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ABSTRACT

The southern parts of West Africa are frequently covered by an extensive deck of shallow, low (200-400 m
AGL) stratus or stratocumulus clouds during the summer monsoon. These clouds usually form at night in
association with a nocturnal low-level jet (NLLJ) and can persist into the early afternoon hours. Recent
work suggests that the stratus deck is unsatisfactorily represented in standard satellite retrievals and state-
of-the-art climate models. Here the authors use high-resolution regional simulations with the Weather
Research and Forecasting Model (WRF) and observations from the African Monsoon Multidisciplinary
Analysis (AMMA) 2006 campaign to investigate (i) the spatiotemporal distribution, (ii) the influence on the
shortwave radiation balance, and (iii) the detailed formation and maintenance mechanisms of the strati-
form clouds. At least some configurations of WREF satisfactorily reproduce the diurnal cycle of the low-
cloud evolution, yielding the following main conclusions: (i) The simulated stratus deck forms after
sunset along the coast, spreads inland during the course of the night, and dissipates in the early afternoon.
(i) The average surface net shortwave radiation balance in stratus-dominated regions is about 35 Wm ™2
lower than in those with fewer clouds. (iii) The cloud formation is related to a subtle balance between
“stratogenic’ upward (downward) fluxes of latent (sensible) heat caused by shear-driven turbulence below
the NLLJ, cold advection, orographic lifting, and radiative cooling on one hand, and “‘stratolytic’’ dry
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advection and latent heating on the other hand.

1. Introduction

The prediction of the West African monsoon (WAM)
is known to have large uncertainties, particularly on
climate time scales (Christensen et al. 2007). Climate
models show a large spread in rainfall projections and do
not even agree on the sign of precipitation changes in the
future (Druyan 2011; Paeth et al. 2011), which hinders the
development of adaptation strategies (Boko et al. 2007;
Roudier et al. 2011). Recently, considerable progress in
the understanding (Lafore et al. 2011) and modeling (Xue
et al. 2010; Ruti et al. 2011) of the WAM has been ach-
ieved through the African Monsoon Multidisciplinary
Analyses (AMMA) project (Redelsperger et al. 2006),
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which in 2006 carried out the most comprehensive field
campaign in West Africa to date (Lebel et al. 2010). Such
in situ observations remain a key factor for understanding
the WAM and improving its operational forecasting
(Fink et al. 2011). Despite advances during the first phase
of AMMA (2002-10), some well-known model uncer-
tainties remain: errors in the radiative forcing in the heat-
low region over the Sahara (Haywood 2005; Milton et al.
2008), errors in the representation of deep convection in
the Sahel (Lafore et al. 2011; Fink et al. 2011), and errors
in the seasonal development of, and in the air—sea in-
teraction over, the equatorial cold tongue in the Gulf of
Guinea (Brandt et al. 2011).

Recent work (Schrage et al. 2007; Knippertz et al.
2011; Schrage and Fink 2012) involving authors from the
present paper has drawn attention to a previously un-
derstudied source of uncertainty: the formation of low-
level continental stratus and stratocumulus cloud decks
over moist southern West Africa between the Sahel and
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Guinea Coast, and the associated error in cloud radia-
tive forcing. Knippertz et al. (2011) documented errors
of up to 90 Wm™? in the mean daily surface solar irra-
diance in this region in global climate models used for
phase 3 of the Coupled Model Intercomparison Project
(CMIP3) with individual models’ errors closely related
to their low-level stratus cover. The stratus decks fre-
quently cover an extensive region stretching from the
Guinea Coast (~5°-6°N) to about 9°-10°N during the
night and morning hours (Schrage and Fink 2012). Low-
level liquid water clouds are well known to have a large
impact on radiative transfer (Turner et al. 2007) and
consequently also on the diurnal cycle of convection
(Grabowski et al. 2006). Kothe and Ahrens (2010) note
a larger sensitivity of the surface radiation balance to the
cloud fraction than to surface albedo and temperature
over the West African intertropical convergence zone
(ITCZ) and maritime stratocumulus region off the An-
golan coast, but did not explicitly mention the coastal
stratus region of West Africa.

One possible reason for the little attention paid to
the low continental stratus over West Africa is the
difficulty to effectively monitor these clouds at night.
The widely used International Satellite Cloud Clima-
tology Project (ISCCP) dataset dramatically underes-
timates the extensive coverage of very low clouds owing
to the small contrast in infrared radiation with the
underlying surface (Knippertz et al. 2011). To circum-
vent this problem, Knippertz et al. (2011) and Schrage
and Fink (2012) used a slightly modified version of
the “‘night microphysical” scheme from Lensky and
Rosenfeld (2008) to visualize the stratus deck at night,
based on three infrared channels of Meteosat Spin-
ning Enhanced Visible and Infrared Imager (SEVIRI).
However, Knippertz et al. (2011) also documented
problems in low-cloud detection due to mid- or high-
level clouds in SEVIRI and Cloud—-Aerosol Lidar and
Infrared Pathfinder Satellite Observations (CALIPSO)
data and due to ground clutter in CloudSat data. Stein
et al. (2011) used a combined CloudSat-CALIPSO
product to create a vertical cloud climatology and found
nocturnal low-level clouds to occur during 50% of the
nights between June and September, which appears to
be biased low compared to synoptic reports analyzed by
Schrage and Fink (2012). Consequently, eye observa-
tions from the comparably sparse synoptic station net-
work in West Africa remain a very important source of
low-level cloud information at night, especially in terms
of long-term climatologies (Schrage et al. 2007; Schrage
and Fink 2012).

Schrage and Fink (2012) present a first analysis of
the dynamical processes involved in the formation of
the low-level clouds using radiosonde, ceilometer, and
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wind-profiler measurements performed during AMMA
2006. They suggest that shear-driven turbulence under-
neath the nighttime low-level jet (NLLJ) causes upward
mixing of moisture and therefore favors cloud formation.
Bonner and Winninghoff (1969) and Zhu et al. (2001)
document a similar effect for the southern U.S. Great
Plains. The NLLJ is a typical feature of the stable
nocturnal boundary layer, which was first theoretically
explained by Blackadar (1957) using ideas of inertial os-
cillations [see also recent refinement by van de Wiel et al.
(2010)]. NLLJs in the WAM region have been docu-
mented and discussed by Parker et al. (2005), Lothon et al.
(2008), Abdou et al. (2010), Bain et al. (2010), Schrage and
Fink (2012), and others.

The main aim of this paper is to complement and ex-
pand previous, predominantly observational studies on
the West African low-level stratus using high-resolution
regional simulations with the Weather Research and
Forecasting Model (WRF), which allows a quantifica-
tion of the relative importance of the different physical
processes involved in the cloud formation and main-
tenance. The main focus will be on the spatiotemporal
characteristics of the stratus deck and the role of the
NLLJ during the boreal summer months of July-
September (JAS) 2006, for which AMMA observations
and reanalysis are available as drivers and for validation.
An additional aim is to investigate the impact of the
stratus deck on the surface net shortwave (SW) radiation
balance and temperatures.

Section 2 of this paper describes WRF and the data-
sets used to initiate and evaluate it. A best-performing
model configuration is determined in section 3 together
with a model evaluation. The main results are discussed
in section 4, which covers the spatiotemporal distribu-
tion of the stratus deck, its impact on the surface SW
radiation balance, and the relationship to the NLLJ.
Main findings are discussed in section 5.

2. Model configuration and data
a. WRF

The nonhydrostatic regional WRF, version 3.3.1, with
the Advanced Research WRF (ARW-WRF) dynamical
core (Skamarock et al. 2008) was used to analyze the
contributions of different processes to the formation of
low-level stratus clouds over southern West Africa.
The large variety of parameterization schemes avail-
able allows identifying a best-performing configuration
for the simulation of low-level clouds, which are ex-
pected to critically depend on subgrid-scale physics,
through a series of sensitivity experiments (see section 3).
Parameters common to all experiments are as follows:
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FIG. 1. Study area with the outer and inner model domains; the surrounding hatched area was
used for boundary-condition nudging. Locations of in situ measurements are indicated by
symbols (circle = radiosonde station, diamond = UHF profiler, cross = radiation measure-
ment, dot = synoptic station) and the orography is shaded.

The model domain comprises an area from 0° to 15°N
and from 15°W to 15°E with a two-way nested inner
domain covering the main area of interest from 5° to
10°N and from 10°W to 10°E (Fig. 1). The parent (nested)
domain has 380 X 195 (781 X 226) grid points and a
horizontal grid spacing of 9 (3) km. The top pressure of
the domain is 30 hPa with vertical velocity damping
in the uppermost 5000 m enabled. The time step is 30's
in the parent and 10 in the nested domain. The Grell-3D
parameterization for convection, which is an improved
version of the Grell-Dévényi scheme (Grell and Dévényi
2002), is only used for the coarser domain.

The initial and boundary conditions for each model
run in the study period JAS 2006 were taken from the
European Centre for Medium-Range Weather Fore-
casts (ECMWF) AMMA reanalysis, which was created
assimilating additional measurements from the AMMA
special observation period from May to September 2006
such as 6063 radiosonde profiles, 211 dropsonde profiles,
and 7317 pilot measurements (Agusti-Panareda et al.
2010). WRF was initiated at 1200 UTC on each day of
the study period and integrated over 54 h. This way the
diurnal cycle of stratus formation and dissipation is cov-
ered twice in each model run. Boundary conditions were
updated every 3 h. The first 6 h of each model run were
nudged to the reanalysis in the entire domain with a
nudging coefficient of 0.0003s ™' and ramping within the
sixth hour. To specifically investigate subgrid-scale pro-
cesses involved in the formation of the low-level clouds,
additional variables such as accumulated temperature
and moisture tendencies from the boundary layer, the
radiation, and the microphysics schemes, as well as from
grid-scale advection were output for the lowest 20 model

layers corresponding to the layer between the surface and
roughly 1800 m AGL.

b. Data for validation

Extensive in situ measurements performed during the
AMMA special observing period (SOP) 2006 were used
to assess the quality of the simulations. This dataset
contains reports from synoptic stations and data from ra-
diosondes, pyranometers, a ceilometer, and an ultrahigh-
frequency (UHF) wind profiler (see Fig. 1 for locations).
Standard surface synoptic observations (SYNOPs; WMO
2010) are the most valuable data sources with regard to
fraction of low clouds. Most weather stations across the
region are manned with trained observers 24 h day . For
the JAS 2006 period 8445 reports from 51 stations were
available. For Benin and Ghana, the gaps in the Global
Telecommunications System (GTS) SYNOP data were
filled from archives of the national weather services (for
Ghana 0600 UTC only). The variables used for validation
are low-level cloud fraction (from part III of the FM12
SYNOP code), temperature and dewpoint at 2m, mean
sea level pressure (MSLP), and wind at 10 m. During the
AMMA 2006 field campaign, the radiosonde network
was enhanced substantially (Parker et al. 2008). High-
resolution wind profiles were taken from radiosonde sta-
tions in Abidjan, Abuja, Cotonou, Parakou, and Tamale
(see Fig. 1). For the JAS 2006 period 1427 radiosonde
profiles were available as raw data with a temporal reso-
lution of 2 s. Measurements of SW and longwave (LW) up-
and downwelling radiation were performed in Cotonou
and in Parakou (both in Benin) by the Global Change
and Hydrological Cycle (GLOWA) project “An In-
tegrated Approach to the Efficient Management of
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Scarce Water Resources in West Africa” (IMPETUS)
(Pohle et al. 2010). The instruments used are net radi-
ometers of the type CNR1 from Kipp and Zonen with
an International Organization for Standardization
(ISO) Second Class pyranometer. These data are
available with a temporal resolution of 10 min.

In addition, ground-based remote sensing was used for
the validation. The UHF profiler in Nangatchori (close to
Djougou, Benin) provides wind profiles with a vertical
resolution of 75 m, but because of ground clutter (Jacoby-
Koaly et al. 2002) the lowermost level used is at 224 m
AGL. A ceilometer was deployed at the same location
(Pospichal and Crewell 2007). The bases of up to three
cloud layers detected from the backscatter coefficient were
used from the ceilometer in the present study. They were
averaged over 30 min to get values that we consider to be
comparable to eye observations at synoptic stations. A
highly inhomogeneous cloud distribution or calm condi-
tions may lead to errors with this method. Satellite-based
estimations of surface irradiation or low-level cloud cover
are not used for model evaluation owing to systematic er-
rors in this region as documented in Knippertz et al. (2011).

3. Identification of a best-performing model
configuration

A number of sensitivity tests were conducted with
WREF to identify a best-performing model configura-
tion. Because of the large computational cost, the tests
were only performed for the 10-day period 18-27 July
2006, which was characterized by frequent nocturnal
low clouds. Differences between the experiments were
assessed with widely used (skill) scores calculated with
respect to in situ observations and evaluated in relation
to the ECMWF AMMA reanalysis after regridding the
model output (see the appendix for details). Evaluated
variables are the fraction of low clouds (CL), MSLP,
2-m temperature (75y,,) and humidity (Q,p,), 10-m wind
speed, the NLLJ {maximum wind speed below a o level
[oc = pressure/(surface pressure)] of 0.9; FF .}, and
the surface downwelling LW and SW irradiation. WRF
calculates cloud fraction based on relative humidity,
liquid, and ice water content (Hong et al. 1998). The
random-overlap method (Morcrette and Fouquart
1986) was applied to model layers below o =0.8 to
calculate CL. Because of the tendency of CL to cluster
near 0% and 100% and the different treatment in
model and observations, the contingency table-based
measures frequency bias (FBIAS) and Peirce skill
score (PSS) were calculated using a binary event with
a threshold of 50%. The evaluation results for CL during
night hours are largely independent of the chosen
threshold of 50%; differences only become visible during
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the afternoon hours, which are not in the focus of the
current study. All (skill) scores were finally combined to
asingle score giving the largest weight to the reproduction
of the observed climatology of low-level clouds.

The following parameters/schemes were tested in six
experiments in WRF (see overview and explanation of
abbreviations in Table 1):

e Experiment 1: Six planetary boundary layer (PBL)
schemes with different local and nonlocal closure as-
sumptions in combination with different land surface
models (LSMs). All schemes underestimate CL and tend
to deteriorate on the second day, but Yonsei University
(YSU), Mellor-Yamada-Janjic (MYJ), quasi-normal
scale elimination (QNSE), and Mellor-Yamada—
Nakanishi-Niino level 2.5 (MYNN2) produce a satis-
factory diurnal cycle (Fig. 2a) and a realistic NLLJ (not
shown). Following experiments were performed with
the MYNN2 scheme (lowest biases in CL and FF,,y).

o Experiment 2: Total number of layers of 60, 70, and 80
with 11, 20, and 30 layers below 1 = 0.8 (about 1.8 km
above ground; 7 is the terrain-following vertical co-
ordinate of WRF). Higher vertical resolution reduces
the underestimation of CL (Fig. 2b) but has only a
small influence on surface pressure, temperature,
humidity, and wind speed, as well as the NLLJ. As
the improvement with 80 layers is small, 70 layers are
used in following simulations.

o Experiment 3: Three different LSMs using different
physical assumptions as well as number and thickness
of soil layers. While the performance of Noah and
Rapid Update Cycle (RUC) with respect to CL is
comparably good (Fig. 2¢), the former shows a better
diurnal cycle in specific humidity (not shown) and
was therefore chosen for further tests. Pleim—Xiu
(PX) has lower skill for CL but outperforms the
others with respect to surface pressure, temperature,
and humidity. The poor performance of the Asymmet-
ric Convective Model, version 2 (ACM2), PBL scheme
(Fig. 2a) might be due to the usage of PX.

o Experiment 4: Five microphysics schemes of different
complexity. Four of the five schemes show similar
performance (Fig. 2d) in good agreement with Otkin
and Greenwald (2008) for cloud properties within the
PBL. The Morrison and Lin schemes were selected for
the final set of experiments. The reason for the bad
performance of WRF double-moment 6-class micro-
physics scheme (WDMS6) (FBIAS of 0.52 for CL)
appears to be the default initial cloud condensation
nuclei (CCN) number concentration of 100cm ™. An
additional run with a more typical value of 1000 cm >

(Yum and Hudson 2002) improved the performance,

but as WDMG6 has no sources of CCNs (Lim and Hong
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FIG. 2. Frequency of the binary event “low-level cloud cover larger than 50%” plotted against (a) the integration time for the boundary
layer experiment, (b) the vertical resolution experiment, (c) the land surface model experiment, (d) the microphysics experiment, (e) the
radiation experiment, and (f) for the best-performing configuration experiment. OBS is the observed frequency from synoptic stations and
a ceilometer in Djougou. WDM6/8 is WDMG6 with an initial CCN concentration of 100 cm >, and WDM6/9 is WDMG6 with an initial CCN

concentration of 1000 cm >.

the bias in downwelling LW radiation (Fig. 3e). All
further analysis is limited to the first integration day in
order to reduce the impact of this drift.

The simulated wind profiles were compared to ra-
diosondes and the UHF at Djougou (see Fig. 1 for lo-
cations). Analyzed times are 2300 UTC (+11h) and
0500 UTC (+17h), as radiosondes are usually launched
up to 1.5 h before the synoptic hours (e.g., U.S. National
Weather Service 2010). For the coastal stations Abidjan
(2300 UTC only) and Cotonou the model overestimates
the maximum wind speed and the stability in the lowest
few hundred meters with the core of the simulated NLLJ
too low (Figs. 4a and 4c). The inland station Abuja has
a relatively low frequency of stratus clouds and both

model and observations show a weaker NLLJ with a
maximum too close to the ground in the model at
2300 UTC (Fig. 4b). Parakou at a comparable distance to
the coast is cloudier and the observed and simulated NLLJs
are more pronounced and closer to the ground (Fig. 4d).
Tamale has less frequent and less extensive stratus cloud
cover. The model overestimates the wind speed of the
NLLJ maximum but represents well the wind shear un-
derneath the jet (Fig. 4e). Agreement between the mea-
surements in Djougou and the simulation is reasonable
at 2300 UTC but large deviations are visible at 0500
UTC. Possible reasons include the lower altitude in the
model by about 70 m and errors in the UHF wind mea-
surements close to the ground.
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FIG. 3. Evaluation of the 90 daily model runs during the period JAS 2006. Shown is (a) the frequency of the binary event “low-level
cloud cover larger than 50%”* with the observed frequency from synoptic stations and a ceilometer in Djougou, (b) the 2-m temperature,
(c) the 2-m specific humidity, (d) the 2-m relative humidity, (e) the downwelling longwave radiation, and (f) the downwelling shortwave
radiation. OBS in (b),(c),(d) is the corresponding mean value from synoptic stations; OBS in (e),(f) is the corresponding mean values from

measurements in Cotonou and Parakou.

4. Results

a. Spatiotemporal distribution of low-level clouds
in WRF

As shown in section 3, the diurnal cycle of low-level
cloud cover in the whole domain is well represented by
the model with a minimum at 1800 UTC (Fig. 3a). The
spatial distribution reveals a first cloud increase along
the coastline after sunset and then a spreading inland
during the course of the night (Figs. Sa—e). This is con-
sistent with the observed late stratus onset at the inland
station Djougou around 0236 UTC (Schrage and Fink
2012). An unexpected result is the large simulated cloud

fraction over the Gulf of Guinea during day and night,
consisting of maritime stratus, but also of a shallow layer
of mist (visibility under 8km and relative humidity
above 80%) or fog (visibility under 1km). A closer in-
spection, not illustrated here, revealed that this layer is
limited to the lowest model levels and shows liquid
water contents of less than 0.1gm > (0600 UTC) on
average, which corresponds to a visibility of 200m or
more (Gultepe et al. 2006). There are regular reports of
mist at 0600 UTC from Lagos (Nigeria) and Accra
(Ghana), but not of fog. The average liquid water path is
smaller than 20gm 2 at 0900 UTC and smaller than
10gm ™2 at 1200 UTC; accordingly, the modeled effect
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FIG. 4. In each panel, (left) averaged wind and (right) stability profiles for the time period JAS 2006 from the WRF simulations (solid
lines), (a)—(e) from radiosondes (dashed lines), and (f) from the UHF profiler in Djougou (dashed lines). Shown are the wind speed and
stability in the lowest 1000m AGL at 2300 UTC (gray lines) and 0500 UTC (black lines). Only dates with observation and simulation
available were considered for averaging. The observations are vertically averaged to the model layers. The lowest observations from the

UHF profiles were not used because of ground clutter.

on the SW radiation balance is small and this aspect was
not further investigated.

A striking effect is the influence of low mountain
ranges on the stratus deck, best identified at 0600 UTC
(Fig. 5e). The stratus extends up to a few hundred ki-
lometers between the coastline and the windward side
of the mountains but quickly dissolves at the lee side.
This foehn effect is most pronounced where the moun-
tain ranges are orthogonal to the average direction of
the low-level flow like the Mampong Range in Ghana or
the Oshogbo Hills in Nigeria southwest of the River
Niger (for location, see Fig. 1). Such sharp edges are
also often visible in nighttime Meteosat SEVIRI red-
green-blue (RGB) images (not shown). The maximum
domain-averaged cloud cover is reached shortly after
sunrise around 0900 UTC (Fig. 5f; see also Fig. 3a).
Afterward, the cloud deck gets increasingly fragmented
by enhanced thermal turbulence, which also causes the
formation of daytime cumulus or stratocumulus in the
previously cloud-free regions farther to the north—for
example, in the north of Ghana. The cloud fraction is

usually lower in this region and the cloud base above
ground is higher.

b. Impact of low-level clouds on shortwave radiation

The spatial distribution of low-level clouds in the
model (Fig. 5) is reflected in the SW radiation balance at
the surface (Fig. 6a). On average, cloudier regions (here
defined as grid points with a time-averaged cloud frac-
tion of more than 50%) show low downwelling SW ra-
diation of 133 Wm *—much lower than the domain
average of 159 Wm 2 and the value for less cloudy re-
gions (here defined as grid points with a time-averaged
cloud fraction of less than 50%) of 198 W m 2. While the
latter is consistent with an observed long-term mean
value (2001-07) at the often cloud-free station Cotonou
of 198 Wm 2, the mean value for cloudy regions ap-
pears rather low compared to additional observations
shown in Knippertz et al. (2011) not available for 2006.
Kumasi (Ghana), which is located in one of the most
frequently cloud covered regions south of the Mampong
Range, reaches a mean observed value of 147 Wm >
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FIG. 5. Spatial distribution of low-level cloud cover (%) averaged
over 90 daily model runs during the period JAS 2006.

during JAS 2010, while the few other stations in the
region show even higher values. This negative bias is
consistent with the findings in section 3 and possibly
related to a too optically thick stratus in the model. A
detailed analysis of this important aspect, however, is
beyond the scope of this paper and left for future study.

The simulated mean value of the net SW radiation
balance in cloudier regions is 90Wm 2 and in less
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10w 5W 0 5E 10E

5556 657 75 8 85 9 9510

FIG. 6. (a) Simulated downwelling shortwave radiation at the
ground (W m™2), averaged over the 24-h period from 0000 to
0000 UTC, and 90 daily model runs during JAS 2006. (b) Average
difference in potential temperature between the first and the sixth
model layer (~300m AGL) at 0100 UTC; positive values corre-
spond to an increase with height. (c) Average wind speed maximum
below o = 0.9 at 0600 UTC given as shading and vectors.

cloudy regions is 125Wm ™2 This difference is sub-
stantial and leads to a reduction of the daily mean 2-m
temperature of 2.2°C and of the daily maximum tem-
perature of 4.1°C. Temperature differences on this order
of magnitude are sufficient to set up regional circula-
tions and to make the difference between favorable and
nonfavorable conditions for convection. Using large-
eddy simulations, Garcia-Carreras et al. (2011) found
that temperature differences as small as 1 K caused by
heterogeneity in surface fluxes over different land sur-
faces on scales of tens of kilometers can create enough
convergence to trigger convective clouds. In addition,
the colder cloudier regions are located south and thus
upstream of the warmer regions with respect to the
primary southwesterly flow, which leads to advection of
colder air over warmer ground—a situation where the
warmer air is lifted and the static stability in the upper
boundary layer is reduced (Baldi et al. 2008).

c. Relationship between NLLJ and low-level cloud
formation

Mechanical turbulence driven by the wind shear un-
derneath the NLLJ has been proposed as an important
factor for stratus formation in West Africa (Knippertz
et al. 2011; Schrage and Fink 2012). The importance of
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shear-driven turbulence was also documented for noc-
turnal boundary layer clouds in the Great Plains (Zhu
et al. 2001). Generally, turbulence is increased when the
critical Richardson number Ri. = 0.25 is reached, which
depends not only on wind shear, but also on stability. In
very stable conditions, more turbulent energy is dissi-
pated by the work against negative buoyancy than is
produced by wind shear. This situation is most often
simulated in the northern parts of the model domain,
which are frequently cloud-free and affected by a strong
radiative cooling after sunset, leading to differences of
2-2.5K in the potential temperature between the first
and the sixth model layer (Fig. 6b). The latter is located
about 300m above ground, at typical NLLJ heights.
Reaching Ri,. under such conditions would require
a wind difference of 9-10ms~ ' between the lowest and
the sixth model layer, which is not found in the model,
nor observed (Fig. 4). Schrage and Fink (2012) discuss
a case of a cloud-free night at Djougou at the northern
edge of the simulated stratus zone, when the low-level
static stability after sunset was higher than usual and
stratus did not form. In the stably stratified regions, the
NLLIJ speed can increase during the night and reach its
maximum around sunrise at 0600 UTC (Fig. 6¢). The
maximum stability in the northern part of the domain is
reached around 0100 UTC and is afterward reduced by
the advection of cooler air and occasional turbulent
mixing related to the NLLJ, but the stratification re-
mains stable on average until sunrise, after which en-
hanced thermal turbulence erodes the jet.

The radiative cooling of the surface after sunset sup-
presses mixing in the boundary layer as shown by the
turbulent kinetic energy (TKE) within the lowest model
layers (Fig. 7a). Only a small strip with higher TKE values
along the coast remains, which results mainly from the
abrupt change in surface roughness. In the course of
the night TKE along the coast increases together with
the strengthened NLLJ and the turbulent area spreads
farther inland (Figs. 7b and 7c). During individual nights
this inland movement is of an almost frontal nature with
a clear distinction between turbulent and nonturbulent
regions (not shown). Occasional gaps within the turbulent
areas suggest intermittent turbulence.

The simulated spatiotemporal distributions of TKE
and low-level cloud cover are highly correlated, which
supports the conclusion of Schrage and Fink (2012) that
turbulent vertical transport of moisture contributes to the
formation of the clouds. To further investigate the con-
tributions of other processes, two vertical cross sections
parallel to the mean NLLJ directions were created based
on averages over all model runs that have a domain-mean
low-level cloud fraction of 66% or more at 0600 UTC
(55 out of 90). Bringing the cross sections into a line
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10 model layers, temporally averaged over 90 daily model runs
during JAS 2006, at (a) 1900, (b) 0100, and (c) 0600 UTC. The cross
sections shown in Figs. 8 and 9 are marked in (a). The solid (dashed)
black line indicates a low-level cloud cover of 50% (90%).

with the NLLJ simplifies the interpretation, as no com-
ponent of horizontal advection perpendicular to the cross
sections needs to be considered. Cross-section I cuts
through the Mampong Range in Ghana and cross-section
II from coastal Benin to the Oshogbo Hills in Nigeria (see
Fig. 7a for the locations). Results are displayed in Figs. 8
and 9. Cross-section I shows one cloud maximum at 0600
UTC between the coast and the mountains (Fig. 8a) while
cross-section II has two maxima: one from the coast to
about 7.5°N and another around 9°N on the windward side
of the mountains (Fig. 8f). We also computed 1800-0600
UTC accumulated temperature and humidity tendencies
from the parameterization schemes and grid-scale advec-
tion as well as nighttime averages of TKE and wind speed.
As the accumulated tendencies are strongly influenced by
small-scale orographic features, a 33-gridpoint (~99km)
running mean was applied. The two cross sections show
rather different conditions. Cross-section I (Figs. 8 and 9,
left columns) shows a situation where turbulent effects and
orographically forced lifting are collocated, while both
effects are spatially more separated in cross-section II
(Figs. 8 and 9, right columns). We will therefore concen-
trate on the latter in the following discussion.

The strongest wind shear in cross-section II is found
within the first 100 km behind the coastline (Fig. 8g),
which is also the region where the highest values of TKE
are found in a layer of about 300-400-m height (Fig. 8h).
The NLLJ speed farther inland is lower and only a very
shallow turbulent layer with comparatively low TKE
values is simulated. Cross-section I has lower wind speed
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FI1G. 8. Vertical cross sections along the red lines shown in Fig. 7a. (a)-(e) Cross-section I and (f)—(j) cross-section II. All values are
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tendency and (e),(j) and moisture tendency, both from PBL scheme and accumulated from 1800 to 0600 UTC.

values in the south and higher values in the north com-
pared to cross-section II, which is consistent with the
higher static stability in the north in this region (Fig. 6b),
which suppresses turbulence generation. In both cross
sections, the turbulence north of the coast causes a ver-
tical downward directed heat flux, leading to a cooling of
about 1 K in 200-300 m above ground and a warming of
up to 3 K close to the ground in cross-section II (Figs. 8d
and 8i). This effect is connected to the horizontal ad-
vection of cold air from the ocean (Figs. 9a and 9e),
whose strength and vertical distribution also explains
why the heat flux in cross-section II is more pronounced.
The vertical gradient in the potential temperature and

values of TKE are much smaller in the north, leading to
smaller temperature tendencies from vertical mixing.
Compared to the heat flux, the upward transport of
moisture is visible over a wider area (Figs. 8e and 8§j),
spanning from the coast to about 8.5°N in cross-section
II. The specific humidity close to the ground is reduced
by about 0.5gkg ' and increased by the same amount
below the NLLJ. Not surprisingly, the location of the
maximum latent heat flux indicated by the largest ten-
dencies in specific humidity is collocated with the TKE
maximum. The grid-scale horizontal advection im-
plies an inhibiting effect on cloud formation, caused by
a reduction of the specific humidity at the ground as well
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as at the jet level. This at a first glance counterintuitive
effect, also described by Schrage et al. (2007), is the result
of the meridional distribution of specific humidity with
a maximum located over the continent between 5° and
15°N, since much of the moisture in the monsoon layer is
recycled water from local evaporation (Nicholson 2009).
Together with the predominantly southwesterly flow at
the Guinea Coast, this distribution leads to an upgradient
flow. Other important processes are radiative cooling at
the cloud top of about 2K (Figs. 9c and 9g), which sup-
ports cloud formation, and latent heating within the cloud
deck of about 1K (Figs. 9d and 9h), which counteracts
this cooling. The net effect of these two processes is
a cooling of the stratus cloud layer and thus a contribution
to its maintenance once the stratus deck has formed. In
addition, entrainment of warmer and drier air, and radi-
ative cooling near the top of the cloud layer have been
shown to affect cloud lifetime and properties (Yamaguchi
and Randall 2008), but a detailed analysis of these effects
is beyond the scope of this paper.

In the following the differences between cloudy and
clear nights are further analyzed at 6.2°N on cross-
section II. This point is characterized by a maximum in
TKE and cloud cover. With the values discussed below,
this point is, however, not representative for the whole
domain, but well suited to illustrate general differences
between clear and cloudy nights. Vertical profiles of
tendencies summed up from 1800 to 0600 UTC as shown
in Figs. 8 and 9 were calculated for a composite of the 15
clearest (Figs. 10a and 10b) and the 15 cloudiest nights
in the model (Figs. 10c and 10d). The main differences
between the two cases are related to the PBL scheme.
Vertical mixing in cloudy nights is stronger with a larger
vertical extent. In clear nights the mean effect of sensi-
ble heat flux is a warming of approximately +1.3 K in the
lowest 150 m AGL and a cooling of —0.6 K between 150
and 400m (Fig. 10a). In cloudy nights sensible heat
fluxes warm the lowest 300m by +1.8K and cool the
layer between 300 and 700 m by about —0.8 K (Fig. 10c).
The cooling in cloudy nights is supported by stronger
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FIG. 10. Vertical profiles of temperature and humidity tendencies summed up from 1800 to 0600 UTC at 6.2°N on cross-section II (see
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boundary layer scheme, MP: microphysics scheme, RAD: radiation scheme, and SUM: sum of all components.

cold advection up to about 1000 m. Both effects are
consistent with a stronger monsoon circulation during
cloudy nights. In clear nights, tendencies from the mi-
crophysics scheme are expectedly low and radiative
cooling cools the lowest 1300 m by an almost constant
value of 1K (Fig. 10a). In cloudy nights, there is signifi-
cant warming from latent heating in the cloud layer be-
tween 300 and 900 m on the order of 1 K, which is more
than compensated by enhanced radiative cooling
(Fig. 10c). Under the clouds, evaporation of light preci-
pitation leads to a moderate cooling from the micro-
physics scheme. Tendencies of specific humidity from the
PBL scheme are also larger and reach deeper in cloudy
nights, which is consistent with the temperature signals.
While in clear nights drying due to horizontal advection is
much stronger than moistening by vertical mixing (Fig.
10b), the latter is nearly able to compensate the negative
effect of advection in cloudy nights (Fig. 10d). The ver-
tically averaged effect of advection is similar in both ca-
ses. The main difference is the distribution over a larger
column in cloudy nights. Overall, in cloudy nights the
layer between 300 and 600 m cools by approximately
1K more than during clear nights and dries by about
0.3gkg ' less. These subtle differences are enough to
generate saturation during cloudy nights, which further
enhances cooling through LW radiative effects.

Figure 11 shows the evolution of cloudiness, NLLJ,
wind shear, and stability for the same gridpoint. The 15
clearest nights still reach cloud fractions around 20% in
the morning hours with rather little vertical structure
(Fig. 11a), while the 15 cloudiest nights show a very sharp
increase of cloud fraction in the 300-900-m layer reaching
almost 100% around 400 m by 0600 UTC (Fig. 11e). The

NLLJ is weaker in clear nights than in cloudy nights, and
the height of the maximum is closer to the ground (Figs.
11b and 11f). This is in agreement with an observation-
based discussion of a clear night by Schrage and Fink
(2012), where also no strong NLLJ was found. As men-
tioned earlier, the strengths of vertical mixing depends
on the static stability and the vertical wind shear. The
nighttime evolutions of both quantities differ between
clear and cloudy nights. In clear nights, the gradient in
potential temperature in the lowest model levels increases
until approximately 0000 UTC and is only slightly reduced
afterward (Fig. 11d) by mechanical mixing. The vertical
wind shear shows a comparable behavior (Fig. 11c). This
differs from the conditions farther to the north, where, as
mentioned earlier, the wind speed in the NLLJ can in-
crease until sunrise. In cloudy nights, the static stability
also increases during the first half of the night, but then
the wind shear becomes too strong and turbulence sets in.
The vertical gradients in potential temperature and wind
speed are reduced and the core of the NLLJ moves
upward (Figs. 11f-h) as the mixed layer underneath it
thickens. The growing extent of the mixed layer over time
is well reflected in the growing thickness of the cloud
layer (Fig. 11e).

The discussion above demonstrates the subtle balances
between advective, turbulent, radiative, and diabatic pro-
cesses that ultimately decide between formation and non-
formation of the cloud decks.

5. Discussion and conclusions

The regional WRF was used to carry out daily 54-h
simulations of the West African summer monsoon during
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FIG. 11. Temporal evolution from 1800 to 0600 UTC of vertical profiles at 6.2°N on cross-section II (see Fig. 7 for location) for (a)—(d)
the 15 clearest nights and (e)—(h) the 15 cloudiest nights. Shown are (a),(e) cloud fraction, (b),(f) the horizontal wind speed, (c),(g) vertical
gradient in horizontal wind speed, and (d),(h) vertical gradient in potential temperature.

JAS 2006 in order to verify and refine observation-based
ideas of low-level stratus formation proposed by Schrage
et al. (2007), Knippertz et al. (2011), and Schrage and
Fink (2012). A thorough validation analysis was con-
ducted using a variety of observations, including several
thousand eye observations of low-level clouds from syn-
optic stations and radiosondes from the AMMA 2006
campaign. Low-level cloud formation in WRF was found
to be sensitive to the choices of the land surface model,
the boundary layer scheme, and the vertical resolution
within the boundary layer. With the best-performing
configuration given in Table 1, WRF simulates the di-
urnal evolution of the stratus deck satisfactorily, which
lends credence to the interpretation of pertinent stra-
togenetic processes in the simulations.

The different contributions to the cloud formation
process are schematically summarized in Fig. 12, showing
both the situation close to the coast and farther inland.

The horizontal advection of cooler (but also slightly
drier) air is an important factor in both regions. The
shear-driven turbulent vertical transport underneath
the NLLJ is most pronounced close to the coast where
the upward transport of latent heat increases the spe-
cific humidity in the cloud level by 0.5 gkg ™' while the
downward transport of sensible heat decreases the tem-
perature by 1 K. Here, the radiative cooling at the cloud
top of about 2K during the night stabilizes the cloud
deck, as it is only partly compensated by latent heating of
about 1 K. This process might, however, also mix drier air
from above the boundary layer into the cloud deck in
some situations, which can create downdrafts through
evaporation of cloud droplets. As the stratus usually pro-
duces not more than light drizzle, evaporative cooling
underneath the cloud deck is only about 0.2K. There
appears to be a competition between the radiative cool-
ing of the surface and the turbulent transport as suggested
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FIG. 12. Schematic illustration of the cloud formation process for (a) conditions close to the coast and (b) farther inland. Abbreviations
are ADV: advection, E: latent heat flux, H: sensible heat flux, EV: evaporation, and NLLIJ: nighttime low-level jet. Typical values for the
contribution from each process are given. The effect of lifting was estimated by the difference in height and the assumption of a vertical
temperature gradient of 0.65 K (100m)~’. Other values are estimated based on cross-section II.

by Schrage and Fink (2012). The cooling of the surface
weakens after the cloud deck is formed, which favors
further vertical mixing and maintains the cloud deck. In
contrast, if the surface cools too fast, the vertical mixing is
suppressed and the night remains clear. The latter usually
happens northward of low mountain ranges.

Farther away from the coast, even in cloudy condi-
tions, the turbulence is generally not very marked, sug-
gesting that vertical mixing is not the main cause of the
cloud cover. Orographically forced lifting at the wind-
ward side of mountains creates additional cooling in
areas of small vertical mixing and weaker advection of
cold air, while the cloud deck immediately dissipates at
the leeside, where stable conditions further suppress cloud
formation. For this configuration of WREF, it can therefore
be concluded that the low-level nocturnal stratus deck
over the continent is formed owing to a combination of
turbulent vertical mixing driven by the NLLJ, the ad-
vection of cool air from the south (which increases with
stronger NLLJs), and forced lifting on the windward side
of mountains. The contribution of these individual pro-
cesses varies throughout the model domain, with turbu-
lent processes dominant close to the coast and forced
lifting farther inland. Radiative cooling helps to maintain
the stratus once it has formed.

This study is the first to quantify the subtle balance
between stratogenetic and stratolytic processes in all
detail and is therefore an important extension of the
work by Schrage et al. (2007), Knippertz et al. (2011),
and Schrage and Fink (2012). The results presented here
suggest that the problems of many CMIP3 global models
in representing the stratus deck are likely not solely re-
lated to the coarse vertical resolution in the boundary
layer. Instead, small differences in the advected air masses
or turbulent fluxes, for example, could be sufficient to lead
to a substantial bias in the cloud cover.

The simulated cloud deck is formed after sunset along
the entire West African southern coast and spreads
farther inland during the course of the night. This is no
pure advection by cloud-level winds, but a spreading
of turbulent conditions. The dissipation continues into
the afternoon hours and the spatiotemporal distribu-
tion is clearly reflected in the net SW radiation balance
at the surface; its daily average is reduced by about
35Wm ? in the cloudier half of the region relative to
the less cloudy half. This effect is also visible in the 2-m
temperature with the daily maximum being 4.1°C lower
in the former. The altered radiative forcing has some
important implications on different scales. Using sin-
gle-column models, Grabowski et al. (2006) showed
that especially in the hours after sunrise the low-level
cloud cover is critical for the correct simulation of
the diurnal cycle of deep convection, which is triggered
too early in the absence of low-level clouds. A similar
effect was seen when the best-performing model con-
figuration used in this study was compared to a configu-
ration from the first sensitivity experiment (see section
3) with less stratus cloud cover: the former generated
a realistic diurnal cycle, while the latter showed a too-
early start of precipitation in the course of the day (not
shown). On the larger scale, an adjustment of the me-
ridional overturning is conceivable. Eltahir and Gong
(1996) discussed the relation between the gradient of
boundary layer entropy and the strengths of the mon-
soon circulation. In contrast to the ocean, where the
boundary layer entropy is primary controlled by the
SST, over the continent, surface fluxes are the most
important factor, which in turn are strongly affected
by radiative forcing. These possible effects emphasize
the importance to further investigate this phenomenon
and its implications for the WAM circulation and its
prediction.
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TABLE Al. (Continued)

Mean score

Lwdown (W m42) SWdown (W m;z)

FFppax (ms™ )

FF o (m 541)

Oom (8 kggl) Tom (°C)

CL (%) MSLP (hPa)

454

Configuration
PX/MOR?2

195.1
16.8
118.6

413.5
-23
15.2

6.19
—-0.10
2.72

3.41
0.54
1.85

24.70
—1.00
1.91

16.56
—0.48
227

0.32
1.09
0.848
0.974
—33.82

1013.61

F Mean
BIAS
RMSE

0.78
0.261

F Rate
FBIAS
PSS

0.872

0.447

0.490
0.809
—31.57

0.739 0.483

0.248
0.798
—6.32

CORR1
CORR2

Score

0.995
-25.13

0.810
40.93

0.565
—9.82

0.994
—10.05

0.821
39.37

CORR2

Score

15.84
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APPENDIX

Scores Used in the Sensitivity Study

A skill score (SS) is used to compare the skill of a
forecast to the skill of a reference in this study to the skill
of the ECMWF AMMA reanalysis. The calculation of
most skill scores is based on Eq. (Al) (e.g., Jolliffe and
Stephenson 2003):

Score — ScoreRef

= X 100% . (A1)
Scorep, ¢ — Scoreg ¢

In Eq. (A1) Scorege is the score of the reference with
respect to observations and Scorepes is the score of
a perfect forecast. Such a SS was calculated for all mea-
sures used in this study: FBIAS, systematical error
(BIAS), PSS, root-mean-square error (RMSE), correla-
tion between all value pairs (COR1), and correlation be-
tween the observed and forecast diurnal cycle (COR2). In
addition, the correlation between the diurnal cycle of the
observed and forecasted frequency of the event were
calculated (ORgate and Frage, respectively). Some of the
observations used for the calculation of the scores were
also assimilated into the reanalysis; their score is therefore
close to perfect for some variables and considerably better
than the score of WRF, where no observations were as-
similated. SS was therefore limited to —100% to ensure
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that single variables are not overweighted in the combined
SS, which is defined in Egs. (A2) and (A3):

SSCL — 2SSFBIAS + SSPSS + 2SSCOR2 and (A2)
5
SS q= ZSSBIAS + SSRMSE + SSCORl + 2SSCORZ
conli

z ;
(A3)

where SSc1 is the combined skill score calculated for the
binary event “low-cloud fraction > 50%” and SSconi is
the combined skill score calculated for the continuous
variables. The weights of the included SSs are chosen to
focus more on the reproduction of the observed clima-
tology than on the day-to-day variability. An example of
these scores for one experiment is given in Table Al.
Finally, the combined skill scores are averaged to obtain
a summary score. The weights of this average are sub-
jectively chosen to focus on the cloud formation: NLLJ
wind speed, LW and SW radiation are double weighted;
MSLP, Oom, Tom, and FFyg,, are half weighted; CL is
weighted with the factor of 8, which is the same as the
other variables combined. This mean score is given in
the last column of Table Al; it was used to choose the
best-performing model configuration in section 3.
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