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Abstract  Throughout Nigeria, the structure and facilities needed for the operation of a Global Navigation Satellite 
System (GNSS) based Continuously Operating Reference Stations (CORS) has been set up at different locations in 
the country generally known as NIGerian Reference GNSS NETwork (NIGNET) for surveying and mapping. 
Different researchers have conducted investigations into the effect of the troposphere over the NIGNET. This study 
aims at comparing analytically the effect of five different a priori tropospheric models on GNSS signals in Southern 
Nigeria with a view to obtaining the best-fit model. The objectives include evaluation of the global tropospheric 
models in the baseline and position domain; and determining the best model for southern Nigeria. Observational data 
used were obtained from Office of Surveyor General of Nigerian Mapping Agency (OSGoF). GPS data were 
obtained from October 2010, to April 2011. Six processing strategies were employed these include; application of no 
model, application of five global tropospheric delay models (Black, Davis et al, Hopfield, Neil and Saastamoinen) 
models using Trimble Total Control software version 2.73. Each of the strategies went through free and constrained 
adjustments and the results were compared. The five models investigated show no significance difference in their 
performance; better improvements in the position domain were achieved by the application of the Niell model 
compared to the rest of the models. The Niell model produced a better mitigation of the tropospheric delay, with an 
average percentage improvement of 67.1%; while Davis et al, the modified Hopfield and Saastaminen models have 
70%, 71.1% and 71.7% percentage improvement respectively. The result also indicates that, the Neill model gave 
the best result and a better improvement in the entire network with the lowest mean average zenith tropospheric 
delay (ZTD) of 2.535m and least average RMSE of 0.67m. The specific objective of this study is to determine the 
best tropospheric delay for the study area and to recommend to practicing Surveyor on the model to be used. The 
research shows that, the Neil model gives the best result when compared with other model. Hence, it is 
recommended when processing GNSS observations for tropospheric delay to obtain a more accurate result. 
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1. Introduction 

The Earth's atmosphere has a series of layers, each with 
its own specific traits. Moving upward from ground level, 
these layers are named the troposphere, stratosphere, 
mesosphere, thermosphere and exosphere. The troposphere is 
the lowest layer of the Earth’s atmosphere. It is the layer 
of the atmosphere, which we live in, where the weather 
happens and most clouds are found. The troposphere starts 
at Earth’s surface and goes up to a height of 7 to 20km  
(4 to 12 miles) above sea level. Most of the mass  
(about 75 – 80%) of the atmosphere is in the troposphere. 
The height of the troposphere depends on the latitude, 
season, and whether it is day or night [1]. 

Water vapour contained in the atmosphere can also 
affect the GPS signal. GPS signal is being affected by the 
troposphere both horizontally and vertically. The effect 
can result in position degradation can be reduced by using 
atmospheric models. Several standard tropospheric models 
are generally used to correct for the tropospheric delay. In 
this work, five tropospheric delay models are considered 
[2,3,4,5]. 

The delay caused by the troposphere can be separated 
into two main components: the dry delay and the wet 
delay. The dry component contributes about 90% of the 
total delay to the tropospheric delay, while the wet 
component contributes the remaining 10% of the total 
tropospheric delay. The dry component is determined with 
high accuracy by many tropospheric delay models derived 
from surface measurements [2,6,7]. The wet component 
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depends on water vapour content, which is highly variable 
with space and time and is difficult to model [8,9,10]. 
Although the wet component of the delay constitutes 10% 
of the total effect, it still causes the limiting uncertainty in 
determining a very accurate remedy for the total delay 
[6,11]. 

The assessment of the five tropospheric delay models is 
to determine the best-fit model for Southern Nigeria. 
Although [12] determined the best-fit model for Nigeria, 
only three models (Saastamoinen, Modified Hopfield, and 
Neil) were evaluated. This research added two models (Davis 
et al and Black models) in addition to the models used in [12]. 

2. Tropospheric Delay 

The effect of the troposphere on the GNSS signal 
appears as an extra delay in the measurement of the signal 
travelling from the satellite to receiver. This delay is 
caused by the changing humidity, temperature and atmospheric 
pressure in the troposphere as well as the transmitter and 
receiver antennas location. This allows Differential GNSS 
and RTK systems to compensate for tropospheric delay. 
GNSS receivers can also use tropospheric models to 
estimate the amount of error caused by tropospheric delay. 
The sources of errors are satellite clock, receiver clock, 
satellite orbit, multipath effect, and atmospheric effects 
(ionosphere and troposphere). Unlike the ionospheric delay, 
the tropospheric delay is not frequency-dependent. It cannot 
therefore be eliminated through linear combinations of L1 
and L2 observations. Signals from satellites at low elevation 
angles have longer propagation period through the troposphere 
than those of higher elevation angles, the effect of which 
results in minimized tropospheric delay at the user’s zenith 
(about 2 - 2.5m) and maximum delay at the horizon (about 
20 – 28m) [13]. It is thus obvious that the tropospheric 
delay should be a spatio-temporal variable with its effects 
differing based on temperature, humidity and pressure.  

Due to the highly variable tropospheric water vapour 
content, it is difficult to achieve desired accuracy in this 
region [14]. The tropospheric delay in equation (1) is 
directly proportional to the refractive index, which is 
expressed as a function of atmospheric temperature and 
pressure. It is therefore expressed as [13]: 

 ( )1tropD n ds= −∫  (1) 

where 𝐷𝐷𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇  is the tropospheric delay, n is the refractive 
index and ds is the path length.  

The refractivity can be divided into dry and water 
vapour due to the troposphere containing dry and water 
vapour content, hence; 

 d wN N N= +  (2) 

where, 𝑁𝑁𝑑𝑑 : refractivity of dry air 𝑁𝑁𝑤𝑤 : refractivity of water 
vapour. Expressing in terms of refractivity N; from 
equation (1); we obtain; 

 ( )610 1tropN n−= −  (3) 

where; 𝑁𝑁𝑡𝑡𝑇𝑇𝑇𝑇𝑇𝑇 : tropospheric refractivity, hence; 

 610 .trop tropD N ds−= ∫  (4) 

The tropospheric delay can be separated into the dry 
and wet components as shown in Figure 1. 

 troptrop trop
wdN N N= +  (5) 

where; �𝑁𝑁𝑑𝑑
𝑡𝑡𝑇𝑇𝑇𝑇𝑇𝑇 �  is the dry tropospheric refractivity and 

�𝑁𝑁𝑤𝑤
𝑡𝑡𝑇𝑇𝑇𝑇𝑇𝑇 � wet tropospheric refractivity resulting from water 

vapour. 
The dry and wet components as shown in Figure1are as 

a result of dry gases (primary nitrogen and oxygen) and 
water vapour respectively in the tropospheric region of the 
atmosphere. About 90% of the tropospheric delay is 
caused by the dry component, while the remaining 10% is 
from the wet component. The dry portion of the ZTD can 
be accurately modelled with the observed surface pressure, 
while estimation of the wet portion of ZTD is a standard 
method in most post high-accuracy geodetic applications 
for the highly variability of the wet portion [15]. 

The tropospheric delay is then expressed as a linear 
combination of the dry and wet components [16]; 

 6 610 10troptrop trop
wdpath path

D N ds N da− −= +∫ ∫  (6) 

or 

 troptrop trop
wdD N N= +  (7) 

 

Figure 1. Thickness of polytropic layers for the troposphere. Modified 
after [13] 

Tropospheric delay is calculated in the zenith direction 
over the GPS station, hence the term zenith tropospheric 
delay (ZTD), a combination of the zenith dry delay (ZDD) 
and zenith wet delay (ZWD). The tropospheric delay is a 
function of elevation and altitude of the receiver, which 
depends on factors such as atmospheric temperature, 
pressure and relative humidity. It is not frequency-dependent 
as is the case with the ionosphere and cannot be eliminated 
through linear combination of L1 and L2 observations [17]. 

3. Tropospheric Delay Models 

Several global tropospheric models such as the 
Saastamoinen model, Hopfield model, Niell model etc. 
have been empirically developed and employed in GPS 
timing receivers to correct for the tropospheric delay. 
These models are derived using data from available 
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radiosonde obtained from Europe and North America 
continents. The global atmosphere conditions, used as 
constants in these models, provide a broad approximation 
of the tropospheric conditions, but ignore the actual 
atmospheric conditions on a given location, i.e., do not 
take into account the latitudinal and seasonal variations in 
the atmosphere [18]. Besides, daily variation in temperature, 
pressure and relative humidity can lead to error in 
tropospheric delays obtained using the global tropospheric 
models especially in the height components [19]. The 
location of Nigeria in the equatorial and tropical region 
makes it susceptible to high tropospheric effect thereby 
having an adverse effect on the GPS signals, which, in 
turn, affects positioning. In order to determine the best-fit 
tropospheric model for processing of data collected from 
the Nigerian Permanent GNSS Network, the need to 
investigate the impact of the different global tropospheric 
models on the network becomes imperative. The research 
investigates the performance of three global tropospheric 
delay models, namely Refined Saastamoinen model [20], 
Modified Hopfield model [3] and Niell model [21]. 

3.1. Davis et al Model 
Davis et al expression slightly differs from the 

Saastamoinen model in the choice of the refractivity 
constant. [5] used the  refractivity constant k1 given by 
[22]. Table 1 provides the refractivity constant K given by 
different authors. Davis et al model is given by the 
following expression [22]:  

 
[ ]0.0022768 /

1 0.00266cos 2 0.0000028
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m bar
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where: 
𝑷𝑷𝒔𝒔 = pressure at site 
𝝋𝝋 = geodetic latitude in radian 
𝑯𝑯𝒔𝒔= surface height of station 
K1 = 0.0022768. 

3.2. The Refined Saastamoinen Model  
The Saastamoinen model as in [20] is expressed as a 

function of height of the observation station and the zenith 
angle. This was later modified and functionally expressed as [23]: 
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Where  𝑍𝑍 =  zenith angle of satellite 
   𝑃𝑃 =  pressure (mbar) 
   𝑇𝑇 = temperature  (K) 
   𝑃𝑃𝑤𝑤= partial pressure of water vapour (mbar)  
           𝐷𝐷𝑑𝑑

𝑡𝑡𝑇𝑇𝑇𝑇𝑇𝑇 = tropospheric path delay in metres 
𝐵𝐵 and  𝛿𝛿𝛿𝛿  are the corrections that depends on height 

(ℎ) of the station and 𝑍𝑍. 

3.3. The Modified Hopfield Model 
[13] used data from different parts of the world to 

develop an empirical tropospheric delay model. The 
Hopfield model shows dry and wet refractivity components 

as a function of tracking station height h above the Earth's 
surface and is given in the following forms [13]: 
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where 𝜇𝜇 = 4 is empirically determined power of the height 
ratio, 𝐻𝐻𝑑𝑑 = 40136 + 148.72(𝑇𝑇 − 273.16 ) is the polytropic 
thickness for the dry part (m), 𝐻𝐻𝑤𝑤 = 11000 is the polytropic 

thickness for the wet part (m), 0
1,0

0

trop
d

P
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T
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tropospheric refractivity for the stations at the Earth's 
surface as a function of pressure (millibars) and temperature 

(Kelvin), 0 0
2 3,0 2

0 0

trop
d

e e
N K K

T T
= +  is the wet tropospheric 

refractivity for the station at the Earth's surface as a 
function of water vapor, pressure, and temperature. 

Inserting equations (9) and (10) into equation (6), and 
integrating each element with the respective integration 
ranges along the vertical direction (i.e. from h = 0 to h = Hd 
and from h = 0 to h = Hw for the dry and wet components), 
we then obtain tropospheric zenith delay in units of meters [16]: 
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3.4. Black Model 
[24] developed a tropospheric model based on Hopfield's 

work. [21] gives the formulas for the hydrostatic component as; 
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𝑃𝑃0: pressure at site in [hPa] 
𝑇𝑇0: temperature at site in [K] 
𝐻𝐻𝑑𝑑 : upper boundary height for the hydrostatic delay  
𝑇𝑇: radial distance from earth center to GPS antenna 
𝜀𝜀: elevation angle in [degrees] 

The wet mapping function derived by [24] is described 
by [25]. The slant-wet delay is express as [25]: 
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𝑒𝑒0: pressure at site in [hPa] and the mapping function is  
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Table 1. Refractivity constant K1 according to different publications [26] 

Reference 1k (khPa-1) 2k (khPa-1) 3k (khPa-1) k ′  

[Boudouris, 1963] 𝟕𝟕𝟕𝟕.𝟓𝟓𝟓𝟓 ± 𝟎𝟎.𝟎𝟎𝟎𝟎 𝟕𝟕𝟕𝟕.𝟎𝟎 ± 𝟏𝟏𝟏𝟏 𝟑𝟑.𝟕𝟕𝟓𝟓 ± 𝟎𝟎.𝟎𝟎𝟑𝟑 𝟕𝟕𝟐𝟐 ± 𝟏𝟏𝟏𝟏 

[Smith and Weintraub, 1953] 𝟕𝟕𝟕𝟕.𝟔𝟔𝟏𝟏 ± 𝟎𝟎.𝟎𝟎𝟏𝟏 𝟕𝟕𝟕𝟕.𝟎𝟎 ± 𝟎𝟎.𝟎𝟎𝟓𝟓 𝟑𝟑.𝟕𝟕𝟓𝟓 ± 𝟎𝟎.𝟎𝟎𝟑𝟑 𝟕𝟕𝟐𝟐 ± 𝟓𝟓 

[Thayer, 1974] 𝟕𝟕𝟕𝟕.𝟔𝟔𝟎𝟎 ± 𝟎𝟎.𝟎𝟎𝟏𝟏 𝟔𝟔𝟐𝟐.𝟕𝟕𝟓𝟓 ± 𝟎𝟎.𝟎𝟎𝟎𝟎 𝟑𝟑.𝟕𝟕𝟕𝟕𝟔𝟔 ± 𝟎𝟎.𝟎𝟎𝟎𝟎𝟐𝟐 𝟏𝟏𝟕𝟕 ± 𝟏𝟏𝟎𝟎 

[Hill et al, 1982] - 𝟓𝟓𝟎𝟎 ± 𝟏𝟏 𝟑𝟑.𝟓𝟓𝟎𝟎𝟑𝟑 ± 𝟎𝟎.𝟎𝟎𝟑𝟑 - 

[Hill, 1988] - 𝟏𝟏𝟎𝟎𝟕𝟕 ± 𝟏𝟏 𝟑𝟑.𝟓𝟓𝟕𝟕𝟎𝟎 ± 𝟎𝟎.𝟎𝟎𝟑𝟑 - 

[Belvis et al, 1994] 𝟕𝟕𝟕𝟕.𝟔𝟔𝟎𝟎 ± 𝟎𝟎.𝟎𝟎𝟓𝟓 𝟔𝟔𝟓𝟓.𝟐𝟐 ± 𝟕𝟕.𝟕𝟕 𝟑𝟑.𝟕𝟕𝟎𝟎𝟏𝟏 ± 𝟏𝟏.𝟕𝟕𝟎𝟎𝟎𝟎 - 

 
3.5. The Niell Model 

The Niell Model is a combination of the Saastamoinen 
zenith path delay with Neil mapping functions [4]. The 
parameters (a, b, c) used in the dry and wet components of 
the models as expressed in equations (10) and (11) are 
calculated based on the interpolation of the average and 
seasonal variation (amplitude) values as functions of 
latitude and time given as [4]: 
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For the wet component:  
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where; md and mw  is the mapping functions for dry and 
wet components respectively; ε  is the satellite elevation 
angle and H = orthometric height ad, bd, cd are the 
coefficients in the dry component; aw, bw, cw are the 
coefficients in the wet component and aht, bht, cht are the 
coefficients in the height component. 

4. The Southern Nigerian GNSS 
Reference Network 

The Office of the Surveyor General of the Federation 
(OSGoF) established the NIGerian Permanent GNSS NET 
work (NIGNET), which is a network of Continuously 
Operating Reference Stations (CORS). The goal is to 

implement a new reference frame for Nigeria in line with 
the recommendation of the United Nation Economic 
Commission of Africa (UNECA) through Committee on 
Development, Information Science and Technology 
(CODIST) [27]. It is expected that, the Nigerian 
Permanent GNSS Reference Network as presented in 
Figure 2, will directly contribute to the Africa Reference 
Frame (AFREF). 

5. Materials and Methods 

The use of network of reference stations, instead of the 
single reference station, has become widely acceptable 
within the GNSS community as solution for high 
precision satellite positioning applications [28]. This 
allows modelling of the atmospheric errors such as the 
tropospheric propagation delays that complicate the 
process of ambiguity fixing, which is often considered 
necessary for high-precision positioning and thus, 
significantly reducing the errors for long baselines thereby 
enhancing positioning accuracy. 

5.1. Study Area 
The study is in the Southern part of Nigeria as shown in 

Figure 3 which is made up of sixteen (16) states: Imo, 
Abia, Ekiti, Anambra, Enugu, Ebonyi, Osun, Ogun, Lagos, 
Oyo, Edo, Cross River, Rivers, Akwa-Ibom, Bayelsa, 
Delta and Ondo states. Observations were made on the 
GNSS campaign stations forming the Nigerian Primary 
Triangulation Network (NPTN). Figure 4 shows the ten 
(10) campaign stations forming the three networks 
(Network 1, 2 and 3) in the southern states of Nigeria. 
Table 2 shows the location of the stations across the study 
area. 

5.2. Data Acquisition 
The study area was divided into three networks. GPS 

campaigns were carried out on the network in the months 
of October 2010, March 2011 and April 2011; thus 
representing each campaign. Twenty-four hours (24hrs) 
raw GPS data at 30-second data rate were acquired. 
Corresponding precise satellite ephemeris were 
downloaded from the International GNSS Service (IGS) 
The ocean tide loading data for each station was obtained 
from [29]. Similarly, the Earth Orientation Parameters and 
the Ionosphere models were downloaded from [30]. 
Summary of the parameters used are given in Table 3. 
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Figure 2. Nigerian CORS (blue) and Campaign (red) GNSS Stations (NIGNET) [31] 

 

Figure 3. Map of the Campaign GNSS Triangulation Network in Southern States of Nigeri, [Authors] 

 

Figure 4. The three (3) GNSS campaign networks used in this stuy [Authors] 
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Table 2. Description of the campaign GNSS Stations used in the Study  

Station ID Station locations State Approximate Lat.(N) Approximate. Long.(E) Ellipsoidal height (m) 

OL10 Akomoge Ogun 7° 12' 15.839'' 3° 20' 41.494'' 198.953 

OL16 Oke Onwa Oyo 7° 54' 14.814'' 4° 24' 13.707'' 524.882 

CFA3 Ikeja Lagos 6° 37' 36.856'' 3° 19' 23.231' 71.871 

OX7A Okitipupa Ondo 6° 30' 02.670'' 4° 46' 30.570'' 59.585 

ZVS3 Port Harcourt Rivers 4° 50' 52.690'' 7° 02' 52. 52.8'' 35.4829 

CBL1 Shell Camp Delta 5° 33' 16.660'' 5° 43' 56.38'' 26.480 

OU81 Ugboha Edo 6° 47' 13.241' 6° 29' 08.215'' 215.814 

OC16 Abu Emeh Cross Rivers 6° 08' 13.427'' 9° 01' 35.849' 628.828 

MW60 Odukpani Cross Rivers 5° 07' 19.312' 8° 20' 19.783' 105.464 

XV55 Okpotong Abia 50 33' 21.801' 7° 38' 18.397'' 154.966 

Table 3. Summary of General Processing Parameters 

Parameter Description 

RINEX data 30 second sampling rate 

Orbital Data IGS final/Pricise orbit 

Processing window 24 hours sliding window 

Ocean tide loading FES 2004 

Reference Frame ITRF 2008 

Satellite Elevation Angle 100 Cut-off 

Double Difference Ionosphere Quasi-Ionosphere free ( L3) ambiguity free 

Mapping Function Troposphere delay mapping function of 1/cosz 

Adjustment All Stations coordinate minimally constrained to their apriori 

 
5.3. Processing Strategy 

Six (6) processing strategies were employed using the 
Trimble Total Control (TTC) version 2.73. They include: 

Strategy I: In this strategy, the processing is done 
without the application of the tropospheric model. The 
ionosphere-free double difference (IF DD) residuals and 
final coordinates are extracted for analysis. 

Strategy II: Processing with the application of the Black 
model and standard atmosphere, the IF DD residuals, final 
coordinates and the zenith tropospheric delay are extracted 
for analysis. 

Strategy III: Processing with the application of the 
Davis et al model and standard atmosphere; the IF DD 
residuals, final coordinates and the zenith tropospheric 
delay are extracted for analysis. 

Strategy IV: Processing with the application of the 
Hopfield model and standard atmosphere; the IF DD 
residuals and final coordinates are extracted for analysis 
purpose. 

Strategy V: Processing with the application of the Neil 
model and standard atmosphere; the IF DD residuals and 
final coordinates are extracted for analysis purpose. 

Strategy IV: Processing with the application of the 
Saastamoinen model and standard atmosphere; the IF DD 
residuals and final coordinates are extracted for analysis 
purpose. 

The coordinates of all stations were estimated. This 
retains the flexibility for later changes in the realization of 
the reference frame. However, to check the consistency of 
the data used in the processing with the coordinates of  
the IGS core sites, a minimal constraint solution was 
generated for the network. 

6. Results and Discussions 

The analysis of the results was done based on the 
Ionospheric Free Double Difference (IF DD) residuals in 
the baseline domain, the final station coordinates and the 
zenith tropospheric delay obtained from each of the global 
tropospheric delay model, in order to ascertain the best fit 
tropospheric delay model for the study area. 

6.1. Assessment of the Tropospheric Delay 
Models on the Basis of the Baseline 
Ionospheric-free Double Difference  
(IF DD) Residual 

One of the tools used in the assessment of tropospheric 
model in a GPS network is the comparison of the baseline 
IF DD residuals over which the tropospheric models are 
being assessed [16]. The Root Mean Square Error (RMSE) 
characterizes the performance of the models. The IF DD 
of each of the 3 networks was analysed. Baselines were 
formed and the RMSE were computed for all satellites.  

Table 3 to Table 5 summarises the numerical results for 
all the baselines in terms of the RMS IF DD residuals in 
the three networks. The IF DD residuals of strategy I  
(No model) have large residuals compare to strategies II, 
III, IV and V respectively. This is expected because no 
model is applied. The result indicates that, the five models 
are able to reduce the size of the residuals. However, no 
significant residual difference in the five models is noticed 
in the three networks. In Table 4 - Table 6, the long 
baselines, OC16-ZVS3; OU81-ZVS3 and CFA3-OL16 
have the highest rmse values across the models in the 
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three networks; while the short baselines, XV55-ZVS3; 
ZVS-XV55 and CFA3-OL10 have the shortest rmse 
values. This indicates that, the longer the baseline, the 
more the effects of the troposphere. This presupposes that, 
the tropospheric delay is a distance-dependent error. This 
result is in agreement with [32].  The Neil model gives a 
better result with less effects of the troposphere on the 
baselines across the three networks in the study area. 

Figure 5 – Figure 7 provides the percentile improvement 
in the RMS DD IF residuals for strategies II, III and IV 

and V respectively. From the figures, the result shows that 
baseline percentage improvement varies from 67% to 71% 
in network, 62% to 76% in network 2 and 71% to 76% in 
network 3. The Niell model receives the least percentage 
improvement contribution in the network with an average 
of 67.1%. Davis et al, the modified Hopfield and 
Saastaminen models have 70%, 71.1% and 71.7% 
respectively. This suggests that, the Neill model reduces 
the effect of the delay cause by the troposphere more than 
the other the rest of the models assessed in this work. 

Table 4. Network 1 summary statistics of baseline RMS DD IF residual 

Baseline Baseline Length (km) 
Total RMS (mm) of IF DD 

No Model Black Model Davis et al Model Hopfield Model Saastamoinen Model Niell Model 

0C16-ZVS3 261.552 30.7 21.0 21.0 21.0 21.0 20.0 

MW60-0C16 135.676 29.5 17.9 17.8 18.4 19.9 18.2 

XV55-0C16 166.632 24.6 22.1 16.3 17.1 16.3 16.0 

XV55-MW60 91.271 19.7 15.0 15.0 15.1 15.1 14.8 

XV55-ZVS3 102.073 21.7 14.0 14.0 14.2 14.0 13.9 

ZVS3-MW60 146.348 20.4 13.7 13.7 13.7 15.8 13.4 

Table 5. Network 2 summary statistics of baseline RMS DD IF residual 

Baseline Baseline Length (km) 
Total RMS (mm) of IF DD 

No Model Black Model Davis et al Model Hopfield Model Saastamoinen Model Niell Model 

0U81-CBL1 161.345 35.1 25.1 25.1 25.2 24.9 25.2 

0U81-XV55 186.575 29.9 19.0 19.0 18.9 19.0 18.9 

XV55-CBL1 211.212 20.3 16.9 16.9 16.9 16.9 16.9 

0U81-ZVS3 223.288 18.8 26.2 25.3 25.3 25.6 24.8 

ZVS3-CBL1 164.595 31.2 20.8 20.8 20.8 20.7 20.8 

ZVS3-XV55 102.073 18.5 11.0 11.0 11.0 11.0 11.0 

Table 6. Network 3 summary statistics of baseline RMS DD IF residual 

Baseline Baseline Length (km) 
Total RMS (mm) of IF DD 

No Model Black Model Davis et al Model Hopfield Model Saastamoinen Model Niell Model 

CFA3-0X7A 161.195 18.6 14.8 14.8 14.8 14.8 12.8 

0X7A-OL10 176.205 17.9 14.8 14.8 14.8 14.8 13.8 

CFA3-OL10 63.912 17.3 12.7 12.7 12.7 12.7 12.3 

0X7A-OL16 160.535 18.5 14.2 14.1 14.2 14.1 13.2 

CFA3-OL16 184.925 24.1 18.6 18.5 18.6 18.5 18.3 

OL16-OL10 140.170 19.1 15.4 14.4 15.4 14.4 13.6 

 

Figure 5.  Network 1 percentage improvement DD IF residuals after applying tropospheric delay models 
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Figure 6. Network 2 percentage improvement DD IF residuals after applying tropospheric delay models 

 

Figure 7. Network 3 percentage improvement DD IF residuals after applying tropospheric delay models 

 

Figure 8. Mean standard deviation in the North component 

 

Figure 9. Mean standard deviation in the East component 
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Figure 10. Mean standard deviation in the Height component 

6.2. Assessment of the Tropospheric Models 
in the Position Domain 

To study the tropospheric delay models in the position 
domain, the coordinate differences of the stations in the 
North, East and Height (horizontal and height) components 
were computed and analysed. Figure 8, Figure 9, and 
Figure 10 shows the mean standard deviation of the 
coordinates in North, East and Height components at the 
GNSS stations. 

The result reveals that, the Niell and Hopfield models 
show no significant deviations in the North and East 
components respectively.  

However, the differences in the application of the 
tropospheric delay models reveals that, the Niell model 
shows considerable improvement with network average 
standard deviation of 3.5mm, 6.0mm and 8.4 in the north, 
east and height component respectively, while the Davis et 
al Model followed closely with network average standard 
deviation of 3.7mm, 6.5mm and 8.5mm in the north, east 
and height components respectively.  

6.3. Mean Zenith Tropospheric Delay (ZTD) 
at Each Station 

The tropospheric delay is calculated in the zenith 
direction over the GNSS station. The Zenith Tropospheric 
Delay (ZTD) gives insight into the tropospheric conditions 

above the GPS site. Table 7 show the statistics of the 
zenith tropospheric delay for each of the GNSS station 
based on the application of each tropospheric delay model. 
The mean ZTD computed at each station reveals that, 
station ZVS3 latitude 40 50’ 52.69” has the highest 
average ZTD value of about 2.645m. This is followed by 
station MW60 at latitude 50 07’ 19.31” having average 
ZTD value of about 2.626m. However, station OL16 
located at the highest latitude of about 070 54’ 14.814” in 
the entire network have the least ZTD value of about 
2.440m. This result presupposes that, GNSS stations at 
low latitude are highly susceptible to tropospheric delay. 
This can be seen in Figure 11 showing the spatial 
distribution of the tropospheric delay in Southern Nigeria. 
The figure reveals that, GNSS stations in Southern Nigeria 
particularly in Rivers, Bayelsa, Lagos, Cross River and 
Delta states are highly susceptible to the effect of the 
troposphere when compare to other states in Southern 
Nigeria. This result is in agreement with [32] who assert 
that, GNSS stations at low latitude are highly susceptible 
to tropospheric effect. 

The mean network ZTD produced by the five 
tropospheric delay shows that the Niell model has the 
lowest network ZTD of 2.535m with mean RMS value of 
0.67m, follow by Davis et al model with network ZTD of 
2.559m and mean RMS value of 0.72m. The Black model 
has the highest mean network ZTD of 2.588m with mean 
RMS value of 0.78m. 

Table 7. Statistics of the mean network ZTD estimate at each GNSS station 

GPS Station 
Zenith Tropospheric Delay Models (m) 

Black Model Davis et al Model Hopfield Model Neil Model Saastamoinen Model 

OC16 2.5269 2.4258 2.5251 2.4240 2.4231 

MW60 2.6207 2.6203 2.6202 2.5801 2.6199 

XV55 2.5929 2.5926 2.5916 2.5904 2.5889 

ZVS3 2.6422 2.6417 2.6415 2.6012 2.6409 

OU81 2.5149 2.5049 2.5148 2.5046 2.5141 

CBL1 2.6077 2.6084 2.6089 2.5793 2.6098 

OL10 2.5425 2.5425 2.5426 2.5209 2.5430 

OL16 2.5976 2.4177 2.5176 2.4071 2.4163 

OX7A 2.6047 2.6050 2.6057 2.5764 2.6068 

CFA3 2.6288 2.6289 2.6292 2.5694 2.6297 

Mean Network ZTD 2.5879 2.5588 2.5797 2.5353 2.5593 
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Figure 11. Spatial Distribnution of the Total Zenith Tropospheric Delay of the study area 

7. Conclusion 

A total of eighteen baselines, thus making the three 
networks were analyzed. The study shows that the troposphere 
delay affect long baselines the more than short baselines, 
this agrees with [12] and [32]. This validates the assertion 
that, tropospheric delay is a distance dependent error.  

The five models investigated i.e. the Black, Davis et al, 
Hopfield, Neill and Saastamoinen models show no 
significance difference in their performance; better 
improvements in the position domain were achieved by 
the application of the Niell model compared to the rest of 
the models. The Niell model produced a better mitigation 
of the tropospheric delay, with an average percentage 
improvement of 67.1%; while Davis et al, the modified 
Hopfield and Saastaminen models have 70%, 71.1% and 
71.7% percentage improvement respectively. The result 
also indicates that, the Niell has the lowest mean average 
zenith tropospheric delay (ZTD) of 2.535m with RMS of 
0.67m. On the overall, the Niell model has better 
performance in the network in this research. This result is 
in agreement with [33]. 
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