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Abstract: The wet tropospheric correction (WTC) is a
required correction to satellite altimetry measurements,
mainly due to the atmospheric water vapor delay. On-
board microwave radiometers (MWR) provide informa-
tion for WTC estimation but fail in coastal zones and
inland waters. In view to recover the WTC in these areas,
the Global Navigation Satellite System (GNSS)-derived Path
Delay Plus (GPD+) method, developed by the University of
Porto, uses Zenith Tropospheric Delays from GNSS global
and regional networks’ stations combined with other sources
of information, providing a WTC solution for all along-track
altimeter points. To densify the existing dataset used by
GPD+, it is necessary to add new GNSS stations, mainly in
the southern hemisphere, in regions such as South America,
Africa and Oceania. This work aims to exploit the SIRGAS-
CON data and its potential for densification of the GPD+ input
dataset in Latin America and to improve GPD+ performance.
The results for the three analyzed satellites (Sentinel-3A,
Sentinel-3B and CryoSat-2) show that, when compared with
the WTC from GNSS and radiosondes, the densified GPD+
WTC leads to a reduction in the RMS of the WTC differences
with respect to the non-densified GPD+ solution, up to 2 mm
for the whole region and up to 5 mm in some locations.
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1 Introduction

In the last 30 years, satellite altimetry has contributed to
many advances in ocean and climatology studies. This
technique is widely used to measure sea level and other
oceanographic phenomena, such as ocean circulation
and surface wind speed, through a combination of radar
and positioning techniques, and contributes to the knowl-
edge of different systems and their variables, on a global
and regional scale (Chelton et al. 2001).

To measure sea level, altimetry satellites use an
instrument called radar altimeter, which sends micro-
wave pulses toward the ocean surface and receives back
part of the reflected echo. Knowing the propagation speed
of the electromagnetic wave and the time between the
emission of the pulse and the reception of the echo, it is
possible to calculate the distance between the satellite and
the ocean surface, the so-called Range. However, the
microwave pulse is delayed when crossing the atmo-
sphere, due to the constituent components of this medium.
This causes the propagation speed to be slower than the
speed known for vacuum. Therefore, to have a measure
closer to the real distance between the satellite and the
surface, it is necessary to correct the range for these effects
(Chelton et al. 2001).

The delays caused by the atmosphere are related to
the properties of its layers. The troposphere is the closest
atmosphere layer to the surface and its delay has two
components: the dry path delay (DPD), caused by the
hydrostatic component, also known as the dry compo-
nent, which is due to the pressure caused by atmospheric
gases, and the wet path delay (WPD), caused by the wet
component, which is related mainly with the presence of
water vapor in the atmosphere. Because of these delays,
two corrections are necessary: the dry tropospheric cor-
rection (DTC) and the wet tropospheric correction (WTC),
respectively.

The DPD corresponds to about 90% of the tropo-
spheric delay and is modelled with high accuracy, since
the gases have an almost constant distribution throughout
the atmosphere. The WPD corresponds to the remaining
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10% delay, but it is much more difficult to model due to the
irregularity in the spatial and temporal distribution of
water vapor (Fernandes et al. 2015, 2021a). For this reason,
altimetry satellites are equipped with an instrument called
microwave radiometer (MWR), which measures the amount
of water vapor in the atmosphere throughout the path of the
altimeter satellite and provides the necessary information
for the calculation of the WTC.

Satellite altimetry is widely used in ocean studies,
including coastal areas, and several studies have also
been carried out on applications in inland waters. Due
to the particularities of each region, there are differences
in the handling of these data. Altimeter and MWR mea-
surements in coastal areas and inland waters are strongly
affected by the presence of land in their footprints. The
ocean surface is the one that best reflects the altimeter
radar signal and the ocean waveforms follow a curve
known as the Brown curve (Brown 1977). When approaching
coastal zones, the altimeter signal is degraded by the pre-
sence of land since the waveform of these measurements
does not fit the Brown curve like pure open ocean measure-
ments. Due to this particularity, it is necessary to treat these
measurements with specific retracking algorithms (Gommen-
ginger et al. 2011).

In addition to the altimeter, there is contamination in
the MWR measurements, which have even larger foot-
prints than the first one. Therefore, corrections referring
to the wet component of the troposphere are also degraded,
being invalid in coastal regions. This problem also extends
to inland waters, such as rivers and lakes, which are sur-
rounded by land. MWR operate in the bands between 18
and 40 GHz and the size of the footprint depends on the
characteristics of the instrument, the altitude of the satellite
orbit and the frequency at which they operate. As the foot-
prints have a diameter in the order of 10-40 km?, when the
satellite approaches coastal areas, part of the footprint is
contaminated by land. This land contamination causes
degradation in the WTC retrieved from the on-board MWR
algorithm, which is usually tuned for open-ocean condi-
tions, leading to incorrect values and making the MWR
measurements invalid in these regions (Fernandes et al.
2010, 2021a). A large part of these measurements is rejected,
which leads to a decrease in their quantity for studies in
these areas. (Fernandes et al. 2013a, 2021a). Other types of
surfaces also cause degradation in MWR measurements,
such as the presence of ice, in addition to other phenomena,
such as very intense rain, that occur particularly in equa-
torial regions (Lazaro and Fernandes 2015).

Several studies have been carried out with the aim of
modelling tropospheric delays from Global Navigation
Satellite Systems (GNSS) and improving their accuracy,
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for example, Niell (1996), Mendes (1999), Boehm and
Schuh (2004), Boehm et al. (2006a, 2006b), Tregoning
and Herring (2006), Kouba (2008), Ghoddousi-Fard
(2009) and Yang et al. (2011). GNSS-derived tropospheric
delays have been used in a large number of applications,
such as the calibration of Synthetic Aperture Radar images
(Notarpietro et al. 2011) and climate research and meteor-
ology, for example, in the estimation of integrated water
vapor (Camisay et al. 2020). In the context of satellite alti-
metry, Vieira et al. (2018) used them for the monitoring of
MWR on board altimeter satellites.

Aiming at improving the WTC of satellite altimetry
observations in regions where the MWR fail, the GPD+
(GNSS-derived Path Delay Plus) method was developed
by Fernandes et al. (2010), which explores the use of
tropospheric delays derived from GNSS coastal stations
and near inland water bodies. The tropospheric delays
that affect the altimeter signal are the same that also
affect GNSS signals. The atmosphere is a non-dispersive
medium for frequencies below 20 GHz (Thayer 1974),
which comprises the wavelengths of both signals. Through
the processing of GNSS data, the Zenith Tropospheric
Delays (ZTD) are estimated, which are the sum of the
delays caused by the hydrostatic component, the zenith
hydrostatic delay (ZHD), equivalent to DPD, and by the
wet component, the zenith wet delay (ZWD), equivalent
to WPD (Fernandes et al. 2013a). When referring to the
delay, the values are positive, as the propagation speed
of the electromagnetic wave is slower in the atmosphere
than in the vacuum, which makes the range measured by
the altimeter larger than it actually is. Therefore, the cor-
rection to the range values is negative, to subtract the
delay in the range measurement. DTC and WTC are,
respectively, symmetrically equivalent to ZHD/DPD and
to ZWD/WPD.

GNSS-derived ZWD are useful for estimating the WTC
in regions close to the GNSS stations. By using these
GNSS-derived ZWD, GPD+ is capable of estimating the
WTC with high accuracy over coastal zones and inland
waters (Fernandes et al. 2013a, 2021a).

GPD+ uses stations from global networks such as
International GNSS Service (IGS) and regional networks
such as EUREF Permanent Network (EPN) from Europe and
SuomiNet from North America (Fernandes and Lazaro 2016).
In addition, over specific periods, stations from other regional
networks such as the German Bight or from Indonesia are
also incorporated. However, there are regions where there are
still few stations, especially in the southern hemisphere. For
this reason, it is necessary to densify the GNSS network used
by GPD+, with regional and local networks, which can com-
pensate the lack of information in these regions.
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South America is covered by the SIRGAS (Geodetic
Reference System for the Americas) network, which has
an intercontinental network of continuous monitoring
GNSS stations, called SIRGAS Continuously Operating
Network (SIRGAS-CON). This network also has many sta-
tions in the northern hemisphere, over Mexico, Central America
and Caribbean, covering all Latin America (SIRGAS 2021).

Since tropospheric corrections play a major role in
Satellite Altimetry, it is necessary to have as much useful
information as possible to estimate these corrections in
areas where MWR measurements are invalid. The focus of
this article is the exploitation of SIRGAS-CON to densify
the set of GNSS stations used in GPD+ over Latin America
and improve algorithm performance over this region.

In addition to the current section, this article has
seven sections. Section 2 describes the methods used for
the estimation of WPD/ZWD from different sources. Sec-
tion 3 comprises a comparison between SIRGAS-CON ZWD
and IGS ZWD common stations to evaluate the accuracy
and stability of SIRGAS-CON products in relation to other
GNSS network, already used as input in GPD+. Section 4
comprises a comparison between SIRGAS-CON ZWD and
ERA5 model ZWD for all stations, which allows selecting
stations with good precision and stability within the
defined criteria. Section 5 describes a comparison between
the GPD+ WTC before and after the inclusion of SIRGAS-
CON stations with GNSS-derived WTC. Section 6 refers to
the GPD+ WTC validation using radiosondes. Section 7
consists in a discussion about the results and the main
conclusions.

2 WPD estimation from different
sources

The WPD can be estimated by different sources, as from
instruments such as MWR, GNSS and radiosondes and
from atmospheric models. This section describes the
characteristics and particularities of each source, as well
as the WPD computation methods suitable for each one.

2.1 WPD from GNSS

In recent years, the ZTD estimated by GNSS have been
calculated and provided by the analysis centers of the
global and regional permanent station networks. The
calculation is performed systematically and operation-
ally, by different methods, and the results reach an

WTC for satellite altimetry using SIRGAS-CON products =— 213

accuracy of a few millimeters (Niell et al. 2001), (Pacione
et al. 2011).

The quantity estimated by GNSS is the total delay
caused by the troposphere in the zenith direction,
the ZTD, the sum of the hydrostatic and wet delays,
according to the following equation (Fernandes et al.
2013a):

ZTD = ZHD + ZWD. @

ZTD can be estimated by GNSS data processing, as
the troposphere affects the propagation of GNSS signals
and consequently degrades the measured values. The
removal of tropospheric delay is necessary to obtain
GNSS measurements with high accuracy, and this effect
is modelled according to equation (2), where STD is the
slant total delay, the tropospheric delay suffered by the
GNSS signal when crossing the atmosphere at different
angles of inclination, which is different from the ZTD, the
latter given at the zenith. This transformation is per-
formed by the mf, and mf,, mapping functions as func-
tions of the inclination angle (E) of the GNSS satellites.

STD(E) = ZHDmf,(E) + ZWDmf, (E). )

The DPD (or ZHD) has the highest absolute value
among the sources of error for altimetric measurements.
Its mean value at sea level is 2.3 m, corresponding to 90%
of the total tropospheric delay, and it has a very smooth
variation over the ocean, with an amplitude up to 20 cm,
which makes this error not difficult to model on this type
of surface. Unlike the ocean, the continent has significant
and abrupt altitude variations, which makes more diffi-
cult to model the DTC over these regions, depending on
an accurate Digital Elevation Model such as the Altimeter
Corrected Elevations 2 (Fernandes et al. 2014).

There is a strong relationship between DPD and
altitude, as it depends on the total atmospheric density
vertical distribution, total pressure and temperature
along the trajectory. Its value is about 2.3 m at sea level
and decreases by about 2.5 cm for each 100 m the alti-
tude increases, reaching a value of about 1.4 m at 4000
m of altitude (Fernandes et al. 2021a). The DPD can be
calculated with an error of less than 1 centimeter from
ECMWF Sea Level Pressure (SLP) fields, using the modi-
fied Saastamoinen model (Davis et al. 1985), according
to the following equation, described in Fernandes
et al. (2014):

B 0.0022768 p
1 - 0.00266c0s2¢p — 0.28 x 10~%h, "

DPD 3

In equation (3), the DPD results in meters, ¢ is the
geodetic latitude, h; is the surface height over the geoid,
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Ds is the surface pressure, calculated by the surface pres-
sure at sea level p,, by the following equation, which
denotes the pressure variation with altitude (Hopfield
1969):

st —ho)|

Rol, (4)

Ds = PoeXp[
In equation (4), Ty, is the mean temperature value in
Kelvin (K) of the layer between heights h, and hs and can
be estimated as the mean value between T, and T, tem-
peratures at heights hy and hs, respectively, from T,
values at mean sea level from global pressure and tem-
perature models (Bohm et al. 2007). Ry, is the specific dry
air constant and g is the mean gravity, resulting from the
following equation:

g =9.784 (1 - 0.00266c0s2¢ — 0.28 x 107 hy). (5)

The WPD (or ZWD) has an absolute value much
smaller than the DPD. These values vary with altitude,
with most of the water vapor present in the atmosphere
concentrated close to the surface, becoming smaller as
altitude increases, and also with latitude, with minimum
absolute values of a few centimeters at polar regions and
maximum values reaching up to 0.5 m at equatorial
regions, which corresponds to about 10% of the total
tropospheric delays. Despite having smaller absolute values,
the delay caused by this component is much more variable
in space and time, which makes it much more difficult to
model (Fernandes et al. 2021a).

An alternative to overcome the WPD modelling pro-
blem is the implementation of MWR in altimetric satel-
lites, whose main function is to measure the amount of
water vapor under the satellite path, providing the cor-
rection for each point measured by the altimeter. The
retrieval algorithms of these instruments are tuned for
open-ocean conditions and fail in regions such as coastal
zones, over inland waters and polar zones, requiring
other methodologies to estimate this correction, as men-
tioned in the previous sections. Therefore, other sources
of information are used, such as ZTD derived from GNSS
stations spread across continents and numeric weather
models (NWM) (Fernandes et al. 2021a).

2.2 WPD from NWM

The WPD calculated from single-layer parameters pro-
vided by the ECMWF models, as presented in equation
(6), described in Fernandes et al. (2021a), is obtained using
two parameters: total column water vapor (TCWV), given
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in mm or the equivalent, kg/m?, and T,, which is the air
temperature close to the surface T, (Bevis et al. 1992, 1994).

. 6
Tn 1000 ©

WPD(hy) = (0.101995 + 1725'55)TCWV

Tr is the mean temperature of the troposphere, which
can be computed from T,, also in K. There are different
models to calculate T,,, most of them based on equation
(7). The coefficients a and b were obtained empirically

from radiosondes measurements (Mackern et al. 2021)
Tn=a+bT,. @

The coefficients used in this work are found in Mendes
et al. (2000) and Mendes (1999), where a = 50.440 and
b = 0.789.

The WPD obtained by equations (6) and (7) are given
at the same level as the atmospheric parameters, the oro-
graphy level. The orography model heights can differ
from the actual heights by up to hundreds of meters,
depending on the region, which makes the WPD obtained
through the previous equations a first approximation,
containing errors due to incorrect heights. Therefore, it
is necessary to perform a reduction to the surface height.
WPD has a more complex altitude variation than DPD,
so their variation with height needs to be modelled in
different ways. The DPD height variation is modelled
according to equations (4) and (5), already presented,
and the WPD altitude dependence is modelled according
to the following equation (Kouba, 2008):

ho-hg
WPD(h) = WPD(h,) e2000 . (8)

In equation (8), hg and hs correspond to the orography
and surface models orthometric heights in meters, respec-
tively. This height reduction is important mainly over
coastal zones and inland waters, but it has limitations
due to its complexity. It is not recommended for altitudes
above 1,000m (Kouba 2008) and improvements in its
modelling are needed (Vieira et al. 2019a).

2.3 WPD from radiosondes

The WPD derived from the radiosonde data can be calcu-
lated using precipitable water (PW) data from sounding-
derived parameters that are available for a subset of the
soundings in the Integrated Global Radiosonde Archive
(IGRA), operated by the National Oceanic and Atmospheric
Administration (NOAA). The radiosonde parameters include
PW between the surface and 500 hPa, the refractive index,
vertical gradients of several variables, and various measures
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of boundary-layer characteristics and stability. The derived
parameters are updated once a day in the early morning
United States Eastern Time. Each file contains a series of
multiline sounding records, each of which consists of a
header record followed by one line of data for each pressure
level in the sounding (NOAA 2022).

Since radiosonde temperature observations are not
always complete, it is more appropriate to calculate
WPD using equation (9), deduced by Stum et al. (2011),
which establishes a direct relationship between TCWV
(equivalent to PW) and WPD, in which the temperature
dependence of the WPD is partially modelled by a poly-
nomial function, where a, = 6.8544, a, = -0.4377, a, =
0.0714 and a, = —-0.0038:

WPD = (ag + ¢;TCWV + a,TCWV?
+ asTCWV3)TCWV x 102,

)

2.4 ZWD calculation and analysis

Before including the data from the SIRGAS-CON stations
in the GPD+ estimations, the calculation and analysis of
the ZWD from these stations were performed to select the
good data.

The SIRGAS-CON ZTD are generated weekly and avail-
able with a latency of approximately 30 days on the
SIRGAS webpage. They have a 1 h temporal resolution
and are available in SINEX TRO files since January 2014.
They can be freely downloaded from the webpage ftp://
ftp.sirgas.org/pub/gps/SIRGAS-ZPD/ (SIRGAS, 2021).

SIRGAS-CON tropospheric products provide highly
reliable combined weekly estimates for each SIRGAS sta-
tion (Mackern et al. 2020). All ZTD available from January
2014 to December 2020 were analyzed, forming a time
series of 7 years of data. During this period, stations
were added and removed, which makes the number of
stations in the network not constant, but all available sta-
tions may contain useful information and were analyzed.

The potential for densification of the dataset used in
GPD+ in Latin America with the stations of the SIRGAS-
CON is shown in Figure 1b. This figure shows that SIRGAS-
CON fills the lack of information in the Latin America
region shown in Figure 1a, with many of these stations
located in coastal zones. The current GPD+ network is
represented by the yellow points and the SIRGAS-CON net-
work is represented by the blue points. The stations in
common between the SIRGAS-CON and IGS networks are
shown in red points, which can be used for comparison
and validation.

Currently, the SIRGAS-CON network has a total of
more than 560 stations in the historical series and a set
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of 467 stations with available ZTD for the period analyzed
in this work. From these ZTD, the ZWD is calculated by
equation (1) presented in Section 2.1, using the ZHD from
NWM calculated by equations (3)—(5) presented in Sec-
tion 2.1. The ZWD from NWM is calculated by equations
(6)—(8) in Section 2.2.

To calculate the ZWD for each station, the ZHD from
the ERA5 NWM need to be computed first. This compo-
nent is modelled with high accuracy by NWM and calcu-
lated from pressure values p, from SLP fields, at sea level,
which means that the pressure pg at station height must
be computed from p, using equation (4). Then, the value
ps is used in equation (3), as well as the value of g,
obtained by equation (5), to obtain the ZHD value at sta-
tion height, in meters. The ZHD must be subtracted from
ZTD to obtain ZWD.

In the analyzed period, IGS Network has 63 stations
in common with the SIRGAS-CON, allowing a direct com-
parison for two ZWD solutions at the same exact location.

Stations that are not part of at least two networks also
need to be evaluated. The NWM are a source of informa-
tion that makes possible to analyze all stations in the
SIRGAS network as they are given in global grids with a
long temporal coverage.

The available NWM are the Operational ECMWF
(ECMWEF-Op) (Miller et al. 2010), given at 6 h intervals, on
grids with spatial resolution of 0.125° x 0.125° (16 km x
16 km), the ERA-Interim (Dee et al. 2011), reanalysis model,
more stable than the first one, available at 6 h intervals, on
0.75° x 0.75° (80 km x 80 km) grids and ERA5 (Hersbach
et al. 2018), currently the best reanalysis model, available at
1 h intervals, in grids of 0.25° x 0.25° (30 km x 30 km). ERA5
replaced ERA-Interim, which stopped being produced on
August 31, 2019 (ECMWF, 2021). Since it is the best model
and with the most complete time series, ERA5 is the model
chosen for this study.

The NWM are available in single-level variables,
given at surface level, representative of the total atmo-
spheric column (integrated variables) or vertical levels
(3D), with atmospheric variables given at different pres-
sure levels. Among the useful products for computing
tropospheric corrections, the ECMWF offers single-layer
parameters of sea level pressure, surface pressure, TCWV
and 2 m temperature (T,) that allow the estimation of
DPD and WPD with the same spatial and temporal reso-
lution, but just at one single vertical level (NWM oro-
graphy height). Alternatively, ERA5 is available in 137
model levels for some variables, such as temperature
and specific humidity, from the surface up to 0.01 hPa
(around an altitude of 80 km), and also interpolated to
standard levels, such as pressure levels, at 37 levels with
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Figure 1: (top) Current GPD+ network. (bottom) GPD+ network densification with SIRGAS-CON. Current GPD+ stations are in yellow, SIRGAS-
CON stations are in blue and common stations between the two previous networks are in red.

constant pressure, from the surface (1000 hPa) to 1 hPa
(around an altitude of 45-50 km), (Vieira et al. 2019b),
which allows the computation of WPD at vertical levels.

For this work, the WPD from NWM has been com-
puted from single-layer fields (Vieira et al. 2019b). To
extract ZWD model values for the same instant and loca-
tion from the GNSS measurements, an interpolation in
space and time was performed, following the metho-
dology presented in Vieira et al. (2019b). These authors
estimated ZWD from ERAS5 at different temporal sam-
plings and concluded that ERA5 cannot map ZWD short
space and time scales and that a temporal resolution of

3h is high enough for this application. Since the para-
meters used to calculate the ZWD by the NWM are given
at the level of model orography, this must also be reduced
to the height of each station.

The difference between the SIRGAS-CON stations
ZWD and the other sources (IGS and ERA5) was calcu-
lated, thus allowing to evaluate the accuracy of these
products. The mean and standard deviation (StD) of the
differences between the SIRGAS-CON ZWD and the corre-
sponding ZWD from the other sources were analyzed,
which allowed to select the stations that have the preci-
sion and stability required to be used by GPD+.
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3 Comparison between SIRGAS-
CON ZWD and IGS ZWD

The comparison between the SIRGAS-CON ZWD with the
corresponding IGS ZWD, for each of the 63 stations common
to both networks was performed. As the SIRGAS products’
temporal resolution is 1h, different from the IGS products,
which is 5min, and considering the temporal variation of
the ZWD, the comparison is conducted for the instants with
coincident measurements.

Considering the whole set of 63 stations, the mean of
the mean values and the mean of the StD values of the
ZWD differences are 1 and 7 mm, respectively. Figure 2
shows the means and the StD for these stations.
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The graphical analysis shows data behaviors that
may not be detected by simple statistical parameters
and that can lead to different conclusions. Analyzing
Figure 3b, it is possible to notice a discontinuity in the
POVE station data, from the first semester of 2018 to the
beginning of 2020, when the differences are significantly
lower than for the rest of the series. Differently, for PDEL
station, shown in Figure 3a, it is possible to see the sta-
bility in the series of the ZWD differences, with values well
distributed around zero and without any gross discontinuities.

The GOLD station is another example where gra-
phical analysis shows unusual data behavior. From the
end of 2016 to mid-2018, there is a considerable increase
in the dispersion of the differences, as it can be seen in
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Figure 2: (top) Mean and (bottom) StD of the differences between SIRGAS-CON ZWD and IGS ZWD.
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Figure 3: ZWD differences between SIRGAS and IGS for (top) PDEL
and (bottom) POVE stations.

Figure 4a, which indicates the presence of some sys-
tematic error. To find out from which solution (SIRGAS-
CON or IGS) the error comes from, it is necessary to make
a comparison with other data sources, such as NWM. The
ZWD differences for this station between the IGS ZWD
solution and ERA5 ZWD are shown in Figure 4b and
between the SIRGAS-CON ZWD solution and ERA5 ZWD
are shown in Figure 4c. When comparing the two plots, it
is clear that the high dispersion in the differences for the
aforementioned period is present in the SIRGAS ZWD but
not on the corresponding IGS ZWD. It can be inferred
that, in this case, the dispersion comes from the SIRGAS
ZTD.

Despite the discontinuities and highly dispersed dif-
ferences, the ZWD sets of both networks present a high
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correlation between them, ranging from 0.93 to 1. The
POVE station has a correlation of 0.99 as it can be observed
in the scatter plot (Figure 5a), despite the discontinuity
observed in Figure 3b. This may happen because the dif-
ferences remain stable even during the whole period of
discontinuity. On the other hand, the GOLD station has a
correlation of 0.97, but it is possible to see some dispersed
points in the scatter plot (Figure 5b), corresponding to the
highly dispersed points in Figure 4a. This shows that the
correlation index is not sensible to the instabilities in the
ZWD differences time series.

4 Comparison between SIRGAS-CON
ZWD and ERA5 ZWD

This section analyzes the whole set of 467 SIRGAS net-
work stations ZWD, derived from the available ZTD, by
comparison with the NWM-derived ZWD. Since this com-
parison can be performed for all stations, this analysis
allows selecting stations with good precision and stabi-
lity within the defined criteria.

As mentioned in Section 2.2, NWM-derived tropo-
spheric corrections are usually given at the orography
level, while GNSS data are given at station level. There-
fore, to compare GNSS and NWM-derived ZWD, these
data have to be given at the same reference height, which
in this study is the station height. Both model orography
and station heights must be given at the same reference
level, which in this study is the mean sea level. The ZWD
height reduction proposed by Kouba (2008), using a con-
stant decay coefficient, is widely used, but it has limita-
tions due to the complexity of the ZWD variation with
altitude and is not recommended for altitudes above
1,000 m (Kouba, 2008) and improvements in its modeling
are needed (Vieira et al. 2019a). Furthermore, the decay
coefficient 2000 proposed by Kouba may not be suitable
for different parts of the planet. There are zones where
other coefficients present better results, but it is still dif-
ficult to determine specific values for each zone. A meth-
odology proposed by Vieira et al. (2019a) models the
vertical variation of the WPD as time and space varying
reduction coefficients (exponential functions). Although
this approach provides a better climatology of the WPD
vertical variation, it is found to cause significant errors in
some regions, particularly in the reduction from station
height to sea level required in GPD+ (Fernandes and
Lazaro 2016).

A new methodology for WPD height reduction, proposed
by Fernandes et al. (2021b) (personal communication),
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Figure 5: Scatter plots of SIRGAS-CON ZWD and IGS ZWD for (top)
POVE and (bottom) GOLD stations.

implements a dynamical modelling of the WPD vertical
variation using WPD vertical profiles from ERA5 pressure
levels (3D). Instead of trying to model the complex vertical
variation of the WPD using a mathematical function, the
WPD vertical gradient is directly determined from the
ERAGS vertical profiles. For this purpose, the closest vertical
profile satisfying a set of conditions (e.g. having the lowest
orography) is selected.

For each altimeter along-track point at height h,,
each model and observation at height h, are converted
to height h,, by using the WPD difference between the
corresponding heights in the closest ERA5 profile as men-
tioned above.

For each station, the mean and StD of the differences
between the SIRGAS ZWD and the ERA5 ZWD were calcu-
lated for the two types of height reduction: the Kouba
Reduction (KR), proposed by Kouba (2008), and the
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Vertical Profiles Reduction (VPR) proposed by Fernandes
et al. (2021b).

Figure 6 shows the mean of the mean values and the
mean of the StD values of the differences between SIRGAS-
CON ZWD and ERA5 ZWD, respectively. These have been
grouped into classes of 250 m in absolute values of differ-
ences between SIRGAS-CON GNSS heights and ERA5 oro-
graphy height, using KR (orange curve) and VPR (blue
curve). The number of stations in each class is also shown.
It is noticed that the means and StDs of differences have
lower values when reduced with VPR for all classes.

Following these results, VPR was chosen as the reduc-
tion method for the selection of SIRGAS-CON stations
for use in GPD+, since it showed to have better results
than KR.

For the station selection, the following criteria were
used: stations with at least 800 continuous observations
(approximately 1 month), mean of differences with ERA5
less than 2.5 cm, StD of differences with ERA5 less than
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Figure 6: (top) Mean of the means and (bottom) mean of the StDs of
the differences between SIRGAS-CON ZWD and ERA5 ZWD, grouped
into classes of 250 m in absolute values of differences between
SIRGAS-CON GNSS heights and ERA5 orography height, using KR
(orange curve) and VPR (blue curve), and the number of stations in
each class. All heights refer to mean sea level.
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2.5 cm and no discontinuities in time series. Note that this
is a pre-selection of stations, as GPD+ algorithm also does
a data filtering and selection before computing the com-
bined WTC (Lazaro et al. 2020). This pre-selection aims to
eliminate stations with gross errors to reduce the compu-
tational effort of the algorithm.

5 GPD+ WTC comparison before
and after inclusion of SIRGAS-
CON data

After selecting the stations and defining the processing
conditions, 38 stations were rejected and, subtracting
the 63 stations in common with IGS already in GPD+,
the 366 remaining SIRGAS-CON stations were included.
The GPD+ WTC were recomputed for Sentinel-3A (S3A),
Sentinel-3B (S3B) and CryoSat-2 (CS2) satellites cycles,
shown in Table 1, for the period covered by the SIRGAS-
CON ZTD (2014-2020). The recomputed corrections were
compared with the already existing GPD+ corrections before
the introduction of the SIRGAS-CON stations.

Both GPD+ solutions were compared to GNSS-derived
WTC stations from GPD+ dataset and SIRGAS-CON net-
work, only for points in the satellite tracks up to 100 km
away from the coast in which GNSS information was used.
This means that this is a non-independent assessment,
as the GNSS-derived ZWD are used as input in GPD+.
However, since the output is a combination of various
WTC sources (valid MWR measurements, SI-MWR, GNSS
and, for points without valid observations, ERA5 NWM)
this comparison still provides valid information about
the GNSS data. From here after, the GPD+ solution before
the addition of SIRGAS-CON stations will be called GPD+ 1
and the solution with SIRGAS-CON stations will be called
GPD+ 2.

Table 1: CS2, S3A and S3B cycles

Years CS2 cycles S3A cycles S3B cycles
2014 50-62 - -

2015 62-74 - -

2016 74-87 1-12 —

2017 87-100 12-26 -

2018 100-113 26-39 1-20

2019 113-126 39-53 20-34
2020 126-139 53-67 34-47




DE GRUYTER

Figure 7a shows the RMS of the differences between
WTC from GNSS and each of the two GPD+ solutions for
CS2, in centimeters (left axis), and the number of points
used (right axis), function of the distance from the coast.
This is a non-collocated comparison, which means that
the points of interest (points measured by the altimeter)
are not located at a single coordinate but are compared
with values referring to a single coordinate (GNSS sta-
tion). This is possible due to the variation of the WTC in
space, which extends over a radius of tenths of kilometers
(less than 100 km) depending on the variation in each
zone (Fernandes and Lazaro, 2016). Then, the GPD+
WTC for altimeter points are compared to the interpolated
WTC from GNSS stations for the same time, if they are
within a radius of up to 100 km away from the coast,
grouped into classes of 5 km (Vieira et al. 2019a).

It is noticed that the RMS curve of the differences
between GNSS and GPD+ 2, in blue, has lower values
than the curve of the differences between GNSS and
GPD+ 1, in black, up to 70 km from the coast, from which
the curves start to overlap. In the opposite direction, the
difference between the curves becomes larger as the dis-
tance to the coast approaches zero. GPD+ 1 and GPD+ 2
have RMS values around 1.8-2.2 and 1.6—2.2 cm, respec-
tively, from the coast up to a distance of 70 km. This
shows that the addition of SIRGAS stations had a positive
impact in CS2 estimated WTC, mainly for points close to
the coast, achieving a decrease of up to 2 mm in the RMS
of the differences with respect to GNSS measurements.

The same analysis was carried out for S3A and S3B
with the assessment stations for these satellites, shown in
Figure 7b and c, respectively. S3A uses fewer stations in
the assessment than CS2, due to the size of its time series
and the characteristics of its orbit, and S3B has even fewer
points, with even shorter time series than the first two.

For S3A and S3B, it is noticed that the RMS curve of the
differences between GNSS and GPD+ 2, in blue, has also
lower values than the curve of the differences between
GNSS and GPD+ 1, in black, but for both satellites, up to
25km away from the coast, from which curves start to
overlap. This happens because, from this distance on,
the GPD+ solution for these satellites already uses valid
on-board MWR measurements, which makes the GNSS to
have a lower weight on the final estimated value.

It is also noted that the curves of the solutions for S3A
and S3B follow the same trend, since these satellites have
identical orbital characteristics, but 140° out of phase.
The biggest difference is the number of points evaluated,
as the S3A was launched two years before S3B.

GPD+ 1 and GPD+ 2 have RMS values around 1.8-2
and 1.6-2 cm, respectively, from the coast up to a distance
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of 25 km. The impact is mainly for points close to the coast,
where GPD+ 1 has values around 1.8 cm, while GPD+ 2 has
values around 1.6 cm, achieving a decrease of almost 2 mm
in the RMS of the differences with respect to GNSS
measurements.

Table 2 shows the number of stations from each net-
work used in the assessment for each satellite. For all
satellites, more GPD+ 1 stations were used than SIRGAS-
CON stations, which shows that, even with a smaller
number of stations, it is already possible to prove the
impact of a decrease in the RMS of the WPD differences
after using the ZTD from SIRGAS network in GPD+.

In summary, a decrease in the RMS of the differences
between GNSS-derived WTC and the GPD+ 2 in relation to
the differences with GPD+ 1 was verified for the three
satellites, impacting mainly on coastal areas, which are
the main target of this study.

6 GPD+ WTC validation with
radiosondes

The validation of the densified GPD+ WTC was carried out
with radiosondes, which is an external and independent
source of information, since it is not an input for GPD+.
The radiosondes data are from IGRA, operated by NOAA,
and they can be freely downloaded from the webpage
https://www.ncei.noaa.gov/products/weather-balloon/
integrated-global-radiosonde-archive (NOAA 2022). Radio-
sondes have a global coverage, as shown in Figure 8 as
purple points, and decades of available data.

The radiosonde observations have a temporal resolu-
tion of 24, 12 or 8 h, unlike the SIRGAS-CON ZTD, which
have a temporal resolution of 1h. For this reason, the
interpolation for the time of the altimetry points is not
adequate, since the radiosonde measurements have a
large time gap between them, greater than the WTC varia-
bility temporal scale (Vieira et al. 2019c). The altimetry
measurements were then selected in a range from -1 to
+1h from each radiosonde measurement instant.

The altimetry points within a distance up to 100 km
from the radiosonde were selected. Thus, 78, 13 and 11
radiosondes were selected for the validation of the GPD+
WTC for the altimetry points of CS2, S3A and S3B, respec-
tively. CS2 has a considerably greater number of radio-
sondes available for the validation due to its orbit, which
means that there are more altimetry points within the
defined radius. The radiosondes used in the validation
for each satellite are shown in Figure 9 represented by
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Table 2: Number of GNSS stations used in the GPD+ WTC assess-
ment for CS2, S3A and S3B altimetry points

Satellite Number of IGS and Number of SIRGAS-CON
SuomiNet GNSS stations  GNSS stations used in
used in the assessment the assessment

CS2 217 144

S3A 200 111

S3B 169 103

different colors: blue points for CS2, red diamonds for S3A
and yellow points for S3B.

The same analysis was conducted for radiosondes as
in the non-independent assessment with GNSS. The RMS
of the differences between WTC from radiosondes and
each of the two GPD+ solutions was calculated for CS2,
S3A and S3B as a function of distance from the coast. This
is also a non-collocated comparison. Then, the GPD+
WTC for altimeter points were compared to the WTC
from radiosondes for which the altimeter point was selected,
but this time grouped in classes of 20 km to obtain more
robust statistics, since there are far fewer radiosondes mea-
surements than GNSS.

Figure 10 shows that the RMS curve of the differences
between radiosonde and GPD+ 2, in blue, has lower
values than the curve of the differences between GNSS
and GPD+ 1, in black, up to 20 km away from the coast for
S3A and S3B, from which the curves start to overlap, but
not for CS2, for which there is almost no difference
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between the two curves. The biggest difference is for
S3B, which achieves a decrease of 2mm; however, for
S3A and CS2, the difference between the curves is almost
zero. This may be related to the distribution of radio-
sondes used in the validation; since within the study
area (area covered by SIRGAS-CON), there is a very large
number of radiosondes in the south of the United States,
where there was already a high density of GNSS stations
in the GPD+ dataset and few SIRGAS-CON stations were
added. On the other hand, there is a lower number of
radiosondes in South America, mainly on the west coast,
where there were few stations in the GPD+ and many
SIRGAS-CON stations were added. This softens the impact,
especially for CS2, which used more radiosondes located in
the northern hemisphere for the validation.

For this reason, a local analysis for each radiosonde
was carried out to assess which of them had for the
selected altimetry points any difference in the RMS of
the GPD+ WTC after the inclusion of SIRGAS-CON sta-
tions. Figure 11 shows the radiosondes used for CS2
GPD+ WTC validation, in which the radiosondes that had
a lower RMS difference after the inclusion of SIRGAS-CON
stations, represented by the green diamonds, are mostly
located on the east coast of South America, precisely the
area where more SIRGAS-CON stations were added and
where there are more radiosondes with data available to
be used in validation in the southern hemisphere. Oppo-
sitely, in the south of the United States, Central America
and the Caribbean, there is a lot of blue diamonds, which
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Figure 9: Radiosondes used in the validation of GPD+ WTC for CS2 (blue points), S3A (red diamonds) and S3B (yellow points).

represent radiosondes where no difference was verified.
This is expected, as it was an area already densely covered
by IGS and SuomiNet stations, which means that the infor-
mation added is most of the time redundant. Only one
radiosonde had a higher RMS of differences after the inclu-
sion of SIRGAS-CON, located in the Brazilian northeast
coast, represented by the red diamond in Figure 11.

To go further into this analysis, the number of former
GNSS stations in the GPD+ dataset before the inclusion of
SIRGAS-CON stations and the number of SIRGAS-CON
stations that were added within a 100 km radius of each
radiosonde were counted. Thus, it is possible to analyze
the relationship between the behavior of the RMS of
the differences with each radiosonde considering the
number of former GPD+ stations and the number of
added stations.

To perform this analysis, an index was created to
measure the impact of SIRGAS-CON stations on the RMS
of ZWD differences with radiosondes, where the index
value is a ratio given by the number of SIRGAS-CON sta-
tions added to GPD+ divided by the number of former GPD
+ stations, within a radius of 100 km from the radiosonde.
When the number of former GPD+ stations is equal to zero,
it is not possible to calculate the ratio, then, particularly in
this case, the index assumes the number of added SIRGAS-

CON stations (i.e. equivalent to the number of former GPD+
stations equal to 1).

Three cases are possible: (1) index values between O
and 1 indicate radiosonde locations that have more GPD+
stations than SIRGAS-CON stations in their surroundings;
(2) for radiosondes that have more SIRGAS-CON stations
added than former GPD+ stations, the index assumes a
value greater than 1; or (3) in cases where the number
of stations from both networks is the same, the index
assumes the value of 1.

In case (1), the difference of RMS does not change or
decrease at most 0.1cm. In case (2), the impact ranges
from zero (no impact) to a decrease of up to 0.5cm. In
case (3), the differences of RMS ranges from —0.1 cm (for
the only one station represented by the red diamond in
Figure 11) to 0.3 cm.

The same analysis was performed for S3A and S3B
and shows similar results. Although the number of radio-
sondes used in the validation of the GPD+ WTC for the
altimetry points of these two satellites is about 7 times
lower than for CS2, they show similar trends. Only one
radiosonde, used in the validation of S3B, had a degrada-
tion in the RMS of differences after the inclusion of the
SIRGAS-CON stations, corresponding to an RMS increase
of 0.1cm.
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Figure 11: Radiosondes with RMS improvement (green diamonds), with no RMS change (blue diamonds) and with RMS degradation (red

diamond) for GPD+ 2 WTC in relation to GPD+ 1 WTC for CS2.

Out of a total number of 78 radiosondes for CS2, 13 for
S3A and 11 for S3B, 30 had a decrease and only 2 had an
increase in the RMS values after the inclusion of SIRGAS-
CON stations. It is important to highlight that the majority
of the radiosondes that did not have any changes in the
RMS are located in areas that are already highly densified
in the GPD+ network, making the SIRGAS-CON stations
information redundant or not impactful.

The results show that the more SIRGAS-CON stations
are added, the lower RMS of the differences with radio-
sondes than without them. It is also shown that the more
GPD+ stations already exist at a given location where
SIRGAS-CON stations are added, the less impact the
SIRGAS-CON stations have on the WTC GPD+ calculation,
and vice versa.

7 Discussion

The main objective of this work was to exploit the GNSS-
derived ZWD from SIRGAS-CON, to select and include
these stations in the database used by the GPD+ algo-
rithm for the estimation of the WTC for satellite altimetry

observations, to improve this correction for the Latin
America coastal zones and inland waters.

Considering this purpose, it was expected that the
SIRGAS-CON ZWD, derived from their ZTD, would have
a good accuracy and stability, compatible with the ZWD
derived from IGS network and from ERA5 NWM.

The assessment of the SIRGAS-CON ZWD was carried
out by comparisons with the corresponding ZWD from
the IGS common stations and with the ZWD computed
from the ERA5 model.

Regarding the first comparison, between SIRGAS-
CON ZWD and IGS ZWD, a set of 63 stations common to
both networks was analyzed. The means of the differ-
ences between the two solutions are in a range from -1
to 6 mm, which can be considered an indicator of the
good overall quality of the SIRGAS-CON ZWD. Results
for the StD of the ZWD differences show values between
3 and 16 mm, with only six of them having values greater
than 1cm. These results are in line with previous studies
with similar goals. Fernandes et al. (2013a), aiming to use
GNSS-derived tropospheric products in coastal altimetry,
performed an analysis of ZTD products using a 7 year
time series of 51 IGS and EPN common stations and
obtained 2.9 mm in mean and 5.2 mm in StD of the ZTD
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differences. Mackern et al. (2020) analyzed a 5-year time
series of 15 IGS and SIRGAS-CON common stations and
obtained a mean bias of —1.5mm and a mean RMS of
6.8 mm. The same authors obtained similar results in a
comparison with radiosondes data, obtaining a mean
bias of -2 mm and a mean RMS of 7.5 mm.

The selection of stations to be added to GPD+ was
based on a detailed analysis of the differences between
SIRGAS-CON ZWD and ERA5 ZWD both computed at the
station level.

A total of 366 stations were selected as eligible to be
included in GPD+. From a total number of 467 stations
with available ZTD, 38 stations were rejected and 63 were
not considered in the selection because they are already
included in the GPD+ estimations since they are part of
the IGS network.

Results show that, overall, there is a decrease in the
RMS of the differences between GNSS-derived WTC and
the GPD+ solution after the addition of the SIRGAS-CON
stations when compared to the differences with the pre-
vious solution, for the three evaluated satellite altimetry
points. The impact is greater at the points closer to the
coast, reaching a 2 mm decrease in RMS, extending up to
25km away from the coast for points in S3A and S3B,
while for CS2, this impact is up to 70 km. This happens
due to the characteristics of GPD+ processing for CS2,
which does not use on-board MWR measurements as
input. MWR start to fail when they reach approximately
30km away from the coast, therefore, for longer dis-
tances, valid MWR measurements are already used for
S3A and S3B, reducing the weight of GNSS observations
in the GPD+ estimations for these satellites.

An independent validation with radiosondes was
also carried out and the results show an improvement
for the study region, especially for S3B, for altimetry
points up to 20 km away from the coast. The RMS analysis
of the points grouped in categories of distance away from
the coast did not present significant results for the S3A
and CS2 satellites; therefore, a local analysis, just for the
points within a radius of 100 km of distance from each
radiosonde, was performed.

In this analysis, it is possible to notice that there is an
improvement in the RMS values, especially in the points
around radiosondes where more SIRGAS-CON stations
were added and where there were fewer former GPD+
stations. The decrease in RMS reaches up to 0.5 cm for
some radiosondes. The results of this validation are in
agreement with the GNSS non-independent assessment
performed previously and reinforce the conclusion that
SIRGAS-CON stations improve GPD+, thus achieving the
proposed objective of this work.

WTC for satellite altimetry using SIRGAS-CON products = 227

The intention is to continue the exploitation of other
regional networks in the future, in regions of the planet
that still lack WTC observations, to improve the GPD+
performance also in these regions. Southeast Asia, Japan
and Oceania, regions characterized by the presence of
many islands, are prone to MWR failure and still have
few GNSS stations in the GPD+ database; thus, a densifi-
cation in these regions is needed to improve WTC in their
coastal zones. The African continent, in addition to having
one of the most extensive coast in the world, has large
inland water bodies, such as Lake Victoria and Lake
Tanganyika, but it has very few GNSS stations in its
territory.

It is also expected that more stations will be added to
existing networks and that new networks will be created
in the future; then, there will be a good coverage of GNSS
stations in all regions of the planet, which will provide
more information to improve the WTC estimation and
consequently satellite altimetry products.
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