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Abstract. The TRMM Precipitation Radar (2A25) data is used to study
the nature of West African storms during the pre-monsoon (AMJ) and
monsoon(JA) periods. There is remarkable contrast between the storms
within the continent and those of ITCZ which are aligned along the Coast of
Guinea during the pre-monsoon period. Continental pre-monsoon storms are
deep, intense and scattered, while those of the ocean are relatively shallow,
moderately intense and wide-spread. The onset of the monsoon involves the
shift of the latter systems into the continent. After the onset, both areal mean
convective and stratiform rainfall with in the continent double. Stratiform
rain accounts for about 45% of the total. Both during the pre-monsoon
and monsoon periods, shallow convection accounts for less than 10% of the
total rainfall and is limited to the coastal regions. The rise in continental
convective rainfall during the second half of May and early June suggests that
the associated low-level latent heating might be responsible for the onset of
the monsoon through meridional advection of moisture.

Introduction

Recent observational studies have shown that the
classical vision of smooth and continuous northward mi-
gration of ITCZ during the onset of the West African
monsoon is not correct. The monsoon season begins
with intense rainfall near the Gulf of Guinea in April.
The precipitation maximum remains there till the end of
June, while a weaker precipitation field starts to develop
at about 10°N during the end of May. The former rain-
fall band jumps to the latitude of the latter during the
last week of June and follows the approximate seasonal
cycle afterwards. This 'jump’ in the major rainfall sys-
tem is a manifestation of the onset of intense convection
and rainfall along 10°N and its concurrent and sudden
termination along the coast of Guinea. This is in sharp
contrast with the fact that the ultimate cause of the
seasonal migration of the ITCZ, the northward march
of the sun, follows a smooth and continuous cycle.

Observational analysis of this jump in the northward
migration of the ITCZ was first made by Sultan and
Janicot [2000]. They used gridded rainfall data from
West Africa compiled at IRD (Institute de Recherche
pour la Developpment), ASECNA (Agence pour la Se-
curite De La Navigation Aerienne en Afrique et a Mada-
gascar) and CIEH (Comite Interafricain d’Etudes Hy-
droliques) as well as the NCEP/NCAR reanalysis data
[Kalnay et al., 1996] over the years from 1968 to 1999.
They suggested that the abrupt shift could be the result
of acceleration of the seasonal cycle by westward prop-
agating intra-seasonal scale atmospheric circulations.

This phenomenon is also documented in a study
by Le Berbe et al. [2002]. Using CIEH - ORSTOM
daily rainfall data-set they showed that the precipita-
tion maximum preferentially appears at these above
mentioned latitudes. Similarly, using the rain-gauge
data described in Le Berbe et al. [2002], Meteosat IR
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images, EPSAT-Niger network and NCEP/NCAR re-
analysis, Label et al. [2003] further confirmed the dis-
continuity in the northward migration of the ITCZ over
West Africa. They showed that the seasonal cycle is
composed of two precipitation regimes. The first one,
which they referred to as the oceanic regime, involves
progressive onset of rain on the West African coast from
the equatorial Atlantic. The second phase, the con-
tinental regime, involves the sudden rise in the mean
daily rainfall and the mean number of rain events that
occur over the Sahelian band. The continental regime
starts at the end of June and accounts for the 75 to
90% of the total precipitation. They also showed that
the inter-annual variability of the Sahelian rainfall is as-
sociated with the fluctuations in the number of rain effi-
cient convective systems within the continental regime.

A detailed study of the onset process suggests that
it involves complex interactions of convective processes
in the ITCZ, with African Easterly Jet and circula-
tions associated with local topography. Sultan and
Janicot [2003] used IRD, ASECNA and CIEH rainfall
data and NCEP/NCAR reanalysis to study the physi-
cal processes involved in the monsoon onset. They sug-
gested that the Ahaggar Plateau, and the Tibesti highs
could exert a significant control on the atmospheric cir-
culation and convection in the ITCZ.

The most recent work on the problem involved rain-
fall and surface wind data from the Tropical Rainfall
Measuring Mission (TRMM) and QuikSCAT satellites
respectively, as well as the NCEP/NCAR reanalysis. In
that study, Gu and Adler [2004] showed that the sur-
face mean rainfall tends to be concentrated along two
latitudes, 5°N and 10°N. They found that the precip-
itation field lies mainly along 5°N during the months
of April, May and June and it is mainly concentrated
along 10°N during the months of July, August and Sep-
tember. They suggested that the appearance of intense
rainfall during the month of April may be related to the
occurrence of warm SST over tropical eastern Atlantic
and its disappearance might be related to the forma-
tion of an oceanic cold tongue complex over the region.
Their analysis suggests that the appearance of the rain-
fall along the 10°N during the end of June is indepen-
dent of that of the Gulf of Guinea. They also showed
that the time of the onset of rainfall events in this re-
gion coincides with the northward shift of the AEJ, the
associated vertical and horizontal shear zones, low-level
westerly flow and the westward propagating synoptic
scale wave signals.

Documentation of the depth, intensity and composi-
tion of precipitation systems helps infer the large-scale
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thermodynamic conditions associated with these sys-
tems. For example the microphysical processes asso-
ciated with convective and stratiform precipitation are
known to be vastly different [Houze, 1989]. In general
convective precipitation is associated with strong ver-
tical motion (> 1m/s) and rain particles grow by co-
alescence. Their horizontal scale is 1km-10km, while
stratiform systems are associated with smaller vertical
velocity and tend to cover larger area (100km). Con-
sequently, latent heating profiles associated with con-
vective and stratiform precipitation are also quite dif-
ferent. Analysis of the composition of the precipitation
at various stages of the monsoon onset enables identify
the main sources of the continental forcing responsible
for the monsoon onset. Identifying of pre-monsoon and
monsoon storm characteristics also helps to clearly de-
fine the timing of the onset of the monsoon for future
inter-annual variability studies.

The aim of this study is to address the following ques-
tions;

e What are the distinctive characteristics of pre-
monsoon continental and oceanic storms and how
do they evolve during the transition into monsoon
season?

e What precipitation categories comprise the West
African precipitation and how do they change
from spring to summer?

e What are the implications of storm characteris-
tics for the thermodynamics of the onset of the
monsoon?

For brevity, the months of April, May and June are
will collectively be referred to as pre-monsoon period.
The Coast of Guinea and the continental regions will
be defined as the region enclosed by box 1 and box 2 in
Figure 1a respectively.

Data and Analysis

The launch of the Tropical Rainfall Measuring Mis-
sion satellite in November 1997 marked the new era of
space borne precipitation research [Kummerow et al.,
2000]. The satellite follows a 35° inclination, low earth
orbit. Its orbital altitude was about 350km before the
7th of August 2001, and 403km afterwards. The satel-
lite makes about 16 orbits a day. The instrument pack-
age aboard the satellite includes a precipitation radar,
which has provided novel perspectives on three dimen-
sional structure and composition of tropical precipita-
tion. The swath width of the PR is 215km and 247km
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before and after the 7th of August 2001 respectively.
The horizontal resolution of the radar during these two
periods are 4.3km and 5.0km respectively. The vertical
resolution is 250m. The PR operates at 2.17cm wave-
length and it has sensitivity of 17dBZ. The 2A25 equiv-
alent reflectivity profiles are corrected for attenuation
by heavy rain using surface reference technique [Iguchi
and Meneghini, 1994]. The space-borne radar has ad-
vantages over regional ground based radar networks be-
cause there are no range related problems like variations
in resolution, minimum echo-height and sensitivity and
radar calibrations. The main drawback of the TRMM-
PR is that it has narrow (215km-247km) swath width
that the data it provides tend are relatively scarce. This
pose sampling problems for variability studies.

The TRMM-PR data has been used for regional
inter-comparison of depth of storms of Amazon and var-
ious regions of African by Geerts and Degene [2005].
They found that African storms tend to be deep, vig-
orous and diurnally varying when compared to those
of Amazon which tend to be shallow and more marine-
like in nature. Schumacher and Houze [2005] also used
this radar data to show that East Atlantic and West
African storms have different composition in that strat-
iform rain is more prevalent over the ocean and convec-
tive storms over West Africa are about twice as strong
as their eastern Atlantic counterparts. The implication
of the distribution of convective and stratiform precip-
itation on the three dimensional latent heating and as-
sociated circulations are also investigated [Schumacher
and Houze, 2004].

In this study surface rainfall, rainfall category (con-
vective/stratiform) and vertical profile of reflectivity
data from the TRMM-PR (2A25) data-set are used.
The data is processed as follows;

e The orbital reflectivity and surface rain rate are
classified into convective and stratiform categories.
The rain type information provided in the (2A25)
data-set is based on convective-stratiform separa-
tion algorithm in the TRMM product (2A23).

e The orbital echo-top height is defined as the high-
est level at which a 20dBZ signal is detected for
an orbital data point which is categorized as con-
vective. A storm with echo-top height 1km below
the freezing level (taken to be 5km throughout) is
defined as shallow convective.
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e The data is put into weekly 0.5° x 0.5° grid boxes
on which the mean stratiform, deep convective
and shallow convective surface rain rate are cal-
culated.

e The mean echo-top height is defined as the aver-
age of all the echo-top heights in the grid box with
non-zero surface rain rate.

e The mean intensity of a storm is defined as the
mean of the non-zero surface rain-rates in the grid
box.

e This process is applied on April to August of all
the 8-years data (1997-2005) over a rectangular
domain shown in Figure 1.

Figure la and b show the comparison between the
TRMM (3B42 1° x 1°, daily) and the gridded TRMM-
PR (2A25 0.5° x 0.5°, weekly) during the pre-monsoon
months (AMJ). In both cases, the precipitation is mainly
concentrated along the coastline. There are precipita-
tion maxima at the two corners of the continent i.e at
10°E and 10°W. Figure 1c and d show that during the
months of July and August the precipitation band has
shifted to about 10°N. In both cases, again, the pre-
cipitation maximum at (10°E, 5°N) remains at its pre-
monsoon position. In both the pre-monsoon and mon-
soon periods the magnitudes and distribution of precip-
itation are comparable.

The figure shows that the gridded TRMM-PR data
reproduces the main climatological features very well
that analysis of further information provided by the PR
data is justified.
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(a) TRMM 3B42 (AMJ) (b) TRMM-PR 2A25 (AMJ)
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Figure 1. Comparison between 8-year average pre-onset (AMJ) precipitation (mm/hr) from (a) TRMM (3B42)
and (b) TRMM-PR (2A25), (¢) and (d) same for post-onset (JA)
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Results

Pre-monsoon vs monsoon storm characteristics

Figure 2a and b show the pre-onset and post-onset
mean echo-top heights respectively. During April, May
and June, there is remarkable contrast between oceanic
and continental echo-top height. The continental storms
are deeper by up to 2km. The mean echo-top height of
storms at 10°N reaches as high as 12km. After the onset
of the monsoon, the relatively shallow convective sys-
tems have shifted northward into the continent. The
deep storms are now located as far north as 15°N.

Similar contrast in the intensity of the storms is also
observed. Figure 2c¢ and d show that in addition to be-
ing shallow, oceanic storms are also weaker (4-6mm/h
on average) compared to their continental counterparts
(whose mean could reach up to 12mm/hr). The con-
tinental storms, while intense, they tend to be short-
lived. They are forced by strong surface heating during
the day. The precipitation systems of the ITCZ tend
to be weaker and wide spread and they don’t appear to
be influenced by diurnal variability as much. Continu-
ous supply of moisture and heat appears to favor such
systems. The onset of the monsoon is marked by the
shift in this relatively weaker but wide spread convec-
tive systems of ITCZ into the continent.

These observations suggest that the onset of the West
African monsoon is indeed the shift of the relatively
shallow, wide spread and moderately intense systems
of the ITCZ moving into the continent as opposed to
mere increase in the number of the existing continental
storms. The northward shift of the deep intense conti-
nental storms suggests that they are favored by warm
by relatively dry conditions, while their shallow coun-
terparts of the ITCZ are favored by moist ocean-like
conditions.

Precipitation Categories

During the pre-onset period, deep convective, strati-
form and shallow convection have their maximum along
the Coast of Guinea (Figure 3). Deep convection is the
major contributor to the total precipitation through-
out the coast. Shallow convection contributes less than
10% of the total precipitation and is essentially limited
to the oceanic side of the coastline.

After the onset of the monsoon, the deep convective
systems extend as far as 15°N (Figure 3d). The most
intense part of it is at about 10°N, along the western
coast. Stratiform rain has similar distribution. The
contrast between stratiform rain inland and along the
western coast however is more prominent (Figure 3e).
This is could partly be due to abundance of moisture
advected by westerly winds. With in the continental re-
gion, however, the AEJ and northerly advection of dry
air might limit stratiform formation through evapora-
tion and sublimation. Shallow convective precipitation
remains to be a minute fraction of the total precipita-
tion and it is limited to the coastline (Figure 3f).

Table 1 shows the composition of pre-monsoon and
monsoon precipitation with in the continental region
and the Coast of Guinea. Monsoon stratiform and
convective precipitation over the continental region are
about double their pre-monsoon value. Shallow convec-
tion is essentially absent in both periods. During the
monsoon period the convective precipitation over the
Coast of Guinea is about a third of its pre-monsoon
value. The stratiform rain is reduced by about 40%.
This makes it larger than the convective precipitation.
Shallow convection doesn’t show significant change.



6 Hagos

(a) Echo-top height (AMJ) (b) Echo-top height (JA)

+
200 15W 10w W 0 5 10E 15E

(d) Storm intensity (AMJ)

00 150 10w SW 0 SE 10E 15E

Figure 2. (a) Pre-onset and (b) Post-onset 8-year mean height (km) of the 2dBZ echo. (c) Pre-onset and (d)
Post-onset 8-year mean storm intensity (mm/h).
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(a) Deep convective RR (AMJ) (d) Deep convective RR (JA)

20W 15w 10w W 0 SE 10E 15E 20W 15W 10W W 0 SE 10E 15E

(b) Stratiform RR (AMJ) CMAP June (e) Stratiform RR (JA)
24N /
21N
IU.5
20W 15W 10w 5w 0 SE 10E 15E 200 15W 10W W 0 5E 10E 15E
(c) Shallow convective RR (AMJ) (f) Shallow convective RR (JA)

24N /
21N

0.035 0.035

0.03 L | 0.03

0.025 0.025

0.02 0.02

0.015 0.015
0.01 » 0.01
0.005 ‘ 0.005

15w ow W SE 10E

Figure 3. Pre-onset and post-onset composition of precipitation (mm/hr).
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Table 1 Mean composition of areal surface rain rate
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Region convective (mm/h)
Continental (pre-monsoon) 0.07
Continental (monsoon) 0.132
Guinean Coast (pre-monsoon) 0.176
Guinean Coast (monsoon) 0.067

stratiform (mm/h) | shallow (mm/h)
0.048 0.000
0.106 0.003
0.123 0.013
(2) 0,076 0.013

The monsoon onset

The onset of the West African monsoon is generally
defined as the shift of the precipitation maximum from
the Coast of Guinea (5°N) to about (10°N) at the end of
June. To analyze the physical processes involved, the
transitions of various components of the precipitation
are considered.

Figure 4a shows the evolution of deep convective pre-
cipitation during the monsoon onset. The solid line
denotes the approximate latitude of the coastline. Sig-
nificant amount of deep convective activity is observed
around 8N starting at the last week of May. This is
about one month ahead of the true onset of the mon-
soon. By the second week of July the entire convective
precipitation has shifted into the continent. Significant
amount of stratiform precipitation appears along 10°N
by mid-June (Figure 4a). The stratiform rain might be
lagging behind the convective precipitation for strat-
iform rain use older convective materials to build and
sustain themselves. While within the continent the rain
drops grow large that they could fall too fast to pro-
duce stratiform. The stratiform rain along the Coast of
Guinea disappears concurrently with the disappearance
of convective rainfall. The shallow convective systems
remain along the Coast throughout the transition pe-
riod.

The thermodynamic aspects of this transition of var-
ious precipitation categories is assessed by considering
the latent heat profiles associated with them and their
contribution to the low-level latent heating which is the
primarily driver moisture advection into the region. To
estimate the latent heating associated with various pre-
cipitation categories, the convective-stratiform heating
(CSH) algorithm developed by Tao et al. [2001] is
used. Figure 5 shows the profiles associated with the
precipitation categories. Stratiform precipitation sup-
plies positive latent heating above the freezing level and
cooling below with maximum and minimum at 8km and
3km respectively, while that of convective precipitation
is positive everywhere and the maximum is at about
3km. Heating due to shallow convection has similar
profile as that of deep convection but it essentially van-
ishes above the freezing level.

16APR 1MAY 18MAY 1JUN 16JUN 1JUL 16JUL 1AUG 16AUG
2001 e I
0.05 0.1 0.15 0.2 0.25

(a)) Deep convective RR

1260AOPTR 1MAY 18MAY 1TJUN 18JUN 1JUL 16JUL 1AUG 16AUG
0.05 0.1 0.15 0.2 0.25

(b) Stratiform RR

16APR 1MAY 1BMAY 1JUN 16JUN 1JUL 16JUL 1AUG
2001
0.004 0.008 0.012 0.016 0.02

(b) Shallow convective RR

Figure 4. Evolution of (a) deep convective, (b) strati-
form and (c) shallow convective rain-rates (mm/h) dur-
ing the monsoon onset.
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Figure 5. Latent heating associated with deep convec-
tive (green), stratiform (blue) and shallow convective
precipitation (red) precipitation (K/mm) adapted from
the CSH algorithm of Tao et al. [2001].

Using these profiles, the contributions of the precip-
itation categories to the total low-level heating are es-
timated. Figure 6 shows the evolution of latent heating
at Coast of Guinea and the continental region (both de-
fined in Figure la) averaged between 2km to 5km. At
both latitudes, by far the largest latent heating is sup-
plied by deep convective precipitation. In fact, during
the pre-onset period (up to mid-June, the contribution
of stratiform rain is negligible. With the onset of the
monsoon, the shift of stratiform rain into the continent
reduces the total low-level latent heating. The contri-
bution of shallow convective precipitation at both lati-
tudes as well as before and after the monsoon onset are
very small.

(b) Coast of Guinea LH (2km=5km) (K/day)
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(a) Continental LH (2km—-5km) (K/day)
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Figure 6. Evolution of deep convective (blue), strati-
form (red), shallow convective (green) and total (black)
low-level latent heating at (a) 5°N and (b) 10°N. They
are calculated using the CSH profile of Fig. 5.
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Discussion

The new space borne radar observations of tropical
precipitation have provided new perspectives in the re-
gional characteristics of storms. In this study, the tran-
sition of the depth and intensity of storms as well as
the precipitation categories during the onset of the West
African monsoon are investigated. Thermodynamic im-
plications of the composition of precipitation are also
assessed.

Pre-monsoon continental convective storms are found
to have their mean echo-top (20dBZ echo) at about 8km
while those of the Coast of Guinea and Atlantic Ocean
are at about bkm. After the onset of the monsoon the
relatively shallow oceanic storms move into the conti-
nent, while the deep convective systems move further
north up to 15°N. Pre-monsoon continental storms are
found to be more intense than their oceanic counter-
parts. After the onset of the monsoon, however, these
relatively weak but wide-spread oceanic storms move
into the continent.

These results suggest that the onset of the monsoon
is associated the more ocean-like large-scale environ-
ment, with relatively weak but wide-spread convective
systems, prevailing over the continental region. For
the most part the pre-monsoon precipitation along the
Coast of Guinea is composed of deep convection.

Using the CSH algorithm of Tao et al. [2001] the
contributions of these precipitation categories to low-
level latent heating are estimated. The pre-monsoon
continental latent heating which is related to moisture
advection into the continent is supplied by deep con-
vection which starts to appear as early as one month
ahead of the onset of the monsoon.
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