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1 Introduction
Understanding of cloud radiative effects (CREs) in the southern West Africa region is currently
limited. The complex cloud climatology with frequent multilayer clouds in this region (Stein et al.,
2011) makes it difficult to identify cloud types and to attribute radiative effects to different cloud
regimes. A lack of surface-based cloud observations (Knippertz et al., 2015a) and uncertain
aerosol–cloud interactions (Knippertz et al., 2015b) further limit understanding of clouds in this
region.
Compared to CRE, direct aerosol direct radiative effects (DARE) are perhaps even less well
understood over this region. While this lack of understanding is partly due to a lack of surfacebased aerosol measurements, the prevalence of cloud in this region poses additional challenges in
measuring aerosol properties and quantifying ADRE. These challenges include infrequent satellite
aerosol retrievals, since the retrieval methods require clear-sky conditions to avoid signal
contaminations from clouds. Since ADRE strongly depends on surrounding cloud conditions,
which are uncertain themselves, it is even more challenging to quantify ADRE than CRE.
Within the DACCIWA project, we have estimated cloud and aerosol radiative effects using multiplesatellite dataset built from Task 5.1 and 5.3, evaluated against field campaign data in Task 5.2 and
5.4. Combining these with simulations from operational Numerical Weather Prediction (NWP)
models and climate models (in collaboration with WP7), we can develop a new understanding of
the interactions and potential feedbacks between cloud and aerosol radiative effects and
atmospheric circulation across various temporal and spatial scales.
The main objective of the report is 1) to quantify the occurrence of various cloud types and their
associated radiative effects in the DACCIWA region during the monsoon season; 2) to report
aerosol direct radiative effects; and 3) to discuss model errors in radiation and their impacts on
energy budget, cloud type transition and circulation. Note that aerosol indirect effects are
discussed in D4.4 and thus will not be included here. Also, for consistency, this report focuses on
the region centred upon 5–10°N and 8°W–8°E. We shall refer to this region hereafter as the
“DACCIWA region”.

2 Observations of cloud and aerosol radiative effects
This section documents work completed within the DACCIWA project, towards an improved
understanding of how clouds and aerosols affect radiation budget over the DACCIWA region.
Such an understanding is required to ultimately reduce persistent radiation errors found in
atmospheric models in this region.

2.1 Cloud radiative effects
Radiative effects of various cloud types in the DACCIWA region are quantified using the state-ofthe-art satellite datasets and radiative transfer. The CERES–CloudSat–CALIPSO–MODIS
(CCCM) dataset (Kato et al., 2010; Kato et al., 2011; Ham et al., 2017), which combines
observations from spaceborne active and passive instruments, provides detailed cloud profiles
required for radiative transfer calculations. These cloud profiles were based on measurements of
polar-orbiting satellites that cross the equator at approximately 0130 and 1330 local time (LT). The
release B1 dataset is available from July 2006 to April 2011 inclusive. Since we focus on monsoon
seasons in June–September to coincide with research activities of the DACCIWA project
(Knippertz et al., 2015a; Hill et al., 2016; Hannak et al., 2017), the choice of the time period leads
to a total data length of 19 months.
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Radiative fluxes at the top of the atmosphere (TOA), at the surface, and heating rates in the
atmosphere are calculated using the CCCM dataset as input to the Suite of Community Radiative
Transfer Codes (SOCRATES) two-stream radiation scheme (Edwards & Slingo, 1996). The fluxes
are evaluated against coincident the Clouds and the Earth's Radiant Energy System (CERES;
Wielicki et al., 1996) measurements, showing good agreement with Pearson correlation coefficients
of 0.95 for the TOA shortwave (SW) irradiances, 0.85 for the 1330 LT TOA longwave (LW)
irradiances and 0.92 for the 0130 LT TOA LW irradiances. Diurnal mean irradiances in the LW are
estimated by averaging the two CCCM sample times, while diurnal mean irradiances in the SW are
estimated by running the calculations using 24 different solar zenith angles. More details can be
found in Hill et al. (2018).
Following the scheme described in Tselioudis et al. (2013), each CCCM profile is classified as a
cloud type based on its vertical structure. Pressure thresholds of 680 and 440 hPa are used to
determine whether the profile contains one or more of low- (L), mid- (M), or high-level (H) cloud
and whether cloud in different layers is connected or not. As illustrated in Fig. 1, this classification
results in 13 different scene types, including clear sky and 12 cloud types.

Fig. 1. Schematic illustrating how each cloudy CCCM profile is assigned to one of 12 cloud types
based on the cloud vertical structure. L, M and H represent low-, mid- and high- clouds,
respectively. Cloud occurring in multiple layers is denoted by a letter for each layer it occurs in,
while the letter x is used to denote when cloud extends across the pressure boundaries. From Hill
et al. (2018).
To provide further insight into how different cloud types affect the regional energy budget, the
contribution to the total cloud radiative effect (CRE) from each cloud type is further decomposed
into its frequency of occurrence and mean coincident cloud radiative effect (CCRE; i.e., the mean
radiative effect calculated using only the CCCM group profiles that correspond to that cloud type).
The frequency of occurrence of the different cloud types in Fig. 2 shows that the DACCIWA region
has infrequent clear sky and is very cloudy, in agreement with existing cloud climatology (Hill et al.,
2016). The most common cloud types are 1L, 1H, and HL, but 8 of the 12 cloud types occur at
least 5% of the time in this region, indicating a much more diverse set of cloud types than those
found in many other parts of the globe (Tselioudis et al., 2013; Bodas-Salcedo et al., 2016).
Multilayer clouds, where distinct clouds occur simultaneously in multiple layers, occur rather
frequently (42% during the day and 46% during the night), representing a further source of
complexity for understanding CRE.
D5.5_Model_evaluation_DACCIWA_v1.0

www.dacciwa.eu

DACCIWA 603502

7/22

Fig. 2. Mean frequency of occurrence of each cloud type in the CCCM product over the
DACCIWA region in June–September, 2006–2010. Cloud frequency of occurrence at 1330 and
0130 LT are normalized separately. Uncertainty resulting from sampling is illustrated by the error
bars, which show the 95% confidence interval based on bootstrapping. From Hill et al. (2018).
Over the DACCIWA region, the CRE of different clouds depends on the particular irradiance in
question (Hill et al., 2018). The CRE is complex, since almost all the cloud types make a nonnegligible contribution to some aspect of the radiation budget. As shown in Fig. 3a, the mean SW
CCRE of each cloud type at TOA is strongly linked to the number of layers it extends through, i.e.,
the physical thickness of cloud layers. This is not surprising, because physical thickness is
correlated with water path and optical depth (Wang et al., 2000). The HxMxL cloud type, which
extends into three layers and is likely to be deep convection, has the largest mean SW CCRE (476
W m−2 at 1330 LT). Those cloud types that extend between two layers have the next largest mean
SW CCRE with values ranging from 275 to 297 W m−2 at 1330 LT. Clouds that occur separately in
one or more layers have CCRE values ranging from 150 to 187 W m−2 at 1330 LT. The mean LW
CCRE at TOA (Fig. 3b) is of a smaller magnitude compared to SW CCRE (Fig. 3a) for almost all
cloud types, with isolated high cloud being the exception. Unlike SW, the magnitude of LW CCRE
at TOA is mainly determined by cloud-top temperature, and thus closely linked to the presence of
high cloud (e.g., 1H and HxMxL cloud types).
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Fig. 3. The mean (a) SW and (b) LW mean CCRE at the TOA over the DACCIWA region over
June–September, 2006–2010. Bars labelled 0130 and 1330 LT correspond to calculations based
on the night-time and daytime satellite overpasses, respectively. The diurnal approximation shown
in (a) is based on averaging calculations that use the daytime CCCM data and a range of solar
zenith angles. Uncertainty resulting from errors in our calculations is illustrated by the constrained
calculations, which exclude CCCM group profiles where the SOCRATES–CERES TOA differences
are large. Error bars show the 95% confidence interval based on bootstrapping. From Hill et al.
(2018)
Figure 4 shows the approximate diurnal mean total (i.e., SW + LW) cloud radiative effects. The
diurnal mean total irradiances tend to be small because of cancellation between LW and SW
CREs. For some cloud types, uncertainty is large (up to ±7 W m−2) at the TOA and surface, but the
uncertainty is generally much smaller for fluxes into the atmosphere. At the TOA, the 1L cloud
type has the largest magnitude net CRE, as the decrease in net downwelling SW irradiance
resulting from low clouds is much larger than the increase in net downwelling LW irradiance. Most
other cloud types also have a negative effect on the TOA net downwelling irradiance, although for
many cloud types this is not certain. Isolated high cloud (1H) is the only cloud type that definitely
leads to an increase in the net TOA irradiance. At the surface, all cloud types reduce the net
downwelling irradiance, because the reduction in SW radiation reaching the surface is larger than
the increase in downwelling LW radiation. 1L leads to a small reduction in the flux into the
atmosphere, but all other cloud types increase the flux into the atmosphere.
For low clouds, a particular focus of the DACCIWA project, we have found that the 1L cloud type
occurs with a frequency of 17 % at 1330 LT and 7 % at 0130 LT (Fig. 2). Low clouds that are
beneath higher clouds occur more frequently, with a frequency of 31 % at 1330 LT and 29 % at
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0130 LT. Note that these low clouds beneath higher clouds cannot easily be detected by passive
satellite observations. Moreover, although these low clouds beneath higher clouds may not always
have a particularly large effect on the TOA radiation budget, they do have a significant impact on
the surface radiation budget (e.g. Fig. 9 in Hill et al. [2018]).
To summarize, the DACCIWA region experiences many different cloud types; no single cloud type
dominates in terms of either frequency of occurrence or radiative effect. The most frequent cloud
types are 1L, 1H, HL, and HxMxL, which have frequencies of 12%, 14%, 19%, and 10%,
respectively. Contributions from different cloud types to the regional mean cloud radiative effect
depend not only on their frequencies, but also on their mean CCRE, which is linked to cloud
thickness in the SW and cloud-top and cloud-base height in the LW.

Fig. 4. Contribution to the diurnal mean total (i.e., SW + LW) CRE from each cloud type for June–
September 2006–2010 over the DACCIWA region, based on radiative transfer calculations. Error
bars show the combined uncertainty resulting from the diurnal mean approximation, the
constrained calculation (which exclude CCCM group profiles where the SOCRATES–CERES TOA
differences are large), and the limited sampling. These uncertainties are calculated separately for
the SW and LW and are combined in quadrature. From Hill et al (2018).

2.2 Aerosol radiative effects
Similarly to cloud radiative effects, aerosol radiative effects are estimated by combining CCCM
data with SOCRATES radiative transfer calculations. Seven common aerosol species are
provided by CCCM, including soluble and insoluble particles, small and large dust particles, sulfuric
acid, sea salt, and soot, as defined in the Optical Properties of Aerosols and Clouds (OPAC)
climatology (Hess et al., 1998). The extinction CCCM attributes to each species depends on
CALIPSO measurements and the Model of Atmospheric Transport and Chemistry (MATCH; Rasch
et al., 1997). The extinction, single scattering albedo, and asymmetry of these aerosol species are
spectrally dependent and parameterized in SOCRATES as a function of aerosol mass mixing ratio,
as described in Cusack et al. (1998). Since the CCCM dataset does not provide mass mixing ratio
D5.5_Model_evaluation_DACCIWA_v1.0
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directly, we used the inverse of the SOCRATES parameterization to derive profiles of aerosol
mass mixing ratios from the CCCM aerosol extinction profiles for each species. These aerosol
mass mixing profiles are then input to SOCRATES for radiative transfer calculations. Additionally,
the diurnal means of radiative effects at TOA are estimated by averaging LW irradiances at 1330
and 0130 LT for the LW, and by multiplying the SW irradiances at 1330 LT by a factor of 0.396 for
the SW. This multiplying factor was estimated by comparing the SW irradiances at 1330 LT to the
mean of the hourly SW irradiances at TOA.

Fig. 5. Zonal mean aerosol optical depth at 500 nm for the DACCIWA region, from the CCCM
dataset for June–September, 2006–2010. The solid black line indicates the total aerosol optical
depth from all aerosol species, while each of the broken lines indicates the optical depth due to
one of the seven aerosol species included in CCCM.
Figure 5 shows the zonal mean aerosol optical depth attributed to each species in CCCM. The
total aerosol optical depth is ~0.32 near the coast and decreases to ~0.3 inland. This value of 0.3
generally agrees with the mean AOD measured by the NASA Aerosol Robotic Network
(AERONET) in June-July 2016, as described by Mollard et al. (2018). Although the total optical
depth is rather constant, individual aerosol species show different variability with latitude. The
optical depth of small dust aerosols remains fairly constant with latitude, but the optical depth of
large dust particles increases with latitude, as distance to the major dust source decreases. The
sulphate aerosol corresponds to stratospheric background aerosol and thus it is unsurprising that
its optical depth shows little variation with latitude. Extinction due to sea salt is negligible at most
latitudes, with larger (but still small) optical depth at the coast. The optical depth of soot is also
very small, with largest values again at the coast. Soluble aerosol corresponds to pollution and as
a result the optical depth is largest near the coast where the large cities (i.e., the main emission
sources) are located and decreases with latitude. Finally, the optical depth of insoluble aerosols,
which correspond to soil particles, is negligible at all latitudes. Since DACCIWA aircraft
measurements show that the regional pollution is dominated by biomass burning (Haslett et al., in
preparation), the CCCM product might have underestimated the optical depth of soot.
The zonal mean direct aerosol radiative effect (DARE) for both the SW and LW at both TOA and
surface is shown in Fig. 6. Similar to CRE, the DARE is defined as the difference of irradiances
computed with and without aerosols. Since aerosol radiative effects are influenced by the
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associated cloud conditions, we show separate estimates of the aerosol radiative effects using
both all-sky (i.e. including the observed cloud) and clear-sky (i.e. removing all cloud) calculations.

Fig. 6. Zonal mean aerosol direct radiative effects for the DACCIWA region in June–September
2006–2010, based on CCCM data and SOCRATES calculations with and without aerosols. “ Allsky” values (solid lines) are computed including clouds in radiative transfer, while “clear-sky”
values (broken lines) are computed excluding clouds in radiative transfer calculations with and
without aerosols.
Beginning with the LW, we see that aerosols lead to an increase in the net downwelling LW
irradiance at both the surface and TOA. All-sky DARE increases from ~1 W m–2 near the coast to
~2 and ~4 W m–2 near 10°N at the TOA and surface, respectively. If clouds are excluded from the
calculations (i.e., clear-sky estimates), LW DARE are consistently ~3 W m–2 larger at both the TOA
and surface for all latitudes, remaining the increase.
The increase with latitude in LW DARE is thought to be due to the changes in aerosol species.
Recall that Fig. 5 presents optical depth at 500 nm, a wavelength in the SW. Let us focus on two
aerosol species in Fig. 5: one is large dust particles that show the largest increase in optical depth
with latitude, and the second is soluble particles that show the largest decrease in optical depth
with latitude. The opposite changes with altitude in these two species help maintain the total
optical depth at 500 nm to be nearly constant. However, the extinction per unit mass of soluble
particles in the LW is at least 10 times smaller than that at 500 nm, while the extinction per unit
mass of large dust particles in the LW is similar to that at 500 nm. As a result, in the LW, the
increase in extinction with latitude due to increased concentrations of large dust particles is larger
than the decrease in extinction due to decreased concentrations of soluble particles. This leads to
an increase in the total extinction in the LW increases with latitude, and the increase LW DARE
with latitude seen in Fig. 6.
In the SW, aerosols lead to a decrease in the net downwelling SW irradiance at both the surface
and TOA. At the surface, the clear-sky DARE is approximately –15 W m–2 near the coast and
decreases to about –13.5 W m–2 at higher latitudes. This is a direct consequence of the changes
in the total aerosol optical depth with latitude. At the TOA, the DARE is smaller than at the surface,
as absorption by aerosols reduces the amount of downwelling SW irradiance, but does not
necessarily change the upwelling SW irradiance. The magnitude of the clear-sky SW DARE at
D5.5_Model_evaluation_DACCIWA_v1.0
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TOA decreases with latitude between the coast and ~7 °N. This is due to an increase in
absorption by aerosols as the concentrations of more scattering aerosols (e.g. soluble) decrease
with latitude, while the concentrations of more absorbing aerosols (e.g. large dust) increase with
latitude, as shown in Fig. 5. The all-sky surface SW DARE is smaller in magnitude, as clouds
extinguish some of the radiation that is extinguished by aerosols in the clear-sky case.
Although both the mean AOD and mean SW incoming irradiance used in our calculations are
larger than the global averages, the zonal mean calculated clear-sky values for the SW DARE at
TOA are similar to estimates of the global mean over land at both the TOA (between –1.7 and –5.5
W m–2) and surface (between –5.1 and –13.5 W m–2) as estimated by Yu et al. (2006). Our
calculated zonal mean is also very close to the value of 5.82 W m–2 estimated by Mollard et al.
(2018) using AERONET aerosol properties and assuming clear-sky at Save (note the difference in
sign is due to comparing the DARE on net downwelling TOA SW irradiances to the DARE for
upwelling TOA SW irradiances). However, the SW surface DARE is notably ~10 W m–2 smaller in
magnitude than the value of –26.08 W m–2 calculated by Mollard et al. (2018). About 5 W m–2 of
this difference is because the results presented here are net downwelling (i.e. down-up) as
opposed to downwelling. Since the TOA DARE values are in good agreement, the other 5 W m–2
difference must be due to additional atmospheric absorption from aerosols in the AERONET
calculations.

3 Evaluation of model radiation
3.1 DACCIWA campaign forecasts
As part of the forecast evaluation reported in D7.3, several model forecasts were verified using
Outgoing Longwave Radiation (OLR) using measurements from Geostationary Earth Radiation
Budget (GERB) instrument processed at the University of Reading.
GERB is the geostationary earth radiation budget instrument onboard the EUMETSAT’s Meteosat
Second Generation (MSG) satellites (Harries et al., 2005). It is a broadband radiometer designed
to measure the total emitted and solar reflected radiances over the earth with high temporal
resolution (5 min) and 50 km spatial resolution. From the measurements, the top of atmosphere
radiation, divided in short and longwave contributions can be estimated to give an accurate
estimation of the earth’s radiation budget (or rather the budget in MSG’s field of view which covers
almost half of the earth’s surface).
GERB measurements were averaged of the preceding three hours, calculated from measurements
every 15 minutes. To avoid biasing the fluxes due to diurnal sampling, if any GERB data in the
three-hour window was missing, the three-hour average was set to missing. GERB solar flux
suffers from sun-glint over water surfaces at low zenith angles, which means that these are often
missing. Note that when sun glint occurs, the daily means are biased low because it occurs at low
zenith angles. GERB solar flux is only measured for zenith angles less than 80°. The data were
extended to 104.5° using CERES twilight measurements and interpolation as described in Hill et
al. (2016).
Figure 7 shows OLR time series and errors for the pre-onset and post-onset periods, as defined by
Knippertz et al. (2017). Most forecast models have a lower bias in the post-onset period than in the
pre-onset but large centred root mean square error (CRMSE) in both periods. A small exception is
the COSMO model that displays a large bias in the post-onset period, possibly connected with an
underestimation of cirrus outflow resulting from deep convection.
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Fig. 7. Box-average OLR from the various models compared with GERB observations during the
DACCIWA campaign. Left: Time-series. Right: Error diagrams with contributions from systematic
and unsystematic errors to the Root Mean Square Error with the different times of day combined.
The latter is referred to as “centred root mean square error (CRMSE)”. Top: pre-onset period;
Bottom: post-onset period. (From Fig. 13, D7.3.)

3.2 Global atmospheric models
A detailed evaluation of the DACCIWA climate models was presented in D7.4. We present results
from an evaluation of the representation of the West African monsoon (WAM) system in widely
used global and regional climate and seasonal model datasets following a similar strategy as in
D7.3 for weather forecasting. Here we present a sub-set of D7.4 focusing on TOA radiative fields.
Considered model datasets include (a) long-term climate simulations from the Coupled Model
Intercomparison Project Phase 5 (CMIP5) coordinated by the Intergovernmental Panel on Climate
Change (IPCC), (b) climate simulations conducted as part of the Years of Tropical Convection
(YoTC; Waliser et al., 2012), which provides additional tendency terms and diurnally resolved data,
(c) own climate simulations using the ECHAM6 (run by ETHZ) and Unified Model (run by MO), and
(d) seasonal forecasts using the ECMWF Integrated Forecast System (IFS). Outgoing longwave
and shortwave radiation from forecast models were evaluated against GERB products. We used
the “Standard High-resolution Image” (Dewitte et al., 2008), in which the data are processed using
cloud observations from SEVIRI to convert radiance measurements to radiative fluxes at
approximately 10 km resolution, every 15 min.
As shown in Fig. 8, the highest values of OLR from GERB are found in the southern west corner of
the DACCIWA box, the smallest ones in the southern right corner, while a triangle-shaped region
with medium values can be found in between. This pattern is very well repeated by the IFS runs,
D5.5_Model_evaluation_DACCIWA_v1.0
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and most other models show at least the maximum in approximately the right position. The
absolute values are too high from all models but IFS. Hence, the radiative effect of clouds is not
modelled in the right way. The GERB outgoing shortwave radiation (OSR) field places the smallest
values at the southern edge in the centre with larger values shortly northwards from it. All models
show the same structure but the absolute values vary in a range of 190 W m–2 which is much more
than for OLR (55 W m–2).

Fig. 8. Outgoing longwave radiation (upper panel) and outgoing shortwave radiation (lower panel)
at top of the atmosphere as seasonal mean for the YOTC models, the ECHAM and the IFS runs
and the UM compared to GERB measurements from 2006–2015. Please note that for IFS only net
radiation was available, therefore shortwave fields cannot be shown and for the longwave fields the
incoming longwave radiation was assumed to be exactly zero.
The influence of clouds on outgoing shortwave and longwave radiation varies from model to model.
The UM had by far the lowest amount of liquid water and not too much ice water, therefore it is not
surprising that the seasonal mean of OLR for the UM is largest compared to the other models. For
the other models the effect of clouds is not easy to describe without additional information, e.g.
NAVGEM does not have a lot of liquid water or ice but at the same time not a very high OLR. This
could either mean that the diurnal cycle is very strong and no general conclusions can be drawn
from comparing a figure for 12 UTC with all-day averages, or that the microphysical properties of
the clouds contribute strongly to the observed variation.
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3.3 Further analysis of climate models
Having examined radiation errors in models, this section examines TOA irradiances in greater
detail in climate models. In particular, we analyse interannual variability and diurnal cycles in the
climate models and identify the causes of errors in these models by considering all-sky and clearsky irradiances separately. Further details concerning this analysis are available from Hill et al
(2016).
We base this analysis on simulations from CMIP5 (Taylor et al., 2012). As this study is focused on
atmospheric processes, we use Atmospheric Model Intercomparison Project (AMIP) simulations
that employ predetermined realistic sea surface temperatures and sea ice. Additionally, since the
DACCIWA region exhibits notable diurnal cycles of cloud and hence radiation (Stein et al., 2011;
van der Linden et al., 2015), we also focus on those AMIP5 models for which 3‐hourly output is
available: CanAM4, CNRM‐CM5, HadGEM2‐A, and MRI‐CGCM3. We focus on the months of
June and July, using 1) data from 2008 for which 3 hourly model output is available for diurnal
cycle comparisons, and 2) all available years from 2002 onwards for diurnal mean comparisons.
We use the CERES data set to evaluate these climate models. CERES instruments are limited to
two polar‐orbiting satellites and as a result only sample four points in the diurnal cycle. The
CERES instrument on the AQUA satellite takes radiation measurements over the DACCIWA
region at approximately 0130 and 1330 LT, while the CERES instrument on board the TERRA
satellite takes measurements over the DACCIWA region at approximately 1030 and 2230 LT. To
obtain better sampling of the diurnal cycle, we use the synoptic radiative fluxes and clouds
(CERES‐SYN) product (Doelling et al., 2013), which capitalizes on geostationary imagers to
estimate the diurnal variability between CERES observations. For consistency with the climate
models, we use CERES-SYN data from June–July 2008 for diurnal cycle comparisons and JuneJuly 2002–2014 for diurnal mean comparisons.
Figure 9 shows the June-July mean all-sky and clear-sky irradiances for the CERES-SYN product
and the four AMIP models. For the TOA SW irradiances, interannual variability in the each of the
models is large. The interannual variability in the CERES-SYN product is smaller. Two of the
AMIP models consistently overestimate the TOA outgoing SW irradiance compared to CERESSYN, while two underestimate it. For TOA LW irradiances, the modelled interannual variability is
again larger than the observed interannual variability. Generally the climate models overestimate
the TOA outgoing LW irradiance, but only one of the climate models (HadGEM2-A) overestimates
the TOA outgoing LW irradiance by a significant amount.
Examining clear-sky irradiances can help determine whether the all-sky irradiance errors are due
to cloud or other processes such as aerosols, water vapour, or the surface albedo. However, it is
important to bear in mind that the models and satellite observations determine clear-sky
irradiances quite differently. In the models, clear-sky irradiances are calculated by repeating
radiative transfer calculations without cloud. In the observations, clear-sky irradiances are
estimated by averaging the measurements for pixels that are identified as cloud free. This can
lead to differences in mean clear-sky irradiances as large as 15 W m–2 in the LW (Allan and
Ringer, 2003). Nevertheless, this difference is apparently much smaller than the model bias
shown in Fig. 9. For SW, there is a clear climate model bias in clear-sky conditions: all four AMIP
models have larger irradiances than CERES-SYN. In particular, the clear-sky bias in the MRICGCM3 model can explain most of the all-sky bias. Hill et al. (2016) found that this is primarily
because MRI-CGCM3 has a much larger surface albedo than the other models, highlighting the
need for improved observational surface albedo datasets in this region. For the HadGEM2-A and
CNRM-CM5 models, the clear-sky bias appears to partially offset cloud errors and reduce all-sky
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TOA SW irradiance errors. LW clear-sky errors diurnal mean errors are much smaller and we
cannot identify any definite biases given the uncertainty related to different definitions of clear-sky.

Fig. 9. June-July mean top of atmosphere radiative fluxes in the DACCIWA region for CERES-SYN
and AMIP5 models. Shading shows spatial variability within the domain. Adapted from Hill et al.
(2016).
Figure 10 compares diurnal cycle of TOA irradiances from the models and CERES-SYN.
Differences in the phase of the diurnal cycles of irradiances cannot be disentangled from the
temporal sampling that the climate models use to reduce the cost of the computationally expensive
radiative transfer schemes. The different climate models use different methods to account for this
reduced temporal sampling, and as a result irradiances output at the same point in time may
represent quite different time periods. Such differences make comparison of the phase of the
diurnal cycles of radiation problematic, so we shall restrict our discussion to the amplitude of the
diurnal cycles.
For SW irradiances, the amplitude of the diurnal cycle is dominated by changes in the solar zenith
angle. Differences in the amplitudes of the SW diurnal cycles are consistent with differences in
diurnal mean irradiances. For LW clear-sky irradiances at TOA, all the models have a larger
amplitude diurnal cycle than CERES-SYN. This may be due to the different methods for
calculating clear-sky irradiances. However, two of the climate models (HadGEM2-A and CanAM4)
have significantly larger amplitude all-sky diurnal cycles than CERES-SYN, which implies there are
issues with the diurnal cycles of cloud in these models.
OLR is generally overestimated in the climate models shown in Figs. 8–10. Further analysis of
some of the climate models shows that the clear-sky OLR predicted by these models is much
closer to the observed values than the all-sky OLR, which points to problems simulating the
radiative effect of high clouds in this region. Many (but not all) of the models also overestimate the
OSR compared to satellite observations, but analysis of clear-sky OSR in some of the models
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reveals large differences amongst models and between the models and the satellite observations,
which may be able to explain large parts of the all-sky errors.

Fig. 10. Comparison of diurnal cycles for June–July 2008. For shortwave radiation (a and c), the
models are shown at a time that is most consistent with the solar zenith angle used, rather than the
output time. From Hill et al. (2016).

4 Effect of radiative processes on circulation
Radiation errors are of interest because errors in radiative heating cause further errors in
circulation and precipitation. This section aims to identify potential consequences of the model
radiation errors identified in the previous section.

4.1 Energy budget analysis
One of the simplest methods for understanding how radiation is linked to circulation and
precipitation is to construct energy budgets. Under the hydrostatic approximation and assuming
that kinetic energy transport and changes in energy and water storage are negligible as in Muller
and O’Gorman (2011), the time-mean regional atmospheric energy budget may be expressed as
𝐿𝑐 𝑃 = 𝑄 + 𝐻𝑑
where 𝐿𝑐 is the latent heat of condensation of water vapor, P is the surface precipitation rate, 𝐻𝑑 is
the atmospheric horizontal divergence of dry static energy and Q is the atmospheric net heating
from radiation and sensible heat.
Satellite datasets provide estimates of precipitation rates, SW column radiative heating and LW
column radiative cooling, while we take estimates of sensible heating, surface evaporation,
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divergence of moisture and divergence of dry static energy from the ERA-Interim reanalysis (Dee
et al., 2011). Figure 11 illustrates the atmospheric energy budget of the DACCIWA region,
including June-July multi-annual mean estimates for each term. The DACCIWA region is fueled by
a combination of ~110 W m–2 of SW radiative heating, ~170 W m–2 of latent energy, and ~25 W m–2
of sensible heating from the surface. This is balanced by LW net radiative cooling between –188
and –211 W m–2 (depending on dataset) and horizontal divergence of dry static energy of
approximately –105 W m–2.

Fig. 11. Key terms in the atmospheric energy budget for the DACCIWA region. Numbers shown
are June–July means (standard deviations of interannual means in parentheses) for 2000–2015
from the data source indicated by that colour. From Hill et al. (2016).

4.2 Effect of SW irradiance perturbations on regional precipitation and
circulation
Deetz et al. (2018) investigate the total (direct + indirect) aerosol effect using COSMO-ART
simulations. By scaling aerosol concentrations within their simulations, they found that increasing
aerosol concentrations led to decreased surface downwelling SW irradiance, due primarily to the
aerosol direct effect. This in turn affects two features of the regional meteorology: the stratus to
cumulus transition (SCT) that takes place in the DACCIWA region in the course of the day, and the
Atlantic (or maritime) Inflow – a coastal front that develops during daytime and propagates inland
during the evening.
The reduction in downwelling surface SW irradiance affects the SCT through decreased surface
temperatures, which in turn lead to decreased sensible heat fluxes. This in turn reduces the
boundary layer height and consequently the cloud base height, leading to an later break-up of the
stratus cloud. The effect of the reduction in surface SW irradiance on the Atlantic Inflow is also
through decreased surface temperature. This reduction in surface temperature leads to increased
surface pressure, which leads to a decrease in the Atlantic Inflow front velocity.
Additionally, Kniffka et al. (2018) examine how the radiative effect of low-level clouds affects the
regional meteorology, using a regional numerical weather prediction model. They ran simulations
with the Icosahedral Nonhydrostatic (ICON) model over the DACCIWA region and analysed the
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effect of changing the condensed water content below 700 hPa passed to the radiation scheme
used by their model. In contrast to Deetz et al. (2018), they found significant impacts on the
regional precipitation, with decreasing surface precipitation as the low cloud water content
increased. They argued that this was because increasing low cloud water content leads to
decreased surface SW irradiance, which leads to decreased surface temperature and a more
stable boundary layer, leading to less triggering of convection. They also found large effects on
the diurnal cycle of clouds in the region. However, the changes in low cloud water content had
little impact outside the DACCIWA region in which they were applied.
Both these studies illustrate the sensitivity of the regional meteorology to the radiative processes.
Moreover, although the radiative perturbations in both studies are similar (i.e. primarily changing
the downwelling SW irradiance at the surface), the model responses are quite different. These two
different studies perturbed the radiation budget using different methods, resulting in different
perturbations, and were run for different time periods. Thus, it is unclear whether the differing
model responses are due to differences in the radiative perturbations, differences in the regional
meteorology, differences in the way the models respond to these perturbations, or a combination of
all three. These are just two studies using only two models. It remains to be seen whether these
results can be confirmed in observations and/or generalised to other models. It would also be very
useful to analyse these simulations within the context of the regional energy budget.

5 Summary and conclusions
This report addresses specific objectives that Work Package 5 set out to achieve, namely
quantifying the impacts of low and mid-level clouds (layered and deeper congestus) and aerosols
on the energy budget, evaluating and improving state-of-the-art satellite cloud/aerosol retrievals
and models, and analyzing the effect of cloud radiative forcing on the West Africa monsoon
circulation.
We have found that low clouds that are beneath higher clouds occur frequently, approximately
30% both at daytime and nighttime. In contrast, single-layer low clouds occur much less frequently
and appear to have a more evident daytime (17%) and nighttime (7%) difference. Similar to other
types of clouds, single-layer low cloud has a moderate negative radiative effect at TOA in the SW
and a small positive effect in the LW. Due to the compensation between SW and LW, the diurnal
mean of the total radiative effect of single-layer low clouds is about –10 W m–2 both at TOA and at
the surface. The magnitude of the low-cloud radiative effect is the largest compared to other cloud
types (except the radiative effects of deep convective clouds at the surface) and is associated with
the largest uncertainty, highlighting the importance of continuous capability for better cloud
observations.
Similarly to clouds, aerosols have a negative direct radiative effect in the SW and a positive effect
in the LW in both all-sky and clear-sky conditions. The total direct effect of aerosol is in the order
of –10 W m–2. The aerosol direct radiative effect does not show a strong variation in latitude;
however, the lack of strong zonal variation is because the effects from different aerosol species
compensate each other, due to changes in aerosol concentration with latitude and due to the
difference in their absorption properties. While our estimates from satellite retrievals generally
agree with those estimated from a global scale, there is a non-negligible discrepancy between our
estimates and those from field campaign data. This discrepancy suggests that better observations
of aerosol absorption properties may be the key element for reducing the uncertainty in aerosol
direct radiative effects.
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Focusing on outgoing radiative fluxes, models continue to show large biases in both SW and LW,
and larger interannual variability compared to the state-of-the-art satellite observations. While
these persistent errors are highly linked to the ability to model clouds, our analysis shows that
calculations in clear-sky conditions also require caution and improvement, but the sources of errors
tend to be more easily identified compared to all-sky conditions.
The effect of SW irradiance on regional precipitation and circulation are investigated through model
simulations. The SW irradiance is perturbed through increased aerosol concentration and lowlevel cloud water amount, leading to different model response. Studies from the DACCIWA
partners demonstrate that model responses can include delayed stratocumulus-to-cumulus
transition, reduced marine flow, more stable boundary layer and reduced convection activity.
Since these responses can be diverse and sensitive to the details of model schemes and setup,
more efforts on the modeling and observational constraints will be needed to confirm how robust
these responses are.
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