear Regressions Between
Satellite‐Based Precipitation Products for Precipitation Amounts
for the Rainy Seasons (May to October) 2004–2007 and Over
the Area 10°N–20°N; 20°W–35°E

Slope
Intercept
(mm)

Squared
Correlation

Mean Absolute
Error (mm)

CMORPH/RFE2.0 1.48 4.3 0.65 17.8
CMORPH/TRMM3B42 0.99 13.1 0.43 21.4
TRMM3B42/RFE2.0 0.78 5.6 0.41 13.7
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observed in a zone located in Sudan (25°E–35°E, 10°N–12°N)
for which the precipitation derived from TRMM3B42 is sig-
nificantly lower than that derived from RFE2.0.
[52] As indicated in section 4.2, the frequency of rain days

detected is intermediate between the two other products
for the CMORPH product. This strongly suggests that the
large differences observed in the precipitation amount
retrieved by CMORPH and those provided by the two other
satellite‐based precipitation products result from a large
“overestimation” of the daily precipitation rates for rainy
days similarly detected by the other products. This overes-
timation of the rainfall amounts by CMORPH had already
been noticed by Jobard et al. [2011] for the June‐September
2004–2006 period and by Dai et al. [2007] at a global scale.
4.3.1.3. Ten‐Day Variability
[53] In order to evaluate the consistency between the

different satellite‐based precipitation products through time,
the slopes of the linear regressions have been computed
every 10‐day period from May to October over the 4 year‐
period over the Sahel region. These slopes show a system-
atic trend: rainfall amounts derived from the RFE2.0 product
are lower than those derived from TRMM3B42 (slope
between 0.4 and 1) except at the very beginning and at the
end of the rainy season (when the slope can reach ∼1.2).
RFE2.0 and TRMM3B42 values are much lower than those
derived from CMORPH (slope from 0.2 to 0.8). The slopes,
averaged over the rainy seasons are quite stable with stan-
dard deviations of the order of ∼10%. However, they can
strongly vary as a function of the year for the same decade,
with standard deviations up to 40%.
4.3.2. Comparison with Kriged Rain Gauge Data
4.3.2.1. Decadal Precipitation Amounts
[54] The precipitation amounts at 0.5° spatial resolution

derived from the satellite products are cumulated by 10 day
period to be compared with the 10‐days precipitation
amounts from the kriged rain gauge data (Table 5, n∼80 000).
[55] The comparison of the 10 day precipitation amounts

shows a good agreement between satellite‐based estimates
and kriged data: the squared correlation coefficients range
between 0.6 and 0.7. These values are similar to those
obtained by Jobard et al. [2011], but the number of values
compared here is much higher; our period of interest is longer
and our area is wider. The slopes of the linear regressions
range between 0.77 and 1.34, and the intercepts are low
(between 2.2 mm and 8 mm). The level of agreement is thus
noticeably better than the agreement observed between sat-
ellite products, and compares well with the values obtained by
Roca et al. [2010] on two 10‐day periods (11–20 June 2006

and 1–10 August 2006), taking into account estimation errors
(squared correlations about 0.9, slopes about 0.8 to 1.3).
[56] If the kriged data are considered as a reference in

terms of precipitation amounts, these results indicate that
CMORPH overestimates precipitation amounts by about
34%, with a much larger systematic bias than the other
products as reflected by the highest intercept (∼8 mm) and
mean absolute error (22.2 mm). On the other hand, RFE2.0
tends to underestimate precipitation rates by 23%, with a
lower bias (intercept ∼5 mm) than CMORPH and the lowest
mean absolute error (∼10 mm). Moreover, RFE2.0 shows
the highest squared correlation, with more than 69% of the
variability of the values explained by the linear regression.
TRMM3B42 exhibits the slope the closest to 1 (0.94) and
the lower intercept (∼2 mm), suggesting a better agreement
with the kriged rain gauge data in terms of precipitation
rates. However, its squared correlation is 0.6, i.e., approxi-
mately equal to that of the CMORPH product.
4.3.2.2. Spatial Distribution
[57] The differences in precipitation amounts between the

satellite‐based precipitation products minus the kriged rain
gauge data are computed for the four rainy seasons (Figure 10).
The largest differences are again located along the Guinean
coast (13°W, 10°N), and the lowest ones, for the RFE2.0
and TRMM3B42 products, are located in an intermediate
strip, approximately between 13°N and 15°N. The differ-
ences are positive between the CMORPH data and the
kriged rain gauge data, indicating much stronger precipita-
tion amounts from the satellite‐based data. The RFE2.0 and
TRMM3B42 products are both in satisfying agreement with
the kriged rain gauge data over most of the area with
absolute differences lower than 100 mm over 78% and 76%,
respectively, of the surface, but for only 27% for CMORPH.
The kriged rain gauge data are generally slightly lower than
the satellite products in the areas where high rainfall is
observed (central and southern) and slightly greater on the
northern borders, where rainfall is the weakest. The under-
estimation of satellite‐based products with respect to kriged
data for low rainfall amounts can be partly explained by the
underestimation of the frequency of small rainfall linked to
high spatial intermittency [Ali et al., 2005b].
4.3.2.3. Ten‐Day Variability
[58] The slopes of the linear regressions of precipitation

amounts every 10 day period between satellite‐based pre-
cipitation products and kriged rain gauge data (not shown)
confirm the differences previously noted between the three
satellite products. The slopes between satellite products and
kriged data are higher at the beginning and at the end of the
rainy seasons, while they are minimum, and generally closer
to 1, in the middle of the rainy season. This better agreement
with kriged data at the core of the rainy season was also
observed for other satellite‐based rainfall products [Ali
et al., 2005b]. For the CMORPH product, they largely
exceed 1 both at the beginning and at the end of the rainy
season, while they range between 1 and 2 between July and
September. This indicates that the precipitation amounts are
overestimated by CMORPH during the whole rainy season,
but less toward the middle of the wet season. Moreover, the
interannual variability observed is the strongest with the
CMORPH product. The slopes of the regressions with

Table 5. Statistical Values of the Linear Regressions Between
Satellite‐Based Precipitation Products and Kriged Rain Gauge
Data for Precipitation Amounts for the Rainy Seasons (May to
October) 2004–2007 and Over the Area 10°N–17.5°N; 17.5°W–
22.5°E

Slope
Intercept
(mm)

Squared
Correlation

Mean Absolute
Error (mm)

CMORPH 1.34 8.0 0.60 22.2
RFE2.0 0.77 5.0 0.69 10.1
TRMM3B42 0.94 2.2 0.60 12.0
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RFE2.0 and TRMM3B42 are significantly closer to 1, even
if they also decrease in the middle of the wet season to reach
values of the order of 0.5. This suggests that these two
satellite products could underestimate precipitation amounts
during a period of high rainfall. It can be noticed that the
values for 11–20 June 2006 and 1–10 August 2006 for the
TRMM3B42 product compare very well with the values
obtained by Roca et al. [2010] (slopes of 0.83 and 1.29,
respectively).
[59] The three satellite‐based rainfall products studied

here show similar field structure and daily frequency over
the Sahel. Those characteristics are also in good agreement
with the 10‐day kriged rain gauge data over the Sahel.
However, the CMORPH product tends to overestimate
rainfall amount over the Sahelian belt. In the following
section, we will discuss the influence of the use of these
different rainfall fields on the Sahelian vegetation modeling.

5. Vegetation Modeling

[60] Simulations of seasonal variations of the Sahel veg-
etation have been performed with the STEP model [Mougin
et al., 1995]. This model has been specifically designed to
simulate, at a daily time scale, the growth of the Sahel
annual herbaceous by describing explicitly the physical and
biological processes associated to plant growth (photosyn-
thesis, respiration, senescence, and litter production) and
water budget (evaporation, transpiration, and water fluxes in
the soil). The modeled vegetation consists of an herbaceous
layer composed of annual species. From the simulated
biomass, vegetation structural parameters such as Leaf Area
Index (LAI), Vegetation Cover Fraction, and vegetation
height are estimated, allowing comparisons with satellite or
field measurements [e.g., Lo Seen et al., 1995; Tracol et al.,
2006]. The main required input data sets are daily meteo-
rological data (air temperature, global radiation, and rainfall)
and soil characteristics (texture with depth, albedo), input
parameters being the initial green biomass (Bg0), the C3/C4‐
plants proportion, the maximum conversion efficiency ("c),
and the Specific Leaf Area at emergence (SLA0) (see Table 6).

5.1. Implementation of the STEPModel at the Regional
Scale

[61] The STEP model [Mougin et al., 1995] is a one‐
dimensional model that has been designed to run on well‐

documented sites. The aim here is to perform vegetation
simulations over the whole area of interest, i.e., to determine
the values of the different input variables and parameters. In
that regard, the strategy depends on the model sensitivity to
these inputs. The most determinant input variables are first,
daily rainfall, and second, solar radiation, yet solar radia-
tions seldom limit vegetation photosynthesis in the Sahel
environment, contrary to rainfall.
5.1.1. Calibration Parameters
[62] According to several previous studies dealing with

the STEP model [e.g., Jarlan et al., 2005, 2008;Mangiarotti
et al., 2008], the most sensitive parameters are the maximum
conversion efficiency "c, the initial green biomass Bg0, the
C3/C4‐plants proportion, and the Specific Leaf Area at
emergence SLA0. A thorough description of these para-
meters can be found in the article by Mougin et al. [1995].
The C3/C4‐plant proportions and SLA0 are difficult to
evaluate at a regional scale. Default values obtained from 25
years of ground measurements over the AMMA‐CATCH
site in Mali [Tracol et al., 2006; Hiernaux et al., 2009;
Mougin et al., 2009a] are considered here, and in conse-
quence, the simulations are performed on an area restricted
in latitude (12°N–20°N, 20°W–35°E) to match with the
appropriate type of vegetation. The two other calibration
parameters, Bg0 and "c, are determined using satellite
observation products as reference. The LAI designates the
one‐sided leaf surface per soil unit surface (in m2/m2). The
Moderate Resolution Imaging Spectroradiometer (MODIS)
LAI product [Myneni et al., 2002] – onboard the TERRA and
AQUA platforms – is retained for its fine resolution (∼1 km,
8 days) and its good skills over Sahel [Fensholt et al., 2004;
Mougin et al., 2009b], except an offset of about 0.2 m2/m2

during the dry season.
[63] Using both the MODIS LAI data (LAIMODIS) as a

reference and typical values of SLA for Sahelian grass
species [Jarlan et al., 2008], the initial biomass is estimated
as follows: Bg0 = LAIMODIS/SLA. From this, regional simu-
lations have been performed and values for the "c parameter
have been determined by minimizing the difference between
simulations and MODIS LAI data in four zones. These zones
were defined for their contrasted behaviors in terms of
absolute differences with respect to MODIS LAI values. The
obtained values range between 3.0 and 6.0 g/MJ, which are
in agreement with previous studies [e.g.,Mougin et al., 1995;
Tracol et al., 2006].

Table 6. Inputs Required by the STEP Model: Parameters, Variables, Symbols, Sources and Units, and Reference Values (Minimum and
Maximum Values) for Parameters

Parameter or Variable Symbol Source
Unit and Reference Value
(Minimum and Maximum)

Maximum conversion efficiency "c Mougin et al. [1995]
Tracol et al. [2006]

5 g/MJ (2.5–7)

Initial biomass Bg0 Mougin et al. [1995]
Tracol et al. [2006]

1 g/m2 (0.5–2.5)

Proportion of C3‐plants C3 Cornet [1981], Hiernaux et al. [2009], Jarlan et al. [2008] 43% (30–60)
Proportion of C4‐plants C4 Cornet [1981], Hiernaux et al. [2009], Jarlan et al. [2008] 57% (40–70)
Initial Specific Leaf Area SLAg0 Jarlan et al. [2008] 200 cm2/g (180–280)
Albedo MODIS
Daily min. temperature ECMWF °C
Daily max. temperature ECMWF °C
Solar radiation ECMWF W/m2
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5.1.2. Meteorological Data and Soil Characteristics
[64] As mentioned in section 1, the objective is to evaluate

different rainfall products as inputs in regional vegetation
modeling. Thus, the three satellite‐based rainfall products
were successively used as inputs to perform vegetation simu-
lations using the STEP model. The other meteorological
parameters are operational data from the European Center
for Medium Range Weather Forecast (ECMWF). Soil tex-
ture profiles are adapted from the Harmonized World Soil
Database (HWSD) [FAO/IIASA/ISRIC/ISS‐CAS/JRC, 2009],
which is the finest available soil database. Its resolution
is ∼1 km, but data were aggregated at the 0.1° or 0.25°,
depending on the rainfall product used. Surface albedo is
the product provided by the MODIS database.

5.2. Vegetation Simulations and Comparisons
to MODIS Observations

5.2.1. Vegetation Dynamics
[65] The seasonal dynamics of the green biomass is sim-

ulated for the year 2004 by using TRMM3B42 rainfall data
(Figure 11). No green vegetation is simulated during the dry
season until approximately beginning of July (day of year
(DOY) 180). As simulated by the STEP model, annual
vegetation starts growing as soon as the humidity of the soil
is greater than the wilting point during 5 consecutive days.
The plant growth lasts until approximately early September
(DOY 250) matching with the biomass maximum and the
fructification stage. Finally, the senescence takes place from
the maximum of biomass to end of October (DOY 280).
[66] The sensitivity of the simulations to the use of the

different satellite‐based rainfall products is evaluated by
examining the main features of the vegetation dynamics
over years 2004 to 2007: the location of the northern limit of
the vegetated area, the date of beginning of the plant growth
(T0), the date of biomass maximum, and the LAI values at
T0 + 15 days and at maximum.
[67] In the context of the strong latitudinal rainfall gradi-

ent in Sahel, the latitudinal location of the northern limit of

annual vegetation growth is an important issue in estimating
the regional agreement between simulated and observed
seasonal vegetation. More precisely, the following com-
parison aims at checking whether the modeled vegetation
is spatially and temporally consistent at the regional scale
with the satellite observations. The grid cells for which the
northern limit of the vegetated area is detected are reported
according to their latitude as obtained from STEP simulations
versus their latitude as obtained from MODIS observations
(Figure 12). Their cumulated frequency across longitude over
the whole area of interest is indicated through a color scale.
The graphs illustrate the cumulated results over years 2004 to
2007 for the first day of each month from May to October
(growing season) and separately for each satellite‐based
rainfall product used as rainfall inputs in the STEP model.
The correlation coefficient between latitude of the northern
limit of simulated and observed vegetation is also indicated
on each panel. The grid cells are smaller and more numerous
for the RFE2.0 product as its resolution is 0.1. A perfect
agreement between observations and simulations would
correspond to all grid cells aligned on the 1:1 line.
[68] On the whole, seasonal vegetation is not well devel-

oped before July, and the agreement between simulations and
observations is poor until this date. The best agreement is
observed for 1 August and 1 September, whatever the rainfall
product, that is in the middle of the growing season when
vegetation density is at maximum. A poor agreement is also
observed for 1 October, corresponding to the senescence
stage. This observation can be done for the three rainfall
products suggesting that the STEP model does not simulate
this last vegetation stage well. Moreover, the northern limit
ofthe vegetated area is located further south by the model
in comparison with satellite observations from August to
October (the points are located above the 1:1 line). Although
these trends are observed for the three satellite‐based pro-
ducts, correlation coefficients show some variability. The
best agreement (over the whole rainy season) is found when
using the CMORPH product as rainfall input, which was

Figure 11. A simulated green biomass dynamics through the year 2004 by the STEP model with
TRMM3B42 rainfall data sets.
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rather unexpected since CMORPH shows the strongest dis-
agreement with kriged gauge rainfall data.
[69] The cumulated distributions of the date of beginning

of vegetation growth for the different products are displayed
in Figure 13. The distributions for the simulations run with
TRMM3B42 and RFE2.0 show a very similar behavior, in
good agreement with MODIS observations, with an inflec-
tion point at the end of May (around DOY 150), when the
vegetation starts to grow over most of the area. The vege-
tation growth as seen by MODIS starts about 20 days earlier
than the modeled values using the satellite estimates. This
is mainly because the STEP model prevents vegetation to
start growing before 1 May in order to avoid unrealistic
starts over the whole Sahelian band. By early September
(approximately DOY 250), herbaceous vegetation has star-
ted to grow in almost all grid boxes. The simulations run
with CMORPH show an earlier onset of the vegetation cycle
that concerns a relatively high fraction of the studied area. In
other words, vegetation growth begins roughly 5 to 20 days
earlier with the CMORPH product than with others. This
result is in accordance with the rainfall overestimation of
this product with respect to the others. The area covered by
the simulated vegetation growth is also slightly larger when
using CMORPH precipitation than when using the two other
precipitation products (for example, in 2004: 51% (MODIS),
48% (CMORPH), 39% (RFE2.0), and 47% (TRMM3B42)
of the area is covered by vegetation).
[70] The distribution of the date of vegetation maximum is

less scattered between products (Figure 14). In the simula-
tions, the main inflection point occurs in early September
(around DOY 250), and by the end of October (DOY 300)
the whole vegetated area has reached its maximum whatever
the satellite‐based precipitation products used as input, and
for the MODIS observations as well. From a regional point
of view, the simulations reach their maximum at a smoother
rate than MODIS observations. TRMM3B42 and RFE2.0
products show very similar responses in terms of vegetation
simulation, as was expected because of their very similar
daily rainfall frequency and amounts.
5.2.2. Vegetation Amounts
[71] An illustration of the impact of differences between

products on modeled vegetation in terms of dry spells is
given by Figure 15, for the year 2004 and the CMORPH
and TRMM3B42 products. MODIS maximum LAI are
represented on Figure 15a to facilitate the interpretation of
these results. The area where TRMM3B42 presents more
dry spells lasting 5 days or more than CMORPH appears
on Figure 15b (blue color). On Figure 15c, as expected,
this corresponds to area where the maximum simulated
LAI is larger when using CMORPH than TRMM3B42
(yellow color), and where MODIS maximum LAI shows
intermediate values (∼1–2 m2/m2). However, the opposite
behavior is observed at the southwest section of the area,
where MODIS maximum LAI are 2 to 3 m2/m2: more dry
spells for CMORPH and a larger maximum simulated LAI.
This can be explained by the much higher rainfall amounts
of the CMORPH product with respect to TRMM3B42 in
this area (see Figure 2 and Table 2).
[72] Statistical values of the linear regression between

vegetation simulations and MODIS observations are given at
15 days after growth beginning, T0 + 15 (Table 7) and at
vegetation maximum (Table 8). Simulated values are well

correlated with the observed ones at T0 + 15: correlation
coefficients are about 0.7 whatever the rainfall input source,
and slopes are larger than 1, indicating that LAI are over-
estimated by the STEP model by 40% to 70%. At vegetation
maximum, correlations (>0.8) show a very significant
agreement between simulations and satellite observations,
and intercepts are low (lower than MODIS offset in the dry
season) [see Fensholt et al., 2004]. However, the model un-
derestimates by almost a factor of 2 theMODIS LAI values at
vegetation maximum. These results suggest that the vegeta-
tive cycle is satisfyingly reproduced by the model (see good
correlation coefficients) over the whole Sahelian belt, espe-
cially in terms of seasonal dynamics. Yet, the simulated cycle
is less marked than the observed one in terms of vegetation
amounts.
5.2.3. Conclusion
[73] Since the three satellite‐based precipitation products

have very similar daily precipitation frequencies (see section
4), the large differences in dynamics observed between the
simulated vegetation fields are mainly due to the overesti-
mation of rainfall amounts by CMORPH, especially at the
beginning of the rainy season. Earlier precipitation from
CMORPH allows the simulation of the beginning of the
vegetation growth at a period for which the necessary con-
ditions are not yet fulfilled for the other products. When
considering LAI values, the correlation coefficients are
larger for CMORPH used as rainfall input, but with a wider
value departure between simulated and observed LAI. In
other words, comparison of vegetation simulations for the
different satellite‐based product confirms that impacts of
rainfall characteristics like amounts or frequencies are not
straightforward on the agreement with observed vegetation.
[74] These results can be put in perspective with recent

works dealing with hydrological modeling as by Hossain
and Huffman [2008] (who intended to build metrics inter-
pretable by hydrologists and algorithm developers at
hydrologically relevant scales) and Yong et al. [2010] (who
studied the skills and impacts of the use of TRMM3B42RT
and TRMM3B42v.6 on hydrological modeling in China).
Other recent studies deal also with land‐surface modeling
using satellite‐based rainfall products as by Boone et al.
[2010] (comparisons of land‐surface models over west
Africa using the TRMM3B42 product) and Bock et al.
[2010] (computation of large‐scale water cycle over West
Africa using rainfall from meteorological models). How-
ever, the impacts of rainfall estimates variability for mod-
eling show strong specificities depending on the scientific
issue under consideration [e.g., Pan et al., 2010].

6. Conclusion

[75] Three satellite‐based precipitation products (CMORPH,
RFE2.0, and TRMM3B42) have been intercompared and
tested against interpolated rain gauge measurements over
a four rainy season period (2004–2007) to evaluate their
ability to retrieve the precipitation characteristics that drive
seasonal vegetation growth throughout the Sahel region. The
criteria of comparison are defined according to their rele-
vance for vegetation dynamics: spatial structure of the
rainfall field, precipitation frequency and dry spell distri-
bution, and precipitation amounts. The time scale used for
the satellite product intercomparisons is from 1 to 10 days,
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and the spatial resolution is of 0.25° × 0.25° to 0.5° × 0.5°.
Vegetation simulations are performed using a vegetation
growth model specifically developed for Sahel over a
slightly smaller area, and the simulations are compared with
satellite observations (MODIS LAI).
[76] The three selected satellite products are found to be in

good agreement over the Sahel region for the three criteria.
In terms of spatial structure, the three satellite‐based pre-
cipitation products are also in a good agreement with the
kriged rain gauge data, which is consistent with previous
works performed over smaller area or periods [e.g., Roca
et al., 2010; Jobard et al., 2011]. Moreover, this agree-
ment is relatively stable through time, from intraseasonal to
interannual scales. The three satellite‐based precipitation
products meet a high agreement (around 80%) in terms of
detection of rainy days. However, the intercomparison of
precipitation amounts between the satellite‐based precipi-
tation products and the comparison of the satellite products
with the kriged rain gauge data clearly indicate that the
CMORPH product overestimates rainfall amounts, while
both TRMM3B42 and RFE2.0 are in good agreement
together and with kriged rain gauge data. When considering
vegetation modeling, good agreement is also observed
between the dynamics of vegetation growth simulated by
STEP using the satellite rainfall products and the satellite
observations at a regional scale. This agreement applies to
the date of vegetation growth beginning as well as the date
of maximum vegetation growth. However, the amounts of
vegetation at growth beginning (maximum) are over-
estimated (underestimated) by the model runs. Differences
between satellite rainfall products are retrieved in the model
outputs, particularly the earlier start of vegetation growth
when using the CMORPH product. Simulations obtained
with TRMM3B42 and RFE2.0 have similar behaviors, in
good accordance with MODIS observations. This is in
agreement with the comparable characteristics of these two
products according to our intercomparison criteria.
[77] The good skills of the selected products, although

already observed on shorter area or period, are confirmed
over the whole Sahelian area on a pluriannual time scale.
The specific analysis, focused on the use of these products
for vegetation modeling, suggest a new approach and
methodology of comparison, and link the results of this
comparison to vegetation simulations.
[78] The present work can be considered as a typical

example of synergistic research between precipitation esti-
mation missions and surface‐vegetation‐atmosphere mod-
eling and measurements. Among the current comparable
research programs, further scientific investigations could be
performed with, for example, the Megha‐Tropiques mission
or the NASA/JAXA Global mission, and the Soil Moisture
and Ocean Salinity (SMOS) space mission.
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