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Abstract The results of two regional atmospheric model

simulations are compared to assess the influence of the

eastern tropical Atlantic sea-surface temperature maximum

on local precipitation, transient easterly waves and the

West African summer monsoon. Both model simulations

were initialized with reanalysis 2 data (US National Center

for Environmental Prediction and Department of Energy)

on 15 May 2006 and extended through 6 October 2006,

forced by synchronous reanalysis 2 lateral boundary con-

ditions introduced four times daily. One simulation uses

2006 reanalysis 2 sea-surface temperatures, also updated

four times daily, while the second simulation considers

ocean forcing absent the sea-surface temperature maxi-

mum, achieved here by subtracting 3�K at every ocean grid

point between 0� and 15�N during the entire simulation.

The simulation with 2006 sea-surface temperature forcing

produces a realistic distribution of June–September mean

precipitation and realistic westward propagating swaths of

maximum rainfall, based on validation against Tropical

Rainfall Measuring Mission (TRMM) estimates. The sim-

ulation without the sea-surface temperature maximum

produces only 57% of the control June–September total

precipitation over the eastern tropical Atlantic and about

83% of the Sahel precipitation. The simulation with war-

mer ocean temperatures generates generally stronger

circulation, which in turn enhances precipitation by

increasing moisture convergence. Some local precipitation

enhancement is also attributed to lower vertical thermal

stability above the warm water. The study shows that the

eastern tropical Atlantic sea-surface temperature maximum

enhances the strength of transient easterly waves and

broadens the spatial extent of associated precipitation.

However, large-scale circulation and its interaction with

the African continent, and not sea-surface temperatures,

control the timing and trajectories of the waves.

1 Introduction

The West African monsoon (WAM) rainy season is June–

September. Sea-surface temperature anomalies (SSTA)

demonstrably influence the interannual variability of the

WAM climate according to the combined observational

and modeling studies of Folland et al. (1986), Rowell

(2001, 2003) and the model study of Giannini et al. (2003).

Various mechanisms linking SSTA to precipitation anom-

alies in the Sahel have been proposed. For example, the

seasonal precipitation maximum over the eastern tropical

Atlantic and over West Africa is situated several hundred

kilometers south of the near-surface wind confluence

(Hastenrath and Polzin 2010). Gridded observational

analyses show that the wind confluence, in turn, relates to

the monsoon pressure trough, which reaches a more

northerly latitude during years with positive SSTA in the

North Atlantic roughly between 10�N and 20�N (Hasten-

rath and Polzin 2010). In general, major eastern Atlantic

inter-tropical convergence zone (ITCZ) summer rainfall is

confined to a band of SSTs greater than 300�K (Xie and

Carton 2004). Moreover, the position and strength of the

Atlantic ITCZ is sensitive to the strength of the cross-

equatorial SST gradient. Whether or not the sensitivity of

WAM seasonal rainfall to SSTA is manifest as impacts on
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individual transient synoptic (cyclonic) disturbances has

not been studied.

Time series of the recorded meridional wind (v) at 850,

700 or 600 mb in the WAM region show periodic vari-

ability caused by transient synoptic (cyclonic) distur-

bances, called African easterly waves (AEWs) with

wavelengths of 2,500–4,000 km, based on observational

data (Burpee 1972; Reed et al. 1977; Druyan et al. 1996).

For convenience, easterly waves traversing the eastern

tropical Atlantic are referred to in the current study as

AEWs. Xie and Carton (2004) suggest that AEWs act as a

dynamic trigger for eastern tropical Atlantic precipitation

in July, despite SST decreases of 1�K on average from

March to April. Studies show that AEWs can be detected

by Fourier spectral analysis of v time series, which reveals

spectral peaks at 3- to 6-day periods. Zones of maximum

spectral amplitude of v time series or of vorticity variance

indicate trajectories of AEWs. For example, Reed et al.

(1988) deduce AEW trajectories based on gridded data

from ECMWF analyses and forecasts projected on a 3� by

3� latitude–longitude grid by mapping the 700-mb vorticity

variance filtered for 2.9–4.0 and 2.9–4.7-day periods. Their

analysis is confined to August–September 1985 and show

northerly and southerly AEW tracks merging into one

along 19�N over the eastern North Atlantic Ocean. Druyan

et al. (2009) show the spatial distribution of spectral

amplitudes of 700-mb meridional winds (v7) for 3- to

6-day periods for a regional model (RM3) September 2006

simulation, which indicates two AEW trajectories, along

5�N at the Gulf of Guinea coast and along 15�N over the

eastern tropical Atlantic. Thorncroft and Hodges (2001)

track AEW vorticity maxima at 600 and 850 mb over West

Africa and the tropical Atlantic Ocean using 20 years of

ECMWF analyses with an equivalent horizontal grid of

2.8�. They detect AEW trajectories along 10�–13�N, but

their data refer to the entire summer. In any case, there is

considerable interannual variability in AEW tracks asso-

ciated with the WAM (Druyan et al. 2006; Thorncroft and

Hodges 2001). Some percentage of AEWs eventually

develops into tropical storms and some into Atlantic hur-

ricanes (Ross and Krishnamurti 2007; Hopsch et al. 2010).

Can observed, large departures of WAM summer tem-

perature and precipitation from climatological means be

explained in part as sea-surface temperature (SST) impacts

on AEWs? Storm tracks derived by Hopsch et al. (2007)

from ECMWF 40-year reanalysis data are centered near

11�N over the eastern tropical Atlantic. Their study does

not find a correlation between the interannual variability of

the number of storm tracks over the tropical Atlantic Ocean

and SST anomalies. Hopsch et al. (2010) contrast com-

posite observed SST distributions for developing and non-

developing cyclones in the eastern tropical Atlantic Ocean.

SST for developing systems are up to 1.8�C warmer

adjacent to the West African coast near 20�N, but this is

north of the area of usual cyclone development. Hopsch

et al. (2010) suggest, however, that the warmer SST may

favor cyclogenesis by influencing air that is converging

toward developing low centers. Woolings et al. (2010) find

that regional model simulations of extratropical Atlantic

cyclone storm tracks show some sensitivity to both the

spatial and temporal resolution of specified SST. At least

one study shows that the position of maximum convective

activity, associated with the ITCZ over the tropical Atlantic

Ocean, depends on SST gradients (Chiang et al. 2002).

Presumably, therefore, daily rainfall rates are sensitive to

SSTA. Warm water can destabilize the atmosphere,

enhance convective precipitation and promote upward

water vapor flux that feeds the developing cumulus, while

cold SSTA can inhibit moist convection. Given the

importance of moist convection to a tropical storm’s

energy budget, what impact do SSTA have on a developing

or intensifying AEW over the eastern tropical Atlantic?

Are these impacts manifest as changes in the spectral sig-

natures of v7 time series along AEW trajectories? Are the

wave intensities or periodicities sensitive to SSTA?

Thorncroft et al. (2007) discuss the trajectories of AEWs

and intraseasonal variability of the WAM during June–

September 2006, coinciding with the AMMA (African

Monsoon Multidisciplinary Analysis) special observing

periods, and also the time frame of the current study. Based

on the analyzed 700-mb curvature vorticity (averaged

between 5� and 15�N), they find that in July 2006, most

AEWs form near 0� longitude, while in August they are

initiated further east, between 10� and 20�E. Moreover,

from the end of August and into September, AEWs become

more coherent, with stronger amplitudes over most of

tropical North Africa. Interestingly, several AEWs also

appear to start further east, between 20� and 30�E, at this

time. AEWs can serve as the seeds for tropical cyclones.

Thorncroft et al. (2007) note that all seven of the 2006

AEWs that become named tropical cyclones are initiated

east of Niamey (13�N, 2�E) and six of these occur after the

middle of August.

Recent regional atmospheric model experiments of the

September 2006 climate (Druyan et al. 2009) show that

convective precipitation over the southeastern North

Atlantic between 5�and 8�N is sensitive to the vertical

thermal instability above the warmest SSTs. In Druyan

et al. (2009), however, large-scale upward vertical motion

north of 9�N is associated more with transient cyclonic

disturbances, contributing to rainfall occurring north of the

mean ITCZ. In that study, cumulus heating rate peaks

within a tropical depression rain shield are reduced by

about 30% by prescribing -3�K SSTA between 0� and

15�N. They are also marginally enhanced by warm SSTA.

The present study investigates the influence of the tropical

40 L. M. Druyan, M. Fulakeza

123



Atlantic SST maximum on the WAM and adjacent Atlantic

summer climate and on AEWs.

2 Experiment design

Druyan et al. (2006, 2008) describe the regional climate

model (3rd generation version) used in this study (hereafter

RM3). The model is integrated on a horizontal grid with

0.5� latitude/longitude spacing at 28 vertical sigma levels.

Ground temperatures are simulated internally using the

land surface (LS) process model developed for the GISS

GCM (Rosenzweig and Abramopoulos 1997; Hansen et al.

2002). The LS model consists of two integrated parts, the

soil and the canopy, and it conserves water and heat while

simulating their vertical fluxes. The RM3 modeled soil is

divided into six layers to a depth of 3.5 m, and the model

distinguishes between five textures of soil. The canopy,

modeled as a separate layer located above the soil, is

responsible for the interception of precipitation, evapora-

tion of accumulated water and removal of soil water

through transpiration. Ocean temperatures are specified

boundary data that are updated daily. The Del Genio and

Yao (1993)moist convection parameterization and the Del

Genio et al. (1996) scheme for the effects of cloud liquid

water are also incorporated into the RM3. The cloud liquid

water scheme allows for life cycle effects in stratiform

clouds and permits cloud optical properties to be deter-

mined interactively.

The domain for simulations is 20�S–35�N, 50�W–

20�E, which represents a westward shift of 15� relative to

the domain used by Druyan et al. (2009), but the 0.5� grid

spacing is retained. The shift creates a domain better

suited for studies over the Atlantic. Two simulation

experiments are conducted to evaluate the sensitivity of

WAM and eastern tropical Atlantic climate to the SST

maximum in the eastern tropical Atlantic Ocean. Both are

driven with atmospheric data from the US National

Center for Environmental Prediction and Department of

Energy reanalysis 2 (NCPR2) (Kanamitsu et al. 2002) for

15 May–6 October 2006, but most results focus on June–

September (JJAS). NCPR2 data are archived on grids

with 2.5� latitude/longitude spacing and applied syn-

chronously four times per day at the lateral boundaries of

the RM3 domain. The downscaling of NCPR2 reanalysis

to the RM3 0.5� grid allows more spatial detail of

meteorological variables and land surface conditions to be

considered in the integration of simulations and the pre-

sentation of results. The May part of the simulations

serves as a spin-up. To compute spectra, simulated time

series are required to extend to 6 October. The basic RM3

simulation, hereafter RM3c, is forced with compatible

NCPR2 SST for 2006.

In the second simulation, SSTs are altered to eliminate

the tropical SST maximum east of 50�W. A constant 3.0�K

is subtracted from the NCPR2 2006 SST values at every

time step, between the equator and 15�N, which is the

swath of maximum SST in the eastern tropical North

Atlantic Ocean. This configuration is only one of different

possible SST specifications that eliminate the maximum,

but it was the one used by Druyan et al. (2009). A 3.0�K

anomaly of the monthly mean SST over broad tropical

ocean areas is, however, at the high end of naturally

occurring events. Note that the SSTA are imposed under

the main storm track of the tropical Atlantic (Hopsch et al.

2007). The cold SSTA simulation experiment is hereafter

referred to as RM3ca. Figure 1 shows SST distributions for

JJAS 2006 and for RM3cA. Imposing uniform -3�K

anomalies creates unrealistically sharp SST gradients at the

equator and at 15�N. The alternative of imposing a more

complex pattern with vanishing SST gradients was not

selected. The gradients in the chosen configuration did not

cause any unrealistic meteorological repercussions to the

simulation.

Fig. 1 Sea-surface temperature

distributions for JJAS: a 2006;

b RM3ca experiment
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3 SST impacts on seasonal and daily precipitation

3.1 Simulation of the JJAS 2006 precipitation

distribution

Figure 2 shows a map of West Africa that identifies some

of the geographical features referred to in the discussion

below. Figure 3a shows the TRMM (Tropical Rainfall

Measuring Mission) accumulations for JJAS 2006. The

RM3 precipitation simulation using observed JJAS 2006

SST boundary conditions (RM3c) is shown in Fig. 3b.

Adverse lateral boundary effects distort the simulated

precipitation pattern within the westernmost 3� of longi-

tude and easternmost 10�. Otherwise, favorable features

include the axis of maximum accumulations aligned real-

istically along 7�N over the Atlantic and along 11�N over

West Africa. The orographic maxima along the coast near

the Guinea Highlands and over the Cameroon Highlands

are quite realistic. Within the Atlantic ITCZ, RM3 maxi-

mum values match TRMM maxima fairly well, but accu-

mulations are about 25% higher than TRMM over broad

areas of West Africa. The modeled precipitation gradient

on the north side of the Atlantic ITCZ is reasonable, but the

gradient on the south side of the ITCZ is too diffuse, with

too much rain simulated over the equator. RM3 precipita-

tion is also too generous over the southwestern corner of

the figure.

3.2 Impact of SST maximum on JJAS 2006

precipitation

Figure 3c shows RM3c minus RM3ca JJAS 2006 precipi-

tation differences, representing the impact of the Atlantic

SST maximum. See also Table 1. As expected, the largest

impacts are over the warmest Atlantic water, centered

along 6�–8�N, roughly the latitude of the ITCZ. For

example, within the area bounded by 6–8�N, 25–35�W,

RM3c total seasonal accumulations are about 594 mm

(74%) higher than for RM3ca. SST impacts on the accu-

mulated precipitation also extend beyond the equator into

the southern hemisphere. Are parallel differences observed

in nature? Consider the comparison between JJAS 2009

and 2010, shown in Fig. 4. The average SST over the area

0–10�N, 20–40�W is 1.0�K warmer in JJAS 2010 (based on

NCPR2), and TRMM observations of the JJAS 2010

accumulated precipitation in the area 6–8�N, 25–35�W are

about 35% higher than for JJAS 2009 (1,631 vs.

Fig. 2 Map of geographic features discussed in the text

Fig. 3 a JJAS 2006 accumulated TRMM precipitation (mm) (cour-

tesy, interactive online visualization and analysis infrastructure,

NASA Goddard Earth Sciences, Data and Information Services

Center), b JJAS 2006 accumulated RM3c precipitation (mm), c RM3c

minus RM3ca accumulated precipitation (mm)

Table 1 JJAS total accumulated precipitation, evaporation and

P - E for 6�–8�N, 25�–35�W for two simulations, and impacts of the

cold anomaly experiment

Simulation Total

precipitation (mm)

Total

evaporation (mm)

P - E (mm)

RM3c 1,392 422 970

RM3cA 798 381 417

Impact -594 -41 -553
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1,205 mm). From this perspective, the simulation results

are reasonable.

The mean JJAS precipitation minus evaporation (P - E)

is a good estimate of the seasonal net moisture conver-

gence. Small P - E implies that the net moisture conver-

gence into an area is near zero, while large P - E implies

that the moisture for the precipitation excess is imported

from elsewhere. Figure 5a shows P - E for RM3c and

Fig. 5b for RM3ca. Maxima in the implied moisture con-

vergence occur over the coast near the Guinea Highlands,

over the Cameroon Highlands and within the mean position

of the Atlantic ITCZ. AMMA Land-surface Model Inter-

comparison Project (ALMIP) estimates of P - E for

2003–2005 (Druyan et al. 2010) also show local maxima

over the coast near the Guinea Highlands and the Camer-

oon Highlands. P - E maxima account for about 70% of

the RM3c seasonal rainfall (Table 1). Northward moisture

advection (not shown) is strongest over the Atlantic

between 5�S and 5�N, weakening northward toward the

mean Atlantic ITCZ and West Africa, which experience

maximum moisture convergence.

Table 1 shows that the RM3c excess in precipitation

over the tropical Atlantic relative to RM3ca is consistent

with a more than doubling of the moisture convergence

(P - E). On the other hand, total evaporation increases by

only about 10%. Indeed, mass convergence at 925 mb for

RM3c within the Atlantic ITCZ is about 33% higher than

for RM3ca (not shown).

RM3c excesses in seasonal precipitation over West

Africa range between 100 and 300 mm, or about 10–20%

of the total, and these impacts are also accounted for by

P - E, the proxy for moisture convergence. RM3c and

RM3ca experience approximately the same JJAS evapo-

ration over West Africa. The smallest positive RM3c

impacts and a swath of negative impacts are situated along

the coast near the Guinea Highlands within the zone of

onshore monsoon circulation. Despite warmer SST, RM3c

precipitation is diminished along the windward side of the

Guinea Highlands, related perhaps to a less efficient oro-

graphic lift and less efficient coastal convergence of the

onshore circulation. Indeed, RM3ca P - E is about 10%

higher in this location. Time-dependent variations of

impact are studied in the next section using Hovmöller

distributions of daily rainfall.

3.3 Time–longitude variability of JJAS 2006

precipitation

Hovmöller time–longitude representations conveniently

monitor the westward propagation of precipitation maxima

associated with AEWs. Figure 6a, b compares the TRMM

and RM3c daily precipitation, averaged over 5�–15�N, for

each day of JJAS 2006. While some swaths begin as far

east as 10�E, other swaths are initiated closer to 10�W.

Thorncroft et al. (2007) made a similar observation

regarding 2006 AEWs based on time–longitude diagrams

of AEW curvature vorticity. Note that the simulated pre-

cipitation maxima in Fig. 6b matches the time and location

of most TRMM observed maxima (Fig. 6a), although

Fig. 4 JJAS sea-surface temperature contours (�K) based on NCEP

reanalysis 2 (courtesy NOAA/Earth System Research Laboratory/

Physical Science Division) superimposed over TRMM JJAS precip-

itation accumulations (mm, shaded) (courtesy NASA GES DISC).

a 2009, b 2010

Fig. 5 JJAS precipitation minus evaporation (mm): a RM3c;

b RM3ca
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TRMM maximums are consistently higher. In addition, the

RM3 simulates less extensive areas/events of precipitation

under 3 mm.

Statistics comparing model versus TRMM data in

Fig. 6a, b are given in Table 2 for monthly sections: June,

July, August and September. Time–space correlations

range from 0.70 to 0.86, while the correlation over the

entire period is 0.77, all statistically significant at the 99%

confidence level. July shows the lowest correlation and the

most extreme bias. The standard deviation of model sim-

ulated precipitation is lower than for TRMM in every

month, reaching only 65–71% of TRMM values. This

means that model maxima are consistently underestimated

relative to TRMM, while very low values are not generated

often enough, as can be seen by comparing Fig. 6a, b.

Figure 6c shows the same Hovmöller time–longitude

distribution for the RM3ca experiment and Fig. 6d shows

the time versus longitude distribution of precipitation dif-

ferences, RM3c minus RM3ca. The alternative SST spec-

ifications do not alter the timing of the westward moving

precipitation maxima, implying no SSTA impact on the

movement of AEWs. Warmer SSTs enhance many pre-

cipitation maxima, even though they decrease the rainfall

of at least two precipitation systems, most notably on 3rd

August. The largest impacts are west of 15�W, which

means that they occur over the eastern tropical Atlantic

Ocean. Despite SST differences in the Gulf of Guinea, the

most prominent impacts on daily rainfall rates over West

Africa are RM3c increases of about 5 mm day-1 at 5�E–

5�W on 18–20 July.

Figure 7 shows the section covering the interval 16

August–16 September from the same Hovmöller diagrams

as in Fig. 6. It affords a more detailed look at one of the

more active periods of the 2006 summer. The RM3c sim-

ulation represents all observed precipitation swaths,

although modeled amounts have a smaller range than

Fig. 6 Time–longitude distributions of daily precipitation (mm) averaged over 5�–15�N for JJAS 2006: a TRMM (courtesy, NASA GES DISC),

b RM3c, c RM3ca, d RM3c minus RM3ca

Table 2 Statistics comparing RM3c time–longitude Hovmöller daily

precipitation distributions with corresponding TRMM data, daily 1

June–30 September 2006

Month/statistic Corr.

coeff.

RM3

bias (mm)

RM3

std. dev.

TRMM

std. dev.

June 0.86 ?0.7 3.5 5.1

July 0.70 ?1.6 4.4 6.4

August 0.76 -0.3 5.0 7.7

September 0.81 -0.6 4.5 6.3

Longitude range is 30�W–10�E and data are averaged over 5�–15�N.

All correlations are statistically significant at the 99% confidence

level
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TRMM. The diagonal swaths of precipitation suggest a

westward movement ranging between 3� and 10� longitude

per day. Note that the movement of precipitation maxima

may not always indicate the propagation speeds of their

associated AEWs, since squall lines can move through the

waves or otherwise change quadrants. A transient wave,

traversing 8–30�W during 10–14 September, includes a

precipitation maximum exceeding 40 mm on 12 Septem-

ber, which is simulated by RM3c quite realistically. This

event is associated with the development of Tropical Storm

Helene. Thorncroft et al. (2007) show a similar pattern of

propagating AEWs during JJAS 2006, based on the time–

longitude plot of 700 mb curvature vorticity.

The 16 August–16 September Hovmoller segment for

experiment RM3ca (Fig. 7c) indicates that the cooler SST

generally weaken precipitation maxima, shortening or even

eliminating westward propagating systems. The largest

impacts occur after the systems traverse the African

coastline and move out over the adjacent tropical Atlantic

Ocean, but weakened maxima are also discernable at lon-

gitudes corresponding to West Africa. The best example of

how the presence of the eastern tropical Atlantic SST

maximum enhances AEW-related precipitation is the swath

through 28�W on 10 September. Warmer SSTs consider-

ably strengthen in situ precipitation associated with this

transient AEW.

RM3c minus RM3ca differences in precipitation on

any single day cannot be attributed to the contrasting SST

forcing with any confidence because of random variability

inherent in the computations of convective rainfall.

Rather, consistent RM3c enhancement of precipitation

swaths throughout JJAS, relative to RM3ca, as shown in

Fig. 6, is more reliable evidence of the SST influence.

However, it is interesting to see an example of the spatial

distribution of precipitation differences associated with

AEWs. Figure 8 shows rainfall associated with two

AEWs on 10 September 2006. Figure 8a shows the

TRMM estimates and Fig. 8b shows the RM3c simulated

precipitation for the same day. RM3c represents the major

features observed by TRMM, including maxima associ-

ated with AEWs near 8 and 28�W. Figure 8c shows the

precipitation distribution for the RM3ca simulation and

Fig. 8d shows the RM3c minus RM3ca precipitation dif-

ferences. The main RM3c minus RM3ca difference is

higher precipitation over the northern third of the Atlantic

disturbance by up to 20 mm. RM3c also produces lower

orographic precipitation by 10–15 mm along the imme-

diate coast near the Guinea Highlands and higher accu-

mulations over the continent, consistent with the seasonal

impacts noted above in reference to Fig. 3. Note that the

core precipitation associated with the 8�W disturbance is

similar for both simulations.

Fig. 7 Time–longitude

distributions of daily

precipitation (mm) averaged

over 5�–15�N, for 16 August–16

September 2006: a TRMM

(courtesy, NASA GES DISC),

b RM3c, c RM3ca
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3.4 Time–latitude variability of JJAS 2006

precipitation

The TRMM time–latitude Hovmoller distribution of daily

precipitation rates, averaged over 40–20�W (Fig. 9a),

shows that the ITCZ is composed of discreet precipitation

events separated with partial or complete breaks. Precipi-

tation maxima appear to move northward with time, cre-

ating diagonal swaths. The RM3c simulation (Fig. 9b)

recreates many of those swaths, although the simulated

breaks are not as sharp as the observed. Moreover, the

model simulates light rain between 0 and 3�N during most

of the summer, even though TRMM evidence suggests that

this low latitude precipitation wanes toward the end of

June. The northward course of precipitation maxima is

apparently characteristic of tropical Atlantic systems, since

the time–latitude precipitation distributions over West

Africa show little or no time displacements of individual

swaths in the meridional plane (see following discussion of

Fig. 10). The timing and location of most TRMM and

RM3c maxima match quite well. The starting point of the

swaths is close to the equator in early June, while they start

farther and farther northward as the season progresses, until

the beginning of September. The same systems also prop-

agate westward on time–longitude Hovmöller distributions

(Fig. 6), so the total movement is toward the northwest. In

late August, swaths begin at about 5�N and ultimately

reach about 18�N. RM3c simulates generally higher pre-

cipitation rates than RM3ca (Fig. 9c) within the ITCZ,

mostly between 0 and 10�N, although positive impacts

occasionally extend to 15�N (Fig. 9d). Figure 9d also

shows a prominent band of precipitation reduction near

6�N at the end of July into the beginning of August, and

several events of slight precipitation reduction during

August and September between 12� and 18�N. Druyan

et al. (2009) reported less precipitation between 9� and

15�N in an RM3 simulation with September 2006 SST

compared to results forced by -3�K SSTA.

The time–latitude distributions of daily precipitation

averaged between 0� and 12�W (Fig. 10) show a gradual

monsoon onset and gradual retreat. The 5�N latitude

divides this domain between the Gulf of Guinea to the

south and continental West Africa to the north. Nearly

horizontal swaths of heavy precipitation indicate that

individual precipitation maxima do not propagate north-

ward or southward with time. RM3c produces a mixture of

reductions and enhancements of daily precipitation relative

to RM3ca, plotted in Fig. 10c. As over the tropical

Atlantic, different SST forcing hardly changes the timing

and location of precipitation events and, moreover, there is

no detectable SST impact on the monsoon onset or retreat

(see also Fig. 11). A distinct precipitation reduction,

despite the warmer SST forcing, occurs between 0� and

6�N, along and south of the Gulf of Guinea coastline. The

most prominent of these decreases occurs during June and

September, when the rain band is centered near the coast,

although some decreases are detected at 5�N even in July–

August. Enhancement during July reaches as far north as

18�N. The predominant enhancement of precipitation is

consistent with higher RM3c evaporation from the Gulf of

Guinea and stronger moisture convergence, as discussed

above.

The northward advance of precipitation from the Gulf of

Guinea coast to the Sahel in early summer is often termed

the ‘‘onset’’ of monsoon rains over West Africa. Sultan and

Janicot (2000) and Hagos and Cook (2007) suggest that a

working definition of onset is the day on which the running

mean of precipitation at 10�N first exceeds the running

mean at 5�N. Figure 11 graphs 9-day running means of

daily precipitation averaged over 0�–12�W (western Sahel)

along 5�N and along 10�N for TRMM (Fig. 11a), RM3c

(Fig. 11b) and RM3ca (Fig. 11c). Figure 11d shows the

RM3c minus RM3ca impacts at those latitudes. Compari-

son of Fig. 11a, b shows that RM3c running means of daily

precipitation are correlated with corresponding TRMM

time variability: r = 0.93 at 5�N, but only r = 0.31 at

Fig. 8 Precipitation accumulations on 10 September 2006: a TRMM

(courtesy, NASA GES DISC), b RM3c, c RM3ca, d RM3c minus

RM3ca. Units: mm
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Fig. 9 Time–latitude distributions of daily precipitation (mm) averaged over 20�–40�W: a TRMM (courtesy, NASA GES DISC), b RM3c,

c RM3ca, d RM3ca minus RM3c (contour shows differences [ ?4 mm)

Fig. 10 Time–latitude

distributions of daily

precipitation (mm) averaged

over 0�–12�W: a RM3c,

b RM3ca, c RM3ca minus

RM3c (contour shows

differences [ ?4 mm)
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10�N, where modeled values are consistently higher

between 30 June–13 September. However, both correla-

tions are statistically significant at the 99% confidence

level. Onset based on TRMM data occurs on 28 June, for

RM3c on 22 June and for RM3ca on 23 June. Figure 11d

shows that RM3c reduces precipitation at 5�N during parts

of June, early July and September. However, RM3c sim-

ulates consistently more precipitation than RM3ca at 10�N

during July–September. Most importantly, the inclusion of

the eastern tropical Atlantic SST maximum hardly changes

the monsoon onset date.

The time–latitude distribution of RM3c daily precipita-

tion averaged between 12� and 20�W (Fig. 12a) depicts

higher precipitation rates than between 0� and 12�W. Note

that this longitudinal interval includes the Atlantic

coastline of Africa. The center of the rain band moves from

about 6�N in June to about 8�N in July and individual

swaths do not show northward movement as over the open

ocean. Neither the timing of main precipitation events nor

the onset and retreat seem to have been affected by the

different SST specifications (compare Fig. 12a, b). The

largest and most sustained positive impacts of the warmer

SST on simulated daily precipitation (Fig. 12c) are

between 0� and 5�N, which is the southern edge of the rain

band. Within the rain band, positive impacts are interdis-

persed with occasional reductions. Large reductions forced

by the inclusion of the eastern tropical Atlantic SST

maximum occur within the center of the rain band in mid-

July, for three events in August and during much of Sep-

tember. Figures 3c and 8d suggest that these reductions are

somehow related to orographic precipitation along the

coast near the Guinea Highlands.

3.5 Impacts on precipitation spectra

Organization of precipitation maxima by transient distur-

bances, such as AEWs, can create periodicities in precip-

itation that are detected by fast Fourier spectral analysis of

precipitation time series at selected locations. Druyan et al.

(2006) show a strong spectral peak with approximately

5-day period for an RM3 simulated time series of daily

precipitation during JJAS 2002 over West Africa. Fig-

ure 13a shows the power spectrum of RM3c time series of

daily precipitation during JJAS 2006 at 10�N, 25�W (over

the Atlantic). Since precipitation sampling is daily, periods

shorter than 2 days are not resolved and that part of the

spectrum is ignored. The RM3c spectrum includes a sta-

tistically significant peak at the 2.5-day period, and a

weaker, non-significant peak at 4.0 days. Since 2.5 days is

so close to the shortest resolvable period, the 2.5-day peak

may be an artifact of aliasing and not physically relevant.

The 4.0-day peak, however, may be related to AEWs,

which show peak periodicities within the 3- to 6-day range

based on spectral analysis of meridional wind time series

(discussed below). Figure 13b shows the spectrum for the

corresponding precipitation data simulated by RM3ca. The

2.5-day peak is about half the amplitude of the original for

the RM3ca experiment, but the 4.0-day peak is only

slightly diminished. Interestingly, reductions in time vari-

ability reduce the threshold for significance, so that the 4.0-

day and the 8.0-day peaks for this simulation are statisti-

cally significant at the 95% confidence level. The impli-

cation is that precipitation time variability caused by

AEWs stands out better against the general variability in

the more stably stratified regime. In contrast, the near-

equator SST maximum induces more frequent and more

copious moist convection that masks the significance of

transient disturbances. Over West Africa, precipitation

Fig. 11 Nine-day running means of simulated precipitation along

5�N and 10�N, averaged over 0�–12�W for a RM3c; b RM3ca and

c RM3ca minus RM3c impacts
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power spectra are similar for the two experiments (not

shown). Moreover, the large time variability of precipita-

tion over land produces time series with no statistically

significant peaks in the 3–5 days range in either simulation.

4 SST impacts on thermal vertical stability

Upward motion of air is forced by near-surface conver-

gence even in stable thermal stratification, but warm SST

enhances convection. The SST maximum in the eastern

tropical Atlantic also creates the near-equatorial sea-level

pressure trough (Hastenrath and Polzin 2010), which in

turn promotes convergence and forced upward motion. The

temperature of the ocean surface affects the thermal sta-

bility of the lower troposphere since warm SSTs destabilize

the air column by elevating surface air temperatures and

cold SSTs have the opposite effect. Figure 14 shows the

JJAS average temperature differences between 2 m and

850 mb over the tropical Atlantic for the two simulation

experiments. These lapse rates are highly variable in time

and follow a pronounced diurnal cycle over land, related to

the rapid response of land temperatures to incoming solar

radiation, with smaller diurnal variability over the ocean.

The axis of maximum lapse rate along 5�N over the eastern

tropical Atlantic approximately coincides with the latitude

Fig. 12 Time–latitude

distributions of daily

precipitation (mm) averaged

over 12�–20�W: a RM3c,

b RM3ca, c RM3c minus

RM3ca (contour shows

differences [ ?4 mm)

Fig. 13 Spectra of daily precipitation time series during JJAS 2006 at

10�N, 25�W: a for RM3c, b for RM3cA. The threshold for 95%

confidence of statistical significance is shown and the periods of

significant peaks are labeled
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of maximum convective precipitation within the ITCZ.

RM3c features maximum lapse rates of about 13�K, while

the RM3ca maximum lapse rate is about 2�K lower due to

the prescribed negative SSTA. The dry adiabatic tem-

perature lapse rate between the ocean surface and 850 mb

is about 14.5�K and the saturation moist adiabatic lapse

rate is about 8�K, so the range of 11–13�K represents a

conditionally unstable atmosphere. The larger mean lapse

rates of the RM3c simulation create greater buoyant lift

for saturated updrafts, and are therefore consistent with

larger seasonal precipitation accumulations. However, the

relative influences of temperature lapse rates versus

moisture convergence are not assessed. Lapse rates over

West Africa are approximately the same for both

experiments.

5 SST impacts on circulation

Time series of 700-mb meridional wind (v7) for the RM3c

and RM3ca experiments, respectively, are compared at

16�N, 15�W and 18�N, 25�W (not shown). Amplitudes of

v7 oscillations in RM3c, which includes the eastern tropical

Atlantic SST maximum, are greater than for RM3ca, but

otherwise the alternative SST forcing does not result in

different circulation characteristics. For example, co-loca-

ted JJAS time series of 49 daily v7 from RM3c versus

RM3ca at these locations have r = 0.99 correlations.

However, the standard deviations of the time series are

larger for the warmer SST forcing, 3.3 ms-1 compared

with 2.8 ms-1 at 16�N, 15�W, and 3.5 ms-1 compared

with 2.9 ms-1 at 18�N, 25�W. Consequently, AEW vor-

ticity maxima traverse the same trajectories with the same

timing in the two simulations, albeit at different strengths.

In addition, spectra and wavelets show identical periodic-

ities and timing of waves, just higher amplitudes for RM3c.

Figure 15 shows Hovmöller time–longitude distribu-

tions of four times daily calculations of the 700-mb relative

vorticity during JJAS due to zonal gradients of the

meridional wind, f = dv/dx. Thorncroft et al. (2007) rep-

resented AEW trajectories by a time–longitude plot of

700-mb curvature vorticity. Here, values of f are averaged

over 10�–15�N, which is the approximate swath of cyclonic

AEWs in this region during JJAS. The second term of

relative vorticity, -du/dy, is strongly positive due to the

mean circulation of strengthening easterlies from south to

north, so f = dv/dx alone conveniently monitors the

strength of transient AEWs at 700 mb. In Fig. 15, white

swaths represent the strongest vorticity, therefore the most

intense cyclonic disturbances, while pale gray swaths are

weakly cyclonic. Swaths of negative f represent the anti-

cyclonic ridges separating AEWs. The diagonal orientation

of vorticity swaths indicates westward propagation. Hov-

möller distributions of f are shown for the RM3c (Fig. 15a)

and RM3ca (Fig. 15b) simulations. The vorticity signature

for RM3c (Fig. 15a) shows cyclonic disturbances with the

same timing and location as RM3ca, but there are several

examples of longer trajectories of vorticity maxima and

higher intensity. Parallel Hovmöller distributions of

divergence in the lower troposphere show corresponding

Fig. 14 JJAS mean temperatures at 2 m minus temperatures at 850

mb for a RM3c, b RM3cA, �K

Fig. 15 Time–longitude distribution of four times daily zonal

gradient of 700 mb meridional wind, representing relative vorticity,

averaged over 10�–15�N. a RM3c, b RM3ca. Units: 910-6 s-1. The

contours for 10 9 10-6 and 20 9 10-6 s-1 are shown
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westward propagating, alternating convergence and diver-

gence swaths, which are stronger for RM3c. Thus, the

timing and location of AEW trajectories forced by the

common lateral boundary conditions are the same in both

experiments, while warmer SST forcing favors more

intense AEWs.

Power spectra of JJAS time series of 49 daily v7 are

computed at each grid point of the model domain. Fig-

ure 16a shows the spatial distribution of the average

spectral amplitude between 3- and 6-day periods for

RM3c v7 spectra over the domain. Maximum amplitudes

are centered along 16�–17�N, ranging westward from

West Africa to the eastern tropical Atlantic Ocean. A

second maximum extends from 35�E to the Gulf of

Guinea coast along 5�N. Each maximum implies either

frequent AEW activity and/or the traversal of high

amplitude AEWs, so the maxima represent storm tracks.

Figure 16b–d show RM3c v7 spectra for three grid ele-

ments within the implied storm tracks. The most promi-

nent (and statistically significant) spectral peak at both

18�N, 25�W and 16�N, 15�W is at 4.4 days, representa-

tive of typical periods of AEWs (Druyan et al. 1996). In

addition, a statistically significant spectral peak is featured

at 6.1 days. Diedhiou et al. (1999) find that 6- to 9-day

period waves in NCEP and ECMWF reanalysis data are

strongest over West Africa north of 20�N. At 5�N, 5�W,

three spectral peaks are evident between 3 and 4 days, but

amplitudes are lower than over 16�–18�N. The spatial

distribution of spectral amplitude between 3- and 6-day

periods, created for v7 spectra from the RM3ca experi-

ment, is the same as in the RM3c case (not shown), but

the maximum amplitude is 10–15% lower. Figure 16e

shows the v7 spectra at 16�N, 15�W for RM3ca (compare

to Fig. 16c). Significant spectral peaks occur at the same

periods as for RM3c, but amplitudes are about 15%

lower.

Wavelets for the v7 time series at 16�N, 15�W and

18�N, 25�W (not shown) indicate strong and significant

maxima at 4- to 5-day periods during mid-July and the

second half of August. A third maximum occurs between

3- and 4-day periods toward the middle of September,

corresponding to the traversal of the pre-Helene storm.

Differences between the wavelets at 15�W and 25�W

reflect the evolving pattern due to wave development or

weakening. For example, two significant maxima detected

at 16�N, 15�W (late June and early August, respectively)

do not survive as significant amplitudes reaching 25�W, but

both late summer systems intensify. Wavelets based on v7

data from RM3c show significant maxima with identical

timing and periodicity as results from RM3ca v7, except

that maximum amplitudes are increased by 10–35%, con-

sistent with the wind speed and spectral amplitude ampli-

fications mentioned above.

6 Discussion and conclusions

Two RM3 simulations over West Africa and the adjacent

tropical Atlantic are forced with NCPR2 boundary condi-

tions, 15 May–6 October 2006, in essence downscaling

NCPR2 to a 0.5� grid. Dynamic downscaling is especially

helpful in this region where precipitation events are asso-

ciated with African easterly waves (AEWs) and squall

lines. The first (‘‘basic’’) simulation uses NCPR2 2006

SST, while the second assesses the consequences of elim-

inating the eastern tropical Atlantic SST maximum by

subtracting 3�K from all SST between 0 and 15�N

throughout the simulation. The basic simulation reproduces

the major JJAS 2006 mean precipitation features, as esti-

mated by TRMM, over the eastern tropical Atlantic and

the Guinean and Cameroon Highlands, although RM3

Fig. 16 a Spatial distribution of average spectral amplitude between

3- and 6-day periods, of RM3c v7 JJAS time series, b power spectrum

of RM3c v7 JJAS time series at 18�N, 25�W, c power spectrum of

RM3c v7 JJAS time series at 16�N, 15�W, d power spectrum of RM3c

v7 JJAS time series at 5�N, 5�W, e power spectrum of RM3ca v7
JJAS time series at 16�N, 15�W
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accumulations over West Africa are otherwise about 25%

higher than TRMM. Estimated JJAS moisture convergence

above a representative maritime sampling region is 133%

higher as a consequence of the tropical Atlantic SST

maximum, which also enhances local rainfall by decreasing

vertical thermal stability. JJAS rainfall is increased by 74%

over the sampled ocean area owing to the warm SST. An

example from observational data sets comparing two dif-

ferent seasons shows that the season with 1.0�K higher SST

under the eastern Atlantic ITCZ experiences 35% more

JJAS precipitation.

The basic simulation generates realistic time–longitude

swaths of precipitation maxima associated with westward

propagating AEWs. Forcing with a realistic SST maximum

is shown to generally increase the maximum precipitation

rates of these swaths over the ocean, some of which are

even eliminated by the cold SST specification. However,

timing and position of tracks are never altered by the

alternate SST boundary conditions. In the example of the

eastern tropical Atlantic storm on 10th September, results

with the cold SSTs included a considerably truncated

precipitation shield. Precipitation differences between the

two simulations are less dramatic over West Africa.

Time–latitude distributions of daily rainfall over the

tropical Atlantic imply northwesterly movement of pre-

cipitation maxima throughout the summer. The eastern

tropical Atlantic SST maximum accounts for precipitation

enhancements mostly between 0� and 10�N, with occa-

sional positive impacts farther north. Several episodes of

precipitation decreases, despite warmer SSTs, are also

featured.

The onset of monsoon rains over West Africa is com-

puted here as the earliest date on which 9-day running

means of precipitation at 10�N first exceed the corre-

sponding value at 5�N. The onset simulated with realistic

forcing occurs about 6 days earlier than according to

TRMM estimates using this definition, because TRMM and

model time series over 10�N are only loosely correlated.

Simulation results show that alternate SSTs in the eastern

tropical Atlantic and Gulf of Guinea change the onset date

by only 1 day. The warm SSTs occasionally reduce rainfall

along the West African coast near 5�N during the course of

the summer, but increase daily rates at 10�N during much

of July–August.

Simulated time series of rainfall over the eastern tropical

Atlantic show a peak periodicity near 4 days, reflecting the

organization of maxima by AEWs. The 4-day peak is not

statistically significant based on 2006 SST forcing, but that

simulation does produce a statistically significant period-

icity at 2.5 days. Removing the eastern tropical Atlantic

SST maximum lowers the threshold for statistical signifi-

cance by decreasing time variability of precipitation. For

example, the standard deviation of the precipitation time

series at 10�N, 25�W is reduced by 34%. While the warm

SSTs double the 2.5 days spectral peak, they have little

effect on the amplitude of the 4-day peak, which is sta-

tistically significant only for the cold SST forcing. Results

suggest that the near-equatorial SST maximum causes

high-frequency time variability of moist convective rain-

fall, while atmospheric forcing from West Africa, not very

sensitive to SST, regulates 4-day periodicity via the influ-

ence of AEWs.

Time series of meridional wind at 700 mb (v7) feature

strong, statistically significant spectral peaks at 4.4-day

periods, associated with AEWs. Alternate SSTs do not

change the periodicity, but the SST maximum does

increase the amplitude of spectral peaks by about 20%,

consistent with increases in the amplitude of v7 time

variability. Both simulations produce the same swaths of

westward propagating vorticity, but vorticity maxima are

stronger in the basic run, owing to the stronger

circulation.

The RM3 simulation of the JJAS 2006 evolution of

weather and climate over West Africa and the eastern

tropical Atlantic is realistic enough to evaluate the sensi-

tivity of the actual climate to alternate specifications of

SST in the eastern tropical Atlantic, although model biases

must be taken into consideration. Results show that the

SST maximum in the eastern tropical Atlantic acutely

influences in situ precipitation rates by boosting moisture

convergence and reducing vertical thermal stability. This

provides one explanation for the mutual interaction

between SSTs and Atlantic ITCZ rainfall discussed by Xie

and Carton (2004). The study implies that transient easterly

waves and incipient tropical cyclones in the eastern tropical

Atlantic owe some of their intensity to the SST maximum.

Rainfall rates over the Sahel are also enhanced by greater

moisture convergence over West Africa afforded by war-

mer SST in the Gulf of Guinea, but SST have minimal

impact on wave circulation over land. The timing and

trajectories of AEWs are not affected by SSTs, but seem to

be uniquely determined by the atmospheric and surface

boundary conditions that were common to the two

simulations.
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