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Abstract satellite rainfall estimates reveal a consistent rainfall maximum off the West African coast during
the monsoon season. An analysis of 16 years of rainfall in the monsoon season is conducted to explore the
drivers of such copious amounts of rainfall. Composites of daily rainfall and midlevel meridional winds
centered on the days with maximum rainfall show that the day with the heaviest rainfall follows the strongest
midlevel northerlies but coincides with peak low-level moisture convergence. Rain type composites show
that convective rain dominates the study region. The dominant contribution to the offshore rainfall
maximum is convective development driven by the enhancement of upslope winds near the Guinea
Highlands. The enhancement in the upslope flow is closely related to African easterly waves propagating off
the continent that generate low-level cyclonic vorticity and convergence. Numerical simulations reproduce
the observed rainfall maximum and indicate that it weakens if the African topography is reduced.

1. Introduction

A distinct maximum in accumulated rainfall occurs near the southwest coast of West Africa, where the
strong large-scale convergence with the Intertropical Convergence Zone (ITCZ) interacts with the West
African Monsoon (WAM) and topographic features. Near the West African coast is also where African
easterly waves (AEWs) and their associated mesoscale convective systems (MCSs) attain maximum inten-
sity [Kiladis et al., 2006]. In a region where there are numerous driving factors in rainfall production, our
objective is to understand why such a persistent rainfall maximum is located in a small area just offshore
of West Africa.

Previous studies indicated distinct differences in the dynamic and thermodynamic characteristics of MCSs
that propagate through West Africa and, in some cases, over the Atlantic Ocean [DelLonge et al., 2010;
Jenkins et al., 2010; Guy et al., 2011]. Previous studies employed satellite and radar data to examine convection
and rainfall in West Africa [Fuentes et al., 2008; Nicholls and Mohr, 2010; Guy and Rutledge, 2012]. These
analyses showed that MCSs preferentially form at, and ahead of, the trough of AEWs in the southern part
of the Sahel [e.g., Mathon et al., 2002]. Previous studies show that the region of highest rainfall offshore
the Guinea coast is dominated by deep convective storms and MCSs during the monsoon rainfall season
[Laing and Fritsch, 1993; Zipser, 1994; Xu and Zipser, 2012].

Thorncroft and Hodges [2001] suggested that AEWSs experience enhanced development over the Guinea
Highlands, in association with orographic processes and latent heat release in deep moist convection. Also,
Thorncroft and Hodges [2001] found that the growth region of AEWs to the west of the Guinea Highlands
is collocated with the climatological rainfall maximum. A similar rainfall maximum occurs west of Mexico’s
Sierra Madre Mountains where another notable peak in AEW growth occurs [e.g., Zehnder, 1991; Zehnder
et al., 1999; Thorncroft and Hodges, 2001], creating a favored location for East Pacific tropical cyclogenesis
[Zehnder, 1991; Zehnder and Gall, 1991; Mozer and Zehnder, 1996a, 1996b; Zehnder et al., 1999]. The combined
interaction of the ITCZ, easterly waves, and topography results in the cyclonic vorticity maxima of the waves
to increase by 100% in the lee of the topography (with respect to the motion of the waves) [Zehnder et al.,
1999]. A similar interplay of topographic forcing, monsoon environment may explain the location of the
climatological rainfall maximum in West Africa.

The maximum in rainfall is likely influenced by the elevated terrain in the West African region and further
enhanced by the land-sea contrasts. In this study, we examine the offshore rainfall maximum in West
Africa using Tropical Rainfall Measuring Mission (TRMM) satellite data and the European Centre for
Medium-Range Weather Forecasts Re-Analyses (ERA)-Interim to create a 16 year climatology of rainfall. We
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also employ the Weather Research and Forecast (WRF) model to perform simulations examining the sensitiv-
ity of the offshore rainfall maximum to upstream topography.

2. Data

Observations during May to October for 1998-2013 are used to examine rainfall variations in the WAM sea-
son and active periods of AEWs. This period spans the lifetime of the TRMM satellite [Huffman et al., 2007].

We analyze the final gridded precipitation rates (p (mmhr™")) from the version 7 TRMM Multi-satellite
Precipitation Analysis 3-hourly product, 3B42 [Huffman et al., 2007]. Daily precipitation measuring less than
0.2 mm (referred to as a trace) is ignored in this study based on the World Meteorological Organization defi-
nition [World Meteorological Organization, 2014]. We also utilize the rainfall data from the version 7 TRMM
Precipitation Radar (PR) Level 2 Rainfall Rate and Profile Product, 2A25, which estimates the instantaneous
three-dimensional distribution of rainfall from the TRMM precipitation radar data [Kummerow et al., 1998].

Pressure level and surface meteorological data from ERA-Interim 6-hourly global atmospheric reanalysis were
utilized in this study [Dee et al., 2011]. We use variables such as zonal wind (u), meridional wind (v), vertical
velocity (w), specific humidity (g), and temperature (T) and derived quantities such as equivalent potential
temperature (6,) and moisture divergence to analyze the atmospheric conditions influencing rainfall in the
study region. The ERA-Interim data are also used as initial and boundary conditions in the WRF simulations
described below.

3. Model Configuration and Design of Sensitivity Runs

To examine how topography influences the related initiation and development of MCSs over West Africa and
the adjacent ocean, the WRF model version 3.7.1 with WRF Preprocessing System (WPS) version 3.7.1
[Skamarock et al., 2008] is used to simulate three scenarios: realistic topography (hereafter called TOPO), topo-
graphic height smoothly reduced by 50% (HALF), and no topography (FLAT). Three one-way nested domains
are employed with grid spacing of 36, 12, and 4km (see Figure S1 in the supporting information). Each
domain has 42 vertical levels extending from the surface to 50 hPa, distributed to provide the highest resolu-
tion in the lowest 1.5 km of the atmosphere (about 19 vertical levels). The parameterization schemes used are
listed in Table S1 of the supporting information. We altered the African topography in all three domains; the
terrain modification begins at sea level (e.g., Suez and Gibraltar) so that no terrain slope artifacts are intro-
duced. Domain 1 encompasses regions outside Africa, but only the African topography was altered.

The WRF model is initialized at 0000 UTC 25 August 2006 and run for 36 days of simulation time for each of
the three different scenarios. We modeled this specific period in order to compare results with observations
made during the National Aeronautics and Space Administration African Monsoon Multidisciplinary Analyses.
The statistics and analyses of these simulations described here are calculated on the second domain and
exclude the first 12 h of each simulation to allow for model convection spin-up.

4, Rainfall Climatology

The 3-hourly TRMM 3B42 rainfall estimates are averaged over May to October to study the rainfall activity
during the six West African Monsoon (WAM) months. During the WAM most of the rainfall occurs north of
the equator with maxima in rainfall accumulation occurring over the Atlantic Ocean (Figures 1a-1f). The sea-
sonal precipitation amount averaged over the 16 years displays the area of high rainfall accumulation over
the Atlantic Ocean. These high accumulations are linked to the ITCZ where WAM southwesterlies converge
with the northeasterly trade winds (Figure 1a). Annual rainfall accumulations of 2250-2750 mm occur within
this zone just off the coast (Figure 1a). To examine why this small area experiences such copious amount of
rainfall, we designate a study region spanning (20°-10°W, 5°-~12°N), encompassing the offshore maximum in
the averaged seasonal rainfall (Figure 1a). The area-averaged TRMM rainfall accumulation in the study region
during the period 25 August to 30 September (captured in the WRF simulation) is 402.7 mm, 22% of its mean
seasonal rainfall (1838.7 mm) (Figure 1b).

Comparison of the WRF spatial rainfall distribution over 25 August to 30 September 2006 from TOPO
with that observed by TRMM indicates that the model captures the offshore rainfall maximum but
produces substantially more rainfall in the region (1511 mm; Figure 1d) than observed (826 mm; Figure 1c).
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Figure 1. Average TRMM rainfall (mm) (a) accumulated over the monsoon season (May to October) 1998-2013 and
(b) accumulated over 1200 UTC 25 August to 0000 UTC 30 September 1998-2013. Rainfall accumulated over 1200 UTC
25 August to 0000 UTC 30 September 2006 from (c) TRMM, and domain 2 of (d) TOPO, (e) HALF, and (f) FLAT. The inner box
represents the study region from 20°-10°W and 5°-12°N. Composites of area-averaged (g) daily precipitation (mm day_1)
from TRMM 3B42, (h) rain type fraction (solid line) and rain type area fraction (dashed line) black = stratiform; red = con-
vective, (i) meridional wind speed (m s~ "), and (j) moisture flux (black = low level, 1000-850 hPa; red = midlevel,

700-500 hPa) (g kg_1 ms ') centered on the five rainiest days (day 0) in August-September of each year in the period
1998-2013. The vertical bars indicate the range of daily values for the individual years.

Overproduction of convective rainfall is a common effect in numerical models and has been attributed to
overprediction of convective intensity and poor microphysics parameterization [e.g., Varble et al., 2014a,
2014b]. The area-averaged total rainfall accumulation over the 35 days is 373.81 mm based on TRMM rainfall
estimates and 597.99 mm in TOPO, which is about 32% of the observed mean seasonal total. The area-
averaged total rainfall accumulation decreases as the height of topography is reduced—509.84 mm in
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HALF and 390.67 mm in FLAT, with the offshore rainfall maximum weakening until it becomes indistinguish-
able from the general ITCZ convection (Figures 1d-1f). These results suggest that the climatological offshore
rainfall maximum is linked to the upstream topography. The lack of forced topographic uplift when topogra-
phy is removed will undoubtedly affect convective development near the coast. However, in Hamilton [2016],
the progressive reduction of topography also led to the weakening of the (AEJ) and the reduced growth of
AEWs as they propagated downstream. Since the Guinea Highlands have been identified as a region where
AEWSs may experience enhanced development [Thorncroft and Hodges, 2001], we hypothesize a connection
between AEWs and the weakening of the offshore rainfall maximum. We next examine the atmospheric
conditions that lead to the offshore rainfall maxima observed in the TRMM data and obtained with WRF
simulations.

5. Rainfall Composites

We construct area-averaged TRMM daily precipitation time series for the study region (box in Figure 1) for
August and September (hereafter referred to as AS) in each year. We focus on rainfall amounts for these
2 months because this is when the monsoon is typically at its peak and AEWs are most intense and frequent
in the study region. We identify the day with the highest area-averaged rainfall amount for each year (day 0).
We composite the 16 time series of precipitation centered on day 0 of each year and analyze the evolution of
the environment in the study region (see Figure S2 in the supporting information). We conduct the same
composite analysis for the top 2, top 5, and top 10 heaviest rainfall days of each year and found that the peak
in rainfall and corresponding changes in atmospheric conditions are consistent (see Figures S3 and S4 in the
supporting information). We discuss the results from the top 5 rainy day composites—a total of 80 cases
composited (Figures 1g-1j).

5.1. Composites of Area-Averaged Terms

To understand how the atmospheric conditions change along with the precipitation time series, we create
composites for the midlevel (700-500 hPa) meridional wind component, moisture convergence, and rain
type centered on the maximum rainfall day (Figures 1g-1j). The method for calculating moisture conver-
gence is described in Text S1 in the supporting information. The average peak daily rainfall measures at about
26 mmday ™' during AS for the study region, significantly (at the 1% level using a one-sided t test assuming
unequal sample variances) higher than the 8-13mmday ™' recorded in 5 days before and after this peak
(Figure 19).

We extract the rain type from the TRMM PR data and calculate rain type fractions. We find the fraction of the
total rainfall that is contributed by convective (ConvRain) or stratiform (StratRain) rain, and the fraction of
region is experiencing either convective (AreaConv) or stratiform (AreaStrat) rain. The rain type fractions
show that convective rain contributes more than 50% to the total rainfall in a small fraction (8-9%) of our
study area (Figure 1h). The simultaneous increases in the area experiencing stratiform rain and the amount
of stratiform rain on day 0 suggest the presence of deep, mature convective system including an anvil cloud,
such as a squall line (Figure Th).

The midlevel meridional wind composite (Figure 1i) indicates that northerlies begin to intensify the day
before the maximum rainfall day (day —1), while low-level (1000-850 hPa) moisture convergence and midle-
vel moisture divergence peak on the maximum rainfall day [Figure 1j, Nufiez Ocasio et al. 2016]. Favorable
conditions for MCSs (e.g., low-level convergence and midlevel divergence) exist ahead of the AEW trough.
These composites suggest that AEWs are driving enhanced convective development through increasing
low-level moisture convergence ahead of the trough leading to heavy precipitation events.

5.2. Composites of Reanalyses Atmospheric Variables

To further investigate the mechanisms for the offshore rainfall maximum, we analyze the evolution of
the synoptic setup of the region from 5days before to 5days after the maximum rainfall day in AS (see
Figures S5-S8 in the supporting information). We show a shortened version in Figure 2.

The AEJ shows up centered on 15°N in the midlevel composites (Figures 2a-2d). A band of moister air
(g=5gkg™") at this level lies south of the AEJ, positioned over the ITCZ where maximum vertical transport
of low-level moisture occurs in deep convection (Figures 2a, 2e, and 2i). Northeasterlies flow through our
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study region (20°-10°W, 5°-12°N) during days —5 to —4, becoming more zonal by day —3 (see Figures S5a—
S5cin the supporting information). By day —2 the northeasterlies reappear between 0° and 10°W south of the
AEJ (Figure 2a) and advance westward toward the coast (Figures 2b and 2c). On day 0, a local maximum in
midlevel g appears in our study region indicating the moistening of the midlevels (Figure 2c). This g maxi-
mum is located over the offshore precipitation maximum (Figures 1a and 1b), which indicates the presence
of deep convection. From days 1 to 2, the midlevel composites show that the moist air parcel embedded in
the wave propagating off the coast and over the Atlantic (Figures 2c and 2d). After day 2, the midlevels slowly
return to climatology with easterlies blowing through the region (see Figures S5i-S5k).

The low-level composites show onshore flow in our study region on all days (Figures 2e-2l); however, the
moist onshore flow strengthens on day 0 (Figures 2f and 2k). The 850 hPa vortices north and south of the
jet (centered at 20°N and 10°N, respectively) propagate across the region with the midlevel wave
(Figures 2e and 2j). As these features reach the coast, the southern vortex enhances the low-level onshore
flow (Figures 2f and 2k). Kinematic vertical moisture flux also increases at the coast as the strong low-level
onshore flow interacts with the topography and enhanced low-level convergence and cyclonic vorticity
ahead of the wave trough drive ascent (Figures 2f and 2k). On day 1 the low-level vortex (centered at
12.5°N) moves offshore with the midlevel wave (see Figure S7g). Despite the passage of the wave and its vor-
tex, the low-level onshore flow remains strong in the study region on day 1; however, the vertical moisture
flux weakens at the coast suggesting the significance of the wave's influence in driving the convection in
heavy precipitation events. Also, while the wave enhances the convective development at the coast, the
latent heat release from convection provides a major source of wave energy that leads to extra development
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Figure 3. Composites of WRF TOPO (a-d) midlevel (700-500 hPa) u-v wind vectors (m 5"1) and g (g kgq, shaded), (e-h) low-level (1000-850 hPa) u-v wind vectors
and g (g kg_1, shaded), and (i-1) 800 hPa u-v wind vectors and w - q (g kg_1 Pa 5_1, shaded) from day —2 to day 2. The black contour lines over land show the
topographic height in meters (250 m intervals). The reference vector is shown in the bottom right corner.

in AEWs [e.g., Holton, 1972; Nitta, 1972]. Enhanced AEW development can also be attributed to the topogra-
phically generated cyclogenic region in the lee of the mountains (with respect to the motion of the waves)
[Zehnder, 1991; Zehnder et al., 1999].

We measure the terrain’s influence on the low-level flow using the upslope (northeastward) wind (see
Figures S8 and S9). Before day 0 the winds in the upslope direction have two offshore maxima located
west (6°-10°N, 10°-20°W) and south (2°-6°N, 2°-6°W) of the Guinea Highlands (see Figures S8a-S8b). On
the maximum rainfall day, the maximum located west of the terrain shifts south to where the stronger
onshore flow is at an angle to the coastline (see Figure S8c). On day 0 the maximum winds in the upslope
direction is collocated with the maxima in the vertical moisture flux, midlevel moisture, and precipitation
(Figures 2c, 2k, and S8c).

5.3. Composites of Atmospheric Variables in WRF Sensitivity Studies

To explore the relevance of topographic enhancement of AEWs to the West African offshore rainfall max-
imum, we return to the WRF sensitivity simulations introduced in section 4. Due to the smaller dataset,
maximum rainfall days for the WRF simulations are defined as days experiencing at least 25% more rainfall
than the mean daily rainfall in the study region (see Figure S10) and composites are conducted between
3 days before and after the maximum rainfall day. Composites are based on 9, 11, and 10 maximum rain-
fall days in TOPO, HALF, and FLAT, respectively. The observations and model composite analyses are not
exact comparisons due to the difference in number of cases composited, but both composite analyses are
representative of the rainiest days in the region (at least 25% more rainfall than the mean daily rainfall).
Figures S11-520 in the supporting information show the full composites, and we show shortened versions
here in Figures 3 and 4.
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Figure 4. Same as Figure 3 but for FLAT simulation.

Similarly to the reanalyses, in TOPO a band of moister air (g=4-5gkg™") is located south of the AEJ and
above the ITCZ (Figures 3a and 3e). However, there is more curvature in the jet and preday 0, a midlevel ridge
is propagating toward the coast, and its associated 850 hPa anticyclone is located in the study region
(Figures 3a and 3i). As the midlevel ridge propagates away from the coast, the presence of a midlevel trough
and its associated 850 hPa cyclone enhances the low-level onshore flow, and vertical moisture flux strength-
ens (Figures 3b, 3¢, 3f, 3g, 3j, and 3k). The maximum in midlevel g is collocated with the maximum vertical
moisture flux (Figures 3¢ and 3k) over the modeled offshore precipitation maximum (Figure 1d), indicating
deep convection. After day 0, the convection and the wave propagate away from the coast into the
Atlantic similar to the reanalyses composites (Figures 3d and 2d). The finer resolution of the WRF model cap-
tures the enhanced vertical moisture flux over the terrain better than the reanalyses (Figures 3j and 3k and 2j
and 2k), coinciding with the strong upslope wind. However, the maximum in the moisture flux is always near
the coast near the offshore maximum in upslope wind suggesting the importance of frictional uplift at
the coastline.

The composites for HALF display similar patterns to both TOPO and the ERA composites but with a notably
weaker midlevel wave (see Figure S14). Weaker onslope winds and vertical moisture flux lead to less convec-
tive development at the coast (see Figures S14k-S140 and S17). This weakening trend continues in FLAT; a
weak midlevel wave propagates through the study region, but very little convective development is
observed at the coast (Figures 4a-4d). There is still strong low-level onshore flow (Figures 4e-4h), and
therefore strong moisture advection that is further enhanced on day 0 by the low-level cyclonic vorticity asso-
ciated with the wave (Figures 4g and 4k). The absence of the topography allows the onshore monsoon flow
to advance further inland, and the upslope wind is strong both over land and offshore. However, maximum
ascent is offshore, and there is very little indication of rising air over land at low levels (Figures 4i-4l). This
result indicates the role of the coastal topography in forcing ascent and creating favorable conditions for

HAMILTON ET AL.

WEST AFRICAN OFFSHORE RAINFALL MAXIMUM 1164



@AG U Geophysical Research Letters

10.1002/2016GL071170

Acknowledgments

This work was funded by the National
Science Foundation under grant
ATM-1322532. Thanks to the Research
Experience for Undergraduates

(REU) Program in Climate Science at
the Pennsylvania State University
Department of Meteorology (National
Science Foundation Award grant
AGS-1263225) for supporting Kelly
Nunez Ocasio’s participation in this
research. We are grateful to Charles
Pavloski and Chad Bahrmann for
their assistance with data manage-
ment. TRMM data are available at
http://mirador.gsfc.nasa.gov/cgi-bin/
mirador/presentNavigation.pl?
tree=project&project=TRMM. ERA-
Interim data are available at http://
apps.ecmwf.int/datasets/data/interim-
full-daily/levtype=pl/. The source code
for the WRF model is freely available
at http://www2.mmm.ucar.edu/wrf/
users/downloads.html.

mesoscale cyclogenesis onshore. This result is related to findings in Martin and Thorncroft [2015] where the
degraded simulation of AEWs propagating off the West African coast in phase 5 of the Coupled Model
Intercomparison Project models is related to the resolution of the Guinea Highlands. The representation of
topography is important for the simulation of convection over the Guinea Highlands and the reinvigoration
of AEWs as they propagate into the Atlantic [Daloz et al., 2012; Martin and Thorncroft, 2015].

6. Conclusions

Analyses of 16 years of 3-hourly rainfall data indicate that the persistent rainfall maximum offshore of West
Africa is closely related to AEWs and the enhancement of the low-level upslope flows near the Guinea
Highlands. Composites of observed daily rainfall and meridional winds centered on the maximum rainfall
days showed strong northerly winds, which supports the link between increased rainfall in the study region
and the low-level convergence zone ahead of an AEW (the northerly phase of the wave). Rain type compo-
sites showed that convective rain dominates throughout the region, while stratiform rain increases in inten-
sity indicating the presence of a deep mature convective system. Map composites of atmospheric variables
from ERA-Interim reanalyses and the WRF simulations also support the connection between peak rainfall
events and AEW activity in the study region. The AEW and its associated low-level cyclonic vortex enhance
low-level convergence and forced uplift due to both frictional convergence at the coastline and interaction
with topography creating suitably environmental conditions necessary for the development of intense
precipitating events.

The amplitude of the rainfall maximum is reduced as topography is diminished (HALF and FLAT simulations).
The elimination of the Guinea Highlands (FLAT) results in the absence of forced ascent in the coastal zone
adjacent to the rainfall maximum, whereas the Highlands (TOPO and HALF) enhance convection near the
coast. AEWs are often observed to experience extradevelopment over the Guinea Highlands. Consistent with
this result, weaker AEJ and AEWs are diagnosed in the FLAT sensitivity model run compared to the more
realistic TOPO run, thereby reducing the likelihood of both enhanced convective development of these
weaker AEW-MCS systems and cyclogenesis at the coast. Our results provide evidence of the mechanism that
enhanced topography at the coast-continent interface influences AEW and convective storm development.
Understanding of the mechanisms leading to convective storm development and the offshore rainfall
maximum can guide configuration of models to improve forecasts of the AEW-MCS systems that can become
tropical cyclone precursor disturbances.
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