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Abstract

Global navigation satellite systems (GNSS) play a vital role in daily applications. This includes precise surveying and mapping, platform
navigation by sea, land, and air, monitoring of large structural deformations, and recreational applications. However, the accuracy
requirements vary from user to user based on their needs and applications. The accuracy of GNSS depends on numerous factors and is
impacted by different error sources, such as tropospheric delay and ionospheric error, from the moment the signal leaves the GNSS satellite
until it reaches the receiver antenna of the end user. These errors are classified into three major components: satellite, propagation, and
receiver errors. This study assessed the seasonal variations in GNSS errors over Abu Dhabi in the United Arab Emirates. The analysis was
based on historical continuous operating reference stations (CORSs) readings for 2018. Two different software were used to derive the final
coordinates of two Abu Dhabi CORS stations observed for three days every month in 2018. The results indicated variations between -3 mm
and 3 mm in the horizontal components and -16 mm and 12 mm in the vertical components for the Abu Dhabi station for all days of 2018.
In contrast, the horizontal component of Madinat Zayed station varied between -2 mm and 4 mm and -8 mm and 9 mm in the horizontal
and vertical components, respectively. The Positioning error was larger during summer than during winter; this may be primarily attributed

to the ionospheric effect.

1. Introduction

Applications of global navigation satellite systems (GNSS)
technology have been increasing continuously, influencing all
aspects of our lives. Originally, GNSS was used in surveying and
mapping applications in addition to navigation of ships,
airplanes, and military vehicles. Currently, GNSS applications
range from financial transactions that require precise timing to
the sensing of the atmosphere for weather forecasting. Fernandes
et al. (2015) integrated a GNSS-derived Path Delay with
microwave radiometer measurements to obtain precise wet
tropospheric correction for altimetric products. Awange (2012)
used GNSS data for remote sensing of the atmosphere through
the measurement of different physical variables, such as
atmospheric temperature, pressure, and tropopause height, which
are required for weather and climate change monitoring.

Satellite errors are primarily caused by the satellite orbit and
clock errors onboard each satellite vehicle. However, these errors
may vary temporally and cannot be eliminated completely owing
to the different satellite orbits and clock types attached to
different constellations (Shu et al., 2019). However, the type of
satellite orbit and satellite clock hardware characteristics
significantly contribute to the magnitude of the broadcast orbit
and clock offset errors (Lou et al., 2014). Errors in signal
propagation include GNSS signal delays as it travels through
atmospheric layers, namely the troposphere and ionosphere.
(Rizos, 1997). The Ionosphere is the upper part of the

atmosphere, extending from 50 km to 1000 km above the Earth’s
surface (Hofmann-Wellenhof et al., 2008). This layer forms a
challenging environment for different satellite technology
applications such as communications, navigation, and
surveillance (CNS). In this layer, gas molecules and atoms
interact with ultraviolet and X-ray radiations coming from the
sun, leading to a phenomenon called ionization (El-Rabbany,
2006). The physical and chemical properties of the ionosphere,
including the quantity of ions and electrons, vary based on the
solar and magnetic activity, geographic location, time of the day,
and time of the year (Hong, 2008). Ansari et al. (2017)
investigated variations in the total electron content (TEC) using
the Turkish Permanent GNSS Network and found that the
maximum TEC value was observed at 10.00 UTC and reached its
minimum at midnight. The month of March witnessed the highest
TEC concentration, followed by May and August, whereas the
lowest value was recorded in September. The ionosphere is a
frequency-dependent dispersive medium that accelerates the
propagation of the carrier phase and slows down the code
pseudorange measurement by the same amount (El-Rabbany,
2006). This error can be easily eliminated using a dual-frequency
GNSS receiver by forming an ionosphere-free linear combination
using measurements from the L1 and L2 frequencies. Positioning
accuracy is directly proportional to the TEC along the signal
travel path in the ionosphere and inversely proportional to the
square of the signal frequency (Hofmann-Wellenhof et al., 2008).
Ionospheric errors vary spatially and temporally based on the
location of the observer and the time of the GNSS measurement.
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Along with temporal changes in the ionosphere, the electron
density also varies in cycles of approximately 11 years (Li et al.,
2018). The incidence of solar activity is higher during these
peaks, and the layers of the terrestrial atmosphere become more
ionized. Further, increase in TEC values is directly proportional
to the solar activity or the number of sunspots (Jerez and Alves,
2020).

The troposphere is located in the lower atmosphere. It extends
from the Earth’s surface to approximately 50 km and comprises
dry gases and water vapor (Brunner and Welsch, 1993). In the
GNSS applications, the effect of the troposphere and stratosphere
is often referred as the "tropospheric effect" and considered one
layer of 50 km height from the earth surface (Langley, 2011).
Tropospheric delay is a function of temperature, pressure, and
humidity along the signal propagation path. Because
tropospheric refraction is frequency-independent, dual-frequency
observations cannot be used to subtract it (Garrido et al., 2018).
Hence, the troposphere delays GNSS carrier phase and code
measurements by the same amount, resulting in longer satellite-
to-receiver range measurements (Hofmann-Wellenhof et al.,
2008).

The error in the measured geometric range can range from
approximately 2.0 m to 2.6 m in the zenith direction and increase
to approximately 20 m to 28 m near the horizon and at lower
elevation angles (Sanlioglu and Zeybek, 2012). The delay is
governed by the satellite elevation angle and altitude of the
observer. Hence, signals from satellites at low elevation angles
travel longer paths through the troposphere than those at higher
elevation angles (Petropoulos and Srivastava, 2021). Therefore,
the tropospheric delay is minimum at the user’s zenith and
maximum near the horizon (Brunner and Welsch, 1993). The
tropospheric delay is divided into two components: the dry
component (also known as hydrostatic) and wet component. The
dry component, composed of Nitrogen gas N, and Oxygen O,,
accounts for approximately 90 % of the delay. In contrast, the wet
component is composed of water vapor and is responsible for
approximately 10 % of the remaining tropospheric delay
(Hofmann-Wellenhof et al., 2008).

The total tropospheric delay introduced in the zenith direction is
referred to as the zenith tropospheric delay (ZTD) and is the sum
of the zenith hydrostatic delay (ZHD) and zenith wet delay
(ZWD) (Astudillo et al., 2018). The dry part is highly predictable
and can be modeled mathematically using empirical prediction
models, whereas the wet part is difficult to model mathematically
because of its high correlation with the water vapor content along
the signal path, which varies both temporally and spatially. The
most common empirical models used to date in GNSS
positioning are the Saastamoinen and Hopfield models, which
account for the dry component. Whereas, various mapping
functions such as the Global Mapping Function (GMF) and
Vienna Mapping Function (VMF) account for the wet
component. The dry component is completely absorbed by the a
priori model and the wet component is estimated using the
troposphere zenith path delay (ZPD) parameters based on the
selected mapping function (Garrido et al., 2018).

The tropospheric delay error can be significantly reduced by
differentiating observations between sites with relatively short
baselines. Uncertainty in modelling the troposphere degrades the
accuracy of the height component and has a smaller effect on
latitude and longitude (Rizos, 1997).

A noticeable improvement in positioning, navigation, and timing
(PNT) has been achieved owing to the introduction of more
GNSS constellations by various nations in addition to GPS and
GLONASS, such as the Chinese BeiDou and European Galileo
navigation satellite systems.

The study examines the seasonal variations in GNSS errors over
Abu Dhabi, UAE using historical data from two continuous
operating reference stations (CORSs) for 2018. Several studies
have attempted to evaluate the positioning accuracy of
continuous operating reference station (CORS) networks
globally to characterize seasonal variations in the computed
coordinates. Lyszkowicz et al. (2021) used the GipsyX software
to analyze permanent stations data in Poland for 8 years (2011—
2018) to determine the Earth’s crust movements. In their study,
the PPP technique was adopted to process multi-GNSS
observations to determine the variation in the horizontal and
vertical movements of the Earth’s crust over 8 years. Their results
indicated variations in the horizontal component in the range of
11.3 mm to 21.6 mm, and from -0.6 mm to 3.7 mm in the vertical
component. Further, they found that processing multi-GNSS
observations using all available systems improved the accuracy
of the computed station coordinates, even with a shorter time
interval of data, when compared to using a single satellite
navigation system (e.g., GPS) alone. Jerez and Alves (2020)
assessed the positioning performance of GPS/GLONASS
observations using six GNSS stations from the Brazilian
Network for Continuous Monitoring (RBMC) using the
Canadian Spatial Reference System PPP (CSRS-PPP) method.
Their results demonstrated more errors owing to ionospheric
errors in October, whereas the lowest error was observed in June
owing to lower ionospheric activity in that region during this
period. The objective of this study was to assess the seasonal
variation in errors for two GNSS CORSs in Abu Dhabi in 2018.
The assessment was based on daily, monthly, semiannual, and
annual data. The ultimate goal was to determine whether errors
varied in space and time during the year in this region. To the
best of our knowledge, this is the first such study to be conducted
in Abu Dhabi, thereby, filling an existing gap in the literature.
Only data from two stations in 2018 were available to the authors.
Because the study is exploratory in nature, the data provides clues
about the general trend of seasonal change in errors. A study
conducted by (Khoptar and Savchuk, 2020) used one station data
spanning two years’ data in Poland. This assessment will
contribute to the advancement of GNSS technology by providing
valuable insights into the factors driving seasonal variations in
positioning errors. Moreover, the findings of this study will have
practical implications for various applications that rely on precise
GNSS positioning, such as precision agriculture, geospatial
mapping, and infrastructure monitoring. By addressing seasonal
variations in GNSS errors, we can improve the performance and
reliability of these applications, leading to more efficient and
accurate data collection and analysis.

2. Methodology

In this study, the observation data files in the RINEX format for
the two CORS stations were provided by the municipality of Abu
Dhabi and used for analysis. The data were logged for 24 h at a
sampling rate of 1 s and an elevation cutoff angle of 7.5°. The
data were logged at both the L1 and L2 frequencies for the GPS
and GLONASS constellations. The days chosen for this
assessment were the 1%, 15% and 28" of each month from
January to December 2018. The stations selected for this analysis
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were distributed within the Abu Dhabi Emirate, as shown in
Figure 1. The distance between the stations was 95 km and the
stations were located under different environmental conditions.
The Abu Dhabi station (ADCN) is located within the city and is
closer to the coast than the Madinat Zayed station (MDZN).
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Figure 1. Location of the GNSS Continuous Operating
Reference Stations (CORSs)

The observation data files were processed in the differenced and
non-differenced modes using different applications. Station
coordinates in the differential positioning mode were computed
using the Trimble Business Center (TBC) software. TBC utilizes
IGS products to compute precise coordinates based on the
International Terrestrial Reference Frame (ITRF). The
observation data files for the selected IGS reference stations
covering 2018, along with the final orbits and precise clocks,
were downloaded from the IGS website (IGS, 2018). The days
chosen for this assessment were days 001, 015, 028, 032, 046,
059, 060, 074, 087, 091, 105, 118, 121, 135, 148, 152, 166, 179,
182, 196, 209, 213, 227, 240, 244, 258, 271, 274, 288, 301, 305,
319, 332, 335, 349, and 362 of the year 2018. The previous days
were selected to represent the daily, and monthly variations in
GNSS errors. The justification for this selection was to
investigate seasonal variations in the estimated coordinates for
each station using two different methods (Isioye et al., 2019).
Selecting three observation days each month for a year to assess
the GNSS errors over a certain area is a common practice in
GNSS data analysis (Dogan, Uludag, & Demir, 2014). This
approach facilitates a good representation of the different
atmospheric and environmental conditions that affect GNSS
signals. This is because GNSS accuracy is affected by various
factors, such as satellite geometry, ionospheric activity, and
receiver noise, which can vary with time. By selecting three
observation days each month for a year, the data can capture the
temporal variations in these factors and provide a more accurate
assessment of GNSS errors over the area. However, by collecting
data on different days and times, the variations in ionospheric and
tropospheric conditions, which play a vital role in GNSS
measurement performance, can be incorporated. The CSRS-PPP
version 3.50.2, developed by the Geodetic Survey Division of
Natural Resources of Canada (NRCan), was used to compute the
three positioning components for both stations in the
undifferenced mode. CSRS-PPP uses a dynamic filter to estimate
station positions in static or kinematic mode, station-clock states,

local tropospheric zenith delays, and carrier-phase ambiguities
(NRCan, 2020).

In this study, different time series of GNSS observations were
created for each station to achieve robust results. First, the
entirety of the 36 RINEX observation files was analyzed for each
station covering the entire year of 2018, with three days
representing each month. In the second phase, three different
time series were created, representing the observation on the 1%,
15™, and 28t days of the month. The objective was to generate
the overall trends of the accuracy variations and subsequently
assess how the variation in the accuracy over the same day for
different months of observations.

3. Results and Discussion

In this study, different variants of both the station’s time series
were generated using the TBC and CSRS-PPP techniques and
compared. The time series of the positioning components
differences (delta Northing, delta Easting, and delta Height)
between the reference values and individual reading were
computed and the trends for each component are presented in the
Figures. First, the three-dimensional GNSS differential
positioning coordinates for both stations were derived, which
were referenced to the IGS realization of the ITRF2014 reference
frame computed using TBC software. The computed standard
deviations for ADCN were 0.0090 m and 0.0092 for the northern
and eastern components, respectively, while the standard
deviation of the ellipsoidal height was 0.0061 m. Whereas, the
computed standard deviations for MDZN were 0.0102 m and
0.0090 for the northern and eastern components, respectively,
while the standard deviation of the ellipsoidal height was 0.0048
m. The reported statistics indicated that all three components
were less than 15 mm in the minimal accuracy required for the
establishment of a geodetic reference station (Ebner and
Featherstone, 2008).

Figures 2 and 3 present the positioning errors in northing, easting,
and ellipsoidal height for ADCN station computed by TBC and
CSRS-PPP for all 36 observation files (DOY 1 to DOY 362).
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Figure 2. Positioning Errors in ADCN station for all DOY
(2018) computed by TBC
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Figure 3. Positioning Errors in ADCN station for all DOY
(2018) computed by CSRS-PPP

Using TBC differential processing, the error in the northern
component ranged from -3 mm to 2 mm, the eastern component
ranged from -3 mm to 3 mm. Further, and the ellipsoidal height
exhibited the largest error, as expected, ranging from — 16 mm to
12 mm. Similarly, the positioning error derived by the CSRS-PPP
processing ranged from -5 mm to 3 mm for the northern error,
the easting error ranged from -3 mm to 4 mm and the ellipsoidal
height ranged from -12 mm to 14 mm. It is clear that the error in
the height component was larger than that in the horizontal
component, which aligns with the specifications of the GNSS
accuracy performance (US- Department of Defense, 2020). The
height component was largely influenced by the unresolved
residual of the wet tropospheric component. Figure 4 shows the
standard deviations of the computed differences for both stations
using TBC and CSRS-PPP. The results confirmed the robustness
of the collected observations and processing techniques used in
this study. The solution derived using the differential technique
with the TBC was slightly better than that derived using PPP.
This could be explained by the fact that most of the errors were
removed using differential processing, particularly tropospheric
and ionospheric errors, resulting in a robust ambiguity resolution
compared to the precise positioning technique.
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Figure 4. Standard Deviations for TBC and CSRS-PPP
Solutions (ADCN station)

Figure 5 shows the accuracy variations of the time series for the
1%t day of the month for ADCN station, with a total of 12 elements
representing the entire year of 2018.
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Figure 5. Positioning Errors in ADCN station for 1% day of the
month (2018) computed by TBC

The maximum error was apparent in the months of February,
July, and August, particularly in the height component, whereas
the minimum error was observed in March, May, and October.
Furthermore, the error in the horizontal component was very low
and stable over the entire year, confirming the robustness of the
data used and processing techniques. Figure 6 shows the accuracy
variations of the time series for the 15" day of the month, with a
total of 12 elements representing the entire year of 2018. By
comparing graphs 5, 6, and 7 we can notice a large decrease in
the height error component for the month of February, that
reached 12 mm at the first day of the month and reached 4 mm at
the end of the month.
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Figure 6. Positioning Errors in ADCN station for 15" day of
the month (2018) computed by TBC

Figure 7 shows the accuracy variations of the time series for the
28" day of the month, with a total of 12 elements representing
the entire year of 2018.
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Figure 7. Positioning Errors in ADCN station for 28" day of
the month (2018) computed by TBC

The error in the northern component for MDZN station ranged
from -2 mm to 3 mm, while the eastern component error ranged
from -2 mm to 4 mm, and the ellipsoidal height exhibited the
largest error, as expected, ranging from — 8 mm to 9 mm using
differential processing by TBC software, as depicted in Figure 8.
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Figure 8. Positioning Errors in MDZN station for all DOY
(2018) computed by TBC

Similarly, the positioning northing error derived by the PPP
processing ranged from -3 mm to 2 mm, the eastern error ranges
from -3 mm to 3 mm, and the ellipsoidal height ranged from -16
mm to 12 mm as shown in Figure 9.
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Figure 9. Positioning Errors in MDZN station for all DOY
(2018) computed by CSRS-PPP

Figure 10 shows the standard deviations of the computed
differences for MDZN station using TBC and CSRS-PPP. These
results confirmed the robustness of the collected observations
and processing techniques used in this study. The solution
derived using the differential technique with the TBC was
slightly better than that derived using PPP.
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Figure 10. Standard Deviations for TBC and CSRS-PPP
Solutions (MDZN)

Figure 11 shows the accuracy variations of the time series for the
1%t day of the month for MDZN station, with a total of 12
elements representing the entire year of 2018. The graph shows
that the maximum error occurred in March, July, and October,
primarily in the height component, whereas the minimum error
occurred in January, April, and December.
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Figure 11. Positioning Errors in MDZN station for 1% day of
the month (2018) computed by TBC

Figure 12 shows the accuracy variations of the time series for the
15" day of the month, with a total of 12 elements representing
the entire year of 2018. The maximum error was obtained in July,
August, and December, whereas the minimum error appeared in
January, February, June, and October.
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Figure 12. Positioning Errors in MDZN station for 15" day of
the month (2018) computed by TBC

Figure 13 shows the accuracy variations of the time series for the
28™ day of the month, with a total of 12 elements representing
the whole year 2018. The maximum error was obtained in
January, February, August, and November, whereas the
minimum error appeared in June, July, and December.
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Figure 13. Positioning Errors in MDZN station for 28t day of
the month (2018) computed by TBC

Figure 14 shows the error variation for ADCN station in three
different observation windows in February and August 2018. As
evident, the accuracy of all three components was better in
February than in August, except for the height value observed
between 7 am and 9 am in February. This can be attributed to the
unresolved residual of the wet component of the tropospheric
error. Furthermore, the graph shows that the maximum
positioning error was observed in the morning window in both
months of the year.
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Figure 14. Hourly Error for ADCN station
(February & August 2018)

Figure 15 shows the error variation for MDZN station for three
different observation windows in February and August, 2018. As
evident, the accuracy of all three components was better in
February than in August, except for the northern component
observed between 7 am and 9 am in February. From both
comparisons, we conclude that the ionospheric impact was
greater in August than in February, leading to larger errors in the
positioning accuracy of both stations.
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Figure 15. Hourly Error for MDZN station
(February & August 2018)

4. Conclusions

This study used the TBC and CSRS-PPP programs to analyze the
RINEX data for two Geodetic Reference stations in Abu Dhabi,
namely ADCN and MDZN stations, spanning over 2018. Both
software programs proved to be robust for GNSS data processing
and analysis. The data were successfully analyzed, and the daily
trends of the positioning variations in both the horizontal and
vertical components were computed. Our results demonstrated
small variations and differences between the horizontal and
vertical components of both stations and the reference
coordinates. The variation at ADCN was slightly larger than that
at MDZN, particularly for the vertical component. This could be
attributed to the location of both points, as ADCN is located close
to the coastline and is more susceptible to the effects of humidity
and temperature, whereas MDZN is located in a quiet open
environment and away from the coastline.

The impact of the first-order ionospheric delay was successfully
removed by the dual-frequency ionosphere-free combination
using both the techniques implemented in this study. The
remaining error in the station coordinate time series may be
attributed to the unresolved residual of higher-order ionospheric
error. Furthermore, errors in coordinate estimation may be
caused by annual or semi-annual seasonal signatures of the
GNSS time series owing to different factors. This can be
attributed to systematic errors or certain geodynamic phenomena
that should be modeled and removed from the final solution.
Other factors affecting accuracy include baseline length,
elevation, geoid undulation, slope, land use, GPRS/GSM
coverage, and multipath caused by signal blockage from nearby

physical structures. Future studies must use more spatially
distributed stations with longer observation time series to classify
different error types, including ionospheric and tropospheric
influences on GNSS accuracy over the United Arab Emirates.
Finally, the emergence of new satellite navigation systems, such
as the Chinese BeiDou and European Galileo, in addition to the
modernization of GPS and GLONASS, will further enhance the
PNT accuracy. This requires different survey organizations and
academic institutes to upgrade their GNSS receivers to be
compatible with all new signals.
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