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Abstract—The movement of the Earth’s surface mass,
including the atmosphere and oceans, as well as hydrology and
glacier melting, causes the redistribution of surface loads, defor-
mation of the solid Earth, and fluctuations in the gravity field.
Global Navigation Satellite Systems (GNSS) provide useful
information about the movement of the Earth’s surface mass. The
impact of surface loading deformation over 145 GNSS sites in
Africa was investigated using vertical height time series analysis.
The study investigates and quantifies the impact of surface loading
on the GNSS coordinates utilizing GNSS Precise Point Positioning
(PPP) approach. The German Research Center for Geosciences
(GFZ) EPOS.P8 software was used to process and analyze eleven
years of GPS data from all the stations, as well as dedicated
hydrological and atmospheric loading correction models given by
the Earth  System  Modeling group at  Deutsches
GeoForschungsZentrum (ESMGFZ). The results of the hydrologi-
cal loading corrections arising from the surface-deformation were
analysed to determine the extent of station improvements. The
results revealed about 40% of the stations showed improvement
with an average Root Mean Square Error (RMSE) residual of
7.3 mm before the application of the hydrological loading correc-
tions and 7.1 mm Root Mean Square Error (RMSE) after the
application of the hydrological loading corrections. Similarly, the
atmospheric loading corrections gave an improvement of about
57%. Furthermore, the amplitude values decreased from
4.1-8.1 mm to 3.5-6.2 mm after atmospheric loading corrections.
This finding presupposes that applying loading corrections to the
derived time series reduces amplitude in some African regions.

Keywords: Surface deformation, GNSS, PPP, time series,
hydrological loading, atmospheric loading.
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1. Introduction

Seasonal fluctuations in the GNSS time series are
caused by uncorrected mass loading deformations,
usually comprising atmospheric, hydrological and
non-tidal oceanic loading (Fritsche et al., 2012).
Another element contributing to seasonal fluctuations
in GPS time series is the generation of spurious
periodic signals during GPS processing, such as
inaccuracies in satellite orbit, tropospheric delay,
antenna phase center correction models, and multi-
path effects. Furthermore, the thermal expansion
effect of the bedrock is assumed to be one of the
reasons for the periodic shifts in the vertical GPS
coordinate time series (Yan et al., 2009). The impacts
of different mass loadings vary in different places due
to variations in environmental change. The atmo-
spheric, oceanic, and hydrological loadings are key
influences in geodynamics investigations (Braiten-
berg, 2018). Space geodetic techniques have long
been utilized to detect surface deformation created by
hydrological and atmospheric phenomena (Blewitt,
2003; Dach & Dietrich, 2000). On both short and
long periods, hydrological cycles transfer volumes of
waters, snow, as well as air all around the world. The
gravitational pull on the Earth’s exterior creates
elastic deformation of the solid Earth when these
masses move. This load-induced surface deformation
gives an insight about the Earth and the sources of
loading (Blewitt et al., 2001). In the GNSS height
time series, surface motions induced through non-ti-
dal atmospheric loading can be detected (Mémin
et al., 2020; Tretyak et al., 2021). As a result, loading
theory gives a mechanism for comprehending the
mass changes between surface water, groundwater,
atmosphere, and soil moisture (Braitenberg, 2018;
Fritsche et al., 2012; Materna et al., 2021). Regarding
the solid Earth, the analysis of the elastic structure of
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the crust is made possible by the surface responses to
time-varying stresses (Davis et al., 2004). Further-
more, hydrological loading may be a significant
source of stress in influencing the time and incidence
of earthquakes along with non-volcano tremors
(Johnson et al., 2017; Pollitz et al., 2013). Overall,
comprehending the hydrological as well as atmo-
spheric loading on geodetic height time series is
crucial due to its applications and analysis of litho-
spheric plate activity.

In the case of crustal tectonic study, deformation
caused by surface loading can be isolated against the
one generated by an earthquake. The International
Earth Rotation and Reference Systems Service
(IERS) Convention 2010 (Petit & Luzum, 2010) did
not make any recommendation on correcting for non-
tidal loading. This could be due to a lack of acces-
sibility of non-tidal models during that period.
Surface mass loading causes movements that are not
currently taken into consideration for the operational
processing of GNSS; hence, loading affects the pre-
cision and consistency of the GNSS solution (Blewitt,
2003; Dong et al., 2002; Gruszczynska et al., 2018).
In particular, hydrological loading (HYDL) can
modify the Earth’s surface at millimeter to centimeter
scales in two ways. They are elastic and poroelastic
loading, which occur when subsurface water influx
produces rising refraction in charging the pore spaces
while also increasing the fluid tension within the mass
beneath, as seen near the aquifer zone (Galloway
et al., 1999; Ojha et al., 2019). These methods above
all alter the height component of GNSS-based coor-
dinates, with just a modest impact on the horizontal
component. One of two approaches utilized in the
investigation of hydrological loads is: (1) applying a
function to coordinate time series, (such as by esti-
mating the annual and semi-annual amplitudes via
sine or cosine functions) or (2) calculating the load
via meteorological or hydrological models and esti-
mating the resulting deformation using Green’s
functions. The second approach, utilizing models
given by the German Research Center for Geo-
sciences (ESMGFZ), was used in this study.

Several authors have recently investigated the
impact of HYDL corrections over the GNSS coordi-
nates time series in recent years. Jiang et al. (2013)
used multiple environmental loading approaches in
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assessing surface movements as well as rectifying
non-linear fluctuations in the collection of GNSS
repeated vertical time series. They discovered that
reducing the loading-induced height changes greatly
improves the weighted root mean square error
(WRMS) values. Notwithstanding, features like river
storage, as well as lakes and dam filling, were not
accounted for in their models, resulting in amplitudes
of a few millimeters being lowered at multiple points
along riverbanks. By adjusting at the observation
level, Minnel et al. (2019) investigated the impact of
surface loading on worldwide GNSS as well as VLBI
station networks. They obtained a yearly amplitude
reduction of roughly 83% of the station time series as
well as reduced coordinate repeatabilities of approx-
imately 6 mm for 78% of the time series. Gobron
et al. (2021) employed over 10,000 time series to
study how aperiodic non-tidal atmospheric loading
(NTAL) as well as non-tidal oceanic loading (NTOL)
deformations influences the stochastic characteristics
on vertical land motion time series. They discovered
a 70% reduction in velocity uncertainty in Northern
America, Greenland, Fennoscandia, and Antarctica,
as well as a significant decrease in the latitude
dependency of all stochastic variables. Wu et al.
(2020) demonstrated the impact of several loading
models on non-linear fluctuations in the GNSS height
time series. They discovered that loading corrections
possess a positive influence on the decrease of non-
linear deformation at a large number of GNSS sites
worldwide. Li et al. (2021) studied the impacts of
mass loading adjustment on velocity as well as noise
parameters. According to the findings, mass loading
has a considerable impact on GNSS station velocity.

In Africa, not much work has been done so far on
the proportions of surface loading impact on GNSS
height time series associated with deformation
changes. The purpose of this research is to give a
detailed comparison of hydrological and atmospheric
loads across Africa using the GNSS coordinate time
series. Depending on the region, we investigated this
effect and evaluated the efficiency of surface loading
to model seasonal deformation at Africa’s GNSS
stations with partly strong monsoon environments
and substantial seasonal deformation. The amplitude
of the HYDL and NTAL model was determined and
compared with that of GNSS time series. We evaluate
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how the model will minimize the GNSS data changes
to distinguish vertical from horizontal transients.
Following the introduction, Sect. 2 details the area of
research, Sect. 3 discusses GNSS and data processing
strategies, Sect. 4 discusses results, and Sect. 5
addresses conclusions and recommendations.

2. Area of Research, Data, and Methods

2.1. Area of Research

Africahas adiverse climate due to its location in the
northern and southern hemispheres at equatorial and
subtropical latitudes. The Holocene climate has been
stable in high-latitude zones while the tropics have
undergone tremendous hydrological changes in the
low-latitude of Africa (Barker et al., 2001). One of the
reasons for the changes is the high rainfalls of the
African and Indian monsoons which bring moisture to
tropical Africa. Additionally, annual raindrop insta-
bility correlates to the anomalies in sea surface
temperature, pressure, as well as the tropical ocean’s
zonal circulation (Nicholson, 2000). The monsoon
circulations greatly influence climate seasonality as
well as its changeability across the African-Indian
subcontinent (Fitchett, 2018). They are caused by the
force of sea-land intensity gradients at low levels,
which is primarily determined by the mean periodic
evolution of surface thermal changes. As a result,
monsoon systems are frequently represented in a
meridional frame where water vapor movement within
the Atlantic and Indian oceans causes the Equatorial
Convergence Zone to move meridionally, delivering
precipitation across the land (Hagos et al., 2014;
Martin & Thorncroft, 2014; Webster et al., 1998).

The monsoon, like the rest of Africa’s hydrology,
has undergone changes over time for several reasons.
On a worldwide scale, heating of the Earth near the
equator induces tremendous upward motion, as well as
convection throughout the monsoon trough or intertrop-
ical convergence zone. The northern part of Africa,
characterized by aridity and high temperatures, is
dominated by warm and hot climates, whereas the
northernmost together with the southernmost borders
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have a Mediterranean climate. Consequently, by
removing the impact of surface loadings (such as
hydrological and atmospheric loadings) on the GNSS
coordinate time series, we can remove the correspond-
ing annual variations while also reducing common
signal noise. Further details will be described in Sect. 4.

2.2. Surface Loading Correction Provided by GFZ

The Earth System Modeling group at Deutsches
GeoForschungsZentrum (ESMGFZ), Potsdam, Ger-
many, estimates non-tidal displacements induced by
atmospheric, oceanic, together with continental hydro-
logical loading using a patched Green’s functions
(Farrell, 1972), on a regular basis as described in Dill
and Dobslaw (2013). It should be acknowledged that
the ESMGFZ displacements field is estimated using
the load Love values provided for an elastic Earth
model ak135 (Kennett et al.,, 1995). The surface
loading movements are estimated in the center of
Earth’s figure (CF) reference frame. The estimations
are carried out in near-field (0°-3.5°) on
0.125° x 0.125° grids, and far-field (3.5°-180°) using
2.0° x 2.0° sparse grids. Non-tidal atmospheric loads
(NTAL) are calculated using a 3-hourly ECMWF
(European Centre for Medium-Range Weather Fore-
casts) reanalysis of atmospheric surface pressure. The
Max-Planck Institute for Meteorology Ocean Model
MPIOM (Jungclaus et al., 2013) provides 3-hourly
ocean bottom pressure on a global 1.0° grid, which is
used to calculate non-tidal oceanic loads (NTOL).
Oceanic tides caused by time-varying atmospheric
surface pressure were treated in the same way as
NTAL. Hydrological loads (HYDL) are based on
simulated 24-h terrestrial water storage on a global
regular 0.5° grid using the Land Surface Discharged
Model (Dill, 2008). Moisture, snow, surface water, and
water in lakes and rivers all contribute to mass loads.

Surface deformations in the north, east, and up
directions are given with a spatial resolution of 0.5°,
and a temporal sampling of 3 h for the atmosphere
and ocean, and 24 h for the continental hydrosphere
(Dobslaw et al., 2017). Similarly, the ESMGFZ
provides corrections for gravity changes and earth
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rotation excitations related to the mass ocean (Dill
et al., 2018).

3. Processing of Data

We utilized data sets already processed and pub-
lished in our previous work (Usifoh et al., 2022). A
total number of 145 GNSS stations were utilized, and
the data were obtained from the AFREF Archive'
(African Reference Frame Archive), TrigNet2 a South
African network of continuously operating system
stations, as well as EarthScope® repository (see
Fig. 1). Other African GNSS network stations are
operational, but their data are not available due to
data restrictions.

We use the GFZ EPOS.P8 software to analyze the
GNSS data in PPP mode (Minnel et al., 2020). The
GNSS phase centers provided in igsR3_2135.atx
were used to maintain uniformity. Apriori, GNSS
orbit products, satellite clocks, and Earth Rotation
Parameters (ERP) from GFZ repro3 were introduced
(Ménnel et al., 2021). We used an ionosphere-free
linear combination with a 5 min sampling rate on
zero-differenced GNSS observations to estimate daily
station coordinates as well as tropospheric delays
with 1 h ZTD (zenith total delay) in addition to 24 h
troposphere gradients. Unresolved phase ambiguities
were estimated rather than resolved. We used models
following the IERS 2010 Conventions (Petit &
Luzum, 2010). Our coordinates are derived in the
IGSR3 frame because the orbit products are given in
the repro3-specific reference frame (Rebischung,
2021). Table 1, contains more information on the
processing methodologies.

Position time series were produced utilizing these
daily coordinate solutions. We used the GeodeZYX
toolbox to convert cartesian (X, Y, Z) coordinates to
geodetic (N, E, U) coordinates (Sakic et al., 2019).
Following that, Sari software (Santamaria-Gomez,
2019) is used to model station positions by adding (1)

! http://afrefdata.org: Accessed on the 12.™ September, 2022.

2 ftp://ftp.trignet.co.za: Accessed on then 13.™ November,
2022.

3 https://gage-data.earthscope.org/archive/gnss/rinex/obs:
Accessed on the 10th May, 2023.
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linear velocity b (2) offsets caused by earthquakes,
and hardware changes ¢ (3) seasonal variations
amplitude d, e (4) and reference coordinate a as
expressed on Eq. 1 below.

N
y=a+bt+ Z ciGi(t) + d sin(2nt) + e cos(2nt)

i=1
(1)

About 10% of the stations, especially those with
repeated offsets, were excluded.

After detrending, we obtained the RMSE average
in the north, east and up direction are given in the
Table 2 below (Usifoh et al., 2022).

We then compared the derived coordinate time
series indicated as GNSS in conjunction with the
loading corrected time series (GNSS-HYDL) to
evaluate the impact of HYDL. As a measure, the
RMSE reduction rate is presented as:

RMSE, — RMSE _
RMSE voiuction = GNS; oE GNSS—HYDL 2)
GNSS

Similarly, after the hydrological loadings were
removed from the GNSS coordinate time series, the
annual amplitude of the GNSS vertical time series
changed along with the RMSE reduction rate. The
annual amplitude is estimated as:

N AMPnss — AMPGss—nypL (3)
reduction AMPgnss

The RMSE reduction implies how well the load-
ing time series can explain the signal from the
loading models. The larger the RMSE reduction
values are, the better the loading models’ perfor-
mance is. When dispersion in the GNSS time series
increases by the loading model, the RMS reduction is
negative.

4. Results and Discussion

4.1. Spectral Power Density in the Height
Component

We use function approximation approaches that
combine sine functions and filtering noise to decom-
pose the non-linear properties of the GNSS height
coordinate series and derive the harmonic wave
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GNSS sites in Africa used in this study

parameters (such as amplitude, phase, and fre-
quency). Figure 2a—f describes the power spectrum
density of the GNSS height coordinate series before
and after HYDL correction. The wavelet spectrum
measures the amplitude of the corrected and non-
corrected GNSS height coordinate series. We applied
this power spectrum density analysis technique to
compare the original GNSS height coordinate series
before and after HYDL correction at the three
different sites FUNC (Madeira Island, Portugal),
SFER (San Fernando, Spain), and MBBC (Mbambe
Bay, Tanzania) indicated with red circle in Fig. 1.
These stations were selected because (1) we consid-
ered their data consistency, and (2) their locations, for
example, stations FUNC and SFER are located on an
island surrounded by the Atlantic Ocean and salt
marshes, and station MBBC is located in one of the
microplates, Ruvuma region on the Tanzanian shore
of Lake Malawi. To identify the harmonic motion

features of the Earth’s crust, we set a spectral
frequency in periods of days. For Fig. 2a, b, FUNC,
located in Madeira, the North Eastern Atlantic Ocean,
700 km west of the Moroccan coast, we noticed that
the magnitude of the annual and semi-annual ampli-
tude before correction is about 1.2 mm and 0.9 mm,
respectively, and after corrections, both reduced to
about 0.7 mm. This shows that the GNSS height time
series appears to be in phase with loading, thus
resulting in reduced amplitude. This indicates that
GNSS coordinates are not only affected by seasonal
signals of terrestrial water storage but also by other
loading components, monument stability, and local
deformations. But in the high-frequent side of the
spectrum, during periods of about 14 days, we
noticed a small amplitude of about 1.4 mm. This
increment could be due to tidal effects or vibration in
the building as this station is placed on the rooftop. In
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Table 1
Processing methodologies using GFZ’s EPOS.P8

Parameters Processing strategies
Observations Ionosphere-free linear combination formed by
GNSS products undifferenced GNSS observation, 5 min
GNSS phase sampling, 5° cutoff elevation angle

center Satellite orbits, clocks, and Earth Rotation

parameters (ERP) from GFZ repro3 were
introduced a priori

Dedicated multi-GNSS ANTEX applied
(igsR3_2135.atx)

Ionospheric Ionosphere-free linear combination, second

correction order effect corrected using the International
Magnetic Reference Field (11th realization,
Finlay et al., 2010)
Tropospheric GPT2 meteo values mapped with VMF1
correction (Bohm et al., 2006)

Gravity potential
Solid Earth tides

GOCOG6s (Kvas et al., 2021)

IERS 2010 Conventions (Petit & Luzum,
2010)

Conventional tide free

FES2014b (Carrére et al., 2016)

S1 and S2 corrections (Ray & Ponte, 2003)

Permanent tide
Ocean tide model
Atmospheric tidal
loading
High-frequent
EOP model
Mean pole tide

Desai-Sibois model (Desai & Sibois, 2016)

Linear mean pole as adopted by the IERS in
2018

Station Freely estimated
coordinates

GNSS ambiguities

Receiver clock

Non-tidal loading

Float solution

Pre-eliminated every epoch

CF-frame, ESMGFZ (Dobslaw & Dill, 2018),
applied to coordinate time series

Cutoff angle 5 degree
Table 2
Statistics of the RMSE in the north, east, and up components of the
GNSS,
Statistics  North  East  Up Ampl. of Ampl. of
(mm) (mm) (mm) GNSS (mm) HYDL (mm)
Average 2.9 9.9 8.5 2.5 2.1
Median 2.4 7.9 6.5 2.1 14
Maximum 5.7 30.8 16.6 152 6.3
Minimum 1.2 4.7 2.2 0.2 0.4

general, hydrological loading has an effect on this
station.
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Figure 2c, d, display the power spectrum density
of GNSS height coordinate series for the SFER site
(San Fernando, Spain) with and without corrections
applied. The amplitude of the GNSS height time
series is high with about 5.8-3.1 mm, but after the
corrections, the amplitude is reduced by a factor of 3
to 1 mm. This significant improvement is related to
the station’s location in a region with strong signals
in terrestrial water storage. For periods shorter than
300 days, the power spectrum density becomes flat,
demonstrating a pure white noise in the higher
frequencies. This kind of behavior was also reported
by Williams et al. (2004) and Klos et al. (2017). For
MBBC located in south-eastern Tanzania, two peaks
with magnitudes of 7 were observed between periods
of 300 and 400 days, however without a clear annual
amplitude. But after the corrections, we observed
annual and semi-annual amplitudes of about 1.9 mm
and 1.5 mm, respectively, corresponding to magni-
tude 4.2. This shows that after HYDL corrections we
are capable of extracting seasonal signals for a better
understanding of other geophysical phenomena. This
station is located close to the equator; the temperature
and precipitation here are not extreme and vary
between 20° to 32° and 600 mm to 1800 mm,
respectively. The average length of the dry season
is between 5 to 6 months. Similarly, from December
to March, the northeast monsoon wind brings
scorching weather, while the south-east monsoon
wind brings occasional rains from March to Septem-
ber. Looking at the downward side of the spectrum
with periods of about 14 days, we noticed a small
amplitude of about 1.3 mm, which could be due to
tidal effects. For the IGS repro3, Rebishung et al.
(2021) noted similar amplitudes at a period of 14 day,
which are linked to the tidal bands.

4.2. Vertical Variations Due to Hydrological
Loading

As discussed in Sect. 4.1, hydrological loading
mainly has an effect in the GNSS vertical displace-
ments (Klos et al., 2021; Minnel et al., 2019), hence,
we examine GNSS height coordinate series to
identify seasonal variations of terrestrial water stor-
age across continental Africa. The derived annual
amplitudes provide measurable illustrations for
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quantifying change in water storage in various
climatic zones. As shown in Fig. 3a, the GNSS
height coordinate series shows significant annual
signals with a maximum amplitude of ~ 8.1 mm
(MBBC, Mbamba Bay, Tanzania). This could prob-
ably relate to loading independent local or
geodynamical processes. One could observe larger
amplitudes in East and North Africa than in West and
South Africa. According to statistics, the annual
amplitude of all the 140 GNSS stations and that of the
HYDL is given in Table 2 above. In comparison, the
annual amplitude of the HYDL time series is smaller
than that of the GNSS height coordinate series as
seen in Fig. 3a, b. Furthermore, we observed that
RMSE reduction rates were positive at some stations
(59), accounting for approximately 42% of the 140
stations. It shows that HYDL has a positive effect in
correcting the non-linear deformation of the GNSS
height coordinate series at some sites in Africa.

Similarly, we observed that the annual amplitude
of the HYDL series (Fig. 3a) was larger in the inland
of East as well as West of Africa, namely GNSS
stations ABOO, BDAR, and BDMT in Ethiopia
(6.3 mm, 5.7 mm, 5.7mm), ZAMB, Zambia
(5.9 mm), TETE, Mozambique (5.9 mm), and BJPA
in Republic of Benin (5,8 mm), respectively.

The spatial distribution of GNSS-HYDL for
amplitude reduction is displayed in Fig. 3c. The
annual amplitude for GNSS-HYDL is 2.2 mm on
average. This shows that about 40% of the stations
show a reduction compared to the annual amplitude
before corrections (2.5 mm). Furthermore, for details
analysis, we selected seven stations, MBBC, SFER,
SNGC, MZUZ, MELI, IFR1, and SEGY as indicated
in Fig. 4, for stations MBBC, SNGC, MZUZ, MELI,
and IFR1, we observed largest annual amplitudes of
4.8-8.1 mm, and after applying hydrological loading
corrections, their annual amplitudes were reduced to
2.4-3.3 mm. Their percentage reduction rates are
indicated in Table 3 below. This means that the
HYDL series has an impact on reducing the GNSS
annual amplitude. However, the hydrological-driven
annual amplitude for station MBBC (Mbamba Bay,
Tanzania), located in Western Tanzania, lying on the
Eastern bank of Lake Malawi/Lake Nyasa, is about
5.2 mm, while the GNSS coordinates display a
substantial deformation of about 8.1 mm. This could
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be seen as a result of low-level divergence generated
by semi-permanent low-pressure cells centered on
Lake Victoria; the station is less impacted by the East
African Monsoon region (Awange et al., 2013).
Consequently, precipitation is low with westerly
winds that bring exceptionally humid air masses
from the Congo Basin and a long dry season. For the
IGS station MELI (Melilla, Spain), located in North
Africa close to the Mediterranean Sea, we observed a
very small hydrological-driven deformation of the
amplitude of about 2.1 mm, but for PPP coordinates
we observed significant amplitudes of about 5.6 mm.
The North African Monsoon has an impact on this
station, with higher precipitation throughout the
boreal summer.

Correcting for the effect of hydrological loading,
we observed that amplitudes have a considerable
reduction for about 40% of the 140 investigated
stations, as these GNSS stations are close to water
storages, while almost 60% of the stations have no
significant reduction or even exaggerated noise
variations like station SEYG. Figure 3c shows the
percentage reduction of each station.

Furthermore, we selected four particular GNSS
sites for a comprehensive investigation, by displaying
the height coordinates of the station and the modeled
deformation produced by terrestrial water storage, see
Fig. 5. For stations FUNC (Madeira Island, Portugal)
and SFER (San Fernando, Spain) the time series show
that their amplitudes are in good agreement for the
modeled and the observed height variations. FUNC is
almost unaffected by non-tidal loading as explained
in Fig. 2a, b with models that provide vertical
deformation below 2.2 mm. Similarly, the GNSS
coordinate time series is ~ 4.3 mm, and precipita-
tion and rainfall are low. The annual amplitude
variations agree with the load-induced deformation
quite well (blue curve). Looking at Fig. 5b, SFER
(San Fernando, Spain), a station located on the
coastline of Mediterranean Sea, Southern Spain,
shows consistency between the GNSS station coor-
dinates and the HYDL model. The annual signal in
the continental water storage is about 2.6 mm. Based
on GNSS, we observe a high annual deformation
pattern with an amplitude of 5.8 mm as earlier
indicated in Fig. 2c, d. Overall, the coordinates
follow almost immediately the loading signal.
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<«Figure 2
The power spectral density of the GNSS height coordinate series of
the selected stations before (a,c,e) and after (b,d,f) hydrological
correction

Also, looking at Fig. 5c, LSMH (Ladysmith,
South Africa) is located at KwaZulu-Natal, in the
eastern seaboard of South Africa, lapped by the water
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of the Indian Ocean seacoast. This station is almost
unaffected by HYDL and the model provides vertical
deformation of less than 2 mm. Also, the coordinates
exhibit considerable deformations up to 2.5 mm,
which are likely attributable to loading independent
local or geodynamical activities. Here, the sea
temperature is relatively stable, with temperatures
ranging from 16° to 25 °C in winter, and in summer
between September and April, the temperatures range
from 23° to 33 °C. The station is above sea level with

Amplitude of Hydro loading TS
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Figure 3
Maps showing annual amplitude of a GNSS height time series, b HYDL height time series, and ¢ percentage amplitude reduction of GNSS
height time series
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Map of selected stations for amplitude analysis

very low precipitation and rainfall between April and
September.

Similarly, for station MBBC (Mbamba Bay,
Tanzania), its hydrological-driven deformations
reach up to annual amplitude of about 8.1 mm. It
has a diverse climate ranging from coastal parts
(tropical) to temperate and alpine deserts (on slope of
Mount Kilimanjaro), see Table 3 for detailed expla-
nation. Overall, the coordinates follow a periodic
pattern, albeit with a peak-to-peak change similar to
that of a corrected time series (GNSS-HYDL). This
shift may probably be due to local phase inhomo-
geneities of continental water storage.

For each station, we calculated the RMSE reduc-
tion rates using the predicted GNSS coordinates and
the HYDL model. The average RMSE residuals

Pure Appl. Geophys.

before and after correction are 7.3 mm and 7.1 mm,
respectively (Fig. 6a, b). After deducting the hydro-
logical loading correction time series, the stations
MARN, South Africa (15.8 mm), MZUZ, Malawi
(11.5 mm), and BJNA, BJAB, Republic of Benin
(10.7 mm, 10.1 mm), respectively, still have large
RMS reduction rates. These could be due to large
geophysical anomalies that could cause inaccuracies
in deformation modeling.

The impact of HYDL on GNSS height coordinate
series in the East as well as North Africa is significant
as their RMSE reduction rates are highest, while in
the West and South Africa, the hydrological loading
corrections have almost no impact (Fig. 6). This
could be as a result that Africa is dominated by
equatorial low pressure with much annual rainfall and
lake waters.

In addition, from the statistics in Fig. 6, the
average RMSE reduction values of the East as well as
North Africa GNSS stations are 5.4%, and 12.5%,
respectively, while in West and South Africa, they
are 2.6% and 15.6%, respectively. In general,
depending on the region, HYDL has an impact on
GNSS height time series.

4.3. Impact of Atmosperic Loading Corrections
on Annual Signals

The annual amplitude of all 140 stations coordi-
nate time series is 4.2% on average (Sect. 4.2). The
annual amplitude of the NTAL time series is less than
that of the GNSS height time series as seen in Fig. 7a,
b. The annual amplitude of the NTAL time series for

140 stations is 3.8% on average. Overall, the

Table 3

The annual amplitudes statistics for selected GNSS sites

Sites (°N) (°E) Country GNSS (mm) HYDL (mm) GNSS-HYDL (mm) Percentage reduction (%)
MBBC — 113 34.8 Tanzania 8.1 52 3.0 62.6
SFER 36.5 — 6.2 Spain 59 2.7 24 58.6
SNGC — 10.7 35.7 Tanzania 6.9 53 29 56.9
MZUZ — 114 34.0 Malawi 53 4.9 33 37.5
MELI 353 -29 Spain 5.6 2.1 2.9 47.8
IFR1 33.5 - 5.1 Morocco 4.8 2.8 2.9 38.9
SEYG — 4.7 55.5 Seychelles 7.9 14 13.6 — 742
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Figure 5
Comparison of station height coordinates. Smooth estimation of heights from PPP GNSS measurement are compared with the computed
hydrological model

atmospheric loading could explain about 57% reduc-
tion of the GNSS annual amplitude. Before removing
the NTAL deformations, see Fig. 7a, the estimated
annual amplitudes reach a maximum of about
8.1 mm at station MBBC (Tanzania), and are mostly
larger than 1 mm in other stations around the region,
while in South Africa and Ethiopia, the estimated
annual amplitudes reach about 4 mm.

Figure 7b shows the map of the atmospheric
surface deformation during the 11-year study period.
The highest changes in atmospheric pressure occur at
latitudes 15° with predominantly long-wavelength
(Herring et al., 2016). Annual changes in atmospheric
pressure are comparatively high at stations ASMA,
ASAB, SHEB (Eritrea), and DABT, DAKE

(Ethiopia), with amplitudes of up to 3.0 mm. How-
ever, the elastic deformation of solid Earth in reaction
to changes in air surface pressure differs across
similar geographical locations and also depends on
the distance to the coast (Sun et al., 2006). At the
equator, the annual amplitude is close to zero, as it is
expected that the seasonal behavior pattern is always
larger at higher latitudes. Large-scale variation pat-
terns are also observable in South Africa with annual
amplitudes of about 2.0 mm.

After loading corrections, see Fig. 7c, we
observed larger amplitudes in two stations, SNGC,
(Tanzania) and MZUZ (Malawi), with amplitudes of
about 7 mm. This did not imply that NTAL correc-
tions introduced new amplitudes to the series;
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however, large amplitude estimated based on the
uncorrected time series were likely biased low, as a
result of deformation activity. GNSS, on the other
hand, may contain additional signals that cannot be
measured or corrected by the spatial resolution of the
NTAL models. Looking at South Africa and Ethiopia,
we noticed that a small amplitude reduction of about
3 mm is visible. This could probably be as a result of
spatial changes in the noise levels of the GNSS time
series. The amplitude is larger in the Northern Cape
of South Africa with about 4 mm vertical crustal
movement in inland and the magnitude reduces to
about 3 mm as it approaches the Coast.

4.4. Change of GNSS Height Time Series

From the preceding analysis, we can noticed, that
the loading deformation has a considerable impact on
the height component of GNSS sites in Africa. As a
result, we examined the height displacement features
of NTAL on GNSS stations. The average of these
GNSS station coordinates in the height component is
stated in Sect. 4.2. Six stations in different regions in
Africa were chosen for an extensive study of NTAL

Probability of Normalized Residuals of PPP

Probability

Pure Appl. Geophys.

correction; ADIS (Ethiopia), ASMA (Eritrea), BINA
(Republic of Benin), EBBE (Uganda), NURK
(Rwanda), and RABT (Morocco), (see Fig. 8). For
stations, ADIS, BJNA, EBBE and NURK we
observed little reduction in amplitude after applying
NTAL correction, while stations ASMA and RABT
show no reduction. The reason could probably be due
to the quality of the data sets, or due to the location of
the monitoring station which is far from the loading
source, and the Earth’s surface elasticity. For stations
EBBE and RABT, their coordinates and velocities
show similar linear trends for the corrected and
uncorrected time series with changes in their veloc-
ities of about 0.04 mm/year. For stations ASMA and
BINA, we observed the same trend with changes in
their velocity of about 0.08 and 0.3 mm/year. More-
over, for stations ADIS and NURK, showing
subsidence after linear fitting before and after
correcting for the time series and their velocities
changes are approximately — 0.03 mm/year. By
investigating the changes in their velocity, we
observed that the NTAL causes a small upward trend
for ASMA, BJNA, EBBE, and RABT. In contrast, by
evaluating the change of their coordinates, we

Probability of Normalized Residuals of Sub-PPP

Probability

Figure 6
Normalized RMSE residual histograms displaying the percentage reduction rate in East, North, West, and South Africa a before and b after

HYDL corrections
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Maps showing annual amplitudes of a GNSS height time series, b NTAL height time series, and ¢ NTAL-corrected GNSS height time series

observed that NTAL has little impact on the vertical
displacement of these stations.

Station ADIS situated with partially fractured
terrain around, exhibits strong vertical displacement
when compared to other stations such as BJNA,
EBBE, RABT, and ASMA. After loading correction
was applied for this station, we observed a downward
trend difference of about — 0.03 mm/year, and the
linear fitting coordinates are mostly the same for the

time series with and without correction (plot 2a & 2b,
Fig. 8a). The station NURK located in Kigali
(Rwanda) exhibits a reversal phenomenon, in which
the velocity of the time series after the NTAL
correction is less than the original. The reason could
be that continental hydrosphere loading is more
severe in some places, such as those indicated by the
active tectonic setting of the East African Rift.
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<«Figure 8
Vertical time series of GNSS stations changes due to NTAL
correction. (1) The NTAL (2) linear fitting curve with and without
correction, (red and blue lines); (3) residual time series corrected;
and (4) up component time series residual uncorrected, red curve
was created by fitting a sine function

Table 4 compares the harmonic variation ampli-
tudes and velocities of five GNSS stations across
Africa. We apply sine functions to fit the GNSS
coordinate time series to identify the motion charac-
teristics of crustal motions with and without
correcting the atmospheric loading.

From Table 4, we observed that the change in
amplitude for GNSS station IFR1 is substantially
smaller compared to other stations, and this may be
due to the site location in the Middle Atlas Mountain
which consists mostly of a series of limestone
plateaus, that is composed of faulted and folded
Paleozoic, Mesozoic and Cenozoic rocks. The ampli-
tudes of stations BJAB, IFR1 and MBBC are higher
compared to before correction, indicating that the
NTAL increases the station’s vertical movement to
some extent, and changes the values by around
4.1-8.1 mm. For stations SFER and BJKA, an
increase in amplitude was demonstrated after correc-
tion; this could probably be due to sudden upward
crustal movements and changes in watersheds (Caiya
et al., 2020).

The vertical motion of stations BJAB, BJKA,
IFR1, and SFER are larger than with correction,
indicating that the NTAL increases the vertical
motion of the station to some degree, and changed
the values by around 0.05-0.63 mm/year. For station

The Impact of Surface Loading on GNSS Stations in Africa 1585

MBBC the vertical motion is smaller than before
correction, and the change of value by approximately
— 4.09 mm/year, which was explained in Sect. 4.2.

5. Conclusions

This study examines the peculiar variations of
eleven years of GNSS height coordinate series of 140
Africa stations before and after applying hydrological
loading corrections, including annual amplitudes and
RMSE reduction rate, and allows to drawn conclu-
sions as follow.

Hydrological loading contributes significantly to
non-linear changes of the GNSS vertical time series;
therefore, applying accurate model of HYDL is vital
in improving the GNSS vertical time series. The
GNSS-HYDL time series had an average of 2.2 mm
amplitudes at 140 stations against 2.5 mm of the
original GNSS time series.

The impact of hydrological corrections differs
substantially between African GNSS sites. The
maximum annual amplitude reduction rate is round
80%, whereas in some stations, non-linear movement
rises substantially after applying corrections. For the
HYDL as well as the GNSS height coordinate series,
a reasonable improvement of around 40% of the
GNSS stations was found.

Similarly, using linear regression and GNSS
height time series, the impacts of NTAL on crustal
motion in Africa were assessed. Based on these, the
following characteristics of NTAL on GNSS height
time series in various regions were studied:

Based on the investigation, we found that on the
average, the amplitude is higher with about 4 mm

Table 4

Fitting parameters for annual with and without corrections of atmospheric loading

Stations Country (°N) (°E) Amp (mm) Amp (mm) Vel (mm/year) Vel (mm/year)
uncorrected corrected uncorrected corrected

BJAB Rep. of Benin 7.2 2.0 4.6 3.5 —0.74 —0.11

B JKA Rep. of Benin 11.1 2.9 4.5 4.6 —0.13 0.02

IFR1 Morocco 33.5 - 5.1 4.1 3.5 —0.03 0.05

MBBC Tanzania 11.3 34.8 8.1 6.2 4.12 0.01

SFER Spain 36.5 — 6.2 4.5 4.7 —0.33 0.18
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vertical crustal movement in inland, Northern Cape

of South Africa, and the magnitude decreases to
approximately 3 mm as it approaches the coast.

The variation in GNSS vertical time series in
various zones without and with NTAL correction
demonstrated that loading displacement resulted by
atmospheric interference had effects on stations
BJAB, IFR1 and MBBC, and their amplitudes were
considerably reduced after correction. But for stations
BJKA and SFER their amplitudes become larger after
correction which could be due to sudden vertical
crustal movements and changes in watersheds.

That NTAL influence on the linear displacement
of the crust on stations ASMA, BINA, EBBE, and
RABT is a small upward trend over time and has little
impact on the vertical displacement in these stations.
Overall, the atmospheric loading could explain about
57% reduction of the GNSS annual amplitude.
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