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Content / Take-home messages
Deep convection creates dust-emitting 

winds through vertical momentum 

transports and cold pools (haboobs). This is 

severely underrepresented in models using 

convective parametrisations.

The misrepresentation of organised 

convection in models affects the West 

African monsoon and creates continental-

scale wind biases.

Convection can interact with larger-scale 

circulation in complicated ways to create 

large, long-lasting dust events.

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 mon-
soon (consistent with Garcia-Carreras et al. [2013]). Since
the diurnal timing and more northward location of the explicit
convection are more realistic than those of 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 realis-
tic 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.
[20] 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 loca-
tion and diurnal cycle in rainfall, and associated cold pools,
are 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].

[21] Acknowledgments. Jon Petch (Met Office) suggested running
12kmExp simulations within Cascade and provided comments. Cascade
was funded by Natural Environment Research Council grant NE/
E003826/1. JM and PK were partly funded by ERC grant 257543 (Desert
Storms). Data were obtained from the ARM Climate Research Facility (U.
S. Department of Energy) deployed in Niamey in the AMMA campaign.
Based on a French initiative, AMMA (http://www.amma-international.org)
was built by an international group. Figure 4 was drawn by Alison Manson.
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Figure 4. Schematic of how the diurnal cycle of convection impacts the West African monsoon.
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Example of an haboob



4

Diurnal cycle of dust emission in 4-km UM
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Convective structures at 4 km

The 4-km run resolves convective dust storms
à reference for the parameterization!

Convective precipitation Cold pools Strong surface winds

from Pantillon 
et al., JAS, 
2015
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Convective structures at 12 km

The 12-km run lacks convective dust storms
à test for the parameterization!

Widespread precipitation No distinct cold pools Weak surface winds

from Pantillon
et al., JAS, 
2015
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Parametrisation: conceptual model
The parameterization is based on the downdraft mass flux Mdd

Mdd spreads out radially in a cold pool of radius R and height h
The cold pool propagates with radial speed  C = Mdd / 2πρRh
The radial wind increases linearly with radius and peaks at height zmax

The cold pool is steered with speed  Cst = 0.65 Uenv

from Pantillon
et al., JAS, 
2015
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Results: geographical distribution
Dust proxy in reference 4-km run

Highest over South Sahara:
successfully captured
by parameterization
although shifted eastward
with monsoon flow

High near mountain ranges:
missed by parameterization
due to relative lack of 
convection

High along the Atlantic coast:
not related to convection

Weak over Sahel:
missing in reference run!?

Reference

Parameterization

Logarithmic 
scale!

from Pantillon et al., JAS, 2015
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Results: diurnal cycle

Dust proxy in reference 4-km run

Strong amplitude:
captured by parameterization

Triggering in the afternoon:
too early in parameterization
like parameterized convection

Long-lasting peak:
too short in parameterization
like parameterized convection

Main biases in parameterization
due to biases in convection scheme
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from Pantillon et al., JAS, 2015
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Can this repair a systematic model error?

POPE ET AL.: DUST MODEL ERRORS AND DATA ASSIMILATION X - 27

Figure 4. The influence of haboobs on model AOD DAI composited under LIS lightning events

(top) and significant TRMM rainfall (bottom) minus the average DAI (see Figs. 1c & d) during

the monsoon season (left) and the non-monsoon season (right).

D R A F T December 21, 2015, 2:12pm D R A F T

from Pope et al. (2016, GRL)

UK Met Office AOD data assimilation increments after rainfall detection

DA adds dust in summer; 
lack of haboobs?!

DA takes out dust in winter; 
frontal systems?!
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Impact of organized convection on West 
African monsoon

The role of moist convection in the West African monsoon system:
Insights from continental-scale convection-permitting simulations
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Douglas J. Parker,2 Peter Knippertz,2 and Cathryn E. Birch2
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[1] Predicting the West African monsoon (WAM) remains
a major challenge for weather and climate models. We
compare multiday 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 farther 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 parameterizations 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. Citation: Marsham, J. H., N. Dixon, L. Garcia-Carreras,
G. M. S. Lister, D. J. Parker, P. Knippertz, and C. Birch (2013),
The role of moist convection in the West African monsoon system:
Insights from continental-scale convection-permitting simulations,
Geophys. Res. Lett., 40, 1843–1849, doi:10.1002/grl.50347.

1. Introduction

[2] 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 toward 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 showWest 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 intermodel 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.
[3] 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 hundreds of kilometers
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.
[4] It has been recognized that the WAM involves

substantial interactions and exchanges between the orga-
nized 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 convec-
tive 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 multiday,
continental-scale simulations which resolve convection with
those in which convection is parameterized. By comparing
simulations with the same grid spacing, we isolate the im-
pact of the representation of moist convection, which reveals
the interactions between convection and the WAM.

2. Method

[5] 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 August 2006 (the
simulation setups are given in Text S1 in the auxiliary
material) [Pearson et al., 2010]. The runs used a standard
setup (the MetUM) [Lean et al., 2008], with parameterized
deep convection using a CAPE (Convective Available
Potential Energy) 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,

All Supporting Information may be found in the online version of this
article.
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[1] Predicting the West African monsoon (WAM) remains
a major challenge for weather and climate models. We
compare multiday 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 farther 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
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1. Introduction

[2] 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 toward 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 showWest 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 intermodel 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.
[3] 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 hundreds of kilometers
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.
[4] It has been recognized that the WAM involves

substantial interactions and exchanges between the orga-
nized 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 convec-
tive 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 multiday,
continental-scale simulations which resolve convection with
those in which convection is parameterized. By comparing
simulations with the same grid spacing, we isolate the im-
pact of the representation of moist convection, which reveals
the interactions between convection and the WAM.

2. Method

[5] 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 August 2006 (the
simulation setups are given in Text S1 in the auxiliary
material) [Pearson et al., 2010]. The runs used a standard
setup (the MetUM) [Lean et al., 2008], with parameterized
deep convection using a CAPE (Convective Available
Potential Energy) 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,
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Saharan heat low in analysis data

Z925 – 25 July – 03 Aug. 2006

from Marsham et al., 
GRL, 2011

ECMWF NCEP
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Explicit versus parametrised convection

3.2.2. Impacts on the Diurnal Cycle of the Monsoon
[13] The difference in the diurnal cycle in moist convec-

tion (Figure 1a) drives a diurnal difference in radiation
(Figure 2a), with approximately 60Wm!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).
[14] 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 and
15 UTC for 12kmParam) to 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
Text S4 in the auxiliary material 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 gradi-
ent, giving an ellipsoidal shape in Figure 2c (also Figure S6 in
the auxiliary material). In 12kmExp, the dry convection
occurs 6 h 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
[15] 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.,

(a) (b)

(c) (d)

(e)

Figure 1. (a) Diurnal cycle in rain in 12kmParam, 12kmExp, and 4kmExp and from TRMM and CMORPH retrievals,
averaged over 5"N to 25"N and 10"W to 10"E. (b) Mean latitudinal distributions of rain for the same runs and the same
longitudes. The 12kmExp-12kmParam difference in (c) net surface radiation, (d) 950 hPa geopotential height (grey shows
orography intersecting the 950 hPa surface), and (e) vertical cross section of geopotential height (lines with 2m spacing;
the dashed lines are negative) and potential temperature (colors; K) over 10"E to 10"W.
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from Marsham et al., GRL, 2013
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Convection schemes change heat low

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 mon-
soon (consistent with Garcia-Carreras et al. [2013]). Since
the diurnal timing and more northward location of the explicit
convection are more realistic than those of 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 realis-
tic 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.
[20] 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 loca-
tion and diurnal cycle in rainfall, and associated cold pools,
are 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].

[21] Acknowledgments. Jon Petch (Met Office) suggested running
12kmExp simulations within Cascade and provided comments. Cascade
was funded by Natural Environment Research Council grant NE/
E003826/1. JM and PK were partly funded by ERC grant 257543 (Desert
Storms). Data were obtained from the ARM Climate Research Facility (U.
S. Department of Energy) deployed in Niamey in the AMMA campaign.
Based on a French initiative, AMMA (http://www.amma-international.org)
was built by an international group. Figure 4 was drawn by Alison Manson.
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Impact of heat low strength on dust
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• 4km run has about 30% less dust than the coarse resolution runs.
• Larger contribution from haboobs, but morning peak is less than half.

Heinold et al., 
2013, JGR
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Impact on heat low when suppressing cold pools

Redl et al., 2016, JGR

Journal of Geophysical Research: Atmospheres 10.1002/2015JD024443

Figure 8. Difference in MSLP between the control and the no-cold-pool runs in hectopascals. (a–c) Case 2011-06-20 and (d–f ) case 2012-06-27.

4.3. Impact on Surface Pressure
The two cases described above are used to illustrate impacts of the cold pools on the SHL. In both cases
the propagation of the cold pools is directed from the Atlas Mountains toward the SHL. Their leading edge
becomes visible in a reduction of the layer depth between 925 and 700 hPa (Figures 4a, 4d, 4g, 4j, 6a, 6d, 6g,
and 6j; differences are shown in Figure S7), which is often used as an indicator for the SHL position, strength,
and extent [e.g., Lavaysse et al., 2009]. The layer depth is closely related to the surface pressure (Psfc), which is
analyzed here using differences between the control and no-cold-pool runs (section 3.2, third experiment).

The most pronounced effect in Psfc is visible in the morning hours after the cold-pool event, before the air
gets heated by solar radiation and mixes vertically. All 06 UTC dates from both cases are shown in Figure 8. For
case 1, the first morning shows the largest effect (Figure 8a). Excluding grid cells south of 20∘N, an increase
of at least 1 hPa (1.5 hPa) is found over an area of approximately 580,000 km2 (186,000 km2) (for comparison,
Morocco without Western Sahara has a size of 446,550 km2). The second case starts with a weaker increase
in Psfc, but the consecutive convective events produce an increase of at least 1 hPa over an area of approx-
imately 392,000 km2 on the third day (Figure 8f ). Relative to the pressure difference between the southern
foothills of the Atlas Mountains and the SHL core of about 5–6 hPa (Figures S5 and S6), the magnitude of the
cold-pool-induced changes are substantial. That means that the pressure gradient is increased by up to one
third over a period lasting several days, which must alter the ventilation of the SHL. However, a direct effect
on the SHL core around 20∘N during the considered time period is not found in either of two cases. To analyze
how long it takes the SHL to react to the cold-pool influence, the integrations were extended by two
additional days. During these days, the impact of Atlas convection on the heat low in terms of surface pressure
increase slowly spreads in time and magnitude across the core region of the heat low (supporting information
Figure S8). Thus, the WRF simulations suggest that successive cold-pool occurrence from the Atlas Mountains
integrate to a discernible weakening of the West Saharan heat low. Given the regularity of these events, it can

REDL ET AL. IMPACT OF COLD POOLS ON HEAT LOW 3919



17

Extreme Middle Eastern dust storm in Sept. 15

7 September
2015

10 UTC 

MODIS TERRA VIS
NASA Earth Observatory

AOD>5!
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Spatial extent and temporal evolution

MODIS TERRA VIS
NASA Earth Observatory

08 UTC
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UTC10

MODIS TERRA VIS
NASA Earth Observatory

Spatial extent and temporal evolution
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UTC11

MODIS TERRA VIS
NASA Earth Observatory

Spatial extent and temporal evolution
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Forecast failure of operational models

UTC

Obtained from WMO Model intercomparison project at http://sds-was.aemet.es

Multi-model mean dust optical depth

6/9 7/9 8/910

► OBS

► FCST
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Forecast failure of operational models

UTC

Obtained from WMO Model intercomparison project at http://sds-was.aemet.es

Multi-model mean dust optical depth

6/9 7/9 11 8/9

► OBS

► FCST
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8/9 UTC8/96/9 7/9

Our approach

ICON-ART global simulation,

40 km grid spacing

Nests down to 2.5 km grid 

spacing with 2000 km diameter

à Switch-off convection 

parametrization

Forecast failure of global models

Global grid

Local nests

2.5 km nest,
convection-
permitting
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local nestglobal grid

© F. Prill, DWD

ICON-ART 

ICON

Developed by DWD and Max-Planck

Non-hydrostatic global model

Mass consistent tracer transport

2-way nesting capabilities

ART – Aerosols and Reactive Trace gases

Developed at KIT

Mineral dust module

Emission, transport, dry and wet deposition

Online radiation interaction Rieger et al. (2015), Geosci. Mod. Dev.
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06

Course of event

6/9 7/9 8/9

ICON-ART simulation results

Three day forecast starting

6 September 2015

Dust is shown by brown color

Clouds are shown by blue color
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Synoptic situation
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Synoptic situation

MCS

CPO3

CPO2

6/9 7/9 8/9

Active Red Sea Trough synpotic

situation triggered meso-scale 

convective systems (MCS)

Supported by orography

Dust pick-up by heat low and 

multiple cold-pool outflows 

(CPO)
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SEVIRI Dust RGB Product
provided by and thanks to

J. Kerkman, S. Lancaster, H. Roesli
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Validation of ICON-ART
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ICON-ART model EUMETSAT satellite
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Validation of ICON-ART
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ICON-ART model EUMETSAT satellite
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Validation of ICON-ART
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ICON-ART
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ICON-ART model EUMETSAT satellite
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Validation of ICON-ART

10

ICON-ARTICON-ART model MODIS TERRA VIS satellite
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Validation of ICON-ART

10

ICON-ARTICON-ART model MODIS TERRA VIS satellite

6/9 7/9 8/9

07 Sep ’15 – 10 UTC 

Detailed agreement between 

model and satellite

All features present in model

with small spatial offsets

à Vertical profile obtained by 

CALIPSO overpass follows



35

Validation of ICON-ART
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CALIPSO X-Z satellite

Validation of ICON-ART
ICON-ART X-Z model
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CALIPSO X-Z satellite

Validation of ICON-ART
ICON-ART X-Z model

106/9 7/9 8/9

07 Sep ’15 – 10 UTC 

Good agreement in vertical 

dust plume features between 

ICON-ART and CALIPSO

àRest of simulation time follows
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ICON-ART model EUMETSAT satellite

Forecast improvement
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8/9

Forecast improvement

UTC6/9 7/9

ICON-ART model MODIS AQUA VIS satellite
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8/9

Forecast improvement

UTC6/9 7/9

ICON-ART model MODIS AQUA VIS satellite

8/911

08 Sep ’15 – 11 UTC 

Good dust forecast in northern 

part of Eastern Mediterranean

Transport towards south 

underestimated due to complex 

interaction with orography
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MODIS TERRA VIS
NASA Earth Observatory

Conclusions
Haboobs can create locally severe dust storms 
but also interact with the regional scale 
circulation to create large and long-lasting 
events.

Using parametrised convection can lead to
spectacular mis-forecasts.

Pantillon et al. parametrisation can emulate 
effect of haboobs statistically but not for 
single events. 

We should thus aim for explicitly resolving 
haboobs in forecast models, at least in 
sensitive areas such as the Middle East. 

Particularly for the West African monsoon,
mis-representation of convection in models can 
create large continental-scale wind biases.

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 mon-
soon (consistent with Garcia-Carreras et al. [2013]). Since
the diurnal timing and more northward location of the explicit
convection are more realistic than those of 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 realis-
tic 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.
[20] 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 loca-
tion and diurnal cycle in rainfall, and associated cold pools,
are 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].

[21] Acknowledgments. Jon Petch (Met Office) suggested running
12kmExp simulations within Cascade and provided comments. Cascade
was funded by Natural Environment Research Council grant NE/
E003826/1. JM and PK were partly funded by ERC grant 257543 (Desert
Storms). Data were obtained from the ARM Climate Research Facility (U.
S. Department of Energy) deployed in Niamey in the AMMA campaign.
Based on a French initiative, AMMA (http://www.amma-international.org)
was built by an international group. Figure 4 was drawn by Alison Manson.
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