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Abstract

Satellite laser ranging (SLR) constitutes a fundamental space geodetic technique providing global geodetic parameters, such as
geocenter coordinates, Earth rotation parameters, and low-degree gravity field coefficients. The tropospheric delay correction
is one of the crucial corrections that have to be taken into account when processing SLR data. Current conventional models
of the troposphere delays assume a full symmetry of the atmosphere above SLR stations. Neglecting horizontal gradients
in SLR solutions introduces a systematic error in SLR products, especially for the observations at low elevation angles, and
leads to a deterioration of the consistency between SLR and other space geodetic techniques, such as global navigational
satellite systems and very-long-baseline interferometry. We derive new mapping function coefficients, as well as first- and
second-order horizontal gradients, all of which are based on numerical weather models, in order to properly consider the
azimuthal asymmetry in SLR solutions. We test the enhanced mapping function and horizontal gradients on the solutions based
on 11 years of SLR observations to LAGEOS-1/2 satellites and 1 year of SLR observations to Sentinel-3A. The consideration
of azimuthal asymmetry of the atmosphere above the SLR stations has a systematic effect on SLR-derived products, such
as station and geocenter coordinates and pole coordinates. Horizontal gradients in SLR solutions improve the consistency
between SLR-derived pole coordinates and the combined IERS-C04 series by means of reducing the offset for the X and Y
pole coordinates by 20 pas. The second-order horizontal gradients are negligible in SLR solutions; thus, including first-order
gradients is sufficient for SLR solutions.
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1 Introduction

The atmospheric refractivity is one of the most important fac-
tors of observation corrections in space geodetic techniques.
The currently used troposphere delay model in SLR obser-
vations comprises the estimation of the tropospheric delay
dam as a product of the delay in the zenith direction dj,,
based on the model derived by Mendes and Pavlis (2004)
and the mapping function commonly used for laser data
(Mendes et al. 2002), m(e). A similar functional model con-

sisting of the zenith delay and the mapping function with
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different coefficients is widely used for processing global
navigational satellite system (GNSS) data (e.g., Bohm and
Schuh 2007; Bohm et al. 2015) and very-long-baseline inter-
ferometry (VLBI) data (e.g., MacMillan and Ma 1997; Niell
2000; Rocken et al. 2001; Nilsson et al. 2017; Heinkelmann
etal. 2018; Landskron and Bohm 2018a, b). However, only in
SLR solutions the troposphere delay model consists of zenith
delay and the mapping function disregarding the actual state
of the atmosphere at the site due to assuming full symmetry
of the atmosphere above the station.

Recent studies of atmospheric refractivity show that the
best results are obtained when considering the impact of the
atmosphere azimuthal asymmetry (e.g., Bohm et al. 2010;
Landskron and Bohm 2018b). Due to different local condi-
tions and the variability of atmospheric conditions, the best
results are obtained when utilizing higher-order horizontal
gradients (Balidakis et al. 2018; Landskron and B6hm 201 8a;
Masoumi et al. 2017).
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The SLR technique is the only one space geodetic tech-
nique which employs optical laser measurements and thus
has a different sensitivity to the atmospheric refractivity
when compared to microwave GNSS or VLBI observa-
tions. The impact of the wet delay on the SLR observations
is about 70 times smaller than on GNSS observations,
whereas the impact of the hydrostatic delay has a similar
order for SLR and microwave data. The hydrostatic delay
is typically well measured and modeled; thus, the tropo-
sphere delay modeling in SLR solutions does not require
estimation of any additional parameters. The SLR delay
modeling is based on meteorological measurements simulta-
neously performed with SLR observations that are introduced
to models proposed by Mendes and Pavlis (2004) with
FCULa.

Hulley and Pavlis (2007) proposed a method of tro-
posphere delay modeling for SLR data based on direct
ray-tracing utilizing numerical weather models (NWMs)
derived from atmospheric infrared sounder (AIRS) to prop-
erly consider the impact of the azimuthal asymmetry. They
found that neglecting horizontal gradients may provide to
a deterioration of SLR observations at the level of 50 mm
at 10° elevation angles. Hulley and Pavlis (2007) compared
different methods of applying horizontal asymmetry of the
troposphere above SLR stations. The 3D ray-tracing method
based on European Centre for Medium-Range Weather Fore-
casts (ECMWEF) resulted in the relative reduction of the
variance of 23%, whereas adding ray-trace gradient cor-
rection to the standard solutions reduced the variances by
11%. However, the method employing the 3D ray-tracing
for each SLR observation has never been employed for oper-
ational products. Therefore, simpler solutions with adding
gradient corrections are preferable despite their lower accu-
racy.

Wijaya and Brunner (2011) proposed a promising method
based on two frequencies of SLR observations to estimate
laser beam propagation delay in the atmosphere and water
vapor effects. However, this approach requires the precision
of measurements at the level of a few micrometers which is
beyond the current SLR stations’ capabilities. Only two SLR
stations, Zimmerwald and Concepcion, were performing
simultaneous SLR observations at two wavelengths. Cur-
rently, two-frequency SLR observations are practiced only
intermittently due to the need of employing two independent
detectors and due to the fact that the infrared detectors are
typically characterized by lower accuracy than detectors for
green lasers (Courde 2016).

Boisits et al. (2018) introduced so-called Vienna Mapping
Function-3 for optical frequencies (VMF30) and proposed a
separation of the SLR mapping function into hydrostatic and
wet components, instead of using a common mapping func-
tion coefficients as in the case of FCULa. Moreover, Boisits
etal. (2018) performed a test employing the wet zenith delay
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based on numerical weather models and hydrostatic zenith
delay based on Mendes and Pavlis (2004) model and meteo-
rological data collected at SLR stations. This hybrid approach
reduced the SLR residuals for the majority of SLR stations;
however, the initial tests were performed only for 1year
(2005).

Drozdzewski and Sosnica (2018) confirmed that SLR
observations are sensitive to atmospheric asymmetry through
the estimation of horizontal gradients from SLR observa-
tions as additional parameters. The long-term mean values
of horizontal gradients derived from SLR observations show
a good agreement with the NWM and a moderate agree-
ment with GNSS-derived gradients. However, increasing
the number of estimated parameters in SLR solutions has
a negative impact on SLR station coordinate repeatability;
thus, the number of estimated parameters should be min-
imized to avoid the deterioration of other parameters due
to a low number of SLR observations when compared to
GNSS.

Today, the SLR technique faces the challenging require-
ments posed by the Global Geodetic Observing System
which requests 1 mm of stations coordinates stability and
0.1 mm/year of station velocity stability. The International
Earth Rotation and Reference Systems Service (IERS) Con-
ventions 2010 (Petit and Luzum 2011) suggest that one
of the limiting factors in SLR solutions is due to neglect-
ing the horizontal gradients in troposphere delay models.
Fulfillment of this condition is needed for high-quality ref-
erence frames which will be employed, for instance, for
monitoring glaciers’ melting and to improve the consis-
tency between space geodetic techniques (Plag and Pearlman
2009). Adding gradient corrections to standard models is
practiced in individual technique solutions of space geodesy,
such as GNSS solutions. However, the impact of neglecting
horizontal gradients on the geodetic parameters estimated
from SLR observations has not yet been assessed, including
the impact on geocenter coordinates, stations coordinates,
Earth orientation parameters, and the global scale.

The paper has the following structure: In Sect. 2, we
describe the current status of troposphere delay modeling
in SLR measurements and introduce the Potsdam Map-
ping Function (PMF) as well as horizontal gradients derived
from NWM dedicated for optical frequencies. In Sect. 3,
we describe the results of utilization of PMF with first- and
second-order horizontal gradients on SLR-derived parame-
ters, such as station coordinates, geocenter coordinates, Earth
rotation parameters, and the global scale using SLR obser-
vations to LAGEOS. Subsequently, we introduce results
of PMF impact on SLR observations to the low-orbiting
satellite Sentinel-3A. Finally, in Sect. 4, we summarize the
results and introduce the best solution for the SLR commu-
nity.
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2 Methodology

2.1 The current status of troposphere delay
modeling in SLR measurements

The model recommended by the IERS Conventions 2010
(Petit and Luzum 2011) for troposphere delay modeling
in SLR solutions was originally proposed by Mendes and
Pavlis (2004) with the mapping function FCULa proposed
by Mendes et al. (2002). The recommended mapping func-
tions are based on the truncated form of the continued fraction
in terms of 1/sin(e) (Marini 1972):

aj
az

14+ a3
= ()

az

1+
1+

m(e) =
sine +

sine + ——
sine + az

where e describes the elevation angle of an observation and
ay, az, a3 are the mapping function coefficients. The same
coefficients are used for the sum of the wet and hydro-
static zenith delay. The mapping function coefficients were
estimated at 22 elevation angles (from 3° to 10° with 1°
resolution and from 10° to 90° with 5° resolution). The
parameterization of FCULa requires meteorological infor-
mation about surface temperature #,, station latitude ¢, the
orthometric height H. The values of coefficients a;, with i
being equal to 1,2,3, read as:

aj = ajo +aj1 -ty +aip-cosg +a;3 - H 2)

The mapping function coefficients were derived using
lyear of radiosonde data (1999). The RMS for FCULa is
equal to 1 mm, 4 mm, and 16 mm, respectively, for elevation
angles equal to 15, 10° and 6°. The procedure is described
precisely by Mendes (1999). The main limitation of this
model is neglecting the modeling of horizontal refractivity at
a site, which can be described through horizontal gradients
(Hulley and Pavlis 2007).

2.2 Potsdam Mapping Function (PMF)

Different characteristics of optical SLR wavelengths (usu-
ally equal to 532 nm) in comparison with GNSS and VLBI
techniques require the dedicated approach of troposphere
delay modeling including the determination of horizontal
gradients. SLR observations are performed only in cloudless
weather conditions. As a result, the number of observa-
tions is limited and it falls in the range from a few to 400
observations per week for one station. Therefore, the num-
ber of estimated parameters from SLR should be limited

to the necessary minimum. Retrieving troposphere param-
eters including horizontal gradients from SLR observations
as additional parameters leads to the deterioration of other
geodetic parameters despite reducing the residuals and a good
agreement between NWM gradients and SLR-derived gra-
dients (Drozdzewski and So$nica 2018). Due to this fact,
we propose to extend the currently used troposphere delay
model by adding horizontal gradients derived from NWM.
Figure 1 shows the difference between the North gradient
derived for SLR observations (right) and microwave obser-
vations (left) based on NWM. Due to different sensitivities to
the wet delays in SLR and microwave techniques, more fine
structures of the gradient are visible for microwave gradients
that are also characterized by high temporal variabilities. The
SLR gradients are much more predictable as they are dom-
inated by the atmospheric pressure (the hydrostatic part);
however, the longest wavelengths for SLR and microwaves
are consistent. The high predictability of atmospheric pres-
sure, which dominates in the SLR delays, allows generating
horizontal gradients based on NWM and introducing them
as a priori models to the SLR solutions. In this way, the esti-
mation of additional parameters in SLR solutions is avoided,
thus stabilizing the SLR solutions.

The PMF coefficients are derived using ray-tracing algo-
rithm developed by Zus et al. (2014) and NWM. For each
station, 120 slants factors were computed with time resolu-
tion equal to 6 h. In this paper, we examine three approaches
of new troposphere delay model for SLR in comparison with
the standard troposphere delay model that is currently rec-
ommended by the IERS Conventions. In the first case, the
mapping function will be replaced by a mapping function
derived from a NWM, hereinafter referred to as PMF (for
details, see Zus et al. 2015), with employing the zenith delay
(d%.,) that is based on the Mendes and Pavlis (2004) model

atm
and meteorological records registered at SLR stations:

datm = dyy, - mpmr(e) 3)

In the second case, we use the same (d;,,,) and PMF and
additionally the associated discrete linear PMF horizon-
tal gradients with the Chen and Herring (1997) mapping
function mg that was originally dedicated for microwave

observations:

dasm =d, - mpmr(e)+(Gn - cos A + G - sin A) - mg(e)
4)

where G y and G g describe the first-order discrete horizontal
gradients, the North and East components, respectively, for
the azimuth A. In the third case, we use the dZ,, multiplied
by the PMF with the first- and the second-order horizon-
tal gradients including Gyy, GNE, and Ggg (Dousa et al.

2016):
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Fig. 1 Comparison of the horizontal gradient distribution for SLR
observations (right) and for GNSS observations (left) derived from ray-
tracing in one 6-h model with the resolution of 0.5° x 0.5° for 14 May,

datm = d, - mpmEe(e) + (G - cos A
+GE-sinA+Gyy - cos? A
+GNE -cosA-sin A+ Ggg - sin A) -mg(e)  (5)

In equations 4 and 5, mg denotes the Chen and Herring
(1997) mapping function for horizontal gradients:

1
me(€) = @) tan(e) £ 0.0032 ©

Despite that the PMF model contains also the zenith
delays, the Mendes and Pavlis (2004) model is used in all
cases. This is dictated by the fact that the zenith delays can
be better modeled using the meteorological measurements
collected at SLR stations simultaneously with SLR mea-
surements than when using NWM. Table 1 characterizes the
derivation of mapping function coefficients and correspond-
ing gradients.

The tropospheric model consists of mapping function
coefficients aj, az, a3 (Eq.1) and horizontal gradients of
the first and second orders (Eqgs.4 and 5). The tropospheric
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2017. Top figures show the North gradient component, whereas the
bottom figures show the East gradient component

Table 1 Characteristic of tropospheric parameter estimation

Parameter Description

Ray-tracing software GFZ DNS tool (Zus et al. 2014)
Ray-tracing method 2D

Data source (NWM) ERA-Interim

NWM horizontal resolution 0.5° x 0.5°
Elevation angles 3,5,7,10, 15, 20, 30:20:90
Azimuth angles 30

parameters are estimated for all SLR stations with time res-
olution equal to 6h. Details on the tropospheric parameter
estimation are provided in Appendix of Dousa et al. (2016).

Figure 2 presents the mapping function coefficients
derived from FCULa (Mendes et al. 2002) troposphere delay
model (in black) and PMF model (in blue) for the period
2007.0-2008.0. Figure 2 shows the example of two stations:
one from the northern hemisphere (Graz, left) and one from
the southern hemisphere (Yarragadee, right). The a; coeffi-
cient (top left) derived from FCULa assumes higher values
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Fig.2 Comparison of mapping function coefficients, aj, az, a3 derived
from FCULa and PMF mapping functions for the year 2007
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Fig. 3 Differences between PMF and FCULa mapping functions pro-
jected onto elevation angles of 10°, 15°, and 20° as a function of time
in 2007 for four core SLR stations: Graz and Zimmerwald from the
northern hemisphere and Yarragadee and Mt Stromlo from the south-
ern hemisphere

than the PMF function. The a, and a3 coefficients are shifted
toward positive values in case of FCULa by about 5% and
6%, respectively, when compared to PMF. The coefficients
a> and a3 for Graz (7839), moreover, show a clear annual

signal in PMF, which is remarkably smaller in the case of
FCULa.

For 7090 and the a; coefficient, the FCULa is character-
ized by a large temporal variability, whereas PMF seems to
be much more smoothed. The differences at the mean level
of 5% of the a; coefficient lead to a difference of 5 mm of
the slant delay for the elevation angle of 15°. This difference
is significant as it does not allow achieving the GGOS goals
requesting for sub-millimeter accuracy for models used in
geodetic data reduction. The maximum difference between
PMF coefficients derived from NWM and FCULa is at the
level of 14% for the a; coefficient.

Figure 3 shows the differences in tropospheric delays at
the elevation of 10°, 15°, and 20° calculated on the basis
of FCULa and PMF coefficients for 2007. For two stations
located in the northern hemisphere, Graz and Zimmerwald,
a clear annual pattern is visible in differences. During the
summertime, FCULa assumes greater values than the PMF
model, whereas, in the winter, PMF is greater than FCULa.
For two stations from the southern hemisphere, the effect is
opposite but not as prominent as in the case of European sta-
tions. One has to bear in mind that FCULa is based mostly
on the temperature readings from the SLR stations (#; from
equation 2), whereas the PMF coefficients consider the full
atmospheric state for 10 different ray-directions. Differences,
such as those shown in Fig. 2a, may cause systematic annual
effects in all SLR-derived parameters. Figure 4 shows the
asymmetry of the tropospheric delays using first- and second-
order gradients calculated as a long-term mean in 2007 and
plotted as a function of the local azimuth. Typically the effect
of gradients reaches the level of 12 mm for 10° of the ele-
vation angle. For most of the SLR stations, the first-order
gradients are fully sufficient to capture most of the atmo-
sphere asymmetry. For Arequipa, the second-order gradients
change, however, significantly the total effect, and the max-
imum value of asymmetry reaches 24 mm when compared
to 12 mm when considering only the first-order gradients.
However, most of the SLR observations to LAGEOS are col-
lected above the elevation angle of 10°; thus, the total effect
of the atmosphere asymmetry is smaller. From the analysis of
the differences between the first- and second-order gradients,
we conclude that for most of the SLR stations using the first-
order gradients should be sufficient. However, we perform
a series of tests of differences between solutions with and
without second-order gradients and their impact on global
geodetic parameters to provide recommendations.

2.3 SLR observations

We process 11 years of SLR observations to passive geodetic
satellites LAGEOS-1 and LAGEOS-2 for the period 2007.0
to 2018.0 to validate different ways of troposphere mod-
eling. The satellites orbit at the heights of 5.860 km and
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Grasse Yarragadee Table 2 List of estimated parameters from LAGEOS-1/2 solutions
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Fig. 4 Horizontal gradients of the first- and second-order projected
onto 10° elevation angle for selected stations: Grasse, Monument Peak,
Arequipa, and Zimmerwald

5.620 km with inclination angles equal to 109.84° and 52.62°
for LAGEOS-1 and 2, respectively (Pearlman et al. 2019).
The processing is performed using a modified version of the
Bernese GNSS software (Dach et al. 2015) which allows for
extended troposphere delay modeling for SLR data includ-
ing PMF and horizontal gradients. Station coordinates for
the test period are realized using the a priori reference frame
SLRF2014 with modeling the post-seismic deformation for
the same set of the stations as in the International Terrestrial
Reference Frame ITRF2014 (Altamimi et al. 2016). We apply
the no-net-rotation and no-net-translation constraints on the
set of verified core stations following the list from the Inter-
national Laser Ranging Service (ILRS) Data Handling file.
The station-specific center-of-mass corrections for LAGEOS
satellites are used as detector- and time-specific. Range biases
are estimated only for selected stations according to the
ILRS Data Handling recommendations. The remaining mod-
els used in the presented solution are consistent with the
standards used by the ILRS Analysis Standing Committee
with details described by Drozdzewski and Sos$nica (2018).

Hulley and Pavlis (2007) studied the impact of troposphere
asymmetry on SLR observation residuals. In this study, we
analyze the impact of employing troposphere gradients not
only on SLR residuals, but also on estimated global geodetic
parameters, such as pole coordinates, length of day (LOD),
station coordinates, and geocenter coordinates, as listed in
Table 2. UT1-UTC is parameterized as piecewise linear
with the middle parameter fixed to the IERS-C04-14 series
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3 Results
3.1 Analysis of observation residuals

We analyze SLR observation residuals from the period
2007.0 to 2018.0. In total, over 1.5 million observations
to passive satellites, LAGEOS-1 and LAGEOS-2, were col-
lected by 49 SLR stations. Figure 5 shows the differences of
standard deviations of observation residuals (STD) between
PMF (Eq. 3), PMF with first-order gradients (O1, Eq.4), and
PMF with the first- and second-order gradients (O1+ 02,
Eq.5) with respect to the standard solution based on the IERS
conventional models (FCULa without gradients, Eq. 2). The
negative value denotes the improvement of the PMF solutions
with respect to the IERS conventional approach that is based
on FCULa. The largest improvements at the level of 0.2 mm
are obtained for stations Graz and Grasse. The STD of SLR
observations for best-performing SLR stations is at the level
of 6-8 mm; thus, 0.2 mm of the difference corresponds to
about 3% of the improvement for all observations or 9% of
the variance improvement which is consistent with results
provided by Hulley and Pavlis (2007). Moreover, we see in
Fig. 5 an insignificant difference between solutions with the
first-order horizontal gradients (O1) and higher-order hori-
zontal gradients (O1 4 O2). For the majority of the stations,
we observe a moderate improvement due to using the PMF
with the magnitude up to 0.05 mm for Graz and a considerable
improvement of residuals due to using horizontal gradients
(O1). Only for some stations, such as Hartebeesthoek and
Haleakala, a minor degradation of solutions is present when
using PMF or PMF with gradients. A degradation when using
PMF is observed for the Riga station; however, this station is
affected by substantial range biases (e.g., Arnold et al. 2018).
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Fig. 5 Differences between standard deviations of SLR residuals to
LAGEOS-1/2 derived from solutions with PMF mapping functions and
the standard solution (FCULa without gradients). The negative values
correspond to a reduction of observation residuals in PMF solutions.
All values in mm

Figure 6 presents box plots of residuals for observations
collected at low elevation angles, that is below 15°. Not all
SLR stations track LAGEOS satellites below 15° and only
one station, Grasse, tracks satellites down to 7° of the ele-
vation angle. Some stations, such as Herstmonceux, track
satellites only down to 30° at daytime and 25° at night-
time because otherwise special permissions are required for
SLR tracking at stations located in the international airport
proximities. Figure 6 shows improvements of interquartile
range (IQR) for solutions with horizontal gradients (O1 and
01+ 02). The main improvement for single observation
residuals is up to 6 mm. For the station Yarragadee, which
belongs to the most productive laser stations, we see an

improvement of IQR at the level of 1.5 mm for solutions
considering horizontal gradients. For the station Grasse, we
see an improvement of IQR at the level of 1.7 mm for solu-
tions when considering first-order horizontal gradients. The
value of IQR for the solution with higher-order horizontal
gradients (PMF + O1 4 O2) is the same as in solutions with
first-order gradients (PMF +- O1); however, the median value
(offset) increases by 2 mm when adding the second-order gra-
dients. For Graz, the IQR reaches 12 mm for solutions with
the first-order horizontal gradients, whereas the IQR for the
standard FCULa solution is by 1.1 mm larger. For the station
Greenbelt, we observe a small deterioration of IQR of SLR
residuals; however, the number of outliers is reduced and
the median value for solutions with the first-order horizontal
gradients is closer to zero when compared to the standard
FCULa solution.

3.2 Station coordinates

We analyze the impact of horizontal gradients on the stabil-
ity of estimated station coordinates as differences between
solutions with PMF models and the standard FCULa solu-
tions. Figure 7 shows the effect on core SLR stations. The
main impact of horizontal gradients is noticed for the North
component and reaches up to 5% for stations Yarragadee
and Greenbelt. However, we also observe a deterioration for
the station Wettzell at the level of 2%. However, one has
to keep in mind that station Wettzell during the analyzed

Fig.6 Box plots of SLR Yarragadee Grasse
observation residuals to 40 T T T I T E:
LAGEOS-1/2 including only e ol i + j_ F _:_ 3
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. | 1
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Fig. 7 Differences of stations coordinate repeatability between solu-
tions based on PMF with respect to the standard solution based on
the IERS models (FCULa, no gradients). The negative value denotes
improvements for solutions based on the PMF models; positive values
correspond to a better repeatability in the standard IERS solution

period had some technical issues with pressure records and
detectors, and in the result, a special handling with the esti-
mation of range bias is recommended for this station by the
ILRS Analysis Standing Committee (ILRS Analysis Stand-
ing Committee discussion 2018, Riepl et al. (2019)). The
maximum value of the improvement for the East component
due to PMF amounts up to 5% for the station Graz. Only
for stations Herstmonceux and Wettzell, we do not observe
notable improvements.

The impact of PMF and horizontal gradients is illustrated
in Fig. 8 for the station Yarragadee, which has provided
the largest number of solutions in the analyzed period. We
observe the main impact of PMF, as well as horizontal gradi-
ents on the North coordinate component, which is consistent
with Fig. 1 showing the ‘bulk’ of the atmosphere near the
equator that leads to a systematic gradient with a dominat-
ing North component. The amplitude of the annual signal is
equal to 0.7 mm for a solution with PMF 4 Ol1 for the North
component when compared to the standard FCULa solution
(see Fig. 1). The differences of the estimated station coordi-
nates reach the level of 2 mm, 1.2 mm, and 0.2 mm for the
North, East and Up components, respectively (see Fig. 9).
The East component is affected more by adding first-order
gradients (up to 0.9 mm) than when changing the mapping
function (up to 0.3 mm).
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Fig. 8 Differences of estimated station coordinates for the Yarra-

gadee station (7090) between standard FCULa solutions and solutions
employing PMF (red), PMF + Ol (green), and PMF+ O1 + O2 (blue)
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Fig. 9 Impact of first- and second-order horizontal gradients on esti-
mated station coordinates of the Yarragadee station

The Up component is affected to the lesser extent because
in all solutions the same zenith delay function is employed
with differences only for the mapping function and gradients,
which affect most the low elevation observations and thus
the horizontal station components. Figure 9 shows that the
currently neglected gradients of the troposphere delay cause
differences in estimated station coordinates at the 1-2 mm
level.

3.3 Earth rotation parameters derived from SLR

SLR station coordinates are derived in the terrestrial ref-
erence frame, whereas the estimated LAGEOS orbits are
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Fig. 10 Differences of Earth rotation parameters between standard FCULa solutions and solutions including PMF models

given in the inertial, celestial reference frame. Transfor-
mation parameters between celestial and terrestrial frames
include nutation and precession parameters that are assumed
to be known, LOD and pole coordinates with sub-daily
tidal corrections. The estimated 1-day pole coordinates are
realized by the no-net-rotation constraint imposed on the
station coordinates derived from 7-day solutions. Figure 10
shows the differences between standard SLR solutions based
on FCULa and solutions with PMF, PMF with first-order
gradients, and PMF with first- and second-order gradients.
Changing the mapping function from FCULa to PMF has
no systematic effect on estimated pole coordinates because
the mean differences do not exceed 1 pas. Only a small sys-
tematic effect is visible for the LOD component with the
amplitude of the annual signal at the level of 0.2 js/day.
The situation is completely different when comparing the
solution with gradients (PMF + O1) to the standard solution
(see green line in Fig. 10). The X and Y pole coordinates
are systematically shifted by 20 and 24 pas, respectively,
due to considering the first-order gradients. The second-order
gradients have a minor impact below 1 pas. The horizontal
gradients introduce also an annual signal in the differences
with the amplitude of up to 4 jas. The Earth rotation param-
eters are thus systematically different between each other
when considering and neglecting a priori troposphere gradi-
ents.

To address the question which solution is better: with or
without gradients, we compare pole coordinates derived from
SLR solutions with the combined IERS-C04-14 (Bizouard
et al. 2018) series published by the IERS. The IERS-C04-14

series is based on four space geodetic techniques, where the
dominating impact on pole coordinates comes from GNSS
and the dominating impact on UT1-UTC and LOD comes
from VLBL

Table 3 shows the differences between four solutions:
standard, PMF, PMF+ O1, PMF+ O1 4+ O2 with respect to
IERS-C04-14. For solutions with horizontal gradients, we
see an improvement of the mean offsets from 22 to 2 pas,
and from 38 to 14 pas for the X and Y components of pole
coordinates, respectively. The spectral analysis of the differ-
ences with CO4 (not shown here) provides a reduction of the
amplitude of the annual signal for solutions with horizontal
gradients for the X component at the level of 4 pas, which
means that the SLR solutions including horizontal gradients
become closer to the IERS-C04-14 series and thus to other
space geodetic techniques.

In the considered period, 2007-2018, the number of
weekly LAGEOS solutions is n = 574. The RMS of dif-
ferences of the X and Y pole coordinates from one weekly
solution is at the level of 160-185 pas. Assuming the equal
weights for all pole coordinate solutions o;, the error of the
mean pole offset from SLR 0peqn reads as:

Oj

o = —.
mean ﬁ

Hence, the error of the mean SLR pole offset for the X and
Y components based on 574 weekly solutions is at the level
of 7 and 8 pas, respectively. Thus, one can conclude that the
horizontal gradients of troposphere delay have a significant
impact on estimated pole coordinates of 20 and 24 pas for

N
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Table 3 Differences between

estimated Barth rotation Solution X-pole [pas] Y-pole [pas] LOD [ws] Number of solutions
parameters from LAGEOS-1/2 Offset Sigma Offset Sigma Offset Sigma
and the IERS-C04-14 series
with the long-term offset and the Standard 22 7 38 8 =71 5 574
formal error (sigma) of the PMF 23 7 38 8 —-77 5 574
long-term offset PMF + 01 2 7 14 8 -76 5 574
PMF+01+02 2 7 14 8 -75 5 574
. . + PMF
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Fig.11 Differences of geocenter coordinates between PMF solutions and the standard FCULa solution with a spectrum analysis of the corresponding

differences

the X and Y components, respectively, based on t-test with
the confidence intervals 1 — o = 0.95. On the other hand,
the impact of the second-order gradients and PMF mapping
function does not significantly change the mean pole coordi-
nates derived from SLR observation to LAGEOS.

3.4 Impact of horizontal gradients on geocenter
coordinates

SLR is one of space geodetic techniques that provides
information about the geocenter motion. Currently, the SLR-
derived geocenter motion is superior when compared to other
techniques, such as GNSS, low-orbiting kinematic solu-
tions (Tseng et al. 2017) or inverse methods (Glaser et al.
2015), due to observations to passive geodetic satellites for
which the non-gravitational orbit perturbations are mini-
mized thanks to low area-to-mass ratios.

@ Springer

The geocenter coordinates are determined by the no-
net-translation constraint imposed on the SLR core stations
which allows the SLR stations to have their origin in the
SLRF2014 reference frame origin and the LAGEOS orbits
to have their origin in the Earth’s center of mass. Again, we
compare SLR solutions based on PMF, PMF+ O1 as well
as PMF+ 01 4 02 with respect to the standard SLR solu-
tions based on FCULa. Figure 11 shows that both changing
the mapping function and including gradients have a sub-
mm effect on estimated geocenter coordinates. PMF has the
impact only on the Z component. Horizontal gradients affect
Y and Z components, whereas the X component seems to be
unaffected. The solution PMF +- O1 4 O2 is almost the same
as the PMF + O1 solution; thus, both solutions are overlapped
in Fig. 11.

The mean shift in solution with PMF+ 01402 is up
to 0.04, —0.13, —0.04 mm for the X, Y, and Z components
which suggests that the currently used origin of the ITRF



Troposphere delay modeling with horizontal gradients for satellite laser ranging 1863

Table 4 Differences of the

. . X Y Z
geocenter coordinates derived
from solutions: PMF, Offset Sigma Offset Sigma Offset Sigma
PMF + 01, and PMF+ 01+ 02
wrt. standard solution with the ~ PMF —0.003 0.004 ~0.010 0.003 —0.056 0.008
long-term offset and the formal PMF+ 01 0.039 0.013 —0.122 0.009 0.006 0.017
error(sigma) of the long-term PMF+01+02 0.035 0.013 —0.126 0.009 —0.038 0.017
offset [mm]
realization may be affected by neglecting the horizontal gra- 1t ' ' EmPVEF .
dients in SLR solution (Table 3). Even if the effect is at the =£ﬁ§ j: 81 + 02

sub-mm level with the amplitudes of the annual signal of up
to 0.2 mm (see Fig. 11), the misinterpretation of or neglect-
ing this effect may have the impact on a proper interpretation
of the geocenter motion. Geocenter coordinates are used to
correct satellite altimetry and gravimetry data derived, e.g.,
from Jason or GRACE missions Baur et al. (2013) and Desai
and Ray (2014). The magnitude of the sea-level rise is at the
level of 3.4 mm per year; thus, geocenter coordinates have to
be known with sub-mm accuracy and freed from systematic
effects to avoid a misinterpretation of the eustatic sea-level
rise. The mean offsets of the PMF 4 O1 solution with respect
to the standard solution exceed the 3-sigma values of the
long-term mean for the X and Y components and thus can be
considered as significant (see Table 4).

3.5 Impact of PMF on SLR observations to
Sentinel-3A

Sentinel-3A is equipped with a retroreflector array whose
main purpose is the validation of the GNSS orbits (Arnold
et al. 2018). The satellite orbits at the height of 804 km in the
sun-synchronous orbit with the inclination of 98.65°. Low-
orbiting satellites due to short distances (in direction close to
zenith) are more challenging targets to observe in the high
elevation angles by SLR stations, and thereupon, for these
segments of satellite passes more data are collected atlow ele-
vation angles, when compared to LAGEOS or GNSS passes.
Therefore, SLR observations to low-orbiting satellites are
particularly burdened with the impact of horizontal asym-
metry, mapping functions, and other issues related to proper
troposphere delay modeling.

We analyze the set of 1-year SLR observation residu-
als to satellite Sentinel-3A. SLR observations are compared
to 1-day GPS-based reduced-dynamic orbits determined by
the Astronomical Institute of the University of Bern in
Switzerland (AIUB) with correcting SLR biases and station
coordinates as described by Arnold et al. (2018). Sentinel-
3A is primarily the altimetry mission; thus, the GPS receiver
installed on board the satellite is of very high quality to guar-
antee the orbit quality in the radial direction better than 2 cm.
Sentinel-3A is thus a low-orbiting target intensively tracked
by SLR stations at low elevation angles with high-quality
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Fig. 12 Differences of interquartile observation residuals for selected
stations. The negative value describes the improvement

reference orbits, which make Sentinel-3A a very good target
for testing different approaches of SLR troposphere delay
modeling.

Figure 12 shows differences of IQR observation residuals
in PMF solutions with respect to the standard solution based
on FCULa. IQR values are more robust than RMS when
observations are affected by outliers. For stations Wettzell,
Matera, Zimmerwald, Potsdam, and Greenbelt, we observe
improvements of IQR at the level over 0.5-1.2 mm due to
using PMF or PMF with gradients. However, for the sta-
tion Haleakala in Hawaii, a deterioration of IQR at the level
of 0.7 mm is noticed. This fact may be caused by the poor
horizontal resolution of the underlying NWM in this loca-
tion. Nevertheless, the majority of analyzed stations shows
improvements for solutions with PMF and horizontal gradi-
ents.

In order to evaluate the impact of troposphere delay mod-
eling not only on observation residuals, but also on geodetic
parameters, we generated a solution with estimating station
coordinates. First, we set up daily normal equations including
SLR observations to Sentinel-3A in 2017 and station coordi-
nates for each station as parameters. The daily solutions were
generated for the standard FCULa solution, PMF, PMF + O1,
and PMF + O1 + O2. Then, we stacked all daily normal equa-
tions to generate one annual solution separately for solutions
with different troposphere delay handlings. Eventually, we
estimated parameters of the Helmert transformation between
different annual solutions. In this way, the whole effect of
including PMF and horizontal gradients is accumulated by
the station coordinates in Sentinel-3A solutions, as opposed
to the LAGEOS solutions, where the effect is distributed

@ Springer
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Fig. 13 Impact of first-degree horizontal gradients on selected station
coordinates. Stations are sorted w.r.t. increasing latitude starting from
the southern hemisphere
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Fig. 14 Helmert transformation parameters for the SLR station network
based on the SLR observations to Sentinel-3A GPS orbits in 2017.
Differences w.r.t the standard FCULa solutions

among all estimated parameters: station coordinates, geo-
center, Earth rotation parameters, and LAGEOS orbits.

Figure 13 shows results from the Helmert transformation
of the cumulative solution mentioned above, with station
coordinates and without estimating any additional param-
eters. We observe a dependency of systematic effects with
respect to the station latitude for the North and Up com-
ponents. The effect of the horizontal gradients is markedly
negative for stations located in the southern hemisphere and
positive for stations located in the northern hemisphere for
the North and Up components. The impact of neglecting tro-
pospheric horizontal gradients is in the range from —2 to
2 mm.

Figure 14 shows results from the Helmert transformation
of accumulated annual solutions using different modeling
approaches with respect to the standard FCULa solution. The
usage of the PMF causes a change in the scale of 3 mm,
whereas adding horizontal gradients changes additionally
the estimated scale by 0.4 mm. The impact of the PMF
and including horizontal gradients on translation parame-
ters, which correspond to the network origin shift (realized

@ Springer

only by observations to Sentinel-3A), are at the level of 1.3,
-0.8, and 3.3 mm for X, Y, and Z components, respectively.
These values are much larger when compared to the effect
on LAGEOS-derived geocenter motion. Figure 14 shows no
effect on rotation parameters. We may conclude that differ-
ent handlings of the troposphere delay may have the effect
on the SLR translation parameters from —0.8 to 3.3 mm for
targets such as Sentinel-3A characterized by a large number
of SLR observations at low elevation angles.

4 Conclusions and recommendations

The currently employed model for the SLR observation
reduction assumes a full symmetry of the troposphere above
SLR stations. This assumption causes a small but systematic
effect in SLR-derived products and inconsistency between
SLR and other space geodetic techniques. In this study, we
developed and tested the PMF dedicated to optical observa-
tions and the impact of associated first- and second-order
horizontal gradients of the troposphere delay. All tropo-
spheric parameters were estimated utilizing NWM data, but
the Mendes—Pavlis (2004) model was used for the zenith
delay. The PMF models were validated using 11 years of SLR
observations to LAGEOS-1/2 and 1 year of SLR observations
to Sentinel-3A with a special focus on observation residuals,
estimated station coordinates, Earth rotation parameters, and
geocenter coordinates; thus, the fundamental products were
derived from SLR.

The extended mapping function with horizontal gradients
improves the observations residuals for low elevation angles.
The interquartile ranges of SLR residuals to LAGEOS can
be reduced by even 1.7 mm, for SLR observations at the
elevation angles below 15°, which constitute 7% of the total
amount of observations in this campaign period.

Including first-order horizontal gradients changes the
estimated station coordinates at the millimeter to a few mil-
limeters levels. The largest effect up to 2 mm is for the North
component, whereas the East component is affected by up to
1.2 mm in the case of the Yarragadee station.

The differences between SLR-derived X and Y pole coor-
dinates and the combined, multi-technique IERS-C04-14
series are reduced by 20 and 24 Las, respectively. The mean
bias is reduced for the X pole component from 22 to 2 pLas and
for the Y component from 28 to 14 pLas for solutions with hor-
izontal gradients. The change of the mapping function from
FCULa to PMF has no significant impact on SLR-derived
Earth rotation parameters. Including the horizontal gradi-
ents in SLR solutions improves thus the consistency between
Earth rotation parameters derived from SLR and other space
geodetic techniques, such as GNSS and VLBI, which con-
sider the troposphere asymmetry in data processing.
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When processing SLR observations to low-orbiting satel-
lites, such as Sentinel-3A, the effects due to horizontal
gradients and network translations are more prominent due to
the greater proportion of SLR observations collected at low
elevation angles. For most of the SLR stations, the interquar-
tile observation residuals are reduced by 0.5-1.2 mm when
considering PMF with horizontal gradients with respect to
the standard SLR solution. The origin of the SLR net-
work realized only on Sentinel-3A observations is shifted by
—1-3 mm because of considering gradients; thus, it exceeds
the current target of GGOS station coordinate accuracy deter-
mination requested for global geodetic reference frames.
Hence, we propose to extend the currently used troposphere
delay model by considering the first-order tropospheric
horizontal gradients. We found that the second-order tro-
pospheric gradients have just small impact on SLR-derived
products. The second-order horizontal gradients bring mea-
surable results in dynamic weather conditions; however, the
SLR stations provide observations only in good and cloudless
conditions so that the second-order horizontal gradients can
be neglected to simplify the troposphere delay model and to
minimize the number of input parameters without deteriorat-
ing the solution. However, neglecting the first-order gradients
does substantially impact the SLR products.
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