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Tropospheric delay in microwave propagation in Nigeria.
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Abstract

Satellite communication systems suffer from the systematic error of tropo-

spheric delay. Accurate estimation of this delay is essential for communi-

cation budget and planning. This study investigates the tropospheric de-

lay in three Nigeria cities: Abuja, Lagos, Port-Harcourt using two different

models (Saastominen and Hopfield). Three year atmospheric data for sur-

face pressure, relative humidity and temperature obtained at 5-mins interval

were acquired from the Tropospheric Data Acquisition Network (TRODAN)

archives. Computed radio refractivity values showed distinct seasonal de-
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pendence in Abuja with low and high values during the dry and wet season

respectively. The Hopfield model predicts higher hydrostatic delay values

than the Saastominen model. In the non-hydrostatic delay, the two models

converge to a single values at high temperature. Theorems were proposed

with proofs to explain the relationship observed between the two models.

Keywords: TRODAN, Saastominen, Hopfield, tropospheric delay, radio

refractivity

1. Introduction

Satellite communication systems, such as the Global Positioning System,

involves transmission of information using electromagnetic waves from a

satellite to ground based stations through the atmosphere (Abdelfatah et al.,

2015). The different layers of the troposphere causes delay and refraction of

the signal as it passes through. The microwave propagation through the at-

mosphere experience tropospheric delay due to electrically neutral of the at-

mosphere and it is completely independent of the signal frequency (Opaluwa

et al., 2013; Younes, 2016). The main meteorological parameters that af-

fect propagation through the troposphere includes relative humidity, atmo-

spheric temperature, and atmospheric pressure. The path traveled through

by a propagated signal in the atmosphere contributed to the tropospheric

propagation delays. Tropospheric delay is the variability effect of refractive

index on radio signal traveling through the electrically-neutral atmosphere.

This propagation delay is commonly determine by small changes in refractive

index describe by the term called refractivity (N) (Adegoke and Onasanya,
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2008)

N = (n− 1)× 106 (1)

where n is the an atmospheric varying index.

According to Mendes and Langley (1995), mismodeling of tropospheric

delay in radio wave propagation is a significant source of error in space

geodesy techniques. This delay is computed as the difference between the

path taken by the signal and the path the signal would have taken in a

vacuum. Tropospheric delay has two components - Hydrostatic (dry) de-

lay and non-hydrostatic (wet) delay. The dry component of tropospheric

delay accounts for 80 - 90% of the total delay. Wet delay is used in obtain-

ing precipitable water vapour. The non-hydrostatic component, although a

small component of the total delay, is difficult to estimate due to the high

variability of atmospheric water vapour (Liu et al., 2017).

In tropical Africa, refractivity of signals has been studied extensively.

However, there is a dearth of literature and research on tropospheric de-

lay in the region. This study investigates the tropospheric delay at three

cities in Nigeria using two models: Saastamoinen (Saastamoinen, 1972) and

Hopfield (Hopfield, 1969). Modelling of tropospheric delay will help mitigate

the influence of the atmosphere on communication systems.

2. Methodology

Data for this study was obtained from the Tropospheric Data Acquisition

Network (TRODAN) which monitor, collect and provide real time meteoro-

logical data of the lower atmosphere which covers region from the surface of

the Earth to the altitude of about 11 km from different locations across Nige-
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ria using the Campbell Scientific Automatic Weather Station. Daily data for

temperature, relative humidity and surface pressure for three years (April 1,

2008 - March 31, 2011) recorded at 5 minutes interval were retrieved from

the archives of TRODAN. Statistics for the three locations considered in this

study are presented in Table 1.

Table 1: Geographical statistics of study locations.

Location Latitude (oN) Longitude (oE) Altitude (m)

Abuja 9.0667 7.4833 536

Lagos 6.4343 3.3226 7

Port Harcourt 4.7848 6.9918 20

Temperature (T) in Kelvins and Surface pressure (P) in hPa were used

to compute the Hopfield (Hopfield, 1969) and Saastamoinen (Saastamoinen,

1972) models. The Hopfield Dry delay model is given by

ZH

D
=

0.62291

T 2
+ 0.0023081P (2)

Hopfield wet delay model is given by

ZH

W
= 0.07402 ·

e

T 2
·HT (3)

where HT is the height of the tropopause which is taken to be 12km.

Saastamoinen hydrostatic delay is computed

ZS

D
=

0.0022767P

1− 0.00266 cos 2φ− 0.00028h
(4)
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where φ and h are the ellipsoidal latitude and surface height above the ellip-

soid in km, respectively. And the wet component given by

ZS

W = 0.002277

(

1255

T
+ 0.05

)

e (5)

e is the partial water vapour pressure at the surface computed from the

expression

e =
5854

T 5
1020−

2950

T (6)

Total refractivity is computed from the expression

N = 77.6
P

T
+ 6.48

e

T
+ 3.75× 105

e

T
(7)

3. Results and Discussion

The temporal variation of dry and wet component of refractivity as well

as the total refractivity over the study locations is presented in Figure 1.

The dry component ranges from 245 - 270 N-units and constitute the larger

part of the total refractivity. Lagos and Port Harcourt showed similar val-

ues and trend in the dry component of refractivity. This can be attributed

to the two locations being coastal regions. Although not pronounced, La-

gos and Port Harcourt also showed seasonal variations as higher values of

refractivity were observed during the wet season and low values in the dry

season. Abuja, being an inland station, exhibit lower values than the coastal

cities of Lagos and Port Harcourt. This is attributed to the high value of

water vapour in the atmosphere of the coastal cities. The computed wet

component of radio refractivity showed remarkable features. During the wet

season, the three stations were found to have similar values which is between
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110 and 130. However, during the dry season values of wet refractivity for

Abuja dropped. The wet component of radio refractivity was found to be a

significant component of the total refractivity (Fuwape et al., 2016).

Figure 2 shows the temporal variation of the hydrostatic zenith delay for

the three locations under consideration using the Saastomoinen and Hopfield

models. For the three locations considered, the Hopfield model suggests an

higher value for hydrostatic delay than the Saastominen model, albeit, the

two models were found to track each other. The difference between Hopfield

and Saastomoinen hydrostatic model can be accounted for by considering

Theorem 1. The difference between the models become smallest at high

temperature. Abuja showed the lowest hydrostatic delay compared to the

coastal cities of Lagos and Port Harcourt. This result confirms high hydro-

static delay along coastal regions and low values in inland stations as reported

by (Fuwape et al., 2016).

Theorem 1. The difference between the Saastomoinen and Hopfield hydro-

static delay can be expressed as 0.62291

T 2 + 3.14× 10−5P

Proof. Subtracting the Hopfield hydrostatic model (Equation 2) from the

Saastomoinen hydrostatic model (Equation 4), we obtain

ZH

D
− ZS

D
≈

0.62291

T 2
+ 3.14× 10−5P (8)

At low altitude (h < 1km), 0.00028h ≈ 0. Also, max(0.00266 cos 2φ =

0.00266). Hence, we assumed 1− 0.00266 cos 2φ− 0.00028h ≈ 1.

Non-hydrostatic delay (Figure 3) showed seasonal variation. Values of

the non-hydrostatic delay were found to be low during the wet season and
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high during the dry season. Values of non-hydrostatic delay were found to

be closely related but not identical for Lagos and Port-Harcourt. However,

identical values were found for the two models in Abuja during the dry sea-

son in the temporal variation of non-hydrostatic delay. The diurnal variation

of non-hydrostatic and hydrostatic delay are shown in Figures 4 and 5 re-

spectively. The values of the dry and wet delays were found to rise from

the low values in the morning to maximum at mid-day. The hydrostatic and

non-hydrostatic delay for Abuja was found to peak at 1500 local time while

Lagos and Port-Harcourt peaked at 1400 hours local time. In Abuja, the

two models converged to the same values as it approaches mid-day in the

non-hydrostatic delay. The smallest differences between the two models in

the hydrostatic delay were observed in Abuja. To account for the conver-

gence between the Saastominen and Hopfield wet delay models during the

dry season and mid-day, we propose Theorem 2. During the dry season and

around mid-day, the temperature in Abuja can rise beyong 307 K, hence, the

convergence of the two models.

Theorem 2. GivenHT = 12km, the Saastominen and Hopfield non-hydrostatic

delay are equivalent when temperature equals 307K

Proof. Equating the non-hydrostatic Saastominen (Equation 5) and Hopfield

(Equation 3), we obtain

2.857635T + 0.00011385T 2 = 0.07402HT (9)

Assuming HT = 12km and solving the quadratic equation yields T = 307K
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Figure 1: Temporal variation of dry component of radio refractivity (top panel), wet

refractivity (middle panel) and total radio refractivity (bottom panel).

4. Conclusion

In this paper, radio refractivity and tropospheric delay for three tropical

locations within Nigeria have been investigated. It was established that the

coastal climate of Lagos and Port-Harcourt is responsible for the similar

trend and values in the dry, wet and total refractivity. The refractivity

values for Abuja, an inland city, was found to have lower values than that

of the coastal cities. This factor is also responsible for the visible seasonal

behaviour of refractivity in Abuja. The temporal variation of hydrostatic and

non-hydrostatic tropospheric delay was also studied in this research using the

Saastominen and Hopfield models. The difference between both models for

the hydrostatic delay was attributed to the temperature dependence of both

models. In the non-hydrostatic delay, the two models were found to have

similar values at a temperature of 33oC. Proofs were presented to established
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Figure 2: Temporal variation of hydrostatic zenith delay for (a) Abuja (b) Lagos (c) Port

Harcourt.

the proposed theorems for hydrostatic and non-hydrostatic delays.
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Figure 5: Diurnal variation of hydrostatic delay for (a) Abuja (b) Lagos (c) Port Harcourt.
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