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Abstract This study presents seasonal vertical structure
from 1000 to 100 hPa of liquid water content (LWC) and ice
water content (IWC) and investigates their variability with
temperature in Africa from climatological perspective. Both
LWC and IWC may increase or decrease with temperature
by season and by region. We compared vertical distribution
of LWC and IWC from ERA-Interim, JRA-55 and MERRA
reanalysis to the distribution of cloud types from ISCCP and
we found that cloud type with highest liquid content is
Stratocumulus (Sc) in JJA for both East of Africa (13.3 %)
and West of Africa (19.3 %) while Cumulus (Cu) in MAM
for both South of Africa (8.6 %) and North of Africa
(13.5 %). Cirrus (Ci) is the most frequent cloud with ice with
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24.6 % presence in East Africa, 20.4 % in West Africa,
7.2 % in North Africa during MAM and 21.3 % in South
Africa during SON. The LWC exists below 400 hPa for both
ERA-I and JRA-55, whereas below 200 hPa based on
MERRA in all regions of Africa. The IWC exists above
600 hPa for both East and West Africa, above 800 hPa in
South Africa and above 900 hPa in North Africa for both
ERA-I and JRA-55, whereas above 500 hPa in both East and
West of Africa, above 800 hPa in South of Africa and above
850 hPa in North of Africa based on MERRA. The ERA-I,
JRA-55 and MERRA are in agreement in low and mid tro-
posphere while in upper troposphere only ERA-I and JRA-55
are in agreement. The MERRA disagrees with ERA-I and
JRA-55 in the upper troposphere. The difference of LWC
and IWC seasonal vertical distribution in Africa is due to
different climatic features between tropic regions and sub-
tropic regions. All three reanalyses show the LWC and IWC
between —22.7 and 1.6 °C over Africa. The coexistence
temperature between LWC and IWC may be useful to esti-
mate the temperature at which there are the supercooled
liquid water and mixed clouds. The ERA-I and JRA-55 may
be good proxies in precipitation and cloud monitoring in
regions with a lack of in situ observations in Africa. Our
results reveal that ISCCP and the two reanalyses (ERA-I and
JRA-55) are more reliable for characterizing cloud types and
the vertical profile of LWC and IWC climatology,
respectively.

1 Introduction
Clouds are formed by different physical and dynamical

processes that are strongly dependent on liquid water
content and ice water content (Gultepe and Isaac 1997).
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The term liquid clouds refers to clouds that do not contain
ice particles, the term ice clouds is applied to clouds that do
not contain water droplets and the term mixed clouds is
reserved to clouds where water droplets and ice particles
coexist (Mazin 2006). In this study, we analyzed vertical
structure of cloud liquid water content and cloud ice con-
tent derived by ERA-interim, which is in contrast to former
studies where aircrafts (Vidaurre et al. 2011; Boudala et al.
2004) and probes were used to measure liquid water con-
tent (Gultepe and Isaac 1997; Vidaurre et al. 2011) and to
study the microphysical characterization of mixed-phase
clouds (Korolev et al. 2003). Many studies have analyzed
precipitation amounts in Africa but there are few studies
about the cloud microphysics, which play a big role in
precipitation formation. This study analyses how cloud
microphysics impacts East of Africa, West of Africa, South
of Africa and North of Africa during all seasons. Cloud
water and cloud ice are predicted to form through large-
scale condensation and deposition processes (Fowler et al.
1996). Previous studies based on satellite observations
done by DelGenio and Wolf (2000) showed no liquid water
content (LWC) at temperature less than —10 °C, while
another study based on the situ observations done by
Gultepe et al. (2002) indicated that approximately
40—50 % are at temperatures less than —10 °C. The sat-
uration vapor pressure over liquid water is higher than that
over ice at low temperatures, which explains the difference
of the growth rate of ice particles and liquid droplets under
the same conditions (Korolev and Isaac 2003). The pres-
ence of liquid and ice in the same volume is colloidally
unstable, as the liquid will easily be taken up by ice
(Harrington et al. 1999). Previous studies indicated that
clouds in the temperature range between —30 and 0 °C,
30-60 % of are supercooled liquid water while 40-60 % in
mixed phase clouds (Zhang et al. 2010; Mazin 2006). The
LWC generally increases with the decrease of height for
synoptic snow profiles, resulting in the highest LWC values
in low portion of the cloud layer, while for shallow middle-
level clouds, higher values are near cloud top (Noh et al.
2013). In northern latitudes the cloud liquid water content
data were classified at temperature intervals between —30
and 25 °C. Gultepe and Isaac (1997) showed that LWC
increased from 0.04 g m—> at —27.5 °C to 0.23 g m ™" at
2.5 °C and started to decrease until the temperature reaches
17.5 °C, while at the lowest altitude the maximum LWC
was 0.26 g m~> at 22.5 °C. There were no cloud liquid
water content for temperature less than 15 °C in the studies
done by Smith (1990) and Moss and Johnson (1994). While
considering chemical composition in cloud water, Moller
et al. (1996) found that there were sharp decreases or
increases of LWC within a time scale between a few
minutes and one hour, which showed an ending or begin-
ning of the cloud event. The maximum LWC was detected
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in mid-troposphere based on the ERA-interim and in low
troposphere based on CloudSat, while both showed the
maximum ice water content (IWC) in the upper tropo-
sphere (Jiang et al. 2011). There is a difference between
vertical distributions of cloud water and cloud ice whereby
the maximum of cloud water appears in January in the
lower troposphere in the tropics located near the 3-km level
and in the equator, whereas the maximum of cloud ice
occurs in the tropical upper troposphere (Fowler et al.
1996). Both liquid water path (LWP) and ice water path
(IWP) were found to be high over intertropical conver-
gence zone (Yamada and Satoh 2013). The seasonal ver-
tical structure of liquid and ice water content in the
troposphere is complex and not well understood despite its
regional and global impacts. There is a connection between
liquid and ice water content with cloud level type and a
significant relationship with temperature by season and by
region.

1.1 African climatology

The climate of Africa may be grouped depending on their
geography position: in North of Africa the climate is
characterized by the significantly low moisture, dry cli-
mate, the rainfall amount less than 130 mm/year and the
extreme temperature; the West of Africa is a semi-arid
region with a steppe climate and the average rainfall per
year is between 100 and 200 mm from June through
September; the Savanna climate is found in both West
and South of Africa characterized by wet and dry seasons
during summer and winter, respectively, with rainfall
average of 100—400 mm/year; the equatorial region in
Africa is a rain-forest (tropical wet) which has wet and
warm climate with high amount of rainfall though all year
with annual average of 1800 mm (Adeyewa and Naka-
mura 2003). In Central of Africa there is bimodal struc-
ture per year with high maxima in November and March
to May (Nikulin et al. 2012). There is high spatial and
temporal rainfall amount variability in East Africa
(Ogallo 1989) due to the presence of high mountains, the
large lakes such as Lake Victoria, the Indian Ocean in the
east and the seasonal migration of the intertropical con-
vergence zone (ITCZ) (Ntale et al. 2003). There are two
major phenomena which significantly contribute to the
local weather and climate over Africa. There are mon-
soons which are the driving mechanism of the climate and
the dust storms from the dry areas which have a profound
impact on the weather conditions over Africa; considering
the large amount of aerosols, they may have influence on
the African monsoon (De Graaf et al. 2009). Africa
regions have different rainfall seasons. In many regions of
Africa the heavy rainfall most likely occurs in the after-
noon and evening (Geerts and Dejene 2005). The inter-
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tropical convergence zone (ITCZ) passes across East of
Africa twice a year and has significant influence on the
climatological rainfall pattern (Anyah and Semazzi 2007).
The inter-annual variability in East of Africa is influenced
by the El Nino-Southern Oscillation (ENSO) anomaly
patterns (Ogallo 1989). North and South Africa are
located in midlatitudes, whereas East and West of Africa
in tropical regions where the Intertropical Convergence
Zone (ITCZ) crosses two times per year. The location of
the ITCZ corresponds to the maximum precipitation in
rainfall seasons (Nikulin et al. 2012). The regions with
high amount of precipitation are located where the ITCZ
crosses include tropical regions of Africa (Huffman et al.
1997; Rui and Yunfei 2005). In Africa the ITCZ crosses
twice per year in the regions located in the tropics such as
East and West of Africa which explain more precipitation
in those regions, while regions located in midlatitude such
as North and South of Africa don’t have more precipi-
tation compared to East and West of Africa due to the
fact that the ITCZ reaches in those regions once per year.
The rainfall in the tropical regions is a cumulus regime
(Riehl 1979), whereas in the midlatitude regions there is
large presence of stratiform precipitation in convection-
generated clouds (Rutledge and Houze 1987). There are
precipitating clouds, entirely convection-generated cumu-
lonimbus in the tropic regions (Houze 1997), which
results in large amount of precipitation across East of
Africa (Nikulin et al. 2012). In the North of Africa the
climate is uniformly dry during JJA and the moisture is
almost totally absent in some places except where a few
oases exist, while climate with low precipitation with high
peaks prevails from June through September (Adeyewa
and Nakamura 2003). The rainfall in East of Africa is
sensitive to both Atlantic in the west and Indian Ocean in
the east (Tierney et al. 2011) and it is influenced by El
Nino events, which tend to increase rainfall in some
regions and produce drought in other regions (Mike
2002). There are long and short (moist) rainfall seasons in
March-April-May and September—October—November
(SON), dry season in June—July—August (JJA) and
December—January—February (DJF) (Ntale et al. 2003).
The strong Congo air mass flowing into the region may
increase the instabilities of the convergence zone which
leads to the increase of long rains (Okoola 1999). There is
significant evidence in the intraseasonal variability in the
convective activity and low-level atmospheric circulation
during summer monsoon in West of Africa (Janicot and
Sultan 2001). In West of Africa during JJA there are
convection and moisture advection (Kiladis and Weick-
mann 1997), which leads to the rainfall. The increase
(decrease) of the West African monsoon is associated
with a strong cyclonic (anticyclonic) activity over the
Sahel which leads to stronger (weaker) moisture

advection in West of Africa (Janicot and Sultan 2001). In
West of Africa during the West African Monsoon (WAM)
there is maximum rainfall at the end of May/beginning of
June and its seasonal variation migration (Nikulin et al.
2012). The austral summer, autumn, winter and spring
occur during December to February (DJF), March to May
(MAM), June to August (JJA) and September to
November (SON), respectively, in South of Africa where
the maximum rainfall occurs in DJF (Engelbrecht and
Landman 2015). The rainfall which is below the normal
amount is due to the El Nino Events (Tozuka et al. 2014).
In East of Africa there are high mountains compared to
other regions of Africa. The mountains may have effects
on the formation of some cloud types. The air moving at
the slope of the mountain is transported by the wind. The
wind velocity intensity may differ by region and by
season. The stratus clouds form in the free atmosphere in
rising air currents of only a few cm/s vertical velocity
along a very sloping plane (Aufm 1950). In many regions
the rainfall increases with elevation due to the orographic
updraft (Weisse and Bois 2001). The wind is an important
meteorological parameter which influences the distribu-
tion of rain in mountainous regions (Moreno et al. 2014).

1.2 Role of aerosols in the variation of cloud
properties

There are significant amount of aerosols from deserts and
biomass burning in the African continent which may
influence the African monsoon (De Graaf et al. 2009).
They influence the cloud formation and cloud albedo
(Twomey 1977), cloud lifetime (Albrecht 1989), cloud
height (Pincus and Baker 1994) and precipitation. There
is a strong relationship between the aerosols and the
amount of precipitation in Africa (De Graaf et al. 2009)
and the cloud coverage may increase or decrease due to
aerosol pollution (Ackerman et al. 2000). The smoke from
biomass burning and anthropogenic air pollution are
known as sources of large concentrations of small cloud
condensation nuclei (CCN) (Rosenfeld et al. 2001), which
lead to the formation of a high concentration of small
cloud droplets and therefore to an increased cloud albedo
(Twomey et al. 1987) and also to the suppressed precip-
itation (Rosenfeld 2000). In June or July the InterTropical
Convergence Zone (ITCZ) reaches the north position
when there is high dust production in the west of the
Sahara desert (De Graaf et al. 2009). The anthropogenic
and dust aerosols have different impacts on precipitation
amount. When the ITCZ reaches the Sahel region, the
general circulation model revealed the reduction and
increase of precipitation in the north and south sides of
ITCZ respectively (Yoshioka et al. 2007). The suppres-
sion of precipitation and change of ice cloud amounts by
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mineral aerosols have been detected in North of Africa
(Mahowald and Kiehl 2003). We found both the positive
and negative correlation between different cloud types
and precipitation in the West and East of Africa while
only positive correlation in South of Africa (Ntwali
2015). In west of Africa the cumulus (Cu) with liquid and
the cirrus (Ci) show negative correlation, whereas stra-
tocumulus (Sc), stratus (St), nimbostratus (Ns), altocu-
mulus (Ac), altostratus (As) and cirrostratus (Cs) show a
positive correlation. In East of Africa there are only
middle clouds stratus (St) and nimbostratus (Ns) with
liquid which show negative correlation, whereas cumulus
(Cu), stratocumulus (Sc), altocumulus (Ac), altostratus
(As), cirrostratus (Cs) and cirrus (Ci) show a positive
correlation. There is a positive correlation between dust
and cloud amount whereas there is low negative corre-
lations between high ice clouds (cirrus, stratocirrus and
deep convective) and high dust months in North of Africa
(Mahowald and Kiehl 2003). In June to October there is a
significant biomass burning in South of Africa (Cooke
et al. 1996). Their aerosol radiative effects are signifi-
cantly altered by the inclusion of semidirect effects which
are primarily driven by cloud cover and changes in liquid
water path over land (Sakaeda et al. 2011). In West of
Africa the reduction of precipitation over the Sahel region
in West of Africa is the main effect of dust radiative
forcing (Fabien et al. 2008; Rosenfeld et al. 2001). Cen-
tral-east of Africa experiences low (high) aerosol loading
during wet (dry) seasons while Southeast Africa shows
alternating high and low residues with high values during
the local dry season (De Graaf et al. 2009) which are
absent during the local wet season (e.g. Stein et al. 2003).
The reanalysis data products allow us to make and
improve the quality assessments and quantifying uncer-
tainties (Rienecker et al. 2011). This may also explain
different LWC and IWC amounts in the same cloud type
in Africa. After the Mount Pinatubo eruption, the ISCCP
indicated a decrease in Cirrus cloud amount accompanied
by an increase of Cumulus and Altocumulus clouds which
cause misidentification of Cirrus as low Cumulus clouds
(Luo et al. 2002). The significant difference between
ERA-Interim and GPCP revealed high uncertainties which
may be caused by the underestimation of aerosol optical
depth in the region (Dee et al. 2011). The purpose of this
study was to reanalyze and evaluate extensively the sea-
sonal vertical profile of LWC and IWC based on ERA-I,
JRA-55 and MERRA reanalysis from 1979 to 2014 from
climatological perspective and investigate the cloud type
with low- and high liquid/ice content based on ISCCP
observations in East, West, South and North of Africa.
The main goal to use three reanalysis datasets was to
clarify their quality and differences over East, West,
South and North of Africa by season.
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2 Data and methodology
2.1 ERA-Interim reanalysis

The ERA-interim dataset is latest global atmospheric
reanalysis produced by the European Centre for Medium-
Range Weather Forecasts (ECWMEF) to replace ERA-40 and
it is continuously updated and extends from 1 January 1979
to present (Dee et al. 2011). The ERA-interim uses data
assimilation which improves radiative transfer model
(Lindsay et al. 2014). The version of 4D-Var used for ERA-
Interim helps the bias corrections needed for the majority of
satellite-based radiance observations and to produce accu-
rate analyses of the large-scale tropospheric circulation
which involves computing a variational analysis of the basic
upper-air atmospheric fields (temperature, wind, humidity,
ozone, surface pressure), followed by separate analyses of
near-surface parameters (2 m temperature and 2 m humid-
ity), soil moisture, soil temperature, snow and ocean waves
(Dee et al. 2011). The cloud liquid water content (LWC),
cloud ice water content (IWC) and temperature derived by
ERA-interim (ERA-I) reanalysis are used in this study from
1979 to 2014 with 0.75 horizontal resolution and 27 vertical
pressure levels (from 1000 to 100 hPa).

2.2 JRA-55 reanalysis

The JRA-55 reanalysis is produced and implemented by
Japanese Meteorological Agency (JMA) and uses obser-
vations from ERA-40 (Uppala et al. 2005) and the archived
data of JMA (Kobayashi et al. 2015). JRA-55 uses the
Japanese Meteorological Administration (JMA) global
operational forecast model with finer spatial resolution
(Yokoi 2015). JRA-55 provides both long period data and
using four-dimensional variational method. Even though
there are several reanalysis data with long period data,
most of them use three dimensional variational analysis
method.

2.3 MERRA reanalysis

The Modern-Era Retrospective Analysis for Research and
Applications (MERRA) reanalysis dataset was released by
NASA in 2010 based on the Goddard Earth Observing System
Data Assimilation System Version 5 (GEOS-5) (Rienecker
et al. 2011). It provides global reanalysis data products from
1979 to present (Kennedy et al. 2011). The major role of data
assimilation in the model is to simulate the hydrological cycle
with high accuracy (Lindsay et al. 2014). MERRA was
implemented due to the fact that hydrologic cycle represented
in previous reanalyses was not sufficient for climate and
weather studies (Rienecker et al. 2011). MERRA uses a three-
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dimensional variational data assimilation (3DVAR) analysis
algorithm based on the Gridpoint Statistical Interpolation
scheme (Wu et al. 2002). It uses a GEOS-5 atmospheric
general circulation model (AGCM) which is effective for
transport in the stratosphere (Pawson et al. 2007). MERRA
has 72 vertical levels from the surface to 0.01 hPa (Rienecker
et al. 2011) and uses a three-dimensional variational data
assimilation (3DVAR) analysis algorithm based on the
Gridpoint Statistical Interpolation scheme (Wu et al. 2002)
with a 6-h update cycle. NCEP-NCAR reanalysis has been
used to implement the MERRA reanalysis due to its latest
data.

2.4 ISCCP observations

The ISCCP (International Satellite Cloud Climatology
Project) combines visible and infrared to detect clouds and
geosynchronous satellites as the preferred satellite source
except at high latitudes. The ISCCP data have an archive of
more than 20 years of monthly global observations. We
used ISCCP due to its capacity to provide long period
global cloud data (in this study we used data from 1983 to
2009) and due to the fact that it has shown a close agree-
ment over land with other satellites (SOBS, METEOR and
Nimbus). In polar regions, it shows the exception whereby
the cloud amounts appear to be too low over land by about
10 % (somewhat less in summer and somewhat more in
winter) as well as slightly low over the oceans. The ISCCP
has shown that the global annual mean cloud amount is
about 63 %, while 23 % higher over oceans than over land
and slightly more in nighttime than daytime over oceans,
whereas more in daytime than in nighttime cloud amount
over land (Rossow et al. 1993). The ISCCP cloud type
levels and classification are defined as low cloud pressure
level less than 680 hPa, middle cloud level between 680
and 440 hPa and high cloud level above 440 hPa as shown
by Rossow and Schiffer (1991). In this study the low-level
cloud types analyzed are Stratus (St), Cumulus (Cu) and
Stratocumulus (Sc); in middle-level cloud types there are
Altocumulus (Ac), Altostratus (As) and Nimbostratus (Ns)
and in high cloud types there are Cirrus (Ci) and Cirro-
stratus (Cs). The ISCCP data are used in this study to
evaluate liquid and ice water cloud content variability in
the mentioned different types of clouds and to investigate
cloud type by seasonal in tropospheric vertical distribution
from 1000 hPa to 100 hPa in Africa.

3 Results and discussion
We have considered four regions in Africa shown in Fig. 1

depending on the African geography: East of Africa (28° E
to 43° E and —3° S to 5° N), West of Africa (—12° W to

10° E, 3° N to 20° N), South of Africa (17° E to 36° E and
—38° S to —5° S) and North of Africa (1° E to 34° E and
20° N to 34° N). The four regions are considered due to
their differences in climate variability. In this study we
used the seasonal mean of LWC, IWC and temperature for
analysis. The seasonal vertical structures of tropospheric
LWC and IWC from 1000 to 100 hPa are not the same over
East, West, South and North of Africa. The LWC amount
changes significantly by region while there is less differ-
ence in IWC. The ERA-I and JRA-55 show no LWC above
300 hPa while MERRA above 200 hPa in East of Africa
(Fig. 2a—d), West of Africa (Fig. 2e-h), South of Africa
(Fig. 2i-1) and North of Africa (Fig. 2m—p). Boucher et al.
(1995) found that the increase of cloud coverage is mostly
the consequence of increased cloud amount fraction in the
lower layers (1000-800 hPa). It is clear that the highest
LWC occurs during rainfall season: in West of Africa
during JJA (23.4 g m at 825 hPa, 21.4 g m > at 900 hPa,
11.8 g m—> at 500 hPa), in South of Africa during DJF
(14.8 gm™> at 825 hPa, 10.9 gm™> at 800 hPa, 14.9
g m~> at 900 hPa) based on ERA-I, JRA-55 and MERRA,
respectively (Table 1). In North of Africa the ERA-I and
MERRA show highest LWC in DJF rainfall season: 2.9
g m~> at 800 hPa and 3 g m > at 1000 hPa, respectively,
while JRA-55 shows it in SON season (3.7 gm° at
900 hPa) but no significant difference in DJF rainfall sea-
son(3.5¢g m~ at 900 hPa). In East of Africa both JRA-55
and MERRA show high LWC during two different rainfall
seasons: MAM (12.5 g m—> at 800 hPa) and SON (13
g m~ 2 at 600 hPa), respectively, while the ERA-I shows it
in JJA dry season (16.8 g m™> at 650 hPa) but also with
high amount in rainfall season (15.270 g m> at 600 hPa in

A I3
/Y /7
/ 5 S& W —
/ A T )
e North of Africa X

Fig. 1 African map showing East of Africa, West of Africa, South of
Africa and North of Africa regions
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Fig. 2 The seasonal vertical profile of LWC (Liquid water content)
(g m73) in East of Africa during a DJF, b MAM, ¢ JJA, d SON; in
West of Africa during e DJF, f MAM, g JJA, h SON; in South of

MAM and 15.279 g m at 600 hPa in SON). This shows
that the sensitivity of LWC and IWC amounts in JJA dry
season in East of Africa by ERA-I need to be improved.
The LWC amount is relating to the amount of rainfall
which explains high values during rainfall seasons. The
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LWC(g m)

LWC(gm™)

10 16 .20
LWC(gm™)

Africa during i DJF, j MAM, k JJA, 1 SON and in North of Africa
during m DJF, n MAM, o JJA, p SON from ERA-I (blue line), JRA-
55 (red line) and MERRA (green line) reanalysis from 1979 to 2014

LWC vertical distribution is explained by deep convection
of low tropospheric clouds. The liquid cloud water in JJA
and DJF was found to be in low and middle pressure levels
(Gregory and Morris 1996). Cloud particle concentrations
and their droplet size distributions vary horizontally and
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Table 1 The seasonal average vertical maximum of LWC based on ERA interim, JRA55 and MERRA reanalysis

South of Africa

North of Africa

14.8 g m~ at 825 hPa
10.9 g m~> at 800 hPa
14.9 g m™> at 900 hPa

9.7 g m~ at 850 hPa
7.3 g m~ at 800 hPa
11.4 g m™ at 900 hPa

6.1 g m at 850 hPa
6.9 g m~ at 800 hPa

2.9 ¢ m at 800 hPa
3.5 g m~> at 900 hPa
3 g m~> at 1000 hPa

0.8 g m > at 550 hPa
1.4 g m™ at 900 hPa
1.2 g m~ at 1000 hPa

1.1 g m™ at 550 hPa
1.5 g m™ at 600 hPa

Max LWC East of Africa West of Africa
DJF
ERA 13.5 g m™ at 600 hPa 2.9 ¢ m at 875 hPa
JRA55 11.1 g m™ at 600 hPa 5.9 g m~> at 900 hPa
MERRA 10.9 g m™> at 600 hPa 3.5 g m~ at 600 hPa
MAM
ERA 15.270 g m ™2 at 600 hPa 7.4 g m™> at 825 hPa
JRA55 12.5 g m™ at 800 hPa 10.8 g m™ at 900 hPa
MERRA 12.652 g m™ at 600 hPa 5.5 gm™> at 600 hPa
JIA
ERA 16.8 g m™> at 650 hPa 23.4 g m™> at 825 hPa
JRAS55 11.3 g m™ at 800 hPa 21.4 g m™* at 900 hPa
MERRA 12.655 g m~* at 600 hPa 11.8 g m™ at 500 hPa
SON
ERA 15.279 g m~> at 600 hPa 13.5 g m™> at 825 hPa
JRAS5 11 g m™* at 600 hPa 8.6 g m— at 900 hPa
MERRA 13 g m™ at 600 hPa 8.8 g m™> at 600 hPa

8.4 g m™> at 900 hPa 0.9 g m~ at 1000 hPa
10.4 g m~> at 875 hPa
9.2 g m~ at 900 hPa

11.7 g m™ at 900 hPa

1.1 g m~ at 550 hPa
3.7 g m~ at 900 hPa
0.7 g m~ at 1000 hPa

vertically (Mazin 2006). The temperature may be below
0 °C and water droplets can still exist in clouds as super-
cooled droplets. As a matter of fact, cloud temperatures
frequently need to get below —10 °C for any significant
number of ice particles to form. If a cold cloud contains
both ice particles and supercooled droplets, it is a mixed
cloud. The LWC vertical profile based on ERA-I, JRA-55
and MERRA profile in East of Africa (Fig. 2a—d), West of
Africa (Fig. 2e-h) and South of Africa (Fig. 2i-1) are sig-
nificantly high than that in North of Africa (Fig. 2m—p)
which has low LWC mainly due to the presence of Sahara
desert which reduces evaporation. The low LWC amount is
found over the major desert regions (Fowler et al. 1996).
There is an agreement of ERA-I, JRA-55 and MERRA
dataset especially at low-pressure levels in all Africa.
There is a remarkable disagreement between MERRA with
ERA-I and JRA-55 in all Africa, especially at high-pres-
sure levels, while in South of Africa during DJF (Fig. 2j),
West of Africa in JJA (Fig. 2g) and SON (Fig. 2h) and East
of Africa in MAM (Fig. 2b), in JJA (Fig. 2c), in SON
(Fig. 2d) at middle-pressure levels where it shows a large
lapse rate. At high and middle-pressure levels the MERRA
has high and low LWC, respectively, than ERA-I and JRA-
55 in all Africa. The ERA-I and JRA-55 show high LWC at
middle and low-pressure levels in East of Africa (Fig. 2a—
d) and North of Africa (Fig. 2m—p), respectively. The lig-
uid water occurs often in low- and middle-level clouds.
The ERA-I and JRA-55 show the LWC in both low- and
middle-level clouds whereas MERRA shows it from low to
up level clouds in all Africa. This shows the limitations of

using MERRA in upper level clouds as no liquid water can
be found at high negative temperature due to the conver-
sion of liquid to ice. Both East and West of Africa are
located in the tropic regions and are close to the equator
where there are often convective clouds, which explains the
presence of high LWC compared to South and North of
Africa located in midlatitude regions. In the Sahel region in
West of Africa the storms are marked by high echo tops
and high hydrometeor loading aloft (Geerts and Dejene
2005). The high LWC amount is often abundant in the
tropics than in the midlatitudes (Fowler et al. 1996) and
occurs in deep convective clouds (Politovich 2003) which
often occur in equatorial regions. The rainfall season in
West, South and North of Africa occurs during JJA, DJF
and DJF, respectively, while in MAM and SON in East of
Africa. The increase of LWC in the lower troposphere is in
accord with the increase of moisture in the region. It is only
in East of Africa that ERA-I, JRA-55 and MERRA show
the maximum LWC in different seasons. The JRA-55 and
MERRA show the maximum LWC during MAM and SON
while the ERA-I shows the maximum LWC in dry season
(JJA). Even though ERA-I shows the maximum LWC in
dry season (16.8 g m™> at 650 hPa in JJA), it shows also
high LWC in rainfall seasons (15.270 g m > at 600 hPa in
MAM and 15.279 g m > at 600 hPa in SON). Cumuliform
clouds tend to have large drops which explains the high
LWC amount at the low- and mid-pressure levels in which
Cumulus and Stratocumulus clouds often occur in high
amounts in all Africa. The annual Cumulus and Stratocu-
mulus cloud amounts with liquid are 8.6, 7.9, 7.4, 10.3 %
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and 9.7, 12.6, 6.8, 9.2 % in East, West, South and North of
Africa, respectively (Fig. 5). The LWC generally increases
with altitude and varies from cloud to cloud and also within
the same cloud (Politovich 2003). There is an increase of
LWC in the low troposphere with the presence of dust
whereas there is a decrease of LWC in the middle tropo-
sphere with no dust effects, and the reduction of cloud
thickness is consistent with the decrease of precipitation
(Fabien et al. 2008). Both East and West of Africa are
located in the tropics regions and are close to the equator
where there are often convective clouds which explain the
presence of high LWC compared to South and North of
Africa located in midlatitude regions. The high LWC
amount is often abundant in the tropics than in the mid-
latitudes (Fowler et al. 1996) and occurs in deep convective
clouds (Politovich 2003) which often occur in equatorial
regions. The increase of LWC in the lower troposphere is
in accord with the increase of moisture in the region. It is
only in East Africa that ERA-I, JRA-55 and MERRA show
the maximum LWC in different seasons. Cumuliform
clouds tends to have large drops which explains the high
LWC amount at the low- and mid-pressure levels in which
Cumulus and Stratocumulus clouds often occur in high
amounts in all Africa. The maximum LWC mostly exists at
600 hPa for ERA-I, JRAS5 and MERRA in East of Africa
while in West, South and North of Africa it exists at dif-
ferent pressure levels (Table 1). When a cloud extends to
altitudes where the temperature is colder than 0 °C, ice
crystals may form. Cold clouds can consist of supercooled
droplets or ice particles or a mixture of both. The proba-
bility of ice particles being present in a cold cloud
increases as the temperature decreases below 0 °C. The
growth of ice crystals may occur due to the direct depo-
sition of vapor to the solid phase, drops colliding with and
freezing on the ice particles and ice crystals that grow by
collision with other crystals. The droplets’ size freezes
spontaneously at different temperature. In this study we did
not analyze the cloud droplet size as no reanalysis dataset
provides vertical profile data of cloud droplet size. There is
an agreement of ERA-I, JRA-55 and MERRA of IWC
seasonal vertical profile in Africa, especially at low- and
middle-pressure levels (Fig. 3). MERRA shows high IWC
than ERA-I and JRA-55 at high-pressure levels in all
Africa with a large lapse rate in East and West of Africa in
all seasons. JRA-55 has low IWC in all seasons at high-
pressure levels in all Africa than ERA-I and MERRA. At
middle-pressure levels in all seasons MERRA has low IWC
than ERA-I and JRA-55 in all Africa. In all seasons the
ERA-I has IWC between that of JRA-55 and MERRA in
all Africa. In both East of Africa (Fig. 3a—d) and West of
Africa (Fig. 3e-h), the JRA-55 shows the IWC in clouds
from 600 hPa in all seasons. The East and West of Africa
regions located in the tropics have high IWC amount
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compared to the North and South of Africa regions located
in midlatitude regions. The IWC vertical distribution IWC
is explained by deep convection for upper tropospheric
clouds. The maximum IWC is found in the middle tropo-
sphere for both ERA-I and JRA-55, whereas in the upper
troposphere for MERRA. It was shown that the zonal wind
RMS error for ERA-I, JRA-55, CFSR and MERRA
reanalysis increases with height, especially at upper levels,
whereby the differences among them are significant at
200 hPa, with the smallest error in JRA-55 and the largest
error in MERRA, while ERA-I shows also small error in
mid-to upper troposphere (Chen et al. 2014). The RMS
error of temperature remains stable or increases slowly at
middle levels while it increases relatively fast at upper
levels (Chen et al. 2014). On the average, ERA-I produces
mean values consistent with the verifying soundings for
temperature and has small RMS error (Bao and Zhang
2013). The RMS error of relative humidity of three
reanalyses increases with height, where it is smaller in
JRA-55 and ERA-I than in MERRA (Chen et al. 2014).
The dust has the influence on the increase of precipitation
which is related to the convection as indicated by reduced
outgoing longwave radiation (Gu et al. 2012). MERRA
shows extreme large intensities than other reanalyses
(ERA-Interim, JRA-25 and CFSR), followed by CFSR and
then ERA-Interim, and the weakest extremes are found in
JRA-25 (Hodges et al. 2011). The mean amplitude of low-
level wind at 850 hPa of ERA-I, JRA-55 and MERRA was
found to be 0.7, 1.0 and 1.7 m s_l, respectively, while at
upper levels the ERA-I has low vertical extent and
MERRA shows large diurnal amplitude at upper levels
(Chen et al. 2014). For the 925-hPa winds, JRA-25 con-
sistently shows the weakest extreme winds compared with
the other reanalyses, although it appears more similar to
ERA-Interim than with other reanalyses (Hodges et al.
2011). At upper levels, a northerly wind is seen in ERA-
Interim, JRA-55 and MERRA, while with a relatively large
diurnal amplitude in MERRA (Chen et al. 2014). The
maximum LWCs and IWCs in all Africa are not found at
the same pressure level (Tables 1, 2). Both ERA-I and
MERRA show the large average vertical LWC amount in
East of Africa (15.175 and 1227 g m™>, respectively)
while JRA-55 shows it in West of Africa (11.67 g m73).
The highest amount of LWC is in East Africa may be
explained by many convective systems which occur in that
region, especially those which are close to the equator.
These results are in agreement with ISCCP which shows
high annual average amount of Stratocumulus in East of
Africa (9.7 %) and in West of Africa (12.6 %) (Fig. 5).
The presence of high amounts of Stratocumulus as cloud
with liquid content in East and West of Africa explains the
reason of having high LWC in East and West of Africa.
The low average vertical LWC amount is shown in North
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Fig. 3 The seasonal vertical profile of IWC (Liquid water content)
(g m_s) in East of Africa during a DJF, b MAM, ¢ JJA, d SON; in
West of Africa during e DJF, f MAM, g JJA, h SON; in South of

of Africa by all three reanalyses: 1.475, 2.52, 1.45 g m >
based on ERA-I, JRA-55 and MERRA, respectively. There
is some differences between the detection of low cloud
content and the low amount of Stratocumulus (Sc) detected

IWC( gm™)

s 10 15 3
IWC( gm™)

Africa during i DJF, j MAM, k JJA, 1 SON and in North of Africa
during m DJF, n MAM, o JJA, p SON from ERA-I (blue line), JRA-
55 (red line) and MERRA (green line) reanalysis from 1979 to 2014

by ISCCP (6.8 % in South of Africa whereas 9.2 % in
North of Africa) (Fig. 5). The ISCCP is in agreement with
the ISCCP which shows low amount of Stratocumulus in
North of Africa (9.2 %). The Stratocumulus amount is too
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Table 2 The seasonal average vertical maximum of IWC based on ERA interim, JRA55 and MERRA reanalysis

South of Africa

North of Africa

Max IWC East of Africa West of Africa
DIJF
ERA 3.9 g m™ at 500 hpa 1.8 g m™ at 300 hpa
JRA55 0.9 g m~ at 500 hpa 1.3 g m~ at 300 hpa
MERRA 6.3 g m~> at 200 hpa 7.6 ¢ m~ at 300 hpa
MAM
ERA 4.9 g m~ at 500 hpa 4 g m~ at 300 hpa
JRA55 1.3 g m™ at 500 hpa 2.2 g m™ at 300 hpa
MERRA 9.5 g m~ at 200 hpa 20.8 g m™ at 200 hpa
JA
ERA 3 g m~? at 500 hpa 5.3 g m™~ at 400 hpa
JRA55 0.8 g m™ at 500 hpa 2.9 g m™ at 300 hpa
MERRA 3.9 g m™ at 200 hpa 17.2 g m™ at 300 hpa
SON
ERA 4.9 g m™ at 500 hpa 3.6 g m~> at 350 hpa
JRAS5 1.2 g m~2 at 500 hpa 1.4 g m™ at 300 hpa
MERRA 6.3 g m™ at 300 hpa 14.9 g m™ at 300 hpa

6.8 g m~ at 350 hpa
2.6 g m~ at 300 hpa
11.8 g m™ at 300 hpa

2.8 g m™> at 350 hpa
0.9 g m™ at 600 hpa
6¢g m~ at 300 hpa

1.3 g m™ at 600 hpa
1.1 g m™ at 500 hpa
1.1 g m™— at 300 hpa

4.1 g m~ at 500 hpa
3.1 g m™ at 500 hpa
6.5 g m™ at 300 hpa

1.9 g m™ at 400 hpa
1.9 g m~ at 500 hpa
43 g m~> at 300 hpa

2.8 g m™ at 450 hpa
2.9 g m™ at 500 hpa
5.2 g m~ at 300 hpa

1.3 g m™> at 500 hpa
1.3 g m™ at 500 hpa
0.7 g m™ at 300 hpa

1.3 g m~ at 500 hpa
1.3 g m™> at 400 hpa
3 g m™ at 300 hpa

large compared to other low and middle cloud except the
Altostratus (As) which may have liquid water, which is the
main reason that we compare it with the reanalysis results.
The Altostratus (As) shows also high values in North of
Africa (8.5 %) and East of Africa (7.7 %) (Fig. 5). The
Table 2 shows the seasonal average vertical maximum of
IWC based on ERA-I, JRA-55 and MERRA. In East of
Africa the ERA-I and JRA-55 show high IWC amount in
middle troposphere during MAM rainfall (4.95 g m™> at
500 hPa, 1.3 gm > at 500 hPa, respectively) while
MERRA shows it in the upper troposphere in MAM rain-
fall season (9.5 g m at 200 hPa). In West of Africa the
ERA-I and JRA-55 show high IWC amounts in the upper
troposphere during JJA rainfall season (5.3 gm™> at
400 hPa and 2.9 g m> at 300 hPa, respectively) while
MERRA shows it also in the upper troposphere but during
MAM dry season (20.8 g m ™ at 200 hPa). In South of
Africa the ERA-I and MERRA show high IWC amount in
the upper troposphere during DJF rainfall season (6.8
g m ™ at 350 hPaand 11.8 g m > at 300 hPa, respectively)
while JRA-55 shows it in SON season (3.1 gm™ at
500 hPa). It is only in North of Africa that the maximum
IWC does not occur in DJF rainfall season, whereby all
three reanalyses show it during MAM: at the middle tro-
posphere (2.8 g m > at 450 hPa and 2.9 g m ™~ at 500 hPa
based on ERA-I and JRA-55), while at upper troposphere
5.2 g m~ at 300 hPa MERRA. This explains the role of
convection on the IWC amount in rainfall season. The
concentration of IWC in the upper troposphere is explained
by the liquid to ice conversion which has resulted in the
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decrease in temperature with altitude in the troposphere.
There are almost no IWC in the lower troposphere due to
the temperature which has not yet reached the freezing
point. As the cloud droplets are transported by winds in the
higher altitudes, their temperature may reach the freezing
point which leads to the ice clouds. The ERA-I and
MERRA show the large average vertical IWC amount in
East of Africa (4.1 and 6.5 g m >, respectively) while JRA-
55 shows it in South of Africa (3.75 g m™>). The highest
amount of LWC is in East Africa due to large heating and
convective systems which often develop cumulonimbus
clouds and sometimes may result in lightning as it is close
to the equator. South of Africa is a region located in
midlatitude where there is winter season which may
enhance the amount of IWC due to the significant drop in
temperature from low to upper troposphere. The increase
and the decrease of the liquid amount with temperature are
predominantly due to the increase and decrease in LWP
and IWP, respectively, with temperature (Shupe et al.
2006). These results based on ERA-I and MERRA confirm
the ISCCP results in which the highest annual average
amount of Cirrus (Ci) (ice cloud) is in East of Africa
(18.4 %) (Fig. 5). We may say also that there is an
agreement between JRA-55 and ISCCP due to highest
annual average amount of Cirrus (Ci) in South of Africa
(16.2 %) (Fig. 5). This is the evidence that the three
reanalyses data are reliable and suitable for cloud studies.
The low average vertical IWC amount is shown in North of
Africa based on ERA-I (1.82 g m™>) and MERRA (3.3
g m~>) while JRA-55 shows it in East of Africa (1.05
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g m—>). This confirms the ISCCP results which show the
lowest amount of Cirrus (Ci) in North of Africa (4.5 %)
(Fig. 4). However, the JRA-55 shows the lowest IWC in
East of Africa which disagrees with the ISCCP highest
Cirrus amount in East of Africa. This may reveal some
uncertainties to detect ice cloud with low amounts. The
North of Africa is located in midlatitude region whereby
during winter season the temperature drop enables the
liquid-ice conversion leading to high amount of ice clouds.
Among cloud type with ice, the Cirrus (Ci) clouds are the
ones with high amount. This fact makes us to analyzed and
compared them with ice clouds content (ICW) from the
reanalyses data used in this paper. Cloud type distributions
with liquid and ice contents in Africa are not the same
(Fig. 4). We have related LWC and IWC vertical structure
distribution given by ERA-interim to the cloud types given
by ISCCP to know how they are distributed in different
cloud types by region and season. The cloud types in the
low troposphere have almost no ice. There are some dif-
ferences of cloud type with liquid and ice content by season
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in Africa, whereby cloud with high ice content occurred
during MAM for 3 regions (East Africa, West Africa and
North Africa) whereas during DJF in South Africa. The
cloud with high amount in the low, midand upper tropo-
sphere is Stratocumulus (Sc) (13.3 % in JJA), Altostratus
(As) (10.7 % in MAM) and Cirrus (Ci) (24.6 % in MAM)
in East of Africa, Stratocumulus (Sc) (19.3 % in SON),
Altostratus (As) (9.4 % in JJA) and Cirrus (Ci) (20.4 %) in
West of Africa, Cumulus (Cu) (8.67 % in MAM), Alto-
stratus (As) (5.3 % in MAM) and Cirrus (Ci) (21.3 % in
SON) in South of Africa and is Cumulus (Cu) (13.5 % in
MAM), Altostratus (As) (10.3 % in SON and Cirrus (Ci)
(7.2 %) in North of Africa as shown in Fig. 4a—d, respec-
tively. The maximum cloud fraction is located at the
annual-mean position of the ITCZ near 5 °C as shown by
Mokhov (1994). The SAGE II showed 10-20 % in the
tropics (Xaohan et al. 1995) which is in contrast to our
results which show high cirrus amount. East and North
Africa have more and less annually cloud amount,
respectively (Fig. 4). The movement of ITCZ across East
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Fig. 4 Cloud amount seasonal average of cloud types with liquid and ice content in a East of Africa, b West of Africa, ¢ South of Africa and

d North of Africa based on ISCCP data from 1983 to 2009
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Fig. 5 Annual mean of cloud type amount with liquid and ice content in: a East of Africa, b West of Africa, ¢ South of Africa and d North of

Africa based on ISCCP data from 1983 to 2009

Africa two times annually explains high cloud amount in
East Africa. The less cloud amount in North Africa is
explained by less evaporation due to big area occupied by
Sahara desert. Cloud amount in Africa shows a double peak
in north and south of the equator while both the lower
average amount and the double structure are associated
with the seasonal variation in the intensity and position of
ITCZ which is in agreement with our results which show
high cloud amount in East Africa (Fig. 4). One of the
regions with minimum cloud fraction includes Sahara and
Kalahari deserts (Mokhov 1994). There is largest latitudi-
nal contrast in cloud amounts in the tropics and subtropics
and the vertical variation of the liquid fraction is cloud type
dependent (Rossow et al. 1993). Ice clouds generally are
extensive in the tropics for both land and ocean areas,
where there are associated with deep convective clouds
over land in the Congo basin (King et al. 2013). This
explains the Fig. 4, which shows more cloud amount in
East Africa (which covers both Northern and Southern
hemisphere) and South Africa than West Africa and North
Africa which are located in Northern hemisphere. In the
previous study the relative humidity was found to be larger
at the level where there are clouds and it is high in tropics
and northern hemisphere than southern hemisphere (Inoue
and Kamahori 2001). This explains the climatic features in
tropics where East and West Africa are located and both
North and South subtropics where South and North Africa
are located. The analysis 219 of in situ measurements has
shown that there is no correlation between IWC and LWC
in mixed-phase clouds (Korolev et al. 2003). Previous
studies have shown the variation of LWC and IWC with
temperature but with different amount. In their studies
Smith (1990), Moss and Johnson (1994) the LWC was
found at T < —15 °C while Gultepe and Isaac (1997)
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found that it between —30 and —25 °C. Hu et al. (2010)
showed that 95 % of the liquid clouds can be found in the
temperature range between —15 and 0 °C and the arctic
mixed-phase cloud temperature ranges were found between
—26 and —6 °C by Fukuta (1969). Cloud ice were
observed also above 0 °C due to the fact that ice crystals
melt when the welt bulb temperature exceeds 0 °C, while
the UK Meteorological Office Unified Model assumed
mixed phase clouds to exist between —15 and 0 °C (Gre-
gory and Morris 1996). The liquid fraction as function of
temperature was developed as scheme for parameterization
in the UK Met Office atmospheric general circulation
model and has assumed that all clouds are liquid at tem-
peratures greater than 0 °C and ice lower than —15 °C as
shown by Smith (1990). In this study the temperature
(T) values correspond to pressure levels considered (from
1000 to 100 hPa). The coexistence temperature range
between LWC and IWC in East of Africa (Fig. 6a—d), in
West of Africa (Fig. 6e-h), in South of Africa (Fig. 6i-1),
in North of Africa (Fig. 6m—p) during DJF, MAM, JJA and
SON, respectively, based on ERA-I, JRA-55 and MERRA
are explained in Table 3. We have calculated the annual
mean from the seasonal mean (Table 3) to know the tem-
perature range at which the mixed liquid and ice water
clouds can be found: —227°C <T<21°C,
—164°C<T<12°, -543°C <T < 1.8 °C in East
of Africa, from —-237°C <T <21 °C,
—176°C < T <0.7°C,-485°C <T < 1.6 °Cin West
of Africa, 247°C<T<55°, -201°C<T<
4.7 °C, —54.6 °C < T < 3.4 °C in South of Africa, from
—233°C<T<33°C, —209°C <T <43 °C,
—33.2 °C < T < 3.5 °C in North of Africa based on ERA-
I, JRA-55 and MERRA, respectively. The LWC and IWC
coexistence temperature of ERA-I, JRA-55 and MERRA
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Fig. 6 The LWC (g m~>) and IWC (g m™>) seasonal variability with
temperature (0 °C) in East of Africa during a DJF, b MAM, c JJA,
d SON; in West of Africa during e DJF, f MAM, g JJA, h SON; in
South of Africa during i DJF, j MAM, k JJA, 1 SON and in North of

Africa during m DJF, n MAM, o JJA, p SON from ERA-I (blue line),
JRA-55 (red line) and MERRA (green line) reanalysis from 1979 to
2014

are in good agreement at the temperatures above 0 °C
whereas only ERA-I and JRA-55 are in good agreement at
the temperature below 0 °C. The MERRA shows too low

temperatures in all regions of Africa which reveals its
advantage to be used to detect the temperature at which
exist the supercooled water liquid and ice clouds. The
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Table 3 The coexistence temperature (T) interval between LWC and IWC in Africa by season based on ERA interim, JRA55and MERRA

South of Africa

North of Africa

reanalysis
Temperature East of Africa West of Africa
DJF
ERA —229°C<T<21°C —249°C<T<16°C
JRASS —164°C<T<13°C —183°C<T<08°C
MERRA —547°C<T<17°C —537°C<T=<18°C
MAM
ERA —221°C<T<26°C —234°C<T<18°C
JRASS —-162°C<T<15°C —174°C<T<08°C
MERRA —534°C<T<24°C 314 <T<18°C
IJA
ERA —231°C<T=<21°C —229°C<T=<18°C
JRASS —168°C < T <0.8°C —172°C<T <05°C
MERRA —549°C<T<15°C —542°C<T<15°C
SON
ERA —228°C<T<18°C —238°C<T<14°C
JRASS —-163°C<T<12°C —-178°C<T=<1°C
MERRA —543°C<T<16°C —547°C<T<14°C

—229°C<T<23°C
—-176°C<T<1.1°C
—549°C<T<14°C

—245°C<T<5°C
—20.7°C<T<5.1°C
—542°C <T<0.19 °C

—26.1°C<T <57°C
—225°C<T<46°C
—544°C <T<43°C

—254°C<T<93°C
—-196°C<T=<8°C
—549°C<T<78°C

—256°C<T<49°C
—15.1°C<T<64°C
—40.1°C<T=<2°C

-235°C<T<22°C
-239°C<T<72°C
—388°C<T<-25°C

—229°C<T=<28°C
-202°C<T<0.1°C
—173°C<T<25°C

—-212°C<T<34°C
—246°C <T <3.6°C
-367°C<T<71°C

amount of ice (liquid) water substance decreases (in-
creases) with increasing temperature (Carey et al. 2008).
The cloud water substance is in ice form at temperatures
below —20 °C and the mass fraction of liquid (ice) water
increases (decreases) linearly to unity (zero) as the tem-
perature approaches 0 °C (Khairoutdinov and Randall
2003). In the global climate model the ice and liquid water
content clouds parameterization must take consider the
frequently distribution of all cloud types (ice, liquid water
and mixed phase) as a function of temperature (Lin and
Rossow 1996). The coexistence temperature variability in
Africa influence the LWC and IWC amounts distributions.
MERRA disagrees with both ERA-I and JRA-55 especially
for negative temperatures while there are some agreements
for positive temperatures. MERRA tends to overestimate
and underestimate both ERA-I and JRA-55 for negative
and positive temperature, respectively, in almost all regions
over Africa (Fig. 6). The mixed-phase conditions show a
transitory state as ice crystals will tend to grow at the
expense of the liquid droplets, whereby with enough
moisture supply and updraft speed, enough condensate can
be produced for both deposition on ice and condensation on
droplets to occur (Politovich 2003). The temperature

<—40 °C was detrained entirely as cloud ice by using the
general circulation model (Fowler et al. 1996). In this study
also we found MERRA with too low temperature in the
upper troposphere in almost all regions of Africa. Liquid
clouds were observed at temperature between —5 and
—9 °C, ice crystal at temperature as warm as —14 °C and
mixed phase clouds between —5 and —20 °C at height
below 2 km, while all clouds between 2 and 5 km were

@ Springer

mixed-phase clouds (Pinto et al. 2001). There are 241 more
water clouds in the lower troposphere, which are replaced
by ice clouds in the upper troposphere following the tem-
perature lapse rate (Fowler et al. 1996). In the previous
studies the cloud liquid fraction in geographical regions
between 72° N and 45° N showed no systematic depen-
dence on latitude (Boudala et al. 2004), which is in contrast
for this study where the LWC and IWC in East Africa and
West Africa regions which are located in tropics regions
show some differences in South of Africa and North of
Africa which are located in both tropics and subtropics
regions. Cloudiness minima are found in the subtropics
(20°-25°) in each hemisphere, which reveals the
descending branches of tropical Hadley and midlatitude
Ferrel cell in each hemisphere (Mokhov 1994). The
supercooled liquid water droplets may occur when the
temperature of liquid water droplets fall into lower cold air
temperature (T < 0 °C) (Politovich 2003). This may
explain the presence of liquid in the coexistence tempera-
ture interval between liquid and ice shown in Table 3. The
IWC occurs above the freezing level where the liquid water
droplets are supercooled which explains the presence of
IWC at upper pressure levels in all Africa during all sea-
sons except in North and South of Africa where it occurs
from mid to upper pressure levels. The liquid water dro-
plets temperature fall at low-, middle- and upper pressure
levels and there is formation of ice after reaching the
freezing level during winter seasons in North and South of
Africa. The soundings data were used to show the liquid,
ice and mixed phase structure of different cloud types as a
function of temperature (Mazin 2006). Our limitation is to
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know the temperature interval at which cloud types may
exists. The Table 3 shows the coexistence temperature
between LWC and IWC but also it reveals the temperature
at which the supercooled water cloud may occur in all
seasons in Africa. The reanalysis data cannot allow us to
know at what negative temperature the supercooled water
cloud occurs in every region of Africa by season due to the
mixture of ice and supercooled water cloud droplets.

4 Conclusions

In this study, three recent reanalyses (ERA-I, JRA-55 and
MERRA) have been used to evaluate the seasonal vertical
profile of liquid and ice cloud content and their variability
with temperature and to investigate the cloud type with low
and high liquid/ice amounts based on ISCCP observations
in East, West, South and North of Africa from climatology
perspective. The important motivation for this study is to
provide guidance regarding the distribution of liquid and
ice water substance in cloud types for parameterizations in
regional climate models. The three reanalysis and the
ISCCP data products were used due to their long-period
data availability of cloud types and both LWC and IWC,
respectively. The three reanalyses are similar and consis-
tent in describing the seasonal vertical profile over Africa.
However, the differences among the reanalyses are clearly
seen in the upper levels in over Africa. At the upper tro-
posphere MERRA disagrees significantly with both ERA-I
and JRA-55 in all seasons over Africa. There is remarkable
agreement between ERA-I and JRA-55 in all regions and
seasons in Africa from low to upper troposphere. The LWC
and IWC based on MERRA are often high and low for
negative and positive temperature, respectively, when
compared to ERA-I and JRA-55. The three reanalyses
show the maximum LWC in the lower or middle tropo-
sphere while the maximum IWC is found in the middle
troposphere for both ERA-I and JRA-55, whereas in the
upper troposphere for MERRA. The differences between
both ERA-I and JRA-55 with MERRA become evident
above 300 hPa. ERA-I and JRA-55 employ four-dimen-
sional variational data assimilation (4DVAR) while
MERRA uses three-dimensional variational data assimila-
tion (3DVAR). This is one the reason which explains the
significant consistency and agreement between ERA-I and
JRA-55, while MERRA disagrees with both of them,
especially at upper troposphere. Despite the vertical
structure difference between MERRA with both ERA-I and
JRA-55, there is no big difference in their LWC and IWC
amount. The LWC is mostly concentrated in low and
middle cloud levels while IWC in middle and high cloud
levels and both LWC and IWC are dependent on temper-
ature variability. The new findings in this study may help to

the understanding of cloud physics over Africa. The East
and West Africa have more LWC and IWC than South and
North Africa due to their latitude locations. The large and
low average vertical LWC amount occurs in East and
North of Africa due to the convective systems and less
evaporation, respectively. The cloud type with highest
liquid content is Stratocumulus (Sc) in both East and West
of Africa while Cumulus (Cu) in both South and North of
Africa. The Cirrus (Ci) clouds occur more frequently in
Africa, where they occur during MAM in East, West and
North of Africa. The vertical structure of LWC and IWC in
the troposphere changes by season and by region, whereby
the highest LWC and IWC occur during rainfall seasons.
The LWC amount changes significantly whereas the IWC
does not show significant variation in Africa by season and
by region. The tropospheric range considered from 1000
and 100 hPa shows that the LWC and IWC may increase or
decrease by altitude. At low troposphere the LWC
increases by altitude while at middle- and high-pressure
levels it decreases by altitude. The IWC increases from
middle troposphere level and starts to increase by altitude
from upper troposphere. We have analyzed the mentioned
tropospheric range due to high LWC and IWC amounts.
The difference in seasonal vertical distribution in Africa
maybe explained by the differences in climatic features
between tropical regions (East and West Africa) and sub-
tropical regions (South and North Africa). The three
reanalyses agree that the cloud liquid, supercooled cloud
water and ice clouds occur between —22.7 and 1.6 °C over
Africa. MERRRA tends to overestimate and underestimate
both ERA-I and JRA-55 for negative and positive tem-
perature, respectively, in almost all regions over Africa The
results obtained in this study are useful as they provide
information on the seasonal vertical variability of LWC
and IWC in different types of cloud in Africa from cli-
matology perspectibe and may be used to evaluate LWC,
IWC and temperature relationship while using climate
models. The results show the differences in the LWC and
IWC seasonal amount between East Africa, West Africa,
South Africa and North of Africa. The results also reveal
the cloud type with high liquid and ice content and their
amount in Africa for each season. The benefit in using the
corrected version of ISCCP from 1983 to 2009 in this study
is its usefulness for regional cloud studies (Norris and Evan
2015) as we did for each region of Africa. Another benefit
of using ISCCP observations and ERA-I, JRA-55, MERRA
reanalysis are their abilities to provide long period cloud
types and their liquid and ice contents, respectively, which
allowed us to study the climatology of cloud types. The
ISCCP long-term datasets are valuable for understanding
cloud climatology trends (Carey et al. 2008). There are still
no satellite or ground observation sensors which provide
cloud types data of 26 years as ISCCP does. The limitation
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of the corrected version of ISCCP from 1983 to 2009 is that
it increases the cloud fraction in large part of North of
Africa (Norris and Evan 2015) which may have influence
on our results in that region. Another limitation is that we
cannot know at what extent of negative temperature the
supercooled water cloud occurs in every region of Africa
by season due to the mixture of ice and supercooled water
cloud droplets which occur below 0 °C. By comparing
ISCCP and ERA-I, JRA-55, MERRA reanalysis we are
limited to know the temperature interval at which cloud
types may exists. In this study we relate the pressure levels
of ISCCP cloud types and that of LWC and IWC based on
ERA-I, JRA-55 and MERRA in order to assume the con-
tents and LWC and IWC of each cloud types and the
temperature interval for each cloud type. One of the issues
is the low Nimbostratus amount in East of Africa during
rainfall (MAM and SON), West of Africa (JJA), South of
Africa (DJF) and North of Africa (DJF) which may be
explained by the presence of upper clouds which may
obscure the detection of low- and middle-level clouds as
you mentioned. This shows that the ISCCP shows high
amount of non-precipitating cloud during rainfall season in
some regions which may have impacts on the way we
relate it to the LWC and IWC amount of each cloud type.
The ISCCP allows us to study cloud climatology but it
relies only on two spectral channels while the most
advanced satellite sensors offer over 20 spectral bands
(Kotarba 2015). The Mount Pinatubo aerosols caused thin
Cirrus clouds to be misidentified as low-level Cumulus
clouds (Luo et al. 2002). The ISCCP may miss or able to
detect Cumulus clouds which leads to an underestimation
or overestimation, respectively, of low cloud coverage
(Rozendaal et al. 1995). Due to high dust aerosols in
Sahara desert, the cirrus clouds may be misidentified as
low-level Cumulus clouds. This may influence our results
of Cirrus and Cumulus amount in North and West of Africa
where Sahara desert is located. The high concentration of
atmospheric aerosols shows a strong relationship with the
position of ITCZ and monsoon rainfall over Africa (De
Graaf et al. 2009). The rainfall due to convective systems is
associated with the ITCZ migration (Maidment et al.
2014). The ISCCP was evaluated with MODIS and the
results show that it has the ability to estimate correctly the
cloud amount during warm season while it underestimates
it during winter season in Central Europe (Kotarba 2015)
which may also occur in Africa. Among the three reanal-
ysis data used in this study, the ERA-I and JRA-55 are in
good agreement from low to upper troposphere, which
make us to suggest them to be used as proxies to monitor
precipitation and cloud amounts in many regions with a
lack of in situ observations in Africa. The caution should
be taken when using reanalysis data products at regional
scale for specific regions due to their obvious uncertainties.

@ Springer

The situ observations instruments are needed in Africa and
helpful for further research efforts in order to understand
more about microphysics of clouds. The results presented
in this study suggest that the reanalysis data products may
allow us to improve the quality of regional climate model.
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