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ABSTRACT 

Radar interferometry has proven to be a relevant 
technique in many application contexts. However, 
although the development of advanced processing, the 
interpretation of interferometric measurements is still 
disturbed by the presence of an atmospheric signal. In 
this work, we deal with the correction of interferograms 
using tropospheric delays measured from GNSS 
stations. We propose some experiments that enhance the 
influence of different factors in the processing of 
tropospheric maps. The results show that the 
interpolation strategy and the GNSS network geometry 
have a significant impact on the correction. 
 
1. INTRODUCTION 

Radar interferometry has proven to be a relevant 
technique since the last twenty years in many 
application contexts: geoscience, post-mining, urban 
survey, landslide, man-made structure monitoring... 
Nowadays, the largest choice in methods, software, 
radar data archive or new images, facilitates the use of 
this technique. However, it will fail in the case of 
important ground change and its measurements are 
influenced by the atmosphere crossing (e.g. [1], [2]).  
 
In order to estimate the atmospheric signal in InSAR 
data, several methodologies have been studied by the 
past using one or several approaches in synergy: 
standard weather models (e.g. [3], [4]), spectrometer 
measurements such as MERIS data (e.g. [4], [5]), 
ground meteorological data (e.g. [6]), adapted filtering 
(e.g. [7], [8]), advanced InSAR (e.g. [9], [10], [11]), or 
GNSS (e.g. [12], [13], [14], [15], [16]). 
 
In this article, tropospheric corrections are evaluated 
from GNSS data. The main limitation of this approach 
is the spatial sampling of the available GNSS stations. 
One can expect that the GNSS measurement 
interpolation will have a significant impact on the 
corrections. In this context, we make comparisons of the 
tropospheric corrections from GNSS data in terms of the 
GNSS station number, their spatial distribution and the 
interpolation method. The test area is the Piton de la 
Fournaise volcano, La Réunion, France. 
 

2. METHODOLOGY 

 
2.1. Phase modelling in INSAR 

The propagation of radar waves in the atmosphere 
induces significant delays and path deviation. As 
consequence, an interferogram that is computed 
between two radar images, named 1 and 2, contains an 
atmospheric signal relative to the delay written (e.g. 
[1]):  
 

atmoatmo r∆=∆
λ
πϕ 4 , 1,12,2 atmoatmoatmo rrr −=∆   (1) 

 
In Eq. 1, λ is the radar wavelength. rk,atmok is the path 
delay of the radar wave propagation in the atmosphere 
for the data k at the radar image acquisition time: 
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Where zP and zS are respectively the altitudes of the 
target and the sensor. θ(z) is the incidence angle in 
terms of altitude and ng,k(z) is the group refractive index 
in terms of altitude. 
Two atmospheric strata are mainly involved in this 
phenomenon: ionosphere and troposphere: 
 

tropoionoatmo ϕϕϕ ∆+∆=∆    

ionoionoiono ,1,2 ϕϕϕ −=∆   (3) 

tropotropotropo ,1,2 ϕϕϕ −=∆   

 

where ionok,ϕ  and tropok,ϕ are respectively the 

ionospheric phase delay and the tropospheric phase 
delay for image k at target point. 
The ionospheric phase delay can be expressed in the 
following way (e.g. [17]): 
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where θP is the incidence angle at target point P, f the 
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radar frequency in MHz and TEC is the total electronic 
content at acquisition time of a radar image. The TEC 
depends on the geographic location, local time, the 
season and solar activity. 
The tropospheric phase delay is written (see e.g. [1]): 
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where N(z) is the refractive co-index along the wave 
path for pixel P. Tropospheric refractive index is well 
expressed in [18]. One can also write: 
 

( ) ( )PSTDPtropo λ
πϕ 4=  (6) 

 
where STD(P) is the Slant Total Delay, that is the total 
tropospheric delay observed from P-point to the radar 
sensor. 
In this work, we only deal with the tropospheric signal. 
 
2.2. GNSS contribution 

As in radar imagery, the delay in the propagation of 
electromagnetic wave due to the troposphere is 
mandatory in space geodetic techniques such as Global 
Navigation Satellite Systems (GNSS). This tropospheric 
delay is mitigated by using a model such as those 
recommended in the IERS Convention 2010 [19]. These 
models are usually expressed as followed: 
 

( ) ( ). . . .cos .sinH W G N ESTD ZHD mf el ZWD mf el mf G Az G Az= + + +  (7) 

 
The total tropospheric delay observed at the zenith of a 
GNSS station, i.e. the Zenith Total Delay (ZTD), is 
divided into the Zenith Hydrostatic Delay (ZHD) and 
the Zenith Wet Delay (ZWD) which represent about 
90% and 10% of the total delay respectively. The 
hydrostatic and wet delays are mapped down to any 
elevation angle el using the corresponding hydrostatic 
and wet functions (mfH , mfW) to provide the Slant Total 
Delay (STD), i.e. the delay in the direction of the 
satellite. In these tropospheric models, the ZHD and the 
mapping functions are assumed to be known a priori 
(i.e. modelled) while the ZWD are estimated. The 
computed GPS ZTD can then be used for the InSAR 
correction. 
 
2.3. Combination 

The correction is based on the direct modelling of the 
atmospheric phase screen (APS) at each radar image 
acquisition time. APS corresponds to the radar 
atmospheric phase delay. It is derived from the radar 
acquisition parameters (satellite locations and velocities, 
SAR sensor characteristics, acquisition time) and an 
interpolated map of the GNSS ZTD measurements. 
Besides, to compute the INSAR correction term in the 

LOS of the satellite, the ZTD should be converted into 
STD as in Eq. 7, with in first approximation: 
 

( ) ( )el
elmf

sin
1=   (8) 

 
where el is the elevation angle of the radar satellite. 
Two APS are combined to compute a simulated 
tropospheric differential phase (Eq. 6 and 3). This one 
represents the undesired contribution that must be 
removed from the differential interferogram. The 
methodology is summarized in Fig. 1. 
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Figure 1. Method flowchart 

 
3. DATA PRESENTATION AND PROCESSING 

 
3.1. Test area 

We choose to experiment such correction over the Piton 
de la Fournaise volcano located on La Reunion Island, 
France, in Indian Ocean. The volcano occupies the 
southeast part of the Island. It presents several cliffs 
open to the East. The escarpment located further East 
limits a large U-shaped depression open to the Indian 
Ocean, the Enclos Fouqué – Grandes Pentes – Grand 
Brûlé structure. The summit cone, located in Enclos 
Fouqué, rises 2630 m. It gathers two craters: Bory and 
Dolomieu. 
This great relief is expected to produce high 
atmospheric artefacts in the radar interferograms. 
Besides, this volcano is very active with, for instance, 
30 eruptive events between 2000 and 2010 [20], and a 
recent eruption occurred on the 21st June of 2014. 
 
This site presents other advantages: 
 
- A large radar image database exists and InSAR 



 

database is accessible through the CASOAR web 
site1 in the framework of the OI² (InSAR 
Observatory of Indian Ocean) Service of 
OPGC/SNOV/INSU2, in charge of the continuous 
InSAR monitoring of Piton de la Fournaise since 
2005 [201]. Through several PI projects, 
interferograms were produced using Envisat, 
ALOS, RADARSAT-2, TerraSAR-X, COSMO-
SkyMed radar data. 
 

- The volcano has been monitored since 1979 with 
permanent in situ instruments (GPS stations, 
seismic stations …) in the framework of the OVPF 
(Piton de la Fournaise Volcano Observatory)3 of 
IPGP. Data are made accessible through the 
VOLOBSIS web service4. 

 
- According to the arid nature of the soil over the 

summit part of the Enclo Fouqué – Grandes Pentes 
– Grand Brûlé structure, and the ground 
deformation amplitudes, this area is well adapted to 
the survey by radar interferometry. Indeed, the 
interferometric coherence may be high in the 
presence of recent lava flows because the 
vegetation is not enough developed, as shown in 
[201]. However, other vegetated parts of the 
volcano limit the use of InSAR technique. 

 
3.2. InSAR data and processing 

We use two COSMO-SkyMed HImage data acquired in 
ascending pass with VV polarization mode, an 
incidence angle of 40° and swath 15 (Tab. 1). Their 
acquisition dates frame the eruption that occurred June, 
21 2014. The first image was acquired the 28th April 
2014 during the warm and wet season. The second 
image was acquired on 9th July 2014 during the cold and 
dry season. The radar wavelength is equal to 3.12 cm 
(X-Band). The perpendicular baseline is around 27 m 
resulting in a height ambiguity of 396 m. Standard 
InSAR processing is performed using the DORIS 
software [22] and SNAPHU [23] for the phase 
unwrapping. A 4x4 multilook leads to a ground pixel 
size of around 8 m (Fig. 2). Topography is compensated 
using a LIDAR DEM with a grid mesh size of 7.5 m. 
 
 
 
 

                                                           
1 https://wwwobs.univ-bpclermont.fr/casoar/casoar_info.php,  
accessed in March 2015 
2 http://wwwobs.univ-bpclermont.fr/SO/televolc/volinsar/index.php, 
accessed in March 2015 
3 http://www.ipgp.fr/fr/ovpf/observatoire-volcanologique-piton-de-
fournaise, accessed in March 2015 
4 http://volobsis.ipgp.fr/index.php?page=home, accessed in March 
2015 

Date Satellite Orbit 
04/28/2104 S1 37268 
07/09/2014 S2 35609 

Table 1. Data characteristics 

 
The coherence image shows a good level around the 
summit but is more irregular in the area named Grandes 
Pentes (eastern flank, Fig. 3). The differential phase in 
Fig. 4 reveals two superimposed patterns of fringes : 1) 
a short-wavelength bilobate pattern centered on the 
summit cone corresponds to the displacement induced 
by the June 2014 eruption and 2) a larger pattern of 7 – 
8 fringes on the eastern flank of the volcano (Grandes 
Pentes – Grand Brûlé area) with a decreasing phase 
from the eastern base of the summit cone to the sea 
which corresponds to around 12 cm of LOS 
displacement away from the satellite. This pattern seems 
correlated with the terrain. 
 

 
Figure 2. Amplitude image 

 

  
Figure 3. Coherence image 

 



 

 
Figure 4. Differential interferometric phase before 

unwrapping 
 
3.3. GNSS networks and processing 

We utilize all GNSS data accessible from VOLOBSIS 
web site corresponding to the two radar acquisition time 
for stations located over the Island. Twenty four stations 
(see Tab. 2) are found for the first date and 23 for the 
second (not GBNG). Besides, we also use GNSS data 
from RGP5: it concerns 3 stations (REUN, BPAN, 
SLEU). The location of the GPS stations over the Island 
is shown on Fig. 5. 
 

 
Figure 5. Location of most GPS receivers used in this 

study around Piton de la Fournaise 
 
The data processing was done using the GAMIT 10.5 
software [24] and based on GPS-only ionosphere-free 
double-difference observations with a cut-off angle of 3 
degrees. We followed the recommendations from the 
IERS Convention 2010 [19] for the tropospheric 
modelling and used the a priori Vienna ZHD (VZHD) 
and the Vienna Mapping Function (VMF1) derived 
from Numerical Weather Model data and provided by 
the Vienna University of Technology [25]: 
 

                                                           
5 http://rgp.ign.fr, accessed in March 2015 
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where aH,W, bH,W, and cH,W are the coefficients of the 
VMF1 for the hydrostatic and wet part, respectively. To 
properly estimate the ZWD, precise a priori positions of 
all GNSS stations is required. Therefore, the GNSS data 
processing is composed of two steps [26]. In the first 
step, we compute precise coordinates for all stations in 
the Reunion Island by adding six reference GNSS 
stations belonging to the International GNSS Service 
Network (IGS) [27]: COCO, DGAR, KERG, RBAY, 
SEY1, ZAMB. In the second step of our analysis, the 
GPS observations recorded at the 26 or 27 GNSS 
stations are processed to determine the ZWD using the 
precise positions computed during the first step. The 
data are analysed using a sliding window strategy with 
three sessions of 16h of data shifted by 8h for daily 
measurements. To minimize the edge effects, the first 
and the last values from each sliding window are 
removed [28]. We estimate ZWD every 1 h. The 
addition of the reference stations in our campaign 
network provides several baselines with length above 
2000 km, which allows to decorrelate tropospheric 
parameters from vertical position estimations [29]. The 
ZWD formal error is 4-5 mm for one considered station. 
 
According to Tab. 2, the ZTD are ranging from 1728 
mm (BORG, 07/09/2014) to 2544 mm (SLEU, 
04/28/2014). ZTD are higher for receivers located along 
the coasts of the Island and smaller around the Piton, as 
expected. ZTD are higher on 04/28/2014 than on 
07/09/2014. The differences are ranging from 31 mm 
(DSRG) to 98 mm (BPAN). The differences are higher 
to the North than to the South. 
 

Station name 04/28/2014 07/09/2014 
BOMG 1767 1730 
BORG 1768 1728 
BPAN 2492 2394 
CASG 2490 2405 
CRAG 2211 2128 
DERG 1785 1748 
DSRG 1778 1747 
ENCG 1819 1781 
ENOG 1851 1811 
FERG 1920 1872 
FEUG 2526 2430 
FJAG 1883 1836 
FOAG 1906 1863 
FREG 1981 1925 
GBNG 2499 Not used 
GBSG 2385 2312 
GITG 1846 1801 



 

GPNG 2080 2020 
GPSG 2206 2137 
HDLG 2481 2390 
PBRG 1801 1763 
PRAG 1893 1844 
REUN 2037 1982 
RVLG 1863 1822 
SLEU 2544 2475 
SNEG 1777 1744 
TRCG 2493 2401 

Table 2. List of estimated ZTD [mm] at each radar 
acquisition time (formal errors around 4-5 mm) 

 
4. CORRECTION ASSESSEMENT 

 
4.1. Consideration on the initial spatial spacing of 

ZTD maps 

The spatial spacing has a significant impact on the 
interpolated ZTD map due to the limited number of 
GPS stations over the whole area. In Fig. 6, interpolated 
maps with a different spatial spacing are presented. 
They have been produced using cubic spline 
interpolation method from GMT6. We observe that only 
a large mesh size, superior to 500 m, is able to model an 
expected spatial correlation of the tropospheric 
phenomena. However, we do not know the real 
atmospheric spatial correlation length. This topic should 
be more studied in future works. Here, we use the 
interpolated maps from GMT with the spacing of 1 km. 
These gridded data are then interpolated with different 
methods up to a regular spacing of 10 m, like the radar 
ground pixel size. 
 

 
(a)   (b) 

 
(c)   (d) 

Figure 6. Interpolated ZTD gridded data (on 
04/28/2014) over the Reunion Island with different mesh 

sizes: (a) 1500 m (b) 1000 m (c) 500 m (d) 100 m. 

                                                           
6
 http://gmt.soest.hawaii.edu/home, accessed in March 2015 

4.2. Influence of the interpolation method of the 
ZTD maps 

We compare the ZTD products from two different 
interpolation methods and evaluate the consequence on 
the LOS displacement measurements. For that purpose, 
the corrected LOS displacements are compared to the 
not corrected ones. The ZTD maps are produced using 
cubic spline and triangulation. It turns out that the 
results are very similar. The mean difference of the 
∆ZTD (∆ZTD is the difference of ZTD between the two 
dates) is less than 1 mm and standard deviation 0,2 mm 
on the subarea (example of one map on the Fig. 7). 
 

 
Figure 7. Subarea of the GPS ZTD map produced with 

cubic spline interpolation on 04/28/2014 
 
The simulated tropospheric phase from ZTD maps 
shows the low frequency fringe pattern that follows the 
relief (Fig. 8). As consequence, this pattern seems well 
deleted from the differential interferometric phase (Fig. 
9). One can also notice the new fringe pattern that 
appears at the North part of the Grandes Pentes. The 
absolute difference between the initial interferogram 
and the corrected one, measured for pixels whose 
coherence is superior to 0.5, represents about 8 cm of 
corrected LOS displacement in average (Tab. 3). 
 

 
Figure 8. Simulated tropospheric phase [rad] from GPS 
∆ZTD maps using all available receivers and triangular 

interpolation method. 
 

Interpolation method Mean Std 
Spline cubic -76 23 

Triangulation - linear -77 27 

Table 3. Mean and standard deviation of the differences 
of the measured LOS displacements [mm] between 

corrected and not corrected unwrapped interferograms 
according to the interpolation method 



 

 
Figure 9. Corrected Interferogram using all available 

GNSS receivers 
4.3. Influence of GNSS station number 

We then test the influence of the number of GNSS 
receivers used for the computation of the ZTD maps. 
Three cases are compared: all available stations are 
used, only 15 stations, and then 5 stations. In each case, 
the ZTD maps are interpolated using GMT and cubic 
spline function. The mean differences of the ∆ZTD 
between the first case and a second one case (15 or 5 
stations) are respectively 3.5 mm and 1.8 mm and 
standard deviations are 14 mm and 18 mm over the 
subarea (Fig. 10). It means that having less but well 
distributed stations can manage to quite properly model 
a low frequency tropospheric component but it also 
slightly underestimates the ∆ZTD. Fig.11 shows the 
simulated tropospheric phases. 
 

  
Figure 10. Subarea of the GPS ZTD map produced with 

cubic spline interpolation on 04/28/2014 and 
respectively 15 stations (left image) and 5 stations (right 

image). 
 

 
Figure 11. Simulated tropospheric phase on 04/28/2014 

over the Piton de la Fournaise Island derived from 
different GNSS station numbers: 15 (left image) and 5 

(right image). 
 
The corrected interferograms are presented on Fig. 12 
and 13. Compared to the corrected interferogram on Fig. 

9, we can observe residual fringes in the Grandes Pentes 
area, near the coast. Considering coherent pixels, the 
averaged LOS displacement differences are given in the 
Tab. 4. It shows that the corrections are globally similar 
when using all stations and only 15 stations. A smaller 
standard deviation in such Tab. 4 means that the 
difference of the measurements between the not 
corrected case and the corrected one is weaker. 
 

 
Figure 12. Corrected interferogram using 15 GNSS 

stations 

 
Figure 13. Corrected interferogram using 5 GNSS 

stations 
 

Number of stations Mean Std 
27 / 26 -76 23 

15 -77 20 
5 -86 17 

Table 4. Mean and standard deviation of the differences 
of the measured LOS displacements [mm] between 

corrected and not corrected interferograms according 
to the number of GPS stations 

 
4.4. Influence of GNSS station spatial distribution 

For this last experiment, we consider 15 GPS receivers. 
In the first case, the stations are selected in order to 
constitute a well distributed network over the area. In 
the second case, they are chosen mainly in the West part 
of the Piton. This inappropriate distribution results in 
underestimated values of the interpolated ZTD in the 



 

South and East parts of the volcano. Indeed, the mean 
difference of the ∆ZTD between the initial case (all 
stations) and this new case is 16 mm and standard 
deviation is 24 mm over the subarea (Fig. 14). 
 

  
Figure 14. Subarea of the GPS ZTD map produced with 

cubic spline interpolation on 04/28/2014 and 15 
stations with an inappropriate spatial distribution (left 
image) and simulated tropospheric phase from ∆ZTD 

(right image) 
 
The corrected interferogram is shown on Fig. 15. The 
fringe pattern on the Grandes Pentes has not been 
removed, which means that it is preferable using few 
but well distributed organized stations than many 
stations with a inappropriate distribution. 
 

 
Figure 15. Corrected interferogram using 15 GNSS 
stations with an inappropriate spatial distribution 

 
Tab. 5 shows that in this case, the correction is less 
significant when using an inappropriate GNSS network 
configuration. 
 
Distribution of stations Mean Std 

Good -77 20 
Not good -67 7 

Table 5. Mean and standard deviation of the differences 
of the measured LOS displacements [mm] between 

corrected and not corrected interferograms according 
to the spatial distribution of the GPS stations 

 
5. CONCLUSIONS AND PERSPECTIVES 

This work shows the interest in using estimated APS to 
correct the radar interferogram. APS are here computed 
from estimated ZTD from GNSS measurements and 
interpolation. Several parameters influence the 

estimated APS: spatial density of the GNSS network, 
number of receivers, interpolation method. 
However, the advantage of this approach, compared to 
others, is not proved here. Further works are needed to 
compare it with advanced InSAR processing (SBAS, 
PS). Besides, the use in synergy of several approaches – 
GNSS and standard atmospheric models - will allow 
interpolating more realistic ZTD maps. 
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