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Abstract. Tropospheric signals are considered as one of the most important performance
limitations to compute the deformations caused by earthquake, subsidence, volcano, and so
on using interferometric synthetic aperture radar (InSAR) technique. Various correction methods
have been proposed to reduce the effect of these signals in displacement fields in previous
research works. Different types of correction methods are used to estimate the tropospheric sig-
nal on InSAR observations. For this purpose, meteorological data derived from ERA-Interim
(ERA-I) data, Weather Research and Forecasting (WRF) model, and Advanced Synthetic
Aperture Radar/ENVISAT acquisitions are used. ERA-I reanalysis data and a locally run
WRF model are also used to compute the tropospheric corrections with integral of the air refrac-
tivity method, which is called integration method. Also, the ability of ray tracing techniques to
reduce the effect of the tropospheric signal in unwrapped interferogram is compared with inte-
gration method. To carry out a comprehensive study, the effects of correction methods are stud-
ied in two different areas. The results of the ray tracing methods have a significant difference
with the results obtained from integration method and are more efficient when the weather con-
dition between two satellite acquisitions is more different. The results show that the three-dimen-
sional ray tracing method can reduce the root-mean-square error of the results up to 4.8 cm
compared to the integration methods. © 2020 Society of Photo-Optical Instrumentation Engineers
(SPIE) [DOI: 10.1117/1.JRS.14.044503]

Keywords: tropospheric signal; interferometric synthetic aperture radar; ray tracing; ERA-
Interim; Weather Research and Forecasting.
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1 Introduction

Interferometric synthetic aperture radar (InSAR) is a powerful technique for topographic and
ground surface deformation mapping over vast areas using radar acquisitions. Disregarding
coherence loss, the main limitation of radar interferometry in measuring ground displacements
is due to phase propagation delays caused by the atmosphere.1 Atmospheric propagation delays
are a geophysical signal affecting each pixel of the radar scene. Based on the previous research,
these can potentially be modeled and corrected. These signals are the main limiting factor in
the accuracy of the InSAR technique. In this technique, atmospheric signals are caused by effects
of ionosphere and air refractivity variations in the troposphere. Generally, the effect of the iono-
spheric air refractivity on short-wavelength InSAR is negligible.2 Air refractivity variations in
troposphere layer are due to the spatiotemporal variations of relative humidity, temperature, and
pressure. The temperature and pressure can be mostly considered vertically stratified, which lead
to a large phase delay varying along elevation in a radar scene. On the contrary, the relative
humidity varies both vertically and laterally over short distances.3

Numerous studies have been addressed the corrections of tropospheric delays empirically
based on the correlation between the delay and the topographic elevation of areas far from
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the main deformation,4–6 stacking independent InSAR data,7,8 and characterizing the statistical
properties of phase delay patterns.9 These approaches are utilized to construct covariance matri-
ces of observations and also to separate stochastic noise from ground motion signal.9

Tropospheric delay estimation using external data is one of the most widely used methods for
computing the required tropospheric corrections in InSAR displacement fields.10 In previous
studies, the tropospheric delay has been computed in zenith direction using integration method,
and the incidence angle of the signal has been used to convert the computed tropospheric delay
along zenith to the line-of-sight (LOS) direction.10

Ray tracing methods are the most precise techniques to reconstruct the real path of signal
propagation using atmospheric parameters. Ray tracing techniques have many applications in
various fields including geodesy and remote sensing.11–17 In these methods, tropospheric delay is
the difference between the straight geometrical path and real one excluded from ray tracing.
Two-dimensional (2D) and three-dimensional (3D) methods have been proposed for ray tracing
techniques by researchers. 2D methods were developed based on fixed azimuth angle for signal
propagation, and in 3D method, there is no fixed azimuth angle criterion for signal propagation.15

A number of Advanced Synthetic Aperture Radar (ASAR)/ENVISAT acquisitions from two
different locations in Iran are processed. Then, several interferograms with different weather
conditions are selected to perform tropospheric correction. In this paper, the effect of the tropo-
spheric corrections obtained by various ray tracing methods on InSAR displacement fields is
investigated. The European Center for Medium-Range Weather Forecasts (ECMWF) ERA-
Interim (ERA-I) data are used as initial values for computing tropospheric delay using different
ray tracing methods. ERA-I reanalysis data and a locally run Weather Research and Forecasting
(WRF) model also used to compute the tropospheric corrections with integration method.
Finally, the interferograms are corrected using tropospheric delays computed from above-men-
tioned methods and results are compared. In the following, the basics of the InSAR and tropo-
spheric correction methods is provided. Then, the study areas, data set and are presented. The
obtained results from the different approaches, validation, and discussion are presented in the last
section.

2 InSAR Technique

The InSAR technique can measure the projection of the deformation vector onto the LOS direc-
tion, defined as the shortest path from a given point on ground to the SAR antenna phase center.
InSAR provides unique capabilities for the study of crustal deformation.18 The basic InSAR data
are called an interferogram, which represents the per-pixel phase difference between two SAR
acquisitions. Recently developed InSAR processing approaches use data from multiple acquis-
itions to estimate displacement time series include persistent scatterer interferometry and small-
baseline subset methods.19,20 For a given interferogram, considering the effects of topography
error, atmospheric path delay, orbital error, and other thermal noise errors, the observed InSAR
phase change can be expressed as1

EQ-TARGET;temp:intralink-;e001;116;249Φ ¼ Φdef þΦtopo þΦatm þΦorbit þΦnoise; (1)

where Φdef is the deformation phase along the LOS direction, Φtopo is the phase resulted from
the topography effect, Φatm is the phase resulted from the atmospheric delay, Φorbit is the phase
due to orbital paths, andΦnoise is the phase related to other thermal noise errors.1 Since we decide
to extract the displacement field from InSAR observations, namely,Φdef , the other contributions
in the observable InSAR phase should be modeled from auxiliary data and removed from Eq. (1).
In this study, for the reduction of the topography and orbital effects, the Advanced Spaceborne
Thermal Emission and Reflection Radiometer (ASTER) digital elevation model (DEM) with
resolution of 30 m and orbital files are used, respectively.

When the radar signals propagate through the inhomogeneous troposphere, which has a
slightly higher index of refraction, they undergo a delay that produces a bias term in the observed
LOS. Tropospheric effects are due to the temperature, relative humidity, and pressure variations
between two acquisitions.10 How to reduce this effect is one of the most important challenges in
achieving high-precision InSAR displacement fields.
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3 Tropospheric Correction Methods

As previously mentioned, one of the methods for reducing the effect of the troposphere on the
InSAR displacement field is to compute the difference between the tropospheric delays in the
two acquisition times and reduce it from the amount of obtained displacement field. In this sec-
tion, the integration method and different methods of ray tracing technique are discussed for
determining the tropospheric delay.

3.1 Integration Method

Interferometric radar analysis is done using commentary exact time delay and differential phase
shifts. When the signals propagate through the troposphere, the velocity is lowered slightly and
the observations contaminated due to spatially variable delays.10 The zenith excess path (l) is
computed from the integral between the surface elevation (z0) and the atmosphere top (at z ∼∞)
of the air refractivity:10

EQ-TARGET;temp:intralink-;e002;116;560lðzÞ ¼ 10−6
�
k1Rd

gm
Pðz0Þ þ

Z
z

z0

��
k2 −

Rd
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e
T
þ k3

e
T2

�
dz

�
; (2)

EQ-TARGET;temp:intralink-;e003;116;502k1 ¼ 0.776 KPa−1; k2 ¼ 0.716 KPa−1; k3 ¼ 3.75 × 103 K2Pa−1; (3)

where Rd (287.05 J∕kg∕K) is the specific gas constant for dry air, Rv (461.495 J∕kg∕K) is the
specific gas constant for water vapor, Pðz0Þ is the surface pressure, e is the water vapor pressure,
gm is the gravitational acceleration g averaged over the troposphere, and T is the temperature in
K.3,10 The LOS single path atmospheric delay, δLs

LOSðzÞ, neglecting refractive bending, varies
with elevation for each acquisition date is1,10

EQ-TARGET;temp:intralink-;e004;116;431δLs
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; (4)

where θ is the incidence angle of the radar signal. In most previous studies, the incidence angle is
considered to be a constant for an image. But it should be noted that the value of this index varies
for different pixels of an image. This may have a significant effect on the computation of tropo-
spheric delay in some areas and times. It should be noted that the required meteorological param-
eters are accessible using different data and methods.21–24

3.2 Ray Tracing Technique

Ray tracing technique is the most precise technique to reconstruct the real path of signal propa-
gation using atmospheric parameters, which is widely used for determining tropospheric delay.
Ray tracing techniques are classified into two categories, 2D and 3D methods. In 2D methods,
ray tracing is performed in a fixed azimuth, whereas in 3D method, the path of a ray can be
retrieved in 3D space.15,16 In this section, the theory of different methods of ray tracing is
reviewed.

3.2.1 2D ray tracing methods

One of the 2D ray tracing methods, called Thayer approach, was developed based on the relation
of the refractive.15

The piecewise-linear (PWL) is another 2D ray tracing method with high accuracy and high
processing speed.12,15 The refractive index at different levels are used to apply the Snell’s law of
refraction and to calculate the tropospheric delay. The recursive relations used to calculate the
tropospheric delay.

The refined piecewise-linear (RPWL) is a 2D ray tracing method to refine the previous
method. This method uses intermediate compression levels to increase the accuracy of radiation
tracking.15

More details and how to implement these methods can be found in previuos studies.15
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3.2.2 3D ray tracing method

Unlike the 2D ray tracing methods, in 3D ray tracing method, the ray paths are not limited to a
fixed azimuth plane and can be retrieved in 3D space.15,25 This is the very important advantage of
3D ray tracing method to compute the tropospheric delay. This method is based on the Eikonal
equations. The Eikonal equation represents a differential of nð~rÞ. The values of the refractive
index, which is necessary in this method, is derived from ERA-I data.3 More details about this
method algorithm and its application in tropospheric delay computation and reconstruction of
signal path in tropospheric sensing could be found in previous research.15,16

4 Numerical Results

In this section, the study area and used data are introduced. Then the obtained numerical results
are presented. Finally, the presented results are evaluated and discussed.

4.1 Study Area and Data Set

Iran is a country with very different weather conditions. The enormous variations in weather
conditions make tropospheric layer monitoring important in this country. In addition, Iran is
a country full of geodynamic phenomena such as earthquake and subsidence. Therefore, the
use of InSAR technique is very common to achieve high accuracy in the computation of land
deformations to study and monitor these disasters. Bushehr area in southwest of Iran was
selected for this study. This is one of the hot and humid regions of Iran and is suitable for the
purpose of this study. To conduct a comprehensive study, Tabriz area in northwest of Iran was
selected as the second case study. The weather conditions of Tabriz are quite different with
Bushehr. Therefore, the subject of this study can be appealing for those who are investigating
the geodynamic and troposphere of Iran and similar areas. The geographic location of the study
areas and their topography can be seen in Fig. 1.

The difference in weather conditions between two areas is visible in the maps of temperature
and relative humidity from ERA-I data on the first day of June 2006 (Figs. 2 and 3). The average
temperature and water vapor density in the center of the areas in the months of 2006 are reviewed
better, as shown in Fig. 4. According to these maps, the difference between the weather con-
ditions of the two areas in the two parameters of temperature and humidity, which plays a fun-
damental role in this study, is well visible.

In this paper, 14 acquisitions from ASAR/ENVISAT descending track 49 over Tabriz area
and eight acquisitions from ASAR/ENVISAT ascending track 457 over Bushehr area have been
used to produce interferograms. The ASTER DEM and ENVISAT precise orbits products has
been used to correct the topography and orbital effects, respectively. Temporal and perpendicular
baseline for the ASAR/ENVISAT acquisitions can be seen in Fig. 5.

Fig. 1 Study areas of this research and their DEM.
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Fig. 3 Sample of relative humidity map of two areas: (a) Bushehr and (b) Tabriz.

Fig. 4 Average temperature and average water vapor density of the center of two areas in the
months of 2006. (The red stars and blue circles are related to Bushehr and Tabriz areas,
respectively).

Fig. 5 Baseline distribution through time for acquisitions.

Fig. 2 Sample of temperature map of two areas: (a) Bushehr and (b) Tabriz.
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The ERA-I data have been used to compute the tropospheric delay using integration method
and to determine required values for ray tracing methods. This data provide values of several
meteorological parameters on a global ∼75 km day, at 0 am, 6 am, 12 pm, and 6 pm UT. The
vertical stratification is described on 37 pressure levels, densely spaced at low elevation (interval
of 25 hPa), with the highest level around 50 km (1 hPa).21

The Global Forecast System analysis (GFS) data have been used to run the WRF model and
predict meteorological data. The GFS is a weather forecast model produced by the National
Centers for Environmental Prediction (NCEP). Many of the atmospheric and land-soil variables
are available through this dataset. The WRF model is a useful mesoscale numerical weather
prediction system that is used for both atmospheric researches and operational weather forecast-
ing. This model is equipped to a data assimilation system and a software with parallel processing
system. The WRF model is used in a wide range of meteorological applications in different
resolution from tens of meters to thousands of kilometers. The WRF model can produce sim-
ulations based on actual atmospheric conditions or idealized conditions. This model is currently
in operational use at NCEP and other national meteorological centers and in real-time forecasting
configurations at laboratories, universities, and companies.26

4.2 WRF Model Configuration

In this paper, The WRF model version 3.8 has been used with a parametrization set.27 The WRF
model runs with a set of parameterization schemes, including cloud microphysics, land surface
processes, and atmospheric radiation. Output data from the WRF model can be used to generate
the tropospheric delay at a given time. To run the WRF model, three nested domain (D02, D03,
and D04) have been considered inside a parent outer domain (D01). Configuration of domains
and their resolution can be seen in Fig. 6.

These options have been considered in consultation with the Iran Meteorological Organi-
zation. The list of physics schemes used in this model can be seen in Table 1. In the domains
03 and 04, the cumulus parameterization has been turned off. In the larger domains, the Kain–
Fritsch cumulus parameterization has been used.33

4.3 InSAR Processing

Repeat orbit interferometry package and Delft object-oriented radar interferometric software
have been used to process the raw data and to produce interferograms. After the production
of Single Look Complex data, the co-registration polynomial has been determined to resample
slave data to the master grid. At this step, a single coarse offset between master and slave data

Fig. 6 Configuration of domains around the study areas. The spatial resolution of the D01, D02,
D03, and D04 is 27, 9, 3, and 1 km from the outside to the inside.
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have been estimated. Then the offset between master and slave data has been computed at a small
patches. Finally, the co-registration has been done using the estimated polynomial. After this
step, the coherence image and the interferogram have been produced using a multilook factor
of 5 in azimuth and 1 in range. In the last step, phase unwrapping has been done to reconstruct
the original phase from wrapped phase using Statistical-Cost, Network-Flow Algorithm for
Phase Unwrapping software.34

To study the effect of different methods of tropospheric correction, several interferograms
whose temporal baseline does not exceed 100 days in desired areas in Iran have been selected.
According to geodynamic studies and reports, during this period, deformation of the areas can
be neglected. Temporal and perpendicular baselines of considered interferograms are visible
in Fig. 7.

4.4 Results and Discussion

In this section, the obtained results are examined. Figure 8 shows the example of unwrapped
interferograms and differential tropospheric delay maps obtained from different correction meth-
ods in Bushehr area.

The tropospheric delay by integration method was computed in different cases, which could
be abbreviated as follows.

• Using ERA-I and incidence angles (ERAIA) of each pixel.
• Using ERA-I and mean incidence angle (ERAMA).
• Using WRF outputs and incidence angles (WRFIA) of each pixel.
• Using WRF outputs and mean incidence angle (WRFMA).

Different types of ray tracing methods, including Thayer, PWL, RPWL, and 3D were also
used to compute tropospheric delay.

The temporal baselines of interferograms are short and there are no reports of earthquakes
during this period. For this reason, it can be said that there is no deformation signal in the
unwrapped interferograms. On the other hand, due to correction of orbital and topography
effects, it can be said that the unwrapped interferograms only include tropospheric effects and

Fig. 7 Perpendicular and temporal baselines of the interferograms.

Table 1 The physics schemes used in the WRF configuration.

Category Scheme Reference

Longwave radiation WRF single-moment 6 class Ref. 28

Shortwave radiation Rapid radiative transfer model Ref. 29

Land surface Goddard Ref. 30

Planetary boundary layer Noah-MP (multiphysics) Ref. 31

Microphysics Yonsei University Ref. 32
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residual noises. Therefore, it is expected that the differential tropospheric delay maps will have a
significant compatibility to the unwrapped interferograms. Figure 8 shows a complex differential
tropospheric delay maps. In Fig. 8, the eight sub-areas in the unwrapped interferograms
are identified. The results show that some methods have not been able to detect the variations
of these sub-areas. The main challenge is that which correction method could detect the location
and size of the variations of the sub-areas. The maps obtained from ERAIA and ERAMA meth-
ods are very similar. This is also true for the WRFIA and WRFMA methods. This comparison
shows that the use of an incidence angle for each pixel has no significant advantage compared
with the use of the mean incidence angle in estimating the differential tropospheric delay. In
general, integration methods were not successful in calculating the exact amount the sub-areas
variations as much as ray tracing methods. The results obtained from the PWL and RPWL meth-
ods are also consistent. Clearly, ray tracing methods have more ability to detect the sub-areas
variations. It seems that the 3D ray tracing method is more successful than other methods. The
statistical result of unwrapped interferogram and differential tropospheric delay from different
methods comparison are listed in Table 2. The least root-mean-square error (RMSE) is related to
the 3D ray tracing method, and the maximum RMSE is related to the ERA-I method. Generally,
the WRF model has more capability than the ERA-I model, but it should be noted that the WRF
model has produced a completely wrong clear variations on the left side of the map. Ray tracing
methods have been shown to be more capable of detecting sub-areas variations compared to
integration methods. Regarding the comparison, it is clear that the 3D ray tracing method has
the most accuracy in estimating the tropospheric signals in this case study. As mentioned above,
in the 3D ray tracing method, unlike other ray tracing methods, a ray is free to move in 3D space.
Therefore, it can be said that this feature has been effective in the results. For example, variations
of sub-area 7 have been reproduced only by 3D ray tracing method. Based on previous studies,
lateral variations of the troposphere in many cases can be neglected. Comparing the results of ray
tracing techniques with other methods shows that these variations can be important and effective
in some cases. Variations of sub-areas 6 and 8 are not detected by any of the correction methods.
This can be due to inaccuracy of meteorological data.

After statistically comparing the results, it is necessary to check the impact of tropospheric
correction methods in the spectral domain.35 Figure 9 shows the variance spectra for each of the
correction methods. In this paper, the discrete cosine transform have been used.36 This transform
avoids some of the problems with periodicity and trends, unlike the Fourier transform.35,36

According to Fig. 9, it can be concluded that the ray tracing techniques reduce spectral power.
This reduction is more clear for wavelengths longer than 30 km. Due to the large similarity of the
results obtained from the two types of incidence angle, the results of the mean incidence angle

Fig. 8 The example of unwrapped interferogram and the modeled tropospheric effect in Bushehr
area using ERAIA, ERAMA, WRFIA, WRFMA, Thayer, PWL, RPWL, and 3D methods. The
temporal baseline is 35 days.
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have not been plotted. According to the above mentioned, eight interferograms have been pro-
duced over this area. The average RMSE between differential tropospheric delay from different
methods and unwrapped interferograms can be seen in Fig. 10. Figure 10 shows that ray tracing
techniques have more ability to model tropospheric variations between two acquisitions times.

Figure 11 shows the example of unwrapped interferograms and differential tropospheric
delay maps obtained from different correction methods in Tabriz area. The unwrapped interfero-
grams and differential tropospheric delay maps in Tabriz area show that the results of ray tracing
technique have been more successful. It should be noted that the result of using an incidence
angle is not different significantly from the result of using the incidence angle of each pixel in

Fig. 9 Spectra of variances for all correction methods.

Table 2 The statistical result of differential tropospheric delay from different methods compared to
unwrapped interferogram in Bushehr area.

Sub-area number Successful methods and RMSE (cm)

1 PWL RPWL Thayer 3D —

3.5 3.1 3.2 2.5 —

2 PWL RPWL Thayer 3D —

5.1 5.4 6.3 4.1 —

3 ERAIA ERAMA WRFIA WRFMA PWL RPWL Thayer 3D —

7.8 7.1 6.1 5.7 4.2 4.7 5.2 3.7

4 WRFIA WRFMA PWL RPWL Thayer 3D —

6.7 6.4 4.4 4.7 5.3 3.9 —

5 ERAIA ERAMA WRFIA WRFMA PWL RPWL Thayer 3D

7.8 7.6 5.9 5.3 3.9 3.7 4.6 2.9

6 None of the methods have been successful

7 3D —

7.5 —

8 None of the methods have been successful
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Tabriz area also. In addition, the results obtained from the WRF model and the ERA-I model are
very similar to each other.

Table 3 includes the statistical result of unwrapped interferogram and differential tropo-
spheric delay from different methods comparison in Tabriz area. Variations of sub-area 2 is not
detected by any of the correction methods. Similar to the previous interferogram, this can be due
to inaccuracy of meteorological data. These comparisons show a significant difference between
the results obtained from the ray tracing technique and the results obtained from integration
methods.

Figure 12 shows the variance spectra of this cases study. It can be clearly stated that at wave-
lengths longer than 20 km the spectral power reduce in the results of ray tracing techniques. The
average RMSE between differential tropospheric delay from different methods and five
unwrapped interferograms can be seen in Fig. 13. Figure 13 shows that ray tracing techniques,
especially the PWL, RPWL, and 3D methods, are more successful in calculating tropospheric
variations.

Fig. 11 The example of unwrapped interferogram and the modeled tropospheric effect in Tabriz
area using ERAIA, ERAMA, WRFIA, WRFMA, Thayer, PWL, RPWL, and 3D methods. The tem-
poral baseline is 35 days.

Fig. 10 The average RMSE in Bushehr area.

Table 3 The statistical result of differential tropospheric delay from different methods compared to
unwrapped interferogram in Tabriz area.

Sub-area number Successful methods and RMSE (cm)

1 ERAIA ERAMA WRFIA WRFMA PWL RPWL Thayer 3D

3.9 3.4 3 2.8 2.3 2.4 2.8 1.8

2 None of the methods have been successful

3 PWL RPWL Thayer 3D —

3.2 2.9 3.7 2.8 —

4 ERAIA ERAMA WRFIA WRFMA PWL RPWL Thayer 3D

3.8 3.6 3.5 3.4 2.5 2.4 3 1.6
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5 Conclusion

This paper discussed and showed the efficiency of integration method and ray tracing techniques
to correct the tropospheric effect on unwrapped interferogram. For this purpose, a number of
ASAR/ENVISAT acquisitions, ERA-I data, and WRF model outputs were used. Four different
integration methods of tropospheric correction were compared and discussed with four methods
of ray tracing technique in two areas. The results of the ERA-I data and WRF model were very
similar in integration methods. Also, the use of an incidence angle for each pixel did not make
much difference in the results. The most important result of this study was that the ray tracing
techniques produce more precise differential tropospheric delay maps compare to the integration
methods. The ray tracing techniques were more efficient than other methods, because these tech-
niques takes into account the lateral variations of the tropospheric parameters, which is neglected
in other methods.
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