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area, nevertheless, the choice of GPT3 model will be more
preferable.

Abstract: The impact of the earth’s atmospheric layers,
particularly the troposphere on Global Navigation satellite system (GNSS) signals has become a major concern in
GNSS accurate positioning, navigation, surveillance and
timing applications. For precise GNSS applications, tropospheric delay has to be mitigated as accurately as possible using tropospheric delay prediction models. However,
the choice of a particular prediction model can significantly impair the positioning accuracy particularly when
the model does not suit the user’s environment. A performance assessment of these prediction models for a
suitable one is very important. In this paper, an assessment study of the performances of five blind tropospheric
delay prediction models, the UNB3m, EGNOS, GTrop,
GPT2w and GPT3 models was conducted in Ghana over
six selected Continuously Operating Reference Stations
(CORS) using the 1˚x1˚ gridded Vienna Mapping Function
3 (VMF3) zenith tropospheric delay (ZTD) product as a reference. The gridded VMF3-ZTD which is generated for every six hours on the 1˚x1˚ grids was bilinearly interpolated
both space and time and transferred from the grid heights
to the respective heights of the CORS locations. The results show that the GPT3 model performed better in estimating the ZTD with an overall mean (bias: 2.05 cm; RMS:
2.53 cm), followed by GPT2w model (bias: 2.32cm; RMS:
2.76cm) and GTrop model (bias: 2.41cm; 2.82cm). UNB3m
model (bias: 6.23 cm; RMS: 6.43 cm) and EGNOS model
(bias: 6.70 cm; RMS: 6.89 cm) performed poorly. A multiple comparison test (MCT) was further performed on the
RMSE of each model to check if there is significant difference at 5% significant level. The results show that the
GPT3, GPT2w and GTrop models are significantly indifferent at 5% significance level indicating that either of these
models can be employed to mitigate the ZTD in the study
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1 Introduction
The advent of GNSS has not only revolutionized Positioning and Navigation, but Surveillance and Timing as well.
Increased number of signals, more power on signals as
well as enhanced algorithms have extended the functionality of GNSS into varied applications such as time transfer, GNSS Meteorology, remote sensing etc. (HofmannWellenhof et al., 2008; Leick et al., 2015; Xu and Xu, 2016).
However, One of the key limitations that greatly affect precise and accurate solution when using GNSS technology
is the problem of delays in signal propagation through
the Earth’s atmospheric layers, predominantly, the ionosphere and the troposphere (Yao and Hu, 2018; Younes,
2017). GNSS signals propagating through the Earth’s atmospheric layers, experience refraction due to the variations
in refractivity (N > 1) along the signal transmission path
which changes the propagation speed and direction before
arriving at the receiver, resulting in time delay and signal
bending (Mendes, 1999; Sun et al., 2019). Consequently,
these signal delays cause an increase in the optical path
lengths travelled by the signals than the true geometric
distances between the satellites in view and the receiver
(Mendes, 1999; El-Rabbany, 2002). This induces an error
in the position solution and eventually degrade the positioning accuracy (Ibrahim and El-Rabbany, 2011; Younes,
2017). The extent of the impact of ionospheric delay is usually in the range of 5 m to almost 15 m but can reach more
than 100 or 150 m during severe geomagnetic storm and at
lower elevation angles (El-Rabbany, 2002; Jin, 2004). Similarly, the impact of tropospheric delay ranges from about
2.0 to 2.6 m in the zenith direction to about 20 to 28 m near
the horizon and at lower elevation angles (El-Rabbany,
2002; Sanlioglu and Zeybek, 2012). Thus, the impact of
the atmosphere on GNSS signals has become one of the
major accuracies limiting factors for GNSS applications
and therefore, needs to be eliminated and/or mitigated for
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precise and accurate GNSS applications. Whereas ionospheric delay can to a large extent be removed from combinations of dual-frequency GNSS measurements owing to
its dispersive nature, the tropospheric delays require modelling techniques for its mitigation (Yao et al., 2016).
Mendes (1999) proposed three basic techniques to
correct tropospheric delays: pure modelling or model
correction technique; direct calibration or conventional/traditional observing techniques such as radiosonde and water vapour radiometer (WVR) and
Self-Calibration or parameter estimation technique. The
pure modelling technique comprises two main categories
(Hu and Yao, 2019; Sun et al., 2019). The first category
is the traditional models which require real-time surface
meteorological observations at the user’s environment
to predict the tropospheric delays. Examples include
Hopfield model (Hopfield, 1969) and Saastamoinen model
(Saastamoinen, 1972). The second category is the blind
models which require user location and time information for the estimation of meteorological parameters
extracted from climatological data or numeric weather
prediction (NWP) models. The meteorological parameters
are usually provided in a tabular form (look-up table
values) or gridded form (grid-point values) with mean
values, annual and semi-annual amplitude values and
their seasonal variations. The estimated meteorological
parameters are then used to compute the tropospheric
delay at centimeter-level accuracy. Examples include
UNB3m model (Leandro et al., 2008; Leandro et al., 2006),
EGNOS model (Penna et al., 2001), GPT2w model (Böhm
et al., 2015) and its updated version GPT3 (Landskron and
Böhm, 2018).
The reliance of real-time surface meteorological data
by the traditional models limits their real-time availability or usage for real-time navigation and positioning applications since real-time meteorological data is not easy
to obtain (Liu et al., 2017). For this reason, the blind tropospheric models emerged to overcome such limitations.
However, owing to the different variations of atmospheric
constituents in a prevailing area as pertain to different climatic conditions, tropospheric effect on GNSS signals also
differ, influencing the performance of these empirical prediction models (traditional and blind) at user locations
(Liu et al., 2017; Tuka and El-Mowafy, 2013). Nevertheless,
the hot conditions and thicker tropospheric layer (up to
16km) in relation to huge volumes and imbalance of water vapour content in the low-latitude or equatorial region
makes the low-latitude region more susceptible to the impact of tropospheric delay (Musa et al., 2005) particularly
Ghana, which is so close to the equator. It is therefore imperative to evaluate the impact of these blind tropospheric

delay models in different places or regions for real-time positioning and navigational applications.
Owing to the varying performance of the prediction
models over varying atmospheric conditions, a number of
studies have been conducted to evaluate the performances
of different blind tropospheric models. Zhang et al. (2016)
evaluated three blind tropospheric delay models, IGGtrop,
EGNOS, and UNB3m in China. With 5 years of GNSS derived ZTD from 25 stations of the Crustal Movement Observation Network of China (CMONOC), the study recommended the IGGtrop. Farah (2020) likewise evaluated
the IGGtrop, EGNOS, and UNB3m models in the Northern
hemisphere. Using the IGS-ZTDs as the benchmark, the
UNB3m model was recommended the best choice for ZTD
corrections, however, the IGGtrop model was as well recommended for use in this region. Chen et al. (2014) assessed the GPT2 tropospheric model and its application
in precise point positioning (PPP) globally. Deo and ElMowafy (2019) also analysed the reduction of PPP convergence time in Australiathe using ZTDs obtained from
GPT2, GPT2w, Numeric Weather Model (NWM) from the
Australian Bureau of Meteorology (BoM), and European
Centre for Medium-Range Weather Forcasts (ECMWF). Utilizing the IGS-ZTD product from four sites in Australia
as reference, it was found that the BoM model has the
best ZTD estimation. Chen et al. (2020) compared SHAtropE (Shanghai Astronomical observatory tropospheric
delay model-Extented) model with GPT3 and UNB3m models in China. Employing data from 310 GNSS sites over
7 years, the result showed a superior performance of the
SHAtropE model over the GPT3 and UNB3m models. Similarly, Xu et al. (2020) also compared the Wuhan-University
Global Tropospheric Emperical Model (WGTEM) with the
TropGrid2, ITG (Improved Tropospheric Grid), GPT2, and
UNB3m models. Utilizing the ECMWF ERA-Interim data
from 2001-2010 as reference, the results revealed that the
WGTEM outperformed the other models. Isioye et al. (2015)
assessed the performance of the GPT2w and UNB3m models in Africa using 1 year of IGS-ZTD product over 15 IGS stations in Africa. The study recommended the GPT2w model
for use in correcting tropospheric delays for GNSS realtime positioning and navigation applications in Africa.
It is obvious from the above studies that, majority of
the studies were conducted in the Asian region, particularly China, and not much study have been carried out
in the low-latitude region,specifically Ghana. Moreover,
all the studies were conducted using PPP approach and
no study have utilized differential technique to assess the
blind models. In addition, we are also of the view that
data utilized in Isioye et al. (2015) didn’t cover majority of
West Africa where this study is conducted. As prior indi-
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cated, Ghana is situated near the equator, which offers interesting challenges with regards to the tropospheric delay (Abukari et al., 2019). Conducting this study in Ghana
therefore offers the opportunity to assess these models under typical Ghana atmospheric condition (Zhang et al.,
2016) thereby enhancing position accuracies especially
now that Ghana has embarked on Nation-Wide GNSS CORS
establishment.
This paper therefore compares the performance of
five blind tropospheric delay models, GPT2w model, GPT3
model, GTrop model (Sun et al., 2019), UNB3m model and
the EGNOS model in Ghana over six selected CORS using
the 1◦ x1◦ gridded Vienna Mapping Function 3 (VMF3) ZTD
product as a reference.

2 Tropospheric Delay Models
The troposphere forms the lower portion of the neutral atmosphere closest to the earth. It extends at a height of
about 8 km over the poles and 16 km over the equator (Kos
et al., 2009a; Misra and Enge, 2011). Delay caused by the
troposphere stems from the sum of the propagation delay
and signal bending which induces an excess propagation
path length on the GNSS signals (Mendes, 1999). From Fermat’s principle and following (Bevis et al., 1992; Mendes,
1999; Kleijer, 2004) the excess propagation path (∆L tr ) can
be calculated by integration of the refractive index along
the signal transmission path, s, from satellite, t to receiver,
r at elevation angle (θ) via the troposphere as:


Z
Z
Z
∆L tr (θ) = S − G = (n (s) − 1) ds +  ds − dG (1)
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Expressing n in terms of total refractivity N, where N =
10−6 (n − 1), Eq. (4) can be rewritten as:
Z
∆L = 10−6 N (s) ds
(5)
s

N is a function of meteorological parameters such as pressure [P(mbar)], temperature [(T (K)] and relative humidity
[RH (%)] or water vapour partial pressure [e (mbar)] along
the signal transmission path and can be separated into hydrostatic or dry (Nd ) and wet (Nw ) components caused by
dry gases (mainly N2 , O2 ) and water vapour respectively
(Sanz et al., 2013).
N = Nd + Nw

Z
n(s)ds
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Nw
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k1 , k2 , k3 are refractivity constants whose values according to Bevis et al (1994) are given as , k2 = 70.40 ±
2.2K/hpa, k3 = 373900 ± 1200K 2 /hpa.
Re-writing Eq. (5)
Z
∆L =10−6 [N d + N w ] ds
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Expressing Eq. (8) in terms of ZTD,
Z
Z
ZTD = 10−6 N d (s)ds + 10−6 N w (s)ds

(9)

G

S is the optical or electromagnetic path length [m], c =
speed of light in vacuum [ms−1 ], ν=ds/dt, the propagation
speed through the troposphere [ms−1 ], n=c/v, the refractive index, G is the geometric range along the straight path
between t and r assuming the signal travel through a vacuum.
In the zenith direction (ZD) where satellites are directly overhead the receiver (i.e. θ = 90◦ ), the signal path is
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The refractivity (N) can be related to the meteorological parameters (P, T, e) as (Smith and Weintraub, 1953):
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a straight line (i.e. S and G become identical) and the bending effect disappears with the assumption that the troposphere is horizontally stratified (Bevis et al., 1992; Mendes,
1999). Equation (1) now becomes:
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where, h is the height of station or receiver antenna, and
TOA is the top of the atmosphere. It can be seen from Eqs.
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(8-10) that, ZTD is the sum of the Zenith Hydrostatic Delay
(ZHD) and the Zenith Wet Delay (ZWD) expressed as:
ZTD = ZHD + ZWD

(11)

With an appropriate mapping function and using the satellite elevation angle(θ) as input, the ZTD can be resolved
into the Slant Tropospheric Delay (STD) as:
STD = ZHD × MF h (θ) + ZWD × MF w (θ)

(12)

where MFh and MFw represent the hydrostatic and wet
mapping functions respectively.
The ZHD accounts for about 90% of the ZTD and can
easily be modelled or predicted to sub-millimetre accuracy by empirical prediction models using surface meteorological observations whereas the ZWD accounts for the
remaining 10% of the ZTD and in contrast to the ZHD, it
cannot be precisely modelled or predicted due to its large
spatial and temporal variability (Younes, 2016; Zhang et
al., 2016). The troposphere is characterized as being a nondispersive medium for radio frequencies up to 15 GHz,
hence its effect is independent of GNSS frequencies and
therefore affects carrier phase and code measurements
equally (Sanz et al., 2013).

2.1 UNB3m and EGNOS Tropospheric Models
The UNB3m and EGNOS models are based on the estimation of five meteorological parameters such as pressure
[P(mbar)], temperature [(T (K)], water vapour partial pressure [e (mbar)], temperature lapse rate [β (K/m)] and water
vapour pressure height factor [(λ (dimensionless)] derived
from the U.S. Standard Atmosphere Supplements, 1966 using user location (latitude and height) and day of year (Leandro et al., 2008; Penna et al., 2001). The meteorological parameters are stored in a look-up table and account
for the annual average and amplitude/seasonal variations.
Tables can be found in (Leandro et al., 2008; Leandro et al.,
2006; Penna et al., 2001).
The annual average and amplitude of each parameter
(P0 , T0 , RH0 , e0 , β0 andλ0 ) can be computed according to
the following:


if φ ≤ 15,
 ε15 ,
εφ =
ε75 ,
if φ ≥ 75,

 ε + (ε i+1 −ε i ) · φ − Lat ,
if 15 < φ < 75
(
i)
i
15
(13)
where φ is the latitude of interest in degrees, ε is the computed average or amplitude meteorological parameter,i is
the index of the nearest lower tabled latitude and Lat represents latitude from the look-up table. Each meteorological parameter value (P, T, e, β, λ) can then be estimated for

the desired day of year (doy) according to:

X ϕ,doy = Avg ϕ − Amp ϕ cos (doy − Dmin )

2π
365.25


(14)

where Xϕ,doy represents the calculated parameter value for
latitude ϕ and day of year (doy), Dmin is 28 for northern
latitudes and 211 for southern latitudes.
After the five meteorological parameters are computed, the zenith delays (ZHD and ZWD) are computed
based on Saastamoinen model as:
ZHD = 10−6 · k1 .


 g
Rd · P
β · H Rd ·β
· 1−
gm
T

(15)


 (λ+1)g −1
β · H Rd ·β
10−6 · k · R d
e
(16)
ZWD =
· · 1−
g m · ( λ + 1) − α · R d T
T
where
k is an arbitrary constant for refractivity.
For UNB3m model, k is computed from:
′

k = T m · k2 + k3

(17)

T m is the mean temperature of water vapour in (kelvin) expressed as:


β · Rd
Tm = T 1 −
(18)
g m · ( λ + 1)
For the EGNOS model, k = k2 with value 382000.
′
k1 , k2 andk3 are refractivity constants with values
77.60 K /mbar, 16.6 K/mbar and 377600 K2 /mbar, respectively, R d is the specific gas constant of dry air (), H is the
orthometric height in meters above sea level, g is the surface acceleration due to gravity (9.80665ms−2 ), g m is the
gravity acceleration at the centroid of the atmospheric column above the GNSS antenna (in ms−2 ). For the EGNOS
model, g m is set as constant (9.784 ms−2 ) whilst computed
for the UNB3m model as:


g m = 9 · 784 1 − 0.00266 cos 2ϕ − 2.8 × 10−7 H
(19)
For UNB3m model, relative humidity (RH) values are
provided instead of e values. e values are computed from
RH according to:
e=

RH
× es × fw
100

(20)

e s is the saturation vapour pressure given by:
es =
0.01 × exp

1.2378847 × 10−5 T 2 − 1.9121316 × 10−2 T
+33.93711047 − 6.3431645 × 103 T −1
(21)

!
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[dT(◦ C/km)], water vapour pressure [e (hpa)] and its decrease factor [λ(dimensionless)], weighted mean temperaf w = 1.00062+3.14×10−6 P+5.6×10−7 (T − 273.15)2 (22)
ture [Tm(K)], as well as hydrostatic (a h ) and wet (a w ) mapThe STD for both models is computed using Niell ping function coefficients of the VMF1 and VMF3 respec(1996) mapping function (NMF) for UNB3m model and tively. These parameters are based on the analysis of 37
Black and Eisner (1984) mapping function for EGNOS monthly mean pressure level profiles of the European Cenmodel. The Black and Eisner mapping function can be ex- tre for Medium-Range Weather Forecasts (ECMWF) ERApressed as (Black and Eisner, 1984):
Interim reanalysis for a period of 10 years (2001-2010).
"

2 #−1/2
Though both GPT2w and GPT3 models are the advanced
cos(θ)
1.001
MF (θ) = 1 −
=q
versions of the GPT series, GPT3 is the most recent version
1 + 0.001
0.002001 + sin2 (θ) and refinement of the GPT2w model. The models are both
(23) provided on a regular 1◦ x 1◦ and 5◦ x 5◦ global grids, howThe NMF model can also be formulated following ever, this study utilized the 1◦ x 1◦ resolution. Each meteequations (24-27). The model is a function of station lati- orological parameter can be computed from equation (28)
tude (φ) and observation time t from January 0.0 (in UT using the date of observation and station coordinates (latdays) and it is based on the interpolation of the average itude (φ), longitude, ellipsoidal height (h)) as input:
and seasonal amplitude values given in a tabular form at




doy
doy
15◦ latitudinal interval. Table values can be found in (Niell,
2π + B1 sin
2π
r(t) =A0 + A1 cos
365.25
365.25
1996). The general form of the model for both hydrostatic




doy
doy
and wet mapping functions can be expressed as:
4π + B2 sin
4π
+ A2 cos
365.25
365.25
1 + 1+a b
1+c
(28)
(24)
m(ε) =
sin(ε) + sin(ε)+a b
sin(ε)+c
where, A0 is the mean value, (A1 , B1 ) and (A2 , B2 ) are the
However, the addition of height correction term to the hyannual and semi-annual amplitudes of the selected padrostatic term differentiates the two models. Thus, the firameters r. The zenith delays ZHD and ZWD are computed
nal hydrostatic mapping function NMFh is given as:
based on Saastamoinen model as revised by Davis et al.
−3
NMF h = m (ε) + H s 10 M h
(25) (1985) and Askne and Nordius (1987) model respectively.
They are formulated as:
where
1 + abhtht
0.0022768 · P
1+ 1+c ht
1
(29)
ZHD =
Mh =
(26)
a ht
1 − 0.00266 cos(2φ) − 2.8 × 10−7 × h
sin(ε) sin(ε) +
b

fw is the enhancement factor and can be determined by:

ht
sin(ε)+ sin(ε)+c

ht

Hs is the height of the station above sea level (km), ϵ is
the elevation angle, a, b, and c are empirical coefficients
with different values for the hydrostatic and wet terms.
a ht , b ht , c ht are the coefficients in the height component.
a, b, and c can be computed as follows:
a (φ, t) = a avg (φ) + a amp (φ) cos (2π (t − 28)/365.25)
(27)
where t is the day of year (doy), a avg , a amp are the average
and seasonal amplitude values which can be obtained by
the linear interpolation between the nearest a (φ, t). The
same procedure is applicable to b and c.

ZWD = 10−6



k3
Tm


·

Rd · e
g m · (λ + 1)


(30)

The GPT3 model provides tropospheric gradients (hydrostatic north and east gradients, wet north and east gradients) as additional outputs. The required slant delays
are calculated using VMF1 for GPT2w model and VMF3 for
GPT3 model.
The hydrostatic and wet VMF are computed as:
1+
MF h (ϵ) =

2.2 GPT2w and GPT3 Tropospheric Models
GPT2w and GPT3 models provide internally the mean
values plus annual and semi-annual amplitudes of various surface meteorological parameters such as pressure[P(hpa)], temperature [T (˚C)] and its lapse rate

k2 +

h

sin(ϵ) +

1+
MF w (ϵ) =

ah
b
1+ 1+ch

sin(ϵ) +

ah
bh
sin(ϵ)+ sin(ϵ)+c

aw
bw
1+ 1+c
w
aw
bw
sin(ϵ)+ sin(ϵ)+c

(31)
h

(32)
w

a h , b h , c h are hydrostatic mapping coefficients and
a w , b w , c w are the wet mapping coefficients. b h , b w , c h
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and c w are determined through empirical means whereas
a h and a w are determined from global analysis data of the
ECMWF. The VMF1 and VMF3 data are available from the
ECMWF provided daily at four epochs at 00:00, 06:00,
12:00 and 18:00 UT for a specific set of stations and on a
global grid. Whereas VMF1 data is available on 2.0◦ × 2.5◦
global grid, the VMF3 data is available on both 5◦ × 5◦ and
1◦ × 1◦ global grids. The VMF1 model coefficients b h , b w
and c w are assigned constant values as b h = 0.0029,
b w = 0.00146 and c w = 0.0391 and while c h is given
based on the doy and station latitude (φ) as:

ZWD) are calculated as:



DOY
2π
A1 + A2 (Y − 1980) + A3 cos 365.25







DOY
DOY
TD = +A4 sin 365.25
2π + A5 cos 365.25
4π 




DOY
4π
+A6 sin 365.25

5.225
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2π
A
+
A
(Y
−
1980)
+
A
cos


1
2
3







365.25 


DOY
DOY
1 − +A4 sin 365.25 2π + A5 cos 365.25 4π  (h − h0 )










DOY


+A6 sin 365.25
4π
(34)

Where, h0 is the height of the grid point in (km), A i and
ch =
B i (i = 1 ∼ 12) are the model coefficients. The GTrop model





dou − 28
c11
is available at https://github.com/sun1753814280/GTrop.
cos
· 2π + Ψ + 1 ·
+ c10 · (1 − cos φ)
365.25
2
The GTrop model provides only zenith tropospheric
(33) delays. To be able to provide the slant delays (SHD and
SWD), the NMF model was employed.
The parameters c0 , c10 , c11 and Ψ are provided in Table 1
below.
Table 1. Parameters for computing the hydrostatic mapping coefficient c
Hemisphere

c0

c10

c11

Northern
Southern

0.062
0.062

0.001
0.002

0.005
0.007

3 Materials and Methods
3.1 GNSS Data

Ψ
0
π

Unlike the VMF1 model, the VMF3 model coefficients
b h , b w , c h and c w are furnished with spatial and temporal variation components and are computed from equation
(28). Where r this time represents b h , b w , c h and c w . The
GPT2w and GPT3 models and their grid files can be downloaded from http://vmf.geo.tuwien.ac.at/codes/.

2.3 Global Tropospheric (GTrop) Model
GTrop model is a new tropospheric delay model providing
globally mean values plus annual and semi-annual amplitudes of zenith tropospheric delays (ZHD and ZWD) with
a spatial resolution of 1◦ × 1◦ . It is based on the analysis
of 37 monthly pressure level profiles of the ECMWF ERAInterim reanalysis data from 1979 to 2017. The model input requirements are the station latitude (φ), longitude
(λ), ellipsoidal height [h (km)], year (Y), and day of year
(DOY). The delays (ZHD, ZWD) are computed by first finding the four grid points that are closest to the given location. The delays at these four points at the given height are
then computed through Eq. (34). Finally, a bilinear interpolation is employed to interpolate the required delays at
the given location. The GTrop model parameters (ZHD and

One month of GNSS data spanning from September 1 to
September 30, 2019, were collected from six GNSS CORS
located in four regions of Ghana, namely, Bolgatanga (Upper East region), Kumasi (Ashanti region), Accra (Greater
Accra region), Takoradi and Tarkwa (Western region). Details of the stations and their visual locations are shown in
Table 3 and Fig. 3 respectively. It is worth noting that the
six CORS are the only available CORS so far in Ghana and
their respective data at the period of this study, as these
CORS are part of an ongoing CORS establishment project
in Ghana by the Licensed Surveyors Association of Ghana
(LISAG).

3.2 VMF ZTD Data
The Vienna Mapping Functions (VMF) formally the Global
Geodetic Observing System (GGOS) atmosphere provides
global gridded VMF1 and VMF3 zenith tropospheric products (http://vmf.geo.tuwien.ac.at/trop_products/GRID).
They are generated from the European Centre for MediumRange Weather Forecasts (ECMWF) reanalysis data and
are provided every 6 hours daily at four epochs 00, 06, 12
and 18 UTC. VMF3 is the successor of VMF1 realized on
both 1◦ and 5◦ global grids (Landskron and Böhm, 2018)
. The data fields of the gridded VMF-ZTD include ZHD,
ZWD, and mapping function coefficients for both hydrostatic (ah) and wet (aw) components. ZTD is obtained by
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adding the ZHD and ZWD at the same point and time. This
study utilized the 1◦ grid resolution VMF3-ZTD products
on all the four epochs during each day within the study
period as reference for evaluating the prediction models
ZTD estimates following (Sun et al., 2017; Yao et al., 2015;
Yao et al., 2016) and also owing to the fact that the CORS
employed in this study are not IGS. The precision and
accuracy of the VMF-ZTDs have been investigated and
validated against the IGS-ZTDs by (Yao et al., 2017, 2018)
to be accurate enough for tropospheric delay mitigation
and models evaluation.

ing to the tropospheric delay modelling were all coded and
implemented in the goGPS software. The final processed
zenith tropospheric delays (ZTD) were extracted for analysis.
Table 2. Processed Baselines of the various CORS
Baseline
LSA_S - CREF
LSA_S - SGGA
LSA_S - LSA_A
LSA_S - LSA_TAD
LSA_S - LSA_TAR

Length(km)
580.33
10.62
206.49
202.65
214.95

∆H(m)
167.107
12.177
232.813
−31.923
32.749

3.3 Data Processing
(i) GNSS data processing - 24 hours GNSS data in rinex
format collected from the six available CORS were processed at 60-seconds sampling rate and 10◦ elevation cutoff using goGPS software version 0.5.2 beta1 (Realini and
Reguzzoni, 2013; Herrera et al., 2016). The relative positioning technique on both code and carrier-phase doubledifference (DD) was utilized with Kalman filtering using
the LISAG_SPINTEX station as the base and the remaining stations as rovers. In all, a total of five baselines were
processed as shown in Table 2. The GNSS data were also
processed in Precise Point Positioning (PPP) mode for the
estimation of ZTD values using gLAB (Hernandez-Pajares
et al., 2010) software. This was carried out with the intent
of comparing the PPP ZTD values and those of the VMF3
in the study area.
(ii) Extraction of VMF3 ZTD – To derived the gridded
VMF3-ZTD at the various CORS, the stations ellipsoidal coordinates (latitude, longitude, and height) and modified
Julian (mjd) date obtained from the rinex observation data
were used. The extractions were done using the MATLAB
coded script or m-file ‘SearchReadVMFgrids.m’, which
is a modified version of the file vmf3_grid.m written by
Landskron and Böhm (2018). For each epoch grid file (e.g.
00 UT), the routine first finds the coordinates of the four
surrounding grid points that are closest to the specified
locations of the CORS. A bilinear interpolation is then employed to interpolate the zenith delays at the heights of the
grid points. By employing formulae suggested by Kouba
(2008), the zenith delays at the grid heights are then transferred to the respective height of the locations of the COR
stations using the orography file, orography_ell_1x1. To
obtain the zenith delays for the current epoch, a linear interpolation using values from two surrounding epochs is
employed.
It is worth mentioning that, the prediction models
used in this study and other ancillary information relat-

4 Results
In order to analyze the performance of the EGNOS,
UNB3m, GTrop, GPT2w and GPT3 models in the study area,
the final ZTDs obtained from each of the prediction models
were compared with the corresponding VMF3 ZTDs. The
final coordinate solutions especially the vertical components were as well extracted and compared to the corresponding reference coordinates obtained from the CSRSPPP online positioning service. The mean Bias and Root
Mean Square Error (RMSE) of each model were computed
using equation (35) and a summary of the results are presented in Table 4 and Figs. 4 & 5. Figure 4 also shows the
models estimated ZTD at the various stations, while Figs. 7
& 8 represent the mean baseline ZTD bias and mean baseline height difference (Bias) respectively.
To further investigate the performance of these models, a multiple comparison or Post Hoc test (MCT) with
’scheffe’ technique (McHugh, 2011; Lee and Lee, 2018) was
carried out to find out if the performances of the five (5) tropospheric delay models in relation to their RMSE values
are significantly different from one another at 5% significant level using Matlab. The multiple comparison test is
used to determine which pairs of means are significantly
different, and which pairs are not. The multiple comparison test provides an interactive graph with each group
mean represented by a symbol (small circle) and a comparison interval or bar represented by a line extending
out from the symbol as shown in Figs. 5 & 6. Two groups
(models) means are significantly different if their intervals
are disjoint and they are not significantly different if their
intervals overlap or intersect. For a selected group (e.g.
GPT2w), the comparison interval is highlighted blue and
all other groups that are significantly different are high-

S. Osah et al., Comparative analysis of blind tropospheric correction models in Ghana | 21

lighted red as shown in Fig. 5. The bars for the groups that
are not significantly different are highlighted grey. A similar test was also carried out on VMF3 and PPP ZTD values
and the result are presented in Fig. 6.

Fig. 1. Multiple Comparison of Group (Models) Means
Fig. 3. Map of Ghana showing the Regions of GNSS CORS

5 Discussion

Fig. 2. Multiple Comparison of Group (VMF3, PPP) Means
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where N is the number of observations, ZTD M
i and ZTD i
are the estimated ZTD by the models and the reference respectively.

From the results in Table 3 and Figs. 3 and 4, the GPT3
model gave better results with smaller RMSE and bias values at all the stations except station CREF followed by the
GPT2w model and then GTrop model. The UNB3m and EGNOS models performed poorly with high RMSE and bias
values in all the stations as compared to the GPT3, GPT2w
and GTrop models, however, the UNB3m model outperformed the EGNOS model. Since the UNB3m and EGNOS
models employ the same values of meteorological parameter between 15◦ S and 15◦ N, all reflect large bias and RMS
in the study area (Yao et al., 2016a). The poor performance
of the UNB3m model confirms the report by Huang et al.
(2015) who assert that the UNB3m model performed poorly
for mitigating ZTD in the low-latitude region. The performance of the GPT3 model over its predecessor GPT2w
model also affirms the assertion by Landskron and Böhm
( 2018) that, the GPT3 model slightly surpass the GPT2w
model in the . Moreover, it can also be deduced from the
Figs. 2, 3, 4 & 5 and Table 3 that, the GPT3, GPT2w and
GTrop models produce comparable results as one group of
models derived from the ECMWF ERA-Interim fields, while
the UNB3m and EGNOS models likewise produce similar results as another group of models derived using the
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Table 3. GNSS stations in Ghana selected for this study
Station
CREF0001
LISAG_ADUM
LISAG_SPINTEX
SGGA C2600
LISAG_TAKORADI
LISAG_TARKWA

City
Bolgatanga
Kumasi
Accra
Accra
Takoradi
Tarkwa

Code
CREF
LSA_A
LSA_S
SGGA
LSA_TAD
LSA_TAR

Region
Upper East
Ashanti
Greater Accra
Greater Accra
Western
Western

Latitude
10◦ 47’48.84"
6◦ 41’ 16.61"
5◦ 38’ 1.27"
5◦ 40’ 25.67"
4◦ 55’ 31.75"
5◦ 17’ 51.72"

Longitude
−0◦ 51’25.55"
−1◦ 37’30.81"
−0◦ 5’ 15.54"
−0◦ 10’29.15"
−1◦ 46’26.63"
−2◦ 0’ 0.15"

Height (m)
242.690
308.396
75.583
87.761
43.661
108.333

Table 4. Statistical results of the prediction models at the CORS (unit: cm)
Model

RMS

Bias

EGNOS
GPT2w
GPT3
GTrop
UNB3m

7.14
3.23
3.12
2.76
6.66

RMS

Bias

7.25
3.68
3.57
3.14
6.78

6.24
1.58
1.32
1.9
5.76

RMS

Bias
LSA_A

SGGA

CREF

6.41
2.01
1.8
2.25
5.95

6.76
2.21
1.88
2.44
6.31

7.09
2.62
2.35
2.83
6.63

RMS
Bias
LSA_TAD
6.4
6.55
2.59
2.14
2.32
1.81
2.44
2.8
5.92
6.09

Bias
LSA_TAR
6.95
2.46
2.12
2.5
6.48

RMS
7.14
2.89
2.6
3.07
6.72

Fig. 4. Comparison of Bias of models at GNSS Stations (unit: m)

Fig. 5. Comparison of RMSE of models at GNSS Stations (unit: m)

U.S. Standard Atmosphere Supplements data. It is clearly
seen that the ECMWF derived models outperformed the
U.S. Standard Atmosphere Supplements derived models in
the study area due to the highly accurate and high spatial resolution (1˚) meteorological data estimate from the
ECMWF ERA-Interim fields compared to that of spatial resolution by the U.S. Standard Atmosphere Supplements derived models. Another reason could be that the ECMWF derived models consider both the annual and semi-annual
variation, whilst the U.S. Standard Atmosphere Supplements derived models consider only the annual variation.
Moreover, the difference in performance can also be associated with the modelling of the wet component of the
tropospheric delay in the models (Hofmann-Wellenhof et
al., 2008; Li et al., 2008). Water vapour is highly variable
both in space and time. The low-latitude region, as prior
indicated, is noted for having thicker tropospheric layer
(up to 16km) (Misra and Enge, 2011), resulting in large vol-

umes and inhomogeneous of water vapour content (Amir
and Musa, 2011). This lack of uniformity in the spatial and
temporal distribution of water vapour can cause sudden
changes in the water vapour in the atmosphere; making it
difficult to model the ZWD (Yao et al., 2016b). A number of
studies have reported the poor performance of the UNB3m
and EGNOS models in the low-latitude region, which is
correlated with large bias and RMS values (Liu et al., 2014;
Huang et al., 2015; Chen et al., 2020). The large bias according to Yao et al. (2016a) is as a result of the abundance
of water vapour, which changes rapidly in this region; increasing the difficulty of the ZWD modelling. In line with
Kos et al. (2009b) the EGNOS or UNB3m model cannot account for tropospheric delay (ZWD) variations caused by
the rapid weather changes over time, hence the large bias
and RMS. Ghana, where this study is conducted, is located
in the equatorial or low-latitude region on the west coast
of Africa. The Greenwich meridian passes through east-
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Fig. 8. Comparison of mean Baseline Height difference (Bias)

Fig. 6. Plot of estimated ZTD of models at GNSS Stations (unit: m)

Fig. 7. Comparison of mean baseline ZTD bias

ern Ghana at Tema at longitude 0◦ and latitude 5◦ north
of the Equator. Hence, Ghana is believed to be located
close to the equator (Fosu et al., 2007; Poku-Gyamfi, 2009;
Acheampong, 2015). Due to Ghana’s proximity to the equator, it is more likely to experience severe turbulent and unstable atmospheric conditions (Poku-Gyamfi, 2009), making it susceptible to high tropospheric effect. Since the EGNOS or UNB3m model cannot account for changes in tropospheric delay due to Ghana’s climate/troposphere, the
biases and RMS are high in Ghana compared to the GPT2w,
GPT3, and GTrop models, as shown in Table 4.
Furthermore, to investigate the impact of baselines
length on tropospheric delays, comparison was made on
the residuals between the various baselines as shown in
Table 2. It is obvious from Fig. 7 that increase in baseline
length between two stations increases the tropospheric error or bias. This is partly due to the fact that GNSS signals have to propagate through different amount of atmospheric constituent such as dry gases and water vapour
within the troposphere owing to the difference in baseline length before arriving at the receivers on the ground
(Yahya and Kamarudin, 2005). The longer the baseline
length, the greater the different amount of the atmospheric contents the signals have propagate through, and
the greater the effect of the tropospheric delay. The results in Fig. 7 affirms the assertion that tropospheric delay is a distant-dependent error (Yahya and Kamarudin,

2005; Dodo et al., 2019). Additionally, the effect of baseline
height difference (∆H) on the tropospheric delay models
was also analysed. Since the effect is seen more in the vertical component than the horizontal, the processed heights
using the various prediction models were compared with
the reference heights and the mean bias of all the models at
each station or height differenced with respect to the base
was computed as shown in Fig. 8. It is clearly seen in Fig.
8 that the tropospheric error in the height component increases with increasing baseline height difference (∆H).
Once again, the result from the multiple comparison
test as shown in Fig. 5 indicates that the mean of group
2 (GPT2w) in blue is considered to be significantly different from groups 1 (EGNOS) and 5 (UNB3m) in red with
95% confidence level, but not significantly different from
groups 3 (GPT3) and 4 (GTrop) shown in gray. Thus, the
performance of the ECMWF derived models is significantly
different from that of the U.S. Standard Atmosphere Supplements derived models at 95% confidence level in the
study area.
Additionally, Fig. 4 above shows the mean ZTD of each
tropospheric delay model estimated at each GNSS Station.
The ZTD provides an insight into the tropospheric conditions over the GNSS station. It is obvious from Fig. 4 above
that, the PPP ZTD values and those of the VMF3 are very
comparable with an overall mean ZTD of (VMF3: 2.5996 m;
PPP: 2.5950 m). The MCT result in Fig. 6 further confirmed
that the PPP ZTD values have means significantly indifferent from that of VMF3. The mean ZTD estimated at each
station reveals that station LSA_TAD has the highest ZTD
followed closely by station SGGA, LSA_TAR, then LSA_A
and CREF. This result support the idea that stations at low
latitude are highly liable to tropospheric delay (Musa et al.,
2005; Dodo et al., 2019) and this is demonstrated in Fig. 9
below.
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Fig. 9. Spatial distribution of the ZTD of the study area

6 Conclusion
In this paper, five blind tropospheric delay models were
assessed using 1◦ ×1◦ gridded VMF3 ZTD products as reference. The assessment was performed using six selected
CORS over four regions of Ghana. Two distinct groups of
blind tropospheric delay models have been investigated,
the gridded ECMWF derived models (GPT3, GPT2w, GTrop)
and the lookup table U.S. Standard Atmosphere Supplements derived models (UNB3m, EGNOS). The investigation
revealed that the ECMWF derived models outperformed
the U.S. Standard Atmosphere Supplements derived models in the study area. Moreover, the MCT further revealed
that the performances of the ECMWF derived models are
significantly different from that of the U.S. Standard Atmosphere Supplements derived models at 95% confidence
level.
Finally, it can be concluded that, for real-time GNSS
positioning and navigational applications, either GPT3,
GPT2w and GTrop models can perform well in correcting
tropospheric delay in the study area, nevertheless, the
choice of GPT3 model will be more optimum.
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