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Abstract

Interferometric Synthetic Aperture Radar (InSAR) is a powerful tool for detecting ground deformation with millimeter precision.
However, atmospheric effects, particularly tropospheric delays, significantly degrade the accuracy of InSAR-derived measurements.
This study investigates elevation-dependent errors in tropospheric delay interpolation using Global Navigation Satellite System
(GNSS)-derived Zenith Tropospheric Delay (ZTD) data. Two GNSS networks with similar spatial configurations but different
elevation characteristics were analyzed to quantify the effect of altitude differences on interpolation accuracy. A novel correction
method was proposed to mitigate the elevation-induced bias by isolating and modifying the dry component of the ZTD using the
Saastamoinen model. Results demonstrate that this approach substantially improves interpolation accuracy up to 92% enhancement
in high-relief areas. The findings highlight the critical importance of considering elevation effects when integrating GNSS and
InSAR data for atmospheric delay correction, especially in mountainous regions.

1. Introduction

Interferometric Synthetic Aperture Radar (InSAR) provides
millimeter-level measurements of ground surface deformation.
Nowadays this technique is used for different applications such
as earthquakes (e.g., Bell etal,2012; Feng etal, 2010;
Jonsson, 2008; Jonsson et al., 2003; Massonnet et al., 1993;
Simons etal.,2002), volcanic activity (e.g., Amelung
etal., 2007; Plattner etal.,2013; Rivera etal.,2017; Ruch
etal., 2016; Sigmundsson etal.,2010), slow tectonic
movements (e.g., Cavalié & Jonsson, 2014; Elliott et al., 2008;
Walters et al., 2013; Wright et al., 2004), and extraction of the
subsurface fluids and mineral resources (e.g., Bawden
etal.,2001; Liu etal,2016; Yang etal,2017). however,
InSAR observations are strongly affected by atmospheric
conditions, particularly tropospheric delay. Troposphere effects
on InSAR observations can be corrected using different
approaches. These corrections can be divided into three groups:
i) empirical, ii) statistical, and iii) predictive corrections (Cao
etal., 2021). Empirical corrections try to reduce the
tropospheric effects by modelling the relationship between
topographic height and InSAR phase values (Bekaert,
et al., 2015a; Lin et al., 2010; Wicks, 2002). These methods can
be quite successful but do not work well when atmospheric
turbulence dominates the tropospheric effects (Liang
etal., 2018) and can be troublesome when the deformation is
correlated with topography (Delacourt et al., 1998). The second
category of corrections aims to mitigate tropospheric delays
based on time-series of SAR images or interferograms by using
statistical, geo-statistical, or adjustment algorithms, such as
stacking (Sandwell and Sichoix, 2000), a range of least-squares-
based methods with an empirical deformation model (Berardino
et al., 2002; Cao et al., 2017; Li et al., 2019), or spatio-temporal
filtering (Cao et al., 2019; Ferretti et al., 2001; Hooper, 2008).
Unfortunately, statistical approaches are usually not very
effective as they rely on averaging stochastic properties of the
spatio-temporal tropospheric delays and normally require a
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large number of SAR images for obtaining satisfactory results
(Cao etal.,2017; Siddique etal., 2018). The third group of
methods, predictive corrections, use auxiliary atmospheric
datasets to compute and correct the InSAR tropospheric delays.
Numerous algorithms have been presented that either use one
type or multiple different external atmospheric information from
local meteorological data (Li et al., 2004), GNSS measurements
(Houlie etal.,2016; Onn and Zebker, 2006; Webley
etal., 2002), satellite-based multispectral observations from
MERIS (MEdium Resolution Imaging Spectrometer onboard
ENVISAT satellite) (Li etal., 2009,2012) and MODIS
(MODerate resolution Imaging Spectrometer onboard Terra and
Aqua satellites) (Li, 2005), and weather models (Doin
etal., 2009; Foster etal., 2006; Hobiger et al., 2010; Jolivet,
Grandin, etal,2011; Liu et al,2009; Wadge et al., 2002).
Spectrometer measurements require collocated sensors and
cloud-free conditions and only available in daytime. Time
differences between radar and Precipitable Water Vapor (PWV)
data can be regarded as limitation. Moreover, the Spectrometer
cannot estimate the atmosphere's dry component and calculate
the wet part of the delay (Bekaert, etal., 2015b ). for the
numerical weather models such as ERAS (calculated by the
European Center for Medium-Range Weather Forecasting), The
low spatial resolution and the original mismatch in time
between the model and the SAR acquisition do not permit
addressing the turbulent component that takes place at lower
Spatio-temporal scales. Moreover, complex data processing can
be regarded as disadvantage of this method (Fattahi
and Amelung, 2015). Given the disadvantages mentioned for
these methods, using interpolated zenith tropospheric delay
(ZTD) values derived from GNSS networks, can be a more
accurate strategy to correct InSAR observations (Onn
and Zebker, 2006). Because ZTD is strongly dependent on
altitude, significant elevation differences between GNSS
receivers and the study area can reduce interpolation accuracy.
To evaluate this effect, in the third section we compared
interpolation accuracy in two GNSS networks with similar
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configurations (four surrounding receivers and one central
receiver) but different elevation characteristics. In the second
section we give some information about the networks structure
and in the fifth section, we applied a new algorithm that
integrates a physical model to account for elevation effects. This
algorithm improves the interpolation accuracy in both networks.

2. Case Studies

The case studies we are investigating are two networks with
similar configurations but different elevation characteristics. In
both of the networks, we have a central receiver that is
surrounded with four other receivers. The mean elevation
difference between the central and surrounding stations is 122
m in the first network and 1095 m in the second. The locations
of the networks and the receiver heights are shown in Figures 1
and 2.

Figure 1. The location of the first network and the receiver
heights.

Figure 2. The location of the second network and the receiver
heights.

The coordinates of the stations are given in Tables 1 and 2.

Station ID Latitude Longitude height
esl2 32°43'0.00"N | 51°37'58.00" | 1592.727 m
E
esl3 32°36'52.00" 51°36'58.00" | 1634.344 m

N E

esl4 32°42'38.00" 51°43'28.00" | 1565.116 m
N E

ejlas 32°35'30.00" 51°44'44.00" | 1578.326 m
N E

Central 32°36'55.23" 51°3922.44" | 1714912 m
receiver N E

Table 1. the coordinates of the stations in the first network.

Station ID Latitude Longitude height
dcut 40°24'45.94" 111°31'39.25" | 1797.279 m
N w
mout 41°2'46.38"N | 111°39'56.15" | 1609.799 m
w
mput 40°0'56.15"N | 111°38'1.07"W | 1829.155m
rbut 40°46'51.82" 111°48'31.54" | 1667.746 m
N w
Central 40°352.07"N 111°37'12.77" | 2823.995m
receiver W

Table 2. the coordinates of the stations in the second network.

3. Accuracy Assessment of Tropospheric Delay
Interpolation in the Networks

in order to investigate the accuracy of ZTD interpolation, we
determined zenith tropospheric delays for all stations by
processing GNSS observations using CSRS-PPP (Canadian
Spatial Reference System — Precise Point Positioning) online
service. It should be noted that ZTD values obtained by PPP
processing have an accuracy of about 2 mm to 5 mm (Dousa
and Bennitt. 2013) and are enough accurate for this study. Then
we used the equations (1) and (2) introduced in (Wubbena et
al., 1996; Varner, 2000) for interpolation of tropospheric delay.

T=ax+bv+c
ey

T=ax+bv+ch+d
)

in these equations T is the ZTD values, x and y are the
coordinates of receiver and h is the height of receiver. After
estimating the coefficients a, b, ¢ and d by least squares
estimation and using the ZTD values of surrounding receivers
as observations, we compute the interpolated ZTD values for
the location of central receiver in a 3000 seconds time period.
In order to evaluate the ZTD interpolation accuracy we compute
the Root Mean Square Error (RMSE) using the equation (3).

[ v

RMSE = JZL _NT'"JL

©)

In this equation I" is the ZTD values obtained by PPP
processing and T; is the ZTD values obtained by interpolation, k
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index is related to the epoch number and N is total number of
the epochs. After the computations we found that the amount of
RMSE using the equations (1) and (2) is 30 mm and 28 mm
respectively in the first network and in the second network is
259 mm and 272 mm. for a better comparison, Figure 3 show
interpolation RMSE for the both networks and interpolation
equations. The blue bar in this figure is related to equation (1)
and the yellow bar is related to equation (2).

03

T
1

RMSE (meter)

e

[ 2

first network second network

Figure 3. ZTD interpolation RMSE using equation (1) (blue
bar) and equation (2) (yellow bar)

As it is seen in the figure, it is obvious that the interpolation in
the first network significantly is more accurate in comparison
with the second network. height difference between the central
and surrounding receivers in the second network caused a large
interpolation error.

4. Error Analysis

Several studies have demonstrated that within dense GNSS
networks, the interpolation error of the Zenith Tropospheric
Delay remains almost equivalent to the original uncertainty of
the estimated ZTD values at the reference stations. Typically,
when the inter-station spacing is less than about 20-30 km,
ZTD interpolation using linear or geostatistical models (e.g.,
kriging) results in errors of approximately 3—5 mm RMS, which
are comparable to the accuracy of ZTD derived from PPP or
network-based solutions. According to (Champollion et al.
2009) and (Dousa and Bennitt 2013), spatial variations of ZTD
over short horizontal scales are relatively smooth, and thus
interpolation within the network introduces only minor
additional uncertainty. Similarly, (Li et al. 2014) and (Bock et
al. 2013) confirmed that the interpolation error inside the
network generally remains within a few millimeters, whereas it
increases significantly when extrapolating beyond the network
boundaries or in sparse GNSS configurations.

5. Improving the Accuracy of ZTD Interpolation

In the third section we saw that the height difference between
the rover and reference stations in the second network caused a
large interpolation error. Given that the height directly effects
on the dry component of tropospheric delay and this component
forms approximately 90 percent of total delay, we can conclude
that the interpolation error in the second network is related to
dry component. So, in this section we are going to introduce a
new method to improve the accuracy of zenith tropospheric
delay interpolation. Based on this method, we eliminate the dry
part of tropospheric delay from the total zenith delay and we

add a modified dry component By theoretically transferring the
surrounding receivers to the elevation of the central receiver. To
compute the dry part of ZTD values we use equation (4) that is
known as saastamoinen model (Krueger et al. 2004).

Po
1— 0.00256 cos(2¢) — 0.00000028R, (4)

T =0.0022768

Where #; is Surface pressure in [hPa], ¢ is Ellipsoidal latitude
and hy is Surface height above the ellipsoid in [km]. We can
determine the surface pressure as a function of height according
to the equation (5) (Béhm et al., 2006).

Pp = 1013.25 (1 — 0.0000226 1ip)55
(5)

After computing the dry component, the wet component can be
obtained by subtracting the dry part from the total delay as
below:

T.=T-T,
(6)

To compute the modified dry component for the surrounding
receivers, we substitute the latitude of surrounding receivers
and the height of central receiver in equations (4) and (5). after
computing the modified dry component, we add it to the wet
part and we compute a modified ZTD for the surrounding
receivers as a consequent. These steps can be summarized in the
equation (7).

1013.25 (1—-0.0000226 k, ) 5225
Tmeatriea=T — 0.0022768 . -
1-0.00268 CDS":'p_\_-D—l}.l}ﬂDDDD:B h.

1013.25 {1 — 0.0000226 k,)5215
—0.00266 cos{2¢,) — 0.000000284, %)

+0.0022768 n

Where T is the ZTD, T,,.u;fwa 1S the modified ZTD, ¢, is the
ellipsoidal latitude of surrounding receiver, h. is the height of
surrounding receiver and h,. is the height of the central receiver.
after repeating the interpolation process using modified ZTD
values, the computed RMSE of interpolation in the first
network is 16 mm and 28 mm using equation (1) and (2)
respectively. These amounts are 21 mm and 29 mm for the
second network. Figure 4 and Figure 5 show the interpolation
RMSE using standard and modified methods for both of the
networks and both of the interpolation equations. The yellow
bar in these figures is related to the modified method. For better
review, some parameters like the minimum interpolation error,
maximum interpolation error and mean interpolation error are
given in Table 3.
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Figure 4. ZTD interpolation RMSE in the first network before
and after using modified method.

RMSE gMeter)

= [

Equation (1) Equation (2)

Figure 5. ZTD interpolation RMSE in the second network
before and after using modified method.

Network | Equation | Interpolation | Min | Max | Mean
Number | Number Method Error | Error | Error
(mm) | (mm) | (mm)

1 Standard 0 94 28

1 Modified 0 72 11

2 Standard 0 119 19

Modified 0 119 19

1 Standard 217 277 259

2 Modified 0 38 21

2 Standard 216 309 272

Modified 0 65 29

Table 2. Interpolation parameters using the standard and
modified algorithms.

As it is seen in the figures, the accuracy of interpolation in both
of the networks and for both of the interpolation equations
increases after using proposed method. This increase in
accuracy was 46% and 92% at best for the equation (1) in the
first and second network respectively. In addition, analysing the
error parameters given in the Table 2 shows that applying
modified algorithm with the equation (1), has the best
performance in interpolation for both of the networks.

6. Conclusion

This study evaluated the impact of elevation differences on the
accuracy of tropospheric delay interpolation for InSAR
applications using GNSS-derived ZTD data. The results clearly
indicate that interpolation errors increase significantly when the
elevation difference between reference and target stations
grows. To address this limitation, a modified approach based on
the Saastamoinen model was developed to compensate for the
dry component of the troposphere at differing altitudes. By
theoretically transferring the dry component to a uniform
elevation level, the interpolation accuracy improved by up to
92% in networks with large height variations. The proposed
method provides a practical and computationally efficient
enhancement for InSAR tropospheric delay corrections,
particularly in regions with complex topography. Future work
could integrate real-time atmospheric modeling or machine
learning approaches to further refine the interpolation accuracy
and extend the applicability of this method to large-scale InSAR
monitoring systems.
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