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ABSTRACT

Cloud cover statistics, cloud base and top height, cloud temperature, fre-
quency of precipitation, freezing height, total cloud liquid water content
(TCLWC) and cloud attenuation data have been obtained for the six
major climatic zones of Africa. The present results reveal a strong posi-
tive correlation between the monthly distribution of low cloud cover, cloud
top height, cloud temperature, and frequency of precipitation in the six
zones. The cumulative distribution of the TCLWC derived from ra-
diosonde measurement in each climatic zone shows a departure from the
TCLWC recommended by the ITU Study Group 3 data, with an ex-
ceedance percentage difference of 32% to 90% occurring 0.01% to 10% of
the time. The underestimation of the TCLWC is greatest in the tropical
rain forest. A comparison of the cloud attenuation cumulative distribu-
tion in the Ka and V bands reveals that the International Telecommuni-
cation Union — Region (ITU-R) is an intergovernmental organization
that develops rain model based on collected data around the world. This
model underestimates the cloud attenuation in all of the six climatic zones
by 2.0 dB and 4.7 dB for the arid Sahara desert, 1.3 dB and 3.0 dB in
semi-arid North Affica, 1.3 dB and 1.5 dB in savannah North Africa, 2.0
dB and 3.6 dB in the tropical rain forest, 1.3 dB and 2.9 dB in savannah
South Africa and 0.9 dB and 2.6 dB in semi-arid South Africa, respec-
tively, at 30 and 50 GHz. Overall, the cloud attenuation in the tropical
rain-forest zone is very high because of the high annual total cloud cover
(98%), high annual frequency of precipitation (4.5), low annual clear sky
amount (8%), high cloud depth (10,937 m), high 0°C isotherm height
(4.7 km), high TCLWC (4.0 kg/m2 at 0.01%) and low seasonal cloud
base height (356 m).

1. Introduction

Raincis considered to be most important attenua-
tor for high-availability satellite links. Impairment
caused by clouds is often ignored, but the frequent pres-
ence of clouds may cause persistent attenuation for
low-margin modern systems operating in the Ka
(30/20 GHz) and V (50/40 GHz) bands [Omotosho et
al. 2011]. Rain can be traced to the formation of clouds;

therefore, for low-availability satellite services such as
very small aperture terminals (VSAT) and ultra small
aperture terminals (USAT), rain effects may only con-
tribute a relatively small part of the total propagation
link margin [Omotosho and Babtude 2010]. Deep fades
may occur because of the higher probability of the oc-
currence of clouds [Salonen and Uppala 1991, Mattioli
et al. 2009]. Many experimental studies have been con-
ducted on millimeter wave atmospheric attenuation.
Based on these studies, researchers can estimate with
some confidence the losses arising from cloud attenua-
tion up to approximately 200 GHz [Slobin 1982, Salo-
nen and Uppala 1991, Al-Ansari et al. 2003, Sarkar et al.
2005, Mandeep and Hassan 2008, Mattioli et al. 2009].
Some models that use several effective input parame-
ters have been developed [Altshuler and Marr 1989,
Dintelmann and Ortgies 1989, Dissanyake et al. 1997,
Wrench et al. 1999, ITU-R 2009a].

Technological advances in remote sensing, the in-
creasing number of satellite missions (including NASA
(A-Train) Atmospheric Infrared Sounder (AIRS), Mod-
erate Resolution Imaging Spectroradiometer (MODIS)
key instrument aboard the Terra (EOS AM) and Aqua
(EOS PM) satellites that collects complimentary obser-
vations of Earth’s surface and atmosphere, Cloud Cover
Statistical Analysis Program (CLOUDSAT) is an experi-
mental satellite that will use radar to study clouds and
precipitation from space, Cloud-Aerosol Lidar and In-
frared Pathfinder Satellite Observations (CALIPSO) is a
lidar that provides high-resolution vertical profiles of
aerosols and clouds, Tropical Rain Measurement Mission
(TRMM) Microwave Imager is a passive microwave sen-
sor designed to provide quantitative rainfall information
over a wide swath under the TRMM satellite, and the
Cloud and Earth Radiation Sensor (CERES), direct meas-
urements and recorded observations by weather sta-
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Climatic Latitude Longitude Rainfall Climate Annual rainfall Vegetation
zones (degrees) (degrees) type type accumulation (mm) type
(1) Arid Sahara 15-32.5N 11.5W-32.5E Sparse Desert uniformly dry, no  less than 130 mm  few oases exist
desert rainfall moisture, temperature is
-4 to 54C
(2) Semi arid 12-17.5N 11.5W-32.5E Low Steppe climate 100 to 200 mm relatively sparse
North Africa rainfall confine to June  grass, shrubs pre-
and September dominate
(3) Savannah 7.5-12.5N 11.5W-32.5E Moderate Hot dry season (winter) 100 to 400 mm Vary vegetation
North Africa rainfall wet season (summer) open canopied
occupy one-fifth of forest, grassy
Africa land under story
dominate
(4) Tropic Rain 7.58-7.5N 11.5W-32.5E  High-all-year =~ Wet and warm climate, ~ 1800 to 3000 mm  Evergreen trees,
Forest rainfall tropical wet, no month oil palms, tropi-
is rainless cal hard woods,
dense surface
shrubs and ferns
moses
(5) Savannah 17.5S-7.5S 14-42.5E Moderate Hot dry season (winter) 100 to 400 mm Vary vegetation
South Africa rainfall wet season (summer) oc- open canopied
cupy one-fifth of Africa forest, grassy
land under story
dominate
(6) Semi arid 22.58-17.58 17-32.5E Low Steppe climate 100 to 200 mm relatively sparse
South Africa rainfall grass, shrubs pre-

dominate

Table 1. Climate summary and geographical coordinates of the of the six climatic zones.

tions, and the NASA Student Cloud Observation Online
(SCOOL) have contributed greatly to the wealth of
cloud data available to the scientific community for in-
depth radio wave propagation studies. The most impor-
tant properties of clouds for the cloud attenuation
modeling of earth-space communication links in the Ka
and V bands are the statistics of cloud cover, cloud base
and top height, cloud thickness, total cloud liquid water
content, cloud temperature, horizontal extent and vari-
ability. Cloud climatologies have recently been developed
from two types of data: (1) radiance measured by satel-
lites in geostationary and polar orbits and (2) visual ob-
servation of clouds from the Earth’s surface, as coded in
weather reports from stations on land and ships on the
ocean. Satellites principally detect clouds using the visi-
ble and thermal-infrared wavelengths. During the day,
clouds can be detected in both wavelength regions, but
at night they can be detected only in the thermal in-
frared. Satellite observations of clouds are obtained
more frequently than surface observations and cover
more land and ocean area, but ground observation of-
fers a useful adjunct to satellite observation. The surface
observer views clouds from below; thus, they observe
low clouds that are often hidden from the view of satel-

lites by higher clouds. Multiple cloud layers often occur
together; consequently, the views from above and below
are complementary [Warren and Hahn 2003].

In this work, we report the annual clear sky cloud
cover statistics, cloud base and top height, cloud tem-
perature, and frequency of precipitation based on
cloud climatology data from ground and satellite ob-
servations from 1952 to 2008. Additionally, we report
the integrated cloud liquid water content (kg/m?) ob-
tained from daily radiosonde data measurements from
1953 to 2011 for the six major African climatic zones
and compare it with the integrated cloud liquid water
content data of the recent I'TU-R study group 3 (SG3)
[ITU-SG3 website]. The above data sets were used as
input climatic data to investigate the impact of clouds
on the Ka (30 GHz) and V (50 GHz) bands for the six
major climatic zones of Africa (the arid Sahara desert,
semi-arid North Africa, the North African savannah,
the tropical rain forest, the South African savannah and
semi-arid South Africa. Table 1 presents the geograph-
ical coordinates and the climate summary for the six
zones, including the rainfall type, annual rainfall accu-
mulation, annual temperature, and vegetation type.
Figure 1 presents the map of Africa and the boundary



CLOUD ATTENUATION FOR Ka AND V BANDS

of each climate zone [Adeyewa and Nakamura 2003].
Finally, out of eight cloud attenuation models available
in the literature, the two best estimates of cloud at-
tenuation based on recent experimental data were used
to estimate cloud attenuation, and the two results are
compared for the African climatic zones.

2. Cloud and radiosonde data sources

Cloud-cover data were collected for six major
African climatic zones, and the average properties of
the different cloud types from daily visual observations
of cloud climatology at land stations worldwide be-
tween 1952 and 1996, developed by Hahn [Hahn and
Warren 1999], were used for their analysis. Cloud-cover
percentages were determined for different cloud types
over land areas with a resolution of 5° X 5° in longi-
tude and latitude. The data grid resolution is commen-
surate with the geographical distribution of the data
collection centers, and this level of resolution is deemed
reasonable for the calculation of cloud attenuation in
the six major climate zones of Africa. Five cloud types
were selected in this work for the study of cloud-cover
statistics: stratus (St), stratocumulus (Sc), cumulus (Cu),
cumulonimbus (Cb) and nimbostratus (Ns). The sea-
sonal cloud base height data from 1970 to 1996 were
obtained from Hahn [Hahn and Warren 1999]. The
mean cloud temperature and cloud top height were ob-
tained from the International Satellite Cloud Climatol-
ogy Project (ISCCP, 1983-2008) and the Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observations
(CALIPSO, 2006-2011) data, respectively, for the six cli-
mate zones. The retrieved cloud data were processed
and averaged on monthly, annual, and seasonal bases.

Radiosonde data were retrieved from the inte-
grated global radiosonde archive (IGRA) [Durre et al.
2006] from 1953 to 2011. Six stations were chosen to
represent each climatic zone: Sebha, Libya, represent-
ing the arid Sahara desert; Bamako-Senou, Mali, repre-
senting semi-arid North Africa; Bouake, Cote d'Ivoire,
representing the North African savannah; Lagos Os-
hodi, Nigeria, representing the tropical rain forest;
Nampula, Mozambique representing the South African
savannah; and Bulawayo, Zimbabwe, representing
semi-arid South Africa. Table 2 presents detailed infor-
mation about the six stations used in this study. Con-
sistent radiosonde (Sonde Model 11 VAISALA RS80)
measurements, obtained twice daily at 00 and 12 GMT
from 1953 to 2011, contain data for pressure, tempera-
ture, relative humidity, and dew point temperature at
different heights as well as 0°C isothermal height
(freezing height) with a resolution varying from a few
tens of meters to a few hundreds of meters to a height
of 37 km. The best daily radiosonde data were selected
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Figure 1. Major Climatic zones of Africa used in this study. Their
geographical coordinates are specified in Table 1.

for each station and used in this work, covering ap-
proximately 124 to 15,396 radiosonde launches. These
data were used to estimate the cloud liquid water sta-
tistics for each of the six stations. The radiosonde data
can indicate the presence of cloud liquid water if the
relative humidity exceeds the critical humidity, as de-
fined by [Geleyn 1980]. The phase of the water within
the cloud is determined by the temperature. If the tem-
perature is greater than 0°C, the water is completely in
the liquid phase; if the temperature is less than —20°C,
only ice exists. The range of temperatures between
0°C and —20°C yields a mixture of liquid water and
ice. Salonen [Salonen and Uppala 1991] proposed a
model for cloud water density in terms of the temper-
ature and height from the cloud base that can be used
to obtain the liquid water density profile within a cloud.
The water density within a cloud can vary significantly.
Pure ice does not cause the attenuation of radio signals,
but super-cooled water can cause significant attenua-
tion [Animesh and Chakraborty 2009].

3. Theoretical considerations

Several models are available in the literature for
the prediction of cloud attenuation [Gunn and East
1954, Staelin 1966, Slobin 1982, Altshuler and Marr
1989, Liebe 1989, Salonen and Uppala 1991, Dissanyake
etal. 1997, ITU-R 2009a]. The Salonen and Uppala and
ITU-R models have been reported to produce the best
estimates of cloud attenuation, based on experimental
data in the equatorial and tropical climates [Mandeep
and Hassan 2008]. These models are particularly effec-
tive because the cloud attenuation component is ob-
tained from the liquid water content, which is calculated



OMOTOSHO ET AL.

'S9U0Z d1jewll]d 9Y1 10J suoneis u>_umuﬁwmwuauu 943 JO YOe9 I0J SaeUIpIOOd ﬁmu_ﬂamhwﬁuwm pue ejep MNUHMOMOhOMuQE 9JeJIng *7 d[qe],

. . . BV {Inog
18¢°¢ £00c 6961 148 887 29 Yyl 798¢ $1°0T OAVAVING HMAVINIZ 96,9 pire ruag (9)
. ) ) > BOLJY INOS
000°¢ £00¢ 1461 $96 667 09 1824 8T°6¢ TSt VINdINVN  HOOIdINVZOIN LETLY qeuueaes (<)
¢ . . IdOHSO 15910
o6v'¢ 600 €s6l 9001 867 €L 8¢ s¢e $S'9 20759
/SOOV'] VIIEDIN urex oidoay, ()
. . HIOALA BOLY YLION
144! L661 8861 046 667 0L 9L¢ L0°S- €L L HAVNO4d $56S9
2LOD yeuueaes (¢)
BOL. 110
96¢°S1 1107 8961 046 10¢ 1< 18¢ $6°L- ¢eel NONES I'TVIN 16719 FIV RION
/OMVINVE prre Tag (7)
99¢°C 1107 V.61 £L96 00¢ 67 oy vyl °0°LT H4dS AdI'T [44¥4% 19s3p
vHd vAd eIeyes puy (1)
Apmis a3 ur (%)
P (edy) oD P
pasn eiep Iprumy ()
puo ejep 1Ie3S BIEp amssaxd  srmeraduw) apmiduof apmne[ Jweu Jureu ar sauoz
prosoped Jpuosorpey dpuosorpey JoeyIns JoeyIns 2Anvpl HoneAdId uonels uonels uonels £nuno) ONM spew )
A[rep poo3 jo P P P P H H ERIARLN uonels : : : el
: B ARINY B ARINY :
Idqunu [ejof, Jferony




CLOUD ATTENUATION FOR Ka AND V BANDS

for each radio-sounding profile. The procedures for the
two models used in this work are given by [Salonen,
and Uppala 1991] and ITU-R model [ITU-R 2009a,
ITU-R 2009b, P.840-4] and this method has been used
in previous work for Nigeria and Tropical wet location
Yaounde, Cameroon [Omotosho and Babtude 2010,
Omotosho et al. 2011] respectively.

3.1. Slobin

Using the expression provided by Slobin, the spe-
cific attenuation of radio waves by clouds at different
wavelengths is given by the following expression:

. XMX1 040122(291—'1")—1><1-1
o= 4.343 0 e 6’ (1)

where o is the specific attenuation caused by clouds
(dB/km), M is the cloud water particle density (g/m3),
T is the cloud temperature (°K), and A is the wave-
length of the radio wave (cm).

The cloud particle temperature is the temperature
of the region in which the cloud exists, measured at the
height of the cloud. The mean cloud temperature and
cloud top height were retrieved from the International
Satellite Cloud Climatology Project (ISCCP).

3.2. Cloud Liquid Water Content (LWC) at different
height level

The formation of cloud is related to the high rela-
tive humidity whereby the radiosonde data indicate the
presence of LWC depending on whether the relative
humidity has exceeded its critical value. Cloud is
formed as the relative humidity exceeds 95% and the
phase is determined by the temperature profile. The
LWC for each height level can be calculated by the fol-
lowing expression:

CP
LWC, () = [ p(a) -y — I')dz @)

where: p(z) = air density; CP = specific heat at constant
pressure; L = latent heat of vaporization; I"; = dry adi-
abatic lapse rate; I" , = moist adiabatic lapse. The adia-
batic condition produces a maximum value of the LWC
that is given by Equation (3) due to the circulation of air
mass accompanied by precipitation and freezing tem-
peratures.

LWC = LWC,,(1.239 — 0.145 In 4h) 3)

where 4h = height above the cloud base. LWC is then
calculated at each pressure level at a particular ra-
diosonde ascent. Integrating the LWC profile over
height, the total value of LWC is obtained at each as-
cent [Chakraborty and Animesh 2012]

4. Results and discussion

4.1. Low cloud cover and frequency of precipitation

In this section, we present and discuss the annual
low cloud type, monthly variation of low cloud
amount, and monthly variation of precipitation fre-
quency average results from 1970 to 1996 for the six cli-
matic zones. These quantities are important for the
basic understanding of the cloud impairment of radio
wave signals in the six zones. Figure 2 presents the an-
nual distribution of the five low cloud types: stratus
(St), stratocumulus (Sc), cumulus (Cu), cuamulonimbus
(Cb) and nimbostratus (Ns). The amount of all low
cloud types was highest in the tropical rain forest
(36.3%) because of the higher incidences of Sc, Cb and
Cu clouds, followed in decreasing order by the South
African savannah (29%), semi-arid South Africa (21.5%),
the North African savannah (18.6%), the arid-Sahara
desert (11%) and semi-arid North Africa (5.1%). Stra-
tocumulus clouds are well-known to produce drizzle or
light precipitation, and their presence may precede or
follow more severe weather. Cumulus clouds are the
product of free convective air mass instability, and they
can become more storm-like, towering and vertical,
thereby building into cumulonimbus, whose continued
upward growth suggests showers and other precipita-
tion. Cumulonimbus clouds are violent; when they pro-
duce rain, it is often associated with lightning and
thunderstorms. Cumulus and cumulonimbus clouds
have been reported by Slobin to contain substantial
cloud liquid water: up to approximately 0.67 g/m and
1 g/m?, respectively [Slobin 1982].

Figures 3 and 4 show the monthly variation of
precipitation frequency and low cloud cover for the pe-
riod 1970 to 1996 in the six climatic zones. Figures 3
and 4 have exactly the same shape, which means that
the frequency of precipitation and low cloud cover are
positively correlated. The monthly low cloud cover
reaches its maximum in August in the four climatic
zones in northern Africa (the arid Sahara desert, semi-
arid North Africa, North African savannah, and tropi-
cal rain forest), whereas it reaches its minimum in
August in the southern climatic zones (South African
savannah and semi-arid South Africa maximum in Jan-
uary). The monthly precipitation frequency reaches its
minimum in August in the south, but it peaks in the
north, except for two zones: the arid Sahara desert,
which reaches its maximum in January, and the tropi-
cal rain forest, which has two maxima in April and Oc-
tober. These maxima correspond to the rainy season
in the tropical rain forest. The period of higher cloud
cover in the climatic zones corresponds to the rainy
season for all six zones.
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Figure 2. Annual low cloud distribution in the six major climatic zones of Africa.

4.2. Percentage of clear sky and total cloud cover

In this section, we present the monthly clear sky
variation and monthly total cloud cover variation (low
+ middle + high cloud cover) from 1970 to 1996 for the
six major climatic zones of Africa. Figures 5 and 6 pres-
ent the clear sky and total cloud cover results. The two
graphs are negatively correlated, with the same shape
in the opposite direction. This result was expected be-
cause the month with the greatest amount of clear sky
often corresponds to a period of little or no rainfall be-
cause rainfall is often preceded by the formation of cer-
tain types of cloud. The highest monthly amount of
clear sky occurred in semi-arid South Africa (67.8%),
followed in decreasing order by the arid Sahara desert
(48%), the South African savannah (43.2%), the North

African savannah (31.9%), semi-arid North Africa (29%)
and the tropical rain forest (17.5%). These patterns of
monthly clear sky in the six zones were expected; dust
storms in the arid Sahara desert zone reduce the
monthly values, but these events are rare in semi-arid
South Africa. The tropical rain forest zone has the least
clear sky because of its high all-year rainfall pattern and
highest rainfall accumulation (between 1,800 and 3,000
mm), as shown in Table 1.

The maximum total cloud cover for the South
African savannah and semi-arid South Africa zones oc-
curs in January, with values of 75.4% and 62.9%, re-
spectively. Similarly, the northern semi-arid North
Africa and North African savannah zones experience
their maximum total cloud cover in August, with values
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Figure 3. Monthly distribution of precipitation frequency in the six climatic zones.

of 68.9% and 81.4%, respectively. The maximum total
cloud cover in the tropical rain forest differs from that
in the other zones, with two peak values of 72.2% and
74.2% in April and October, respectively. The arid Sa-
hara desert has its maximum total cloud cover in De-
cember (34.8%), which is the lowest among the six
climatic zones (this result is shown in Figure 3). The Sa-
hara zone also has the lowest frequency of precipita-
tion. It is interesting to note that the months of
maximum total cloud cover correspond to the month
of maximum rainfall in the South African savannah and
semi-arid south Africa (January), semi-arid North Africa

and the North African savannah (August), the tropical
rain forest (April and October) and the arid Sahara
desert (December) [Adeyewa and Nakamura 2003].
Table 3 presents the annual amount of clear sky, fre-
quency of precipitation and cloud cover statistics for the
six climatic zones. The annual total cloud cover is highest
in the tropical rain forest (97.9%), followed in decreasing
order by the North African savannah (85.4%), the South
African savannah (72.7%), semi-arid North Africa (62.2%),
semi-arid South Africa (49.9%) and the arid Sahara desert
(37.7%). The annual frequency of precipitation is highest
in the tropical rain forest and the South African savannah
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Figure 4. Monthly distribution of low cloud cover in the six major climatic zones.

(4.5%), followed in decreasing order by semi-arid South
Africa (3.5%), the North African savannah (2.5%), the arid
Sahara desert (1%) and semi-arid North Africa (0.9%).
The annual amount of clear sky is highest in the arid Sa-
hara desert (40.4%), followed in descending order by
semi-arid South Africa (32.1%), semi-arid North Africa
(19.8%), the South African savannah (17.5%), the North
African savannah (12.7) and the tropical rain forest (8%).

4.3. Average cloud temperature, seasonal and annual
cloud base, top height and cloud depth

Table 4 presents the cloud temperature results for
the six climatic zones. This value is an important input
parameter for calculating the specific attenuation of radio
waves within the cloud at different wavelengths (see

Equation 13) [Slobin 1982]. The cloud temperature is
higher in the arid Sahara desert (281 K) and lower in semi-
arid South Africa (245 K). The lowest seasonal cloud base
height is found in the tropical rain forest (356 m), with an
average cloud temperature of 261 K. The lowest annual
cloud top height and cloud depth occur in the arid Sahara
desert, whereas the highest cloud top height and cloud
depth are found in the North African savannah and the
tropical rain forest, followed in descending order by semi-
arid North Africa, the South African savannah and semi-
arid South Africa. The results in Tables 3 and 4 reveal that
a radio wave signal passing through clouds over the trop-
ical rain forest or the North African savannah will travel
alonger distance because these two zones have the great-
est cloud depth and total cloud cover.



CLOUD ATTENUATION FOR Ka AND V BANDS

70 4 70 1
60 60
g 50 1 g 50
T t
H 40 4 H 40 -
£ E
< 30 - < 304 .
: ; u-..'... ...unn
® 20 1 S 50 *tesesesey, o
_ﬁ ﬁ -n..".. '.-
O 10 - s} ., o
10 4 S
0 T T T T T T T T T T T 1 0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Ju Au Sep Oct Nov Dec
Monthly variation of Clear sky Monthly variation of Clear sky
Arid Sahara desert Semi Arid North Africa
70 1 70 -
60 1 60 -
- 50 -
8 ~ 50 1
H E 40
£ N g
g e
< 30 ~ /” < 30
= N V4 >
1] J LY P :
g 2 AN /, 2 20
£ ., 4 s S
] S ¢ g ~ 4
10 1 Seae J 10 So -——-o ’l
0 it T g 5 “qcar e
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Monthly variation of Clear sky Monthly variation of Clearsky
Savanah North Africa Tropic Wet (rain forest)
70 1 70 1
60 60 = /
g 50 1 g 50 1 \
: : /
H o=, 13
3 40 . \ 2 40 / \
.
E
5 ‘ E S0 / \
= . =
%]
- , \ 73
g 20 4 ,. .\ .h:' 20 1 7/ \
10 - . . 10 < / \
. N, - N
- ~
0 = T T T T T T T T " 0 T T T T T T T T T T T 1
Jan Feb Mar Apr May Jun Jul Aug Sep Oc Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Monthly variation of Clearsky Monthly variation of Clearsky
Savanah South Africa Semi Arid South Africa Zone

Figure 5. Monthly clear sky distribution in the six major climatic zones.

4.4. Monthly variation of freezing height

Figure 7 presents the monthly variation of freezing
(the 0°C isothermal height) derived from daily ra-
diosonde data for the six major climatic zones. The
monthly distribution of the 0°C isothermal height in
the South African savannah and semi-arid South Africa
follows exactly the same curve shape as the total cloud
cover. The freezing height maximum for the two zones
occurred in February at 4.61 km and 3.57 km, respec-
tively, which corresponds to the same period as the max-
imum total cloud cover. However, for the Arid Sahara
desert zone, the pattern follows a normal distribution,
and the maximum freezing height occurs in August at
4.46 km. The freezing heights in semi-arid North Africa
and the North African savannah have three different

peaks, and their maxima occur in November and June at
4.43 km and 4.54 km, respectively. The tropical rain for-
est freezing height distribution reaches its minimum in
July at 4.53 km. The tropical rainforest zone has the
highest 0°C isothermal height of approximately 4.8 km,
and it reaches its minimum in July during the period of
maximum low cloud cover (Figure 4), which corre-
sponds to the rainy season in the zone.

4.5. Total cloud liquid water content derived from ra-
diosonde data

Figures 8 and 9 present the daily TCLWC and cu-
mulative distribution of the total cloud liquid water
content from 0.01% to 100% exceedance for the six cli-
matic zones. In Figure 9, the cumulative distribution of
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Figure 6. Monthly distribution of total cloud cover in the six major climatic zones.

the TCLWC was plotted on the same graph with the
data of the I'TU Radiocommunication Study Group 3
[2011], as described in Section 3.2.2, for comparison.
The daily TCLWC could be as high as 4.5 kg/m? in the
tropical rain forest, and it could exceed 4.0 kg/ m?
0.01% of the time. Figure 9 shows that the values of
the TCLWC recommended by ITU underestimate the
values of the TCLWC in all six climatic zones at all per-
centages of exceedance. Between 0.01% and 10% ex-
ceedance, the underestimation is as follows: the arid
Sahara desert, 37% to 86%; semi-arid North Africa, 37%
to 88%; the North African savannah, 32% to 86%; the
tropical rain forest, 46% to 90%; the South African sa-
vannah, 37% to 82%; and semi-arid South Africa, 34%
to 81%. The highest underestimation occurs in the
tropical rain forest climatic zone.

10

4.6. Cloud attenuation

In conjunction with the expression provided by
Slobin, the average cloud temperature shown in Table
4 was used to compute the specific cloud attenuation
of radio waves from 12 GHz to 100 GHz for the six
climatic zones. The results are presented in Table 5.
The specific cloud attenuation decreases with in-
creasing cloud temperature, which is highest for the
arid Sahara desert (281 K); therefore, it has the lowest
specific cloud attenuation of 7.4 dB/km at 100 GHz.
This result was expected for a desert climatic zone.
The North African savannah has the lowest cloud tem-
perature (238 K); consequently, it has the highest spe-
cific cloud attenuation of 25.1 dB/km at 100 GHz,
followed in decreasing order by semi-arid South Africa
(245 K) at 20.6 dB/km, the South African savannah



CLOUD ATTENUATION FOR Ka AND V BANDS

‘uoneydnaid jo Aouanbaxy pue Kyjs 1e9]d ‘SINSNEIS 120D PNOP [ENUUY *€ JqE],

17¢ (33 6'6Y 6 6'81 (94 Areniqog Arenue[ Isn3ny BILIJY INOS pLIe Tag (9)
(A [ LT, 891 697 067 Arenue[ Arenue[ Am[ eILIJY YINOS YeuueAeg ()
08 (94 6°L6 9T 7S¢ ¢9¢ hels[oarnle) hels[ornle) Krenue[ 159105 urex ordoiy, (+)
YAA (%4 ¥'$8 v'or ¥'97 9'81 sndny sndny Krenue( eOLIJY YIION YeUueAeg (¢)
861 60 779 1°0% WA 1S sn3ny 1sn3ny Arenue[ BOLIJY YIION pLIe Twdg (7)
v'or 01 L'LE st 11 01T Areniqog Iaquiada(g un( 119s9p eIRYERS PLIY (1)
uonedmaid jo

(%) woneydpod (%) (%) (%) (%) ouonbox I9A0D pnop [e303 Ayys-reapp

junoure jo JIIA0D JIIA0D JIIA0D JIIA0D S— h WNWIXBW WNWIXeW SU0Z dnewIpP

A5[s 19D A>uanbaiy pnop 1e303 pnop y3rg pnop I[pprux pnop mog R s s uedLyy

[enuuy [enuuy [enuuy [enuuy [enuuy [enuuy s PUON PUON

qruopW

11



OMOTOSHO ET AL.

.Qu&@ﬁ pnojpd pue uLW~®£ doy Ummj. Ppnojd [euoseas pue armeradwa pnopd oSeroae [enuuy ‘¢ 9[qel,

BOLYY YINOS
81788 (289 Se18 494 6858 26071 0148 8.6V $L06 00971 $09 1494 98Y 805 1944
prre rwag (9)
BOLYY {anog
0196 9% €TL8 9208 1186 L8671 616 Tss $6¢201 0TYeT 69y 99% 1414 (44 1594
yeuueaeg (¢)
18910J urex
ovelt 14014 ¥v00T C€LL8 687¢1 0v9TI 00¥0T 816 STLET 0501 9¢¢ (454 ocy (1184 19¢
adox, (v)
BOLY YIION
10411 S99 29601 COvIl £88T1 9cl6 S9CT1 09071 86ecl 0Z86 865 L6S 144 69 8¢T
yeuueaes (¢)
BV [ION
9696 1452 6858 80¢0T 7888 LYLS £596 €811 £¢701 0194 7901 S$L6 ol €981 097
prre rwag (7)
11989p
<98 €06 8681 09y 6LLY L9SY 0928 81¢S LELS 009¢ 798 8¢/ 866 €01 18¢
ereqes puy (1)
OD) 2a1qpRrES
dDDSI woxy sauoz
vil WVIN afa NOS vil WVIN afa NOS vil WVIN ala srmeraduray dpewip
(ux) (ux) (ux) prop O
wdry  aydpy  1ydpy [enuuy
aseq aseq aseq
pnop pnop pnop
[enuuy [enuuy [enuuy (ur) 1ySray doy pnop (ur) 1ySray aseq pnop

(ur) qadap pnopd [euoseas

[euoseas Jo (OSAI'TVD) UOIIBAIISqO I[[AI1LS

[EUOSEJS JO UOHNEAIISCO PUNOIL)

12



CLOUD ATTENUATION FOR Ka AND V BANDS

4500 A
4000
£
=
2 3500
v
=
o
2
N
§ 3000
Y
2500 T T T T T T T T T T T 1
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Monthly variation of freezing height
Arid sahara desert: Sebha, Libiya 1974 to 2011
4550 1
4500
4450
£ 200
$
g 4350
=
2 4300
bl
£ w0
4200 T T T T T T T L} T T T 1
Jan Feb Mar Apr May Jun Jul Aug Sep Oc Nov Dec
Monthly variation of freezing height
Savanah North Africa: Bouake, Coted'ivore 1988 to 1997
4650 1
4520 -
£
-
:§4390 1
]
=
w
£ 4260 4
N
v
g
'
4130 A
4000 T T T T T T T T T T T 1
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Monthly variation of freezing height
Savanah South .A: Nampula, Mozambique 1971 to 2005

4440
4420
4400
T 4380 1
z
® 4360 A
2
o 4340 4
£
¥ 4320 -
g
.
4300 -
4280 T T T T T T T T T T T 1
Jan Feb Mar Apr May Jun Jul Aug Sep Oc Nov Dec
Monthly variation of freezing height
Semi-Arid North Africa: Bamako, Mali 1968 to 2011
4800 1
4750 1
4700 -
£
= 4650
-
(7]
i
M4600 1
£
E 4550
™
4500 T T T T T T T T T T T d
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Monthly variation of freezing height
Tropical Rain Forest: Lagos Oshodi, Nigeria 1953 to 2009
3600 -
3400 <
£
-
:53200 1
]
=
]
£
¥ 3000 -
13
[
2800 T T T T T T T T T T T 1
Jan Feb Mar Apr May Jun Jul Aug Sep Oc Nov Dec
Monthly variation of freezing height
Semi-Arid South.A: Bulawayo, Zimbabwe 1969 to 1999

Figure 7. Monthly variation of 0°C isothermal height derived from daily radiosonde data.

(251 K) at 17.1 dB/km, semi-arid South Africa (260 K)
at 13.4 dB/km and the tropical rain forest (260 K) at
12.9 dB/km.

Figures 10 and 11 present the results of the cu-
mulative distribution of cloud attenuation at 30 and 50
GHz obtained from radiosonde measurements. The
same figure also shows the data obtained from the
ITU-R model for the six climatic zones for comparison.
The ITU-R model underestimates the cloud attenua-
tion at all six zones because of the lower values of
TCLWC predicted by its database. Between 0.01% and
10% exceedance, the difference at 30 GHz and 50 GHz
is as high as 2 dB and 4.7 dB in the arid Sahara desert,
1.3 dB and 3.0 dB in semi-arid North Africa, 1.3 dB and

13

1.5 dB in the North African savannah, 2 dB and 3.6 dB
in the tropical rain forest, 1.3 dB and 2.9 dB in the
South African savannah, and 0.9 dB and 2.6 dB in semi-
arid South Africa, respectively. The underestimation is
highest in the arid Sahara desert. The highest similar-
ity in the results between the radiosonde measure-
ments and the I'TU-R model was obtained in the North
African savannah, with a difference of 1.3 dB and 1.5
dB at 30 and 50 GHz, respectively. Overall, the maxi-
mal cloud attenuation was observed for the tropical
rain forest at all percentages of time and at both fre-
quencies as a result of the high annual precipitation
frequency (4.5), low annual amount of clear sky (8%),
high cloud depth (10,937 m), high 0°C isotherm height
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Figure 8. Daily distribution of total cloud liquid water content (kg/m?) obtained from radiosonde measurements in the six climatic zones.

(4.7 km), high TCLWC (4.0 kg/m? at 0.01%) and low
seasonal cloud base height (356 m).

5. Conclusion

Based on long-term data measurements (1953-
2011), the cloud cover statistics, cloud base height, top
height, cloud temperature, frequency of precipitation,
freezing height, TCLWC and cloud attenuation have
been determined for the six major climatic zones of
Africa. The present results reveal a strong positive cor-
relation between the monthly distribution of low cloud
cover, cloud top height, cloud temperature, and fre-
quency of precipitation at the six zones. The cumula-
tive distribution of the TCLWC derived from radiosonde
measurement at each climatic zone shows a departure
from the TCLWC predicted by the I'TU Study Group 3
data, with a difference of 32 to 90% for exceedance

14

0.01% to 10% of the time. The underestimation of the
TCLWC was highest in the tropical rain-forest. A com-
parison of the cloud attenuation cumulative distribu-
tion in the Ka and V bands reveals that the ITU-R
model underestimates the cloud attenuation at 30 and
50 GHz by 2.0 dB to 4.7 dB in the arid Sahara desert,
1.3 dB to 3.0 dB in semi-arid North Africa, 1.3 dB to 1.5
dB in the North African savannah, 2.0 dB to 3.6 dB in
the tropical rain forest, 1.3 dB to 2.9 dB the South
African savannah and 0.9 dB to 2.6 dB in semi-arid
South Africa, respectively. Overall, the cloud attenua-
tion is very high in the tropical rain-forest zone because
of the high annual total cloud cover (98%), high annual
frequency of precipitation (4.5), low annual amount of
clear sky (8%), high cloud depth (10,937 m), high 0°C
Isotherm height (4.7 km), high TCLWC (4.0 kg/m? at
0.01%) and low seasonal cloud base height (356 m).
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