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The variability and structure of tropospheric refractivity (N) over Nigeria has been studied using monthly data of
pressure, temperature and relative humidity for the period 2004-2006 for twenty six stations, obtained from the archives of
the Department of Satellite Applications Facility on Climate Monitoring (CM-SAF) DWD, Germany. The data was
retrieved from ATOVS observations onboard polar orbiting NOAA-15, 16 and 18 satellites. The results have shown that
variations in each region and at different atmospheric levels are influenced by the North—-South movement of inter—tropical
discontinuity (ITD). Using the analysis of variance (ANOVA) technique on the climatological data, an empirical
relationship of the form N = w + yN; (w, y constants) have been established between columnar refractivity and its surface
value, N; for the four regions (coastal, Guinea Savannah, midland and sub-Sahelian) in Nigeria. The initial tests carried out
on the model using data obtained over the regions for the year 2007 yielded an encouraging result as have been established

by the use of Kolmogorov-Smirnov tests.
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1 Introduction

A reliable operation of  ground-based
communication systems for various purposes largely
depends on the physical state of the atmospheric
boundary layer. Meteorological situations of the
troposphere in radio paths are governed by various
properties of the under surface layer, its physical and
geographical as well as climatic features of the region.
Changes in atmospheric conditions and its consequent
effects on tropospheric radio wave propagation are
manifested in the variations of the radio field
strengths and the distance to the radio horizons'”.
Microwave propagation through the troposphere is
affected by varieties of natural phenomena caused by
the presence of some meteorological parameters””.
These meteorological parameters, viz. pressure,
temperature, and relative humidity have serious effect
on radio wave propagation at UHF and microwave
frequencies. These effects are analyzed from the study

of radio refractive index derived from these
meteorological parameters®. Since these
meteorological ~ parameters  vary  considerably

diurnally and seasonally in the tropics, quantitative

knowledge of the refractivity variations is very
essential so as to be able to design reliable and
efficient radio communication (terrestrial and
satellite) systems.

The refractive index in the troposphere falls slowly
with height and the resulting refraction causes the
radio horizon to appear to be 1.33 times further away
than the geometric horizon’. Korak'’ in his study on
“neutral atmospheric refraction on microwave
propagation and its implication on GPS based ranging
systems” pointed out that the tropospheric refraction
affects microwave propagation by retarding and
bending it, causing an error in microwave ranging.
Adediji & Ajewole'", in their study on vertical profile
of radio refractivity gradient in Akure, Nigeria, noted
that one reason for multipath of electromagnetic wave
is bending due to variation in the refractive index
distribution along layers of the atmosphere.

The atmospheric refractive index is slightly greater
than unity (about 1.0003), hence the refractive index
of air is measured by a quantity called the radio
refractivity, N, defined as'?1:
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n=1+Nx10"° (D)
N =m-1)x10° (2

Studies by Adeyemi & Adedayo'* on atmospheric
radio refractivity and water vapour density at Oshodi
and Kano, Nigeria, revealed that atmospheric radio
refractivity is generally high during the rainy season
at all the levels of the atmosphere considered while its
values fall during the Harmattan period. Bean &
Thayers” noted that correlation exists between the
monthly means of surface refractivity, N;, and
monthly means of the refractivity decrease in the first
kilometre above the sea level. Bayong &
Djakawinata'®, while trying to study the influence of
meteorological factors on tropospheric refractive
index over Indonesia using radiosonde data, noted
that the value of the index of refraction ‘n’ near the
surface in the maritime continent of Indonesia is
about 1.000378 (N=378) in the rainy season of
January while the value of the refractive index is
about 1.000368 (N=368) in the transition period of
October. They concluded that the difference observed
in the refractive index values is caused by the
difference in the water vapour content in the
atmosphere in both the seasons.

Stergios et al.'” observed that from the refractivity
variations of the Helenic troposphere, radio
refractivity increases from January to June where it
appears to reach its peak, and decreases from July to
its minimum in August.

Fairall'®, in his study on a top down and bottom-up

diffusion model of C; and Cé in the entraining

convective boundary layer, revealed that within the
atmospheric boundary layer (ABL), the atmospheric
refractive index fluctuates chaotically in time and in
all three spatial directions and near the top of the
convective boundary layer, the values of the structure
function parameters (which include temperature,
water vapour and relative humidity) typically depart
from those of the mixed layer forms and increase
sharply to high values before decreasing again at
greater heights.

The objective of this paper is to study the space —
time distribution of tropospheric radio refractivity
over Nigeria using data retrieved from NOAA-15, 16
and 18 satellites and to propose an empirical model
relating surface radio refractivity, Ng, to radio
refractivity aloft for four different regions in Nigeria.

2 Source of data and Processing techniques

The source of upper air climatological data used for
present analyses is the Department of Satellite
Application Facility on Climate Monitoring (CM-
SAF), DWD, Germany. The CM-SAF focuses on the
atmospheric part of the essential climatic variables
defined within the framework of the Global Climate
Observing System (GCOS). The CM-SAF
operationally applies the international ATOVS
processing package (IAPP) to retrieve humidity and
temperature from ATOVS observations onboard
NOAA-15, 16 and 18. The ATOVS flies on NOAA
polar orbiting satellites, and is composed of Advanced
Microwave Sounding Unit (AMSU) and High
Resolution Infrared Radiation Sounder (HIRS/3)
(HIRS/4 on NOAA-18 and MetOp). The AMSU
platform is composed of two separate radiometers,
namely AMSU-A and AMSU-B (MHS on NOAA-18
and MetOp). AMSU-A and -B are cross-track
scanning total power radiometers with instantaneous
fields of view (FOV) of 3.3° and 1.1° providing
nominal spatial resolutions at nadir of 48 km and
16 km, respectively. The 15 AMSU-A channels
primarily provide temperature sounding of the
atmosphere through channels located in the
57 GHz O, absorption band. It also has three channels
(23.8, 31.4, 89 GHz) that provide information on
tropospheric water vapour, precipitation over ocean,
sea ice coverage, and other surface characteristics.
AMSU-B has five channels that mainly measure
water vapour and precipitation over land and sea.
Its frequencies at 183.31+£1.00, 183.31+3.00 and
183.31£7.00 GHz are positioned within a water
vapour absorption band, and the 89.0 and 150 GHz
channels are placed within atmospheric windows. The
International ATOVS Processing Package (IAPP) ver
7 is used to retrieve profiles of atmospheric
temperature and mixing ratio as well as other different
atmospheric parameters at global scales. The
validation of water vapour and temperature products
is carried out using global radiosonde observations
that meet the quality standards of GCOS Upper Air
Network (GUAN). The ATOVS retrieved temperature
and mixing ratio profiles have been found not to be
independent from model fields from the numerical
weather prediction model taking into consideration
the biases and the bias corrected root mean square
error (RMSE). The profiles are vertically integrated
and averaged to provide temperature and humidity for
5 layers (925, 775, 600, 400 and 250 mb). The data
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obtained for the period 2004-2006 was used in
computations of tropospheric refractivity for twenty
six stations in Nigeria (Fig. 1), classified into four
regions based on their climatic conditions'.
As in Adeyerrli13, Aro® and Adedokun21’22, radio
refractivity between surface and 925 mb level has
been labelled as low-level refractivity (Np); between
775 mbar and 600 mbar as mid-level refractivity
(Nm); and between 400 mbar and 250 mbar as upper-
level refractivity (N).

2.1 Data analysis techniques
The radio refractivity, N, of air for frequencies up

to 100 GHz is generally expressed as™'’:

N:77T‘6(P+48;06) e

N=77.62 +3.75%105 % (4
T T2

N,,and N  term components from Eq. (4) are

defined as:

Ny = 77655 Nypoy =3.75%10° = 5
dry - . ? ) wet — - X F ...( )

where, P, is the atmospheric pressure in hPa; 7, air
temperature in Kelvin; and e, water vapour pressure in
hPa.
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Fig. 1 — Map of Nigeria showing study locations

Meteorological ~ factors  (pressure, P;  air
temperature, T; and relative humidity, H) are obtained
directly from the retrieved data. Water vapour
pressure, e, on the other hand, was determined using23

Heg
e =
100

...(6)

where, H, is relative humidity (%); e, saturation
vapour pressure (hPa). It should be noted that Ny, is
mainly responsible for the variability in N within the
tropospher624’25. Ny contributes about 34% to the
total value of N, while Ny, contributes about 66%.
Radio refractivity was determined using Eq. (4) for
the five different layers.

Then for each region, correlations of (Ns and Np),
(Ns and N,) and (Ns and N,) were obtained. High
correlation values were found to be predominant at
most of the regions, most especially, at the lower and
middle levels of the atmosphere (Table 1), therefore,
using analysis of variance (ANOVA) technique (table
not shown), a linear regression relation of the form

N=w+N, (D)

was developed taking into consideration the
associated F-ratios and the probability values.

3 Result and Discussion
3.1 Space — time distribution of tropospheric radio refractivity
In the coastal region, Figs 2(a-d), both the surface
refractivity, Ns, and low-level refractivity, Ny, display
double peaks with a dip in between them around
July/August. Their mean values during the dry season
are 373.3£2.96 and 327.2+2.57, respectively, while
during the rainy season they were 374.7£1.37 and
328.4£1.19, respectively. The mid-level refractivity,
Nm, on the other hand displays seemingly double
peaks with the first in May/June and the other in
September. The observed double peaks here are not as
conspicuous as in N.. N, values are generally lower
than those of N.. This is expected to be so as water
vapour decreases with increasing height from the
surface. Its average value during the dry season is
217.540.95 while during the rainy season, it is
222.940.26. Upper level refractivity, N,, has its values
slightly increasing from January to July, after which,
it then decreases for the rest of the year. It lies
between 109.44+0.085 and 110.3+0.095, with its mean
value being 109.8+0.09.
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Table 1 — Values of the best fit parameters w and y in the regression equation of N; on Ng, Ny, on Ng and N, on Ng

(a) Low level k NL + o + yN;
Region Q Error in @ r Error in y r CD, % F-ratio p-value
Coastal 12 3.285 0.005 0.868 1.22E-05 0.99 98.0 5.05E+09 0.000
Guinea Savanna 12 3.231 0.012 0.868 3.27E-05 0.99 98.0 7.05E+08 0.000
Midland 12 89.02 0.409 0.688 0.001 0.99 98.0 3.02E+05 0.000
Sub - Sahelian 12 95.73 0.606 0.691 0.002 0.99 98.0 1.17E+05 0.000
(b) Mid level k N+ @ + yN;
Region Q Error in @ r Error in y r CD, % F-ratio p-value
Coastal 12 173.7 82.16 0.126 0.219 0.18 319 0.329 0.060
Guinea Savanna 12 77.21 31.46 0.383 0.084 0.82 67.5 20.76 0.034
Midland 12 149.8 4.874 0.209 0.015 0.96 952 196.3 0.000
Sub - Sahelian 12 161.7 3.702 0.173 0.012 0.98 95.2 196.9 0.000
(c) Upper level k Ny + o + yN;
Region Q Error in @ Tr Error in y r CD, % F-ratio p-value
Coastal 12 124.8 7.875 -0.040 0.021 -0.52 26.7 3.643 0.000
Guinea Savanna 12 109.5 3.166 0.001 0.009 0.03 0.00 20.76 0.034
Midland 12 108.5 0.722 0.004 0.002 0.50 24.7 3.286 0.000
Sub - Sahelian 12 109.6 0.405 0.001 0.001 0.17 291 196.9 0.000
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Fig. 2 — Monthly mean variations of: (a) surface refractivity, Ng; (b) low level refractivity, Ny; (c) mid level refractivity, N; (d) upper
level refractivity, N, in the coastal region
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In the Guinea Savannah region, average Ng and
average low-level refractivity display similar pattern
with those of the coastal region [Figs 3(a-d)]. Here
double peaks with a dip in between them in June-
August are also discernible. The June-August dip is
characterized by a slight increase in July. Their mean
values during the dry season are 370.4+4.48 and
324.74£3.89, respectively. During the rainy season,
they are 376.2+3.32 and 329.7+2.88, respectively. Ny,
on the other hand, display double peaks with a dip in
between them lasting between June and August. This
depression is more conspicuous than in N, for coastal
region. Its mean value is 219.7+1.09. Upper-level
refractivity, V,, produces a single peak in June. The
values are uniformly low, and lie between 109.4+
0.05 and 110.2+ 0.06 throughout the year. They gave
a mean value of 109.9+ 0.065

In the midland region, the structure of Ng and N
are well related to those of the Guinea savannah
region [Figs 4(a-d)]. They are comparably low during
the dry months (November — March), with mean

390
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values of 294.5+5.19 and 291.5£3.64, respectively.
During the rainy months (April — October), high
values of Ngand N, are discernible. Their mean values
are 349.5+£3.26 and 329.3+2.20, respectively. Ny
displays a single peak during May and August with
low values prevailing during the dry season and high
values characterizing the rainy season. Mean N,
values during the dry and rainy periods are
211.04£0.65 and 222.4+1.13, respectively. In the case
of N,, its values gradually decrease from January to
April. The month of April seems to be where the
minimum for N, occurs. A gently increasing trend
was then noticeable between April and July. July is
the month where the annual peak occurred. Its mean
value is 109.819 + 0.0642 and its range lies between
109.4+0.0643 and 110.2+0.0641 showing that in both
the coastal and guinea savannah regions, N, is
uniformly low.

In the sub-Sahelian region, the variations observed
in the refractivity parameters are almost similar to
those of the midland region [Fig 5(a-d)]. Ns and N
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Fig. 3 — Monthly mean variations of: (a) surface refractivity, Ng; (b) low level refractivity, Ny; (c) mid level refractivity, N; (d) upper

level refractivity, N, at Guinea Savanna region
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are low during the dry months with mean
refractivities of 251.7£3.47 and 269.4+2.52,
respectively. Their values are high during the rainy
season with mean refractivities of 327.2+11.57 and
321.94£7.90, respectively. The variations observed in
N, over this region resemble those of Ng and N;. But
the mean refractivity values of N,, are lower than
those of Ng and Np; they are 205.2+1.56 and
218.242.29 during the dry and rainy seasons,
respectively. N,, on the other hand, has almost
uniform values throughout the year. However, its
value gently decreases during the late dry season
(January — April) before it rises, gently, to its highest
value in December. Its mean value is 109.9 + 0.064
and it lies between 109.3+0.065 and 110.1+0.063.
From the foregoing, the observed variations in the
refractivity parameters are attributable to the
prevailing weather conditions pervading the country
(ref. 3). The Nigeria troposphere is characterized by
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two seasons. They are the Harmattan and the rainy
season periods. During the Harmattan period, the
Nigeria troposphere is characterized by dry dust
particles transported from Azores’s sub-tropical high
pressure system in the Sahara desert by the north-
easterly tropical continental (cT) air mass blowing
inland. This coincides with the period of no rain. The
rainy season, on the other hand, is characterized by
high humidity (heavy rainfall) brought about by the
south-westerly tropical maritime (mT) air originating
from the southern hemisphere. Wedged in between
the air masses, is a front known as inter-tropical
discontinuity (ITD) (refs 26,27). The ITD migrates in
north-south and south-north direction reaching its
maximum northward extent 22-25°N in August and
its southward extent 4-6°N in January. While
migrating, the ITD oscillates backward and forward
within a few latitudinal points. In January, all regions
north of 4°N are under the influence of the cT air.
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Fig. 4 — Monthly mean variations of: (a) surface refractivity, Ng; (b) low level refractivity, Ny; (c) mid level refractivity, N; (d) upper

level refractivity, N, at the midland region
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Conditions are such that little or no precipitation is
experienced and refractivity parameter values are low,
and show marked decrease from the coast inland.
During March and April, the ITD position would be
between 10°N and 15°N meaning that the regions are
now beginning to experience little amount of rainfall
making variability in the refractivity parameters to be
higher. On reaching its most northern position in
August, all areas in Nigeria would have been
subjected to widespread rainfall and increased cloud
cover. N, and N, values increase and become less
variable. Ng and N; on the other hand, in the coastal
and guinea savannah regions, experience lower values
than they are in the midland and sub-sahelian regions.
This is as a result of the existence of the little dry
season that often pervades the area around the
West-African coast in August.

3.2 Regression analysis
Using Eq. (7), N can be replaced by Ny, Ny, or N,
and the corresponding parameters w and y evaluated.

307

The values of the parameters w and y for Ny, Ny, and
N, together with the correlation coefficient, r,
coefficient of determination, CD and probability
(p—value) at which the null hypothesis was either
accepted or rejected are as shown in Table 1(a-c). The
degree of association evident in Table 1 shows that Ng
is better associated with low-level refractivity (V)
than those of N, and N, at all the regions. The degree
of association between N5 and N, has also been found
to be higher at both the midland and sub-Sahelian
regions than at the coastal and Guinea Savannah
regions. Regression relations obtained for all the
refractivity parameters are statistically significant at
all the levels and at the regions except N,, in the
coastal region which is statistically insignificant
(p-value = 0.060).

To verify the reliability of the linear relations
obtained in Table 1, they were then applied to
evaluate refractivity parameters at the different levels
and at the regions using satellite data for the year
2007. This was first done annually (January -
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Fig. 5 — Monthly mean variations of: (a) surface refractivity, Ny; (b) low level refractivity, Ny ; (c) mid-level refractivity, Ny; (d) upper-
level refractivity, N, at the sub-Sahelian region
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December); and then for the different seasons: dry
season (November — March); and rainy season
(April — October). The results of these, as compared
with the actual and calculated values, are shown in
Table 2. The agreement between them is remarkable.

3.3 Kolmogorov — Smirnov (KS) test

In order to determine whether any agreement exists
between the actual distribution function F,(x) and
each generated series F.(x), the Kolmogorov-Smirnov
(KS) test was applied (refs 13,22,24,28). The KS test
is used to determine whether agreement exists
between the actual and calculated values. The
maximum deviation between F, (x) and F. (X) is:

D, = max |F, (x) - F.(x)| ..(8)

where, X, is ordered in ascending order such that 0 <
X1 < X2 < X3SS Xk.

For k observations,

Number of values < x

INDIAN J RADIO & SPACE PHYS, DECEMBER 2011

is the actual distribution function. Using observed
values, F. (xj), j = 1,2,3,....... k, are the values of
F.(x) evaluated at x;< X, < x5 <.....< x It has been
chosen to compare the Dy values with the critical
values of Dy for the 5 percent significant level
(ref 14,28).

1.3581
Dy (a=0.05) = i ..(9)

Hence, if the value of Dy obtained exceeds that of
Dy« = 0.05), the two functions are not close enough to
be related. This criterion is used to judge the degree of
fit or relationship, if any, of the two functions under
consideration. On applying this test to the refractivity
parameters at different levels and for regions, the
results obtained are shown in Tables 3 and 4.

Hence, as shown in Table 3, the actual and model
functions are related at all the regions at the lower and
upper levels. At the middle level and for coastal and
guinea savanna regions, their values showed
insignificance. This may be because, as is common to
all surface based models, perturbations due to

E ()= : : S Ry
k k disturbances, which originate (ref. 22) from within the
Table 2 — Application of proposed model for each of the regions annually and seasonally
(a) Coastal region k N, N1 =3.286+0.868N, Np,=173.7+0.126N, N,=124.8-0.040N,
(N-Units)

Actual Calculated Actual Calculated Actual Calculated
Annually 12 372.6 326.2 326.6 220.1 220.6 110.0 109.9
Dry season 5 369.7 324.1 324.1 215.8 220.3 109.8 110.0
Rainy season 7 374.6 328.4 328.4 223.3 220.9 110.1 109.8
(b) Guinea Savanna k N N1 =3.231+0.868N, N,=77.21+0.382N; N,=109.5+0.001N;
region

Actual Calculated Actual Calculated Actual Calculated
Annually 12 371.8 3259 3259 219.6 219.5 109.9 109.8
Dry season 5 382.0 334.8 334.8 221.8 2234 110.0 109.8
Rainy season 7 364.5 319.6 319.6 218.0 216.7 109.9 109.8
(c) Midland region  k N N1 =89.02+0.69N; N,=149.8+0.209N, N,=108.5+0.004N,

Actual Calculated Actual Calculated Actual Calculated
Annually 12 329.1 315.2 315.3 217.1 218.5 109.9 109.8
Dry season 5 293.7 290.9 290.9 209.8 211.2 109.8 109.7
Rainy season 7 354.3 332.6 332.6 2223 223.8 109.9 109.9
(d) sub - Sahelian k N N1 =95.73+0.691N, N,=161.7+0.173N; N,=109.6+0.009N,
region

Actual Calculated Actual Calculated Actual Calculated
Annually 12 293.9 298.8 298.8 212.6 212.7 109.9 109.8
Dry season 5 250.2 268.4 268.6 205.3 205.1 110.0 109.8
Rainy season 7 325.2 320.5 320.3 217.9 218.1 109.8 109.8
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middle troposphere and whose effects are not quickly
communicated to the surface, may not be effectively
accounted for by the model. In addition, over the
hinterland of West Africa, the ITD surface is known
to slope southwards with the moisture-laden south
westerlies forming a wedge under a drier north-
easterlies”. Therefore, a station’s position relative to
ITD is an important factor determining the structure
of the moisture profile over the station. When a
shallow moist layer is overlain by a deep dry layer, a
model based on surface parameter may overestimate
refractivity parameters aloft, and on the other hand,
where a dry layer is interspersed by a deep moist
layer, an underestimation may result. These
limitations may then affect to a greater extent, the
effectiveness of the model. The actual and model
functions for the mid-level refractivity during the dry
and rainy seasons showed the same trend with it being
extended to the midland region (Table 4).

4 Conclusions

Using CM-SAF water vapour and temperature
products  retrieved from  Advanced TIROS
Operational Vertical Sounder (ATOVS) onboard
National Oceanic and Atmospheric Administration
(NOAA) satellites NOAA-15, 16, 18, it was possible
to establish that seasonal variations of refractivity
parameters over Nigeria is dependent upon the north-

Table 3 — Result of KS test on actual and model results on
an annual basis

Region Dy (0=0.05) Np Np N,
Dy Dy, D,
Coastal 0.392 0.001 0.662%* 0.130
Guinea savanna 0.392 0.002 0.643* 0.034
Midland 0.392 0.027 0.325 0.043
Sub - Sahelian 0.392 0.069 0.292 0.048

*Association does not exist between actual and model values at
5 percent significant level

south movement of the intertropical discontinuity
(ITD). This is in consonant with the findings of
Balogun® and Garbutt er al’', who have used
radiosonde data obtained over Nigeria to investigate
precipitation and precipitable water variations and
have concluded that differences in precipitation
climatologies of the different regions in Nigeria
account for the observed differences in the variations
of their weather parameters; and that the variations
observed in this weather parameters are dependent
upon the north-south transect of the ITD. Applying
the analysis of variance (ANOVA) technique, a linear
relation of the form

N=w+ )N,
connecting the level refractivity parameters, N-units
(low-level refractivity, Np; mid-level refractivity, Ny,;
and upper-level refractivity, »N,) with surface
refractivity, Ns, have also been established from the
satellite data for each region in Nigeria. The
difference observed in precipitation climatologies of
the different regions has made it impossible to obtain
a single model that fits adequately the entire Nigeria
region. These relations when wused to evaluate
refractivity aloft obtained over each of the regions
during the year 2007 yielded an encouraging result.
On applying the KS test to the evaluated refractivity
parameters, the actual and model functions are related
at almost all the levels considered at all the regions.

(@w,y, are constants)
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Table 4 — Result of KS test on actual and model Ny N,, and N, values during the dry and the rainy seasons

Region Dy (0=0.05) Value of Dy for various refractivity Dy (0=0.05) Values of Dy for various refractivity
parameters during the dry season parameters during the rainy season

Dy for N, Dy for N, Dy for N, Dy for N, Dy for N,,, Dy for N,
Coastal 0.607 0.002 1.589* 0.311 0.513 0.000 0.557* 0.083
Guinea savanna 0.607 0.002 0.809* 0.072 0.513 0.004 1.103* 0.058
Midland 0.604 0.066 0.636* 0.069 0.513 0.034 0.558* 0.073
Sub - Sahelian 0.607 0.165 0.421 0.091 0.513 0.079 0.500 0.082

* Association does not exist between actual and model values at 5 percent significant level
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