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Abstract 

Predicting the West African Monsoon (WAM) remains a major challenge for weather and 

climate models. We compare multi-day continental-scale simulations of the WAM that 

explicitly resolve moist convection, with simulations which parameterize convection. 

Simulations with the same grid-spacing, but differing representations of convection, isolate 

the impact of the representation of convection. The more realistic explicit convection gives 

greater latent and radiative heating further north, with latent heating later in the day. This 

weakens the Sahel-Sahara pressure gradient and the monsoon flow, delaying its diurnal cycle 

and changing interactions between the monsoon and boundary-layer convection. In explicit 

runs, cold storm outflows provide a significant component of the monsoon flux. In an 

operational global model, biases resemble those in our parameterized case. Improved 

parameterisations of convection that better capture storm structures, their diurnal cycle and 

rainfall intensities will therefore substantially improve predictions of the WAM and coupled 

aspects of the Earth system. 

Index Terms: West African monsoon, moist convection, explicit and parameterized 

convection, cold pool outflows, model bias 

 

 

 



1. Introduction 

The West African monsoon (WAM) brings seasonal rains to the Sahel, and is therefore 

essential to the livelihoods of millions. The monsoon flow is driven by the low-level pressure 

gradient towards the Saharan Heat Low. In common with most tropical continental regions, 

there are substantial errors in the WAM region in global weather and climate models 

(Thorncroft et al., 2003; Augusti-Panareda et al., 2010; Xue et al., 2010; Bock et al., 2011). 

For example, many analyses unrealistically show West Africa as a moisture source rather 

than a sink during the summer (Meynadier et al., 2010) and models generally do not make 

accurate seasonal predictions in the Sahel (Philippon et al., 2010). There are significant inter-

model variations in climate projections of the WAM (Solomon et al., 2007; Cook 2008; 

Biasutti and Sobel, 2009; Druyan 2011) making it difficult to predict the impacts of climate 

change and to develop adaption strategies.  

The representation of moist convection is a particular problem for representing the WAM in 

models (e.g. Bock et al., 2011; Pohl and Douville, 2011). Convective clouds are 

parameterized in global models, as they cannot be resolved, and this results in a poor 

representation of many aspects of the convection: parameterizations tend to produce too 

much light rainfall and too little intense rainfall, with the peak in rainfall too early in the day 

(Randall et al., 2003; Yang and Slingo, 2005; Stephens et al., 2010; Dirmeyer et al., 2012). 

They also struggle to capture the processes whereby convection organizes on scales of 100s 

of kilometres forming mesoscale convective systems (MCSs), which can persist long after the 

daytime heating has ended (e.g. Davis et al., 2003). In the Sahel, MCSs bring 90% of the 

rainfall
 
(Mathon et al., 2002) and it is therefore unsurprising that global models exhibit large 

precipitation errors in this region.  



It has been recognized that the WAM involves substantial interactions and exchanges 

between organized moist convection and the continental-scale monsoon (Redelsperger et al., 

2002; Diongue et al., 2002; Zhang et al., 2008), but it has not been possible to assess the 

overall impact of convection: quantifying the interaction of convective storms with the 

monsoon circulation has been hampered by the inability of a single model to resolve the 

convection explicitly on a domain that includes the entire WAM region over many days. In 

this paper we compare multi-day, continental-scale simulations which resolve convection, 

with those in which convection is parameterized. By comparing simulations with the same 

grid-spacing we isolate the impact of the representation of moist convection, which reveals 

the interactions between convection and the WAM.  

2. Method 

Within the Cascade project, simulations using the UK Met Office Unified Model (UM) were 

run with grid-spacings of 4 and 12 km for 25 July to 4 Aug 2006 (Pearson et al., 2010; 

simulation setups are given in Section S1). The runs used a standard setup (the MetUM; Lean 

et al., 2008), with parameterized deep convection using a CAPE closure at 12 km 

(“12kmParam”), and very little parameterized convection (“explicit” convection) at 4 km 

(“4kmExp”). A second 12-km simulation was run with explicit convection (“12kmExp”). A 

12-km grid-spacing is very large for explicit convection: it is far from resolving individual 

cumulonimbus updrafts, but can give a reasonable simulation of squall lines (features which 

dominate Sahelian precipitation; Mathon et al., 2002), although heat transports, rainfall rates 

and circulations can be over-predicted and cold pools can be too weak and develop too 

slowly (Weisman et al., 1997; Marsham et al., 2011). Pearson et al. (2010) showed that the 4-

km model generates a more realistic timing of deep convection than the 12-km parameterized 

run, with a more realistic upscale growth of convection.  



In the original Cascade simulations (e.g. Marsham et al., 2011), the boundary-layer (BL) 

scheme had a capping lid in parameterized runs. In order to have two runs that are identical 

apart from the representation of convection, we performed a new 12-km parameterized run 

with an uncapped BL (“12kmParam”). Our analysis uses this 12kmParam run with 12kmExp 

to isolate the impact of the representation of convection: the use of explicit convection at 12-

km grid-spacing is justified by a comparison of the 12kmExp run with observations and the 

standard 4kmExp setup (Section 3.1). 

In addition, we use operational UM global forecasts and analyses, rain rates from the Tropical 

Rainfall Measuring Mission (TRMM,
 
Kummerow et al., 2000) and the CPC MORPHing 

technique (Joyce et al., 2004), with surface pressure data from SYNOP observations and the 

ARM (Atmospheric Radiation Measurement) mobile facility deployed during the AMMA 

(African Monsoon Multidisciplinary Analysis) campaign (Section S1).    

3. Results 

3.1 Simulated and observed moist convection  

Figure 1a shows that the diurnal cycles in 12kmExp and 4kmExp are similar to each other 

and markedly different from that in 12kmParam. The timing of the diurnal maximum in 

precipitation in the explicit runs at 18 UTC is similar to that observed, although the models 

have almost twice as much precipitation at this time, decreasing to a more realistic rate by 00 

UTC. The maximum precipitation in 12kmParam occurs approximately six hours too early, a 

common feature of parameterized convection (Yang and Slingo, 2005; Stephens et al., 2010; 

Dirmeyer et al., 2012).  

Figure 1b shows that the latitudinal distribution of rainfall is much more strongly dependent 

on the representation of convection than on resolution: the two explicit runs (4kmExp and 



12kmExp) are much more similar than the two 12km runs (12kmParam and 12kmExp). The 

latitudinal distribution in explicit runs is closer to observations than that in 12kmParam, with 

a bimodal distribution in 12kmExp similar to that observed: over 10°W to 10°E and 5 to 

25°N the rainfall in 12kmExp is 26% and 22% larger than observations from TRMM and 

CMORPH respectively and 89% larger than in 12kmParam, which has 35% less rain than 

observed. The most significant differences between models occur between 9 and 18°N, 

towards the northern side of the observed rain maximum, where MCSs are dominant
 
(Mathon 

et al., 2002). The maximum at 9.5°N is overestimated and one or two degrees too far north in 

explicit runs, and largely absent in 12kmParam. From 9 to 18°N 12kmParam underestimates 

rainfall by a factor of approximately two. 12kmExp is close to observations from 12 to 18°N, 

but has 1.5 times as much rain from 9 to 12°N. The southward bias of the precipitation in 

12kmParam is a common feature of many models and analyses (Meynadier et al., 2010): the 

12kmExp rainfall corrects and even overcompensates for this bias. 12kmParam gives too 

uniform a distribution of rain, while the explicit models over-predict maximum rainfall 

accumulations (Figure S2; consistent with Stephens et al., 2010, Weisman et al., 1997). 

Although perhaps surprising, the similarity of the convection in 12kmExp with 4kmExp is 

consistent with previous studies using other models
 
(Dirmeyer et al., 2012). A more detailed 

evaluation of this model by Pearson et al. (in review) shows that 12kmExp actually gives a 

better diurnal cycle of cloud-system evolution than 4kmExp. Although both the 

parameterized and explicit representations of convection exhibit biases relative to 

observations, the explicit runs show substantial improvements in the amount, latitudinal 

distribution and diurnal cycle of rainfall relative to the parameterized run. Despite the 

remaining biases in the explicit runs relative to observations, they offer an opportunity to 

evaluate the sensitivity of the whole WAM system to these improvements in the convective 

distribution. Furthermore, the similarity between 12kmExp, 4kmExp and observations, 



compared with the standard 12kmParam run, allows us, in the next section, to isolate the 

effects of the representation of convection from effects of model resolution, by comparing 

12kmParam and 12kmExp.  

3.2 Impacts of the representation of convection on the simulated monsoon 

3.2.1 Impacts on the mean state 

The later timing of the explicit moist convection decreases day-time cloud cover and 

increases nocturnal cloud cover, significantly improving the diurnal cycle of cloudiness, and 

outgoing longwave radiation, compared with observations (Pearson et al., 2010; Pearson et 

al., in review). This gives greater net radiative heating at the surface in 12kmExp compared 

with 12kmParam, especially in the Sahel (Figure 1c). The net surface radiative balance is 

dominated by the increased shortwave (see Figure 2a), giving 14 Wm
-2

 greater net surface 

heating over 10°W to 10°E, 5 to 25°N in 12kmExp. Over the same area, there is 2.5 mm/day 

more rain in 12kmExp than 12kmParam. The rain is generated by moist convection, which 

warms the upper levels and cools the low levels by rainfall evaporation, with net heating 

since all rain does not evaporate. 2.5mm/day of rain corresponds to an additional heating of 

around 64 Wm
-2

, which is 4.6 times the difference in radiative heating.  

The heating affects the low-level pressure gradient south of the Sahara, which drives the 

monsoon flow. Figure 1d shows that the height of the 950-hPa surface is lower in 12kmExp 

than 12kmParam, particularly over the Sahel, leading to a weaker pressure gradient in 

12kmExp. This is caused by the greater heating from greater rainfall and net surface radiation 

over the Sahel in 12kmExp (Figures 1b and 1c). As a result, 12kmExp is warmer than 

12kmParam between 10 and 15°N at 500 to 200 hPa and below 800 hPa (Figure 1e). Through 

the thickness relationship for a hydrostatic atmosphere, the warmer air column in 12kmExp 

causes a lower surface pressure. This effect on the mean 950-hPa geopotential height from 



explicit moist convection forms within one day (Figure S3) and is larger than the effect of 

decreaing horizontal grid-spacing from 12 to 4 km (Figure S4). The northward shift in the 

African Easterly Jet (Schubert et al., 1991; Thorncroft et al., 1999) in 12kmExp (Figure S5) 

is consistent with Figure 1e (Section S3).   

 

3.2.2 Impacts on the diurnal cycle of the monsoon 

The difference in the diurnal cycle in moist convection (Figure 1a) drives a diurnal difference 

in radiation (Figure 2a), with approximately 60 Wm
-2

 greater net heating at midday in 

12kmExp, but similar longwave cooling at night. In combination the different diurnal cycles 

in condensational and radiative heating lead to differences in the north-south pressure 

difference that drives the monsoon winds (Figure 2b).  

Figure 2b shows that the diurnal cycle of the Sahel-Sahara pressure difference is consistent 

with the different timing of the rain in the two runs (Figure 1a). Both runs build a stronger 

(more negative) pressure gradient from the time of their maximum rainfall (18 UTC for 

12kmExp, 15 UTC for 12kmParam) until 00 UTC. From 00 to 12 UTC this pressure gradient 

dissipates in both runs, with little change in the gradient between 12 and 15 UTC in the 

12kmExp run. Overall, the 12kmExp run therefore has a shorter building phase and a longer 

dissipation phase (see Section S4 for more details). In the dissipation phase, the nocturnal 

meridional flow responds to the pressure gradient (Figure 2b), while during the day, dry 

convection suppresses the winds
 
(Parker et al., 2005). In the parameterized run the dry 

convection is centered on the time of the minimum pressure gradient and the winds lag the 

gradient, giving an ellipsoidal shape in Figure 2c (also Figure S6). In 12kmExp the dry 

convection occurs six hours before the minimum pressure gradient, giving a “figure-of-eight” 



shape (clearest at 06 to 15 UTC, where the winds decline for an almost constant pressure 

gradient).   

3.2.3 The role of cold pool outflows from moist convection 

Cold pools, generated by evaporation of precipitation, are an important component of MCSs
 

and have been observed to ventilate the Sahara (Flamant et al., 2007; Marsham et al., 2008; 

Emmel et al., 2010), but are very poorly captured by parameterized convection (Davis et al., 

2003; Knippertz et al., 2009; Marsham et al., 2011). As a result, cold-pools are responsible 

for a significant fraction of global UM forecast bias in the Sahara (Garcia-Carreras et al., 

2013).  In 12kmExp the meridional eddy heat-fluxes associated with rainfall transport cold air 

northwards and southwards, with six times more northwards transport (Figure 3a). The 

meridional fluxes lead to advective cooling (Figure 3b). The diurnal cycle in cooling by 

meridional advection is weaker in 12kmExp than 12kmParam (Figure 2d), consistent with its 

weaker cycle in winds (Figure 2b). The cooling and winds peak at 00 UTC in 12kmParam, 

whereas cooling peaks at 21 UTC in 12kmExp, when cold pools are most active, 6 hours 

before its peak in winds: although this effect may be underestimated in 12kmExp, since cold-

pool winds in 12kmExp lag those in 4kmExp by around 3 hours, consistent with the coarser 

grid-spacings (Weisman et al., 1997; Marsham et al., 2011). Approximately 30% of the 

cooling occurs within 250km of rain in 12kmExp, but this is only 10% in 12kmParam, where 

the cold-pools are essentially missing (Figures 2d, 3c, d). The cooling from cold pools 

missing in 12kmParam is replaced by stronger synoptic-scale winds (Figure 2b), leading to a 

compensation of errors. 

3.2.4 Implications for the global Unified Model 

The parameterization of convection is a source of error in all global models. The global 

operational UM is very similar in its formulation to the regional MetUM used in Cascade, 



and so we expect fingerprints of the errors from the parameterization of convection in this 

model, although these will be combined with other sources of error. Within one day 

meridional pressure gradients in UM forecasts become too large across West Africa, with an 

error of approximately 3 m in the 925-hPa geopotential height, driving too strong a monsoon 

flow (approximately 9 m by day two, Figure S9). Similar errors have been diagnosed in other 

global models and analyses (Meynadier et al., 2010; Augusti-Panerada et al., 2010).  

A complete evaluation of the monsoon in each model is beyond the scope of this paper, but 

Figure 2e shows the observed pressure gradient between Tamanrasset (22.8°N 5.5°E) and 

Niamey (13.5°N 2.1°E) in 2006 for comparison with Cascade and in 2011 for comparison 

with UM forecasts. These stations are chosen as they are the only two that capture the Sahel-

Sahara pressure gradient with sufficient data to resolve the diurnal cycle. They are at a similar 

longitude, minimizing the effect of the atmospheric tide. The observations and 12kmExp 

show a strong gradient at 12 UTC and a sustained weak gradient at 18 to 21 UTC, with the 

diurnal cycle in 12kmExp remarkably close to that observed. 12kmParam gives too strong a 

gradient, and fails to capture the diurnal cycle, with a relatively weak gradient at 12 to 15 

UTC and too strong a gradient by 21 UTC. These errors in 12kmParam are consistent with 

convective heating over the Sahel occurring too early in the day. The diurnal cycle in errors 

in 6-hourly UM forecasts are similar to those in 12kmParam: the diurnal cycle is too flat and 

the model fails to capture the observed strong gradient at 12 UTC, although overall the 

forecast pressure gradient is too weak. These errors in the diurnal cycle are again consistent 

with the over-prediction of convection at midday by the parameterization (see Section S5). 

The comparison with wind observations (Section S6) is less clear, but weakly supports the 

hypothesis that explicit convection gives more realistic monsoon winds. 

4. Conclusions 



We have analysed Cascade simulations, run using the UK Met Office UM, which differ only 

in their representation of moist convection (“explicit” and “parameterized”), to show that 

these have fundamentally different representations of the WAM, with important differences 

occurring as a result of the models’ different diurnal cycles in moist convection. For many 

key aspects the explicit convection is more realistic than the parameterized: in particular, it 

generates more rainfall in the Sahel, with rainfall later in the day. The moist convection is 

much more similar for 12km and 4km explicit runs than for 12km explicit and parameterized 

runs (consistent with previous work, Dirmeyer et al., 2012; Pearson et al., in review).  

The main differences between the parameterized and explicit simulations are schematically 

depicted in Figure 4. The later timing and northward shift of the explicit convection acts to 

weaken the monsoon flow between the Sahel and Sahara and delay its diurnal cycle. The later 

explicit convection increases surface radiative heating during the day and increases latent 

heating in the evening, delaying the development of the pressure gradient driving the 

monsoon: this gives stronger pressure gradients during the day when boundary-layer 

convection inhibits the monsoon (Parker et al., 2005) and weaker pressure gradients at night 

when the monsoon flow is maximized. In explicit simulations storm outflows provide a 

significant component of the monsoon (consistent with Garcia-Carreras et al., 2013). Since 

the diurnal timing and more northward location of the explicit convection is more realistic 

than the parameterized, we infer that these interactions between convection and the monsoon 

are important in reality, but poorly captured by the standard parameterized model. Overall, 

the more realistic explicit convection can be seen as a “governor” to the monsoon: the 

monsoon not only provides water for moist convection, but moist convection weakens the 

monsoon. 

The results demonstrate how thermodynamic biases from parameterized convection project 

upscale to a continental-scale bias in dynamics. An initial comparison with surface-pressure 



observations from two stations in the Sahel and Sahara shows that errors in forecasts from the 

global UM are consistent with the errors from parameterized convection revealed by the 

Cascade simulations. The location and diurnal cycle in rainfall, and associated cold pools, is 

a challenge for all global models: our results suggest that parameterizations improving 

predictions of these aspects of convection will improve not only predictions of rainfall, but 

also predictions of the entire WAM, including Earth-system components (Marsham et al., 

2011;
 
Traoré et al., 2011). 
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Figure 1. (a) Diurnal cycle in rain in 12kmParam, 12kmExp, 4kmExp and from TRMM and 

CMORPH retrievals, averaged over 5 to 25°N and 10°W to 10°E, (b) mean latitudinal 

distributions of rain for the same runs and the same longitudes. (c) to (e) 12kmExp-

12kmParam difference in (c) net surface radiation, (d) 950-hPa geopotential height (grey 

shows orography intersecting the 950-hPa surface), (e) vertical cross-section of geopotential 

height (lines with 2-m spacing, dashed are negative) and potential temperature (colors, K) 

over 10°E to 10°W.  



  

 

 

Figure 2. Differences in the diurnal cycle between 12kmParam and 12kmExp: (a) surface 

radiation (12 to 24°N and 10°W to 10°E), (b) 950-hPa geopotential height difference between 

the Sahel and the Sahara (12 to 24°N) and meridional winds (dashed) over 10°W to 10°E, (c) 

950-hPa geopotential gradient between the Sahel and the Sahara and meridional winds. (d) 

Total cooling by meridional advection (v.δθ/δy) over 13 to 25°N and 10°W to 8°E (solid 

lines) and over this domain and within 250 km of rain (dashed lines),  (e) pressure difference 



between Tamanrasset (22.8°N 5.5°E) and Niamey (13.5°N 2.1°E): observed (Cascade period 

in 2006, and in July and August 2011), in Cascade runs (2006) and in UM analyses and 

forecasts (July and August 2011, 6-hourly with T+6 to T+24). Offsets have been applied to 

account for the height differences between the surface stations and equivalent model grid-

boxes.  

 

 

 

 

 

 



  

  

Figure 3. Composites around surface rainfall of (a,c) eddy heat fluxes ( v’θ’) and (b,d) 

cooling by meridional advection (v.dθ/dy). Figures (a,b) are for 12kmExp and (c,d) for 

12kmParam (all at 320 m above the ground). Note different color scales.  

 

 



 

Figure 4. Schematic of how the diurnal cycle of convection impacts the West African 

monsoon. 

 

 

 

 

 

 

 


