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Abstract—Phase delay caused by atmospheric effects due to spa-
tial and temporal variations of pressure, temperature, and water
vapor content is one of the major error sources in estimation of
ground deformation by interferometric synthetic aperture radar
(InSAR>). Therefore, accuracy of ground deformation measure-
ment is highly contingent on the robustness of the atmospheric
correction techniques. These techniques rely either on auxiliary
data such as numerical weather models (NWMs) or on the analysis
of the interferometric phase itself. The accuracy in phase delays
estimation of mixing effects of turbulent delay in atmosphere and
stratified delay in lower troposphere is a key factor in determination
of performance of each technique. Hence, the performance evalua-
tion of the techniques is required in order to assess their potentials,
robustness, and limitations. This article analyzes and evaluates the
performance of four NWMs (i.e., ERA-Interim, ERA5, MERRA2,
and WRF) and two phase-based techniques (i.e., linear and power
law) to estimate phase delay using Sentinel-1A/B data over the
Corvara landslide located in the Alps. The GPS data and GACOS
product were used to validate the results. We generally found that
ERA5 outperformed among other weather models with a phase
standard deviation reduction of 77.7% (with respect to the InSAR
phase), a correlation coefficient of 0.86 (between InSAR phase and
estimated tropospheric delay) and a less significant error in the
velocity estimation of the landslide.

Index Terms—Atmospheric correction, GPS, InSAR, phase and
weather-based models, phase delay, Sentinel-1.

I. INTRODUCTION

SYNTHETIC aperture radar interferometry (InSAR) is a
powerful geodetic tool for detection and quantification

of earth surface deformation. However, it suffers of possible
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artifacts due to atmospheric phase delay. Atmospheric delays
are predominately composed of ionospheric and tropospheric
components. Ionosphere [i.e., total electron content (TEC)] can
cause a phase advance on microwave signals. Thus, it has a
severe effect on L-band than C- and X-band, with a magnitude
inversely proportional to the signal frequency [1]. Tropospheric
variation in time and space of water vapor, pressure, and tem-
perature causes a phase delay [2]. Changes in relative humidity
of 20% lead to more than 290 m of topographic error for a 100 m
baseline measurements (independently of wavelength), and rela-
tive humidity in the lower part of the troposphere (<5 km) could
potentially induce up to few centimeters interferometric phase
delay [2]–[4].

This phase delay could reach approximately several centime-
ters and often affects the deformation signal [5]. This additional
contribution in interferogram (IFG) results from a turbulent com-
ponent affected by troposphere dynamics (also called wet delay)
and stratification or a long-wavelength component induced by
the lower atmosphere parameters such as pressure, temperature,
and relative humidity (also called dry delay) [5], [6]. Many
studies have been developed to mitigate the negative effects of
the turbulent component as random component in space and time
in IFGs by applying the temporal and spatial filtering [7]–[9] to
time series of SAR data.

Stratified tropospheric delay can cause a long-term bias
in estimates of the deformation signal, where stacking-based
methods are used, especially when seasonal variations have
not properly been sampled in time [10]. Different methods
have been proposed to correct the tropospheric phase delay in
SAR data which can be generally split into two groups: First,
phase-based methods (or empirical methods), relying on the
correlation between interferometric phase and topography in
either a nondeforming area [11], [12] or a deforming area (power
law) [13], second, weather-based models (or predictive meth-
ods) relying on weather parameters (e.g., pressure, temperature,
and relative humidity) of numerical weather models (NWM)
[4]–[14], [15] such as ERA-Interim [14] and ERA5 provided by
ECMWF (European Center for Medium-Range Weather Fore-
casts), Generic Atmospheric Correction Online Service for In-
SAR (GACOS) (based on HRES-ECMWF)[16], global forecast
system (GFS) data using weather research and forecast (WRF)
model [17], [18], modern-era retrospective analysis for research
and applications (MERRA-2). Satellite spectrometers, utilizing
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observations of atmospheric water vapor, could also be used to
estimate wet delay such as Moderate Resolution Imaging Spec-
troradiometer (MODIS) [19] and Medium-Resolution Imaging
Spectrometer on board Envisat (MERIS) [20]. In addition to
that, point-wise GPS measurements can be used to estimate
zenith total delay (ZTD), zenith wet delay (ZWD, and zenith
hydrostatic delay (ZHD [21]–[23] alone or in combination with
spectrometer data [24].

Each method has its own drawbacks and advantages. For
instance, linear methods have two main limitations: First, need
for a nondeforming area (this could be overcome by applying
a spatial-band filtering sensitive to deformation [25] or using
a deformation model [26]), second, the simple hypothesis of
dependency between phase and elevation does not take into
account the spatial variation of atmospheric characteristics. The
power law technique [13] was proposed to either operate on a
deforming region or consider the spatial variation between phase
and elevation.

In this study, we use phase-based models, including linear
and nonlinear (power law) models, numerical weather model
(NWM) models involving ERA-Interim, ERA5, MERRA2, and
WRF, multispectral data (MODIS) and GPS data to estimate
phase delay on Sentinel-1A/B data and evaluate the performance
of them. Three steps are carried out as follows.

1) Cross comparison among the ZTD, ZWD, and TWD
derived by GPS with its counterparts obtained by NWM-
based models.

2) Cross comparison between the InSAR tropospheric phase
delays estimated by phase and NWM-based models in a
regional scale.

3) Cross comparison between the GPS stations velocity and
the velocity corrected by the phase and NWM-based mod-
els in a local scale (i.e., the active Corvara landslide in
Italy).

In addition to the GPS data, we used the GACOS product as
reference to cross validate the results in all steps.

The efficiency of the atmospheric correction methods is re-
stricted by the different factors. For example, Generally, NWM
models have a low-spatial and temporal resolution and might
not be available at the time of SAR data acquisition. Therefore,
interpolating in time and resampling in space could potentially
lead to an unwanted uncertainty [17]. GPS data are known as
accuracy pointwise measurements but are not available every-
where. Multispectral data can only be used in the cloud-free and
daylight conditions.

II. APPROACH

A. Atmospheric Correction Methods

Phase delay of radar signal induced by the atmosphere can be
defined by the atmospheric refractivity N
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where T is the temperature (Kelvin), P is the pressure (hPa),
e is the partial pressure of water vapor (hPa), ne is electron
number density per cubic meter, f is radar frequency, and W is
the liquid water content (g/m3), while K1 = 77.6, K2 = 23.2,
and K3 = 3.75 × 105 are empirical coefficients [27]. The refrac-
tivity term is composed of four components: hydrostatic or dry
(Nhydro), wet (Nwet), ionospheric (Niono), and liquid (Nliquid).
Each component can partially cause some phase delay (i.e.,
Nhydro+ Nwet) or phase advance (Niono) of radar signal. The
effect of Niono is often significant for longer wavelengths (e.g.,
P- and L-band), whereas for sensors with shorter wavelengths
(e.g., X- and C-band) is negligible. The liquid component affects
the refractivity just in case of saturated atmosphere and for the
InSAR application can be ignored [5]. Therefore, one-way tro-
pospheric delay (Strop) and two-ways tropospheric phase delay
(∅trop) can be characterized by integrating over the refractivity
along radar line-of-sight at a given height (h) as follows:

Strop =
10−6

cosθ

∫ h

0

(Nhydro +Nwet) dh (2)

φtrop =
−4π

λ
Strop (3)

where θ indicates the incidence angle, –4π/λ is a factor to
convert from pseudorange increase to phase delay and λ the
radar wavelength [5].

B. Phase-Based Tropospheric Delay Estimation (Linear)

Tropospheric phase delay based on the linear model assumes
that a linear relation between the interferometric tropospheric
delay and the topography exists. This phase delay is estimated
from data in a nondeforming region

Δφtrop_linear = kΔφh+Δφ0 (4)

where the coefficient kΔ∅ indicates a constant relating the inter-
ferometric tropospheric phase to topography, h the altitude, and
Δø0 is related to a constant shift applied to the whole IFG that
can be therefore neglected [13].

C. Phase-Based Tropospheric Delay Estimation (Nonlinear)

Tropospheric phase decreases by decreasing the height and
relative delays among different acquisitions are only significant
up to a certain altitude h0 (where phase delays converged to
zero), the relationship between phase and topography can be
empirically approximated by the following power law function
[13]

φtrop = kφ(h0 − h)α +Δφ0 h < h0 (5)

where k∅ is an unknown coefficient relating to phase and topog-
raphy, which varies spatially in each acquisition. The parameters
α and Δ∅o are the power law decay component and the phase
delay at the reference height, respectively. The interferometric
phase delay (i.e., difference between phase delay of master
and slaves acquisitions Δφtrop = φm

trop − φs
trop) is obtained

according to the following

Δφtrop = (kφm − kφs)(h0 − h) α, kΔφ = (kφm − kφs) (6)
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where kΔ∅
can be estimated by applying band-filtered phase

and topography to (6) due to the fact that the tropospheric phase
is present in all wavelength scales and the spatial frequency band
is relatively not sensitive to other signals such as incorrect orbit
and ionospheric delay [13]–[25].

D. NWM-Based Tropospheric Delay Estimation

The second type of the correction method exploits the avail-
ability of external datasets. NWM has a great potential in phase
delay estimation (PDE) in InSAR applications as an external
data. In this approach, atmospheric variables are used to estimate
the refractivity components (1). These NWM models are various
in terms of spatio-temporal resolution and data provider. There-
fore, the use of each model to estimate spatiotemporal variations
of both water vapor and temperature (wet delay) and pressure
(hydrostatic or dry delay) might lead to a different accuracy and
precision in PDE. To determine the robustness and weakness of
each NWM model, we use ERA-Interim, ERA5, MERRA2, and
WRF models for PDE and GACOS and GPS data for purpose
of the results accuracy assessment.

E. Multispectral Data

The MODIS data can be used to estimate the wet component
of refractivity under cloud-free and daylight conditions. Five
near-infrared (IR) MODIS channels comprising three water
vapor absorption and two no absorption are usually used to
estimate water vapor. MODIS could retrieve water vapor us-
ing observations of water vapor attenuation of reflected solar
radiation in the near-IR channels up to an accuracy of 5%–10%
[24]–[28]. Comparison of water vapor estimated by MODIS data
to GPS and radiosonde pointed out that MODIS overestimates
water vapor by a scale factor of 1.07–1.2. Therefore, MODIS-
driven wet delay should be calibrated before using in InSAR
atmospheric correction [29].

III. CASE STUDY AND DATASET

The case study is an active landslide (i.e., Corvara) located
in the Autonomous Province of Bolzano-South Tyrol, in the
Italian Alps. It is characterized as a complex earth slide-earth
flow with annual displacement rates of up to 20 m [30]. This
landslide frequently causes damages to the national road SS
244, the ski infrastructures, and the nearby golf course. The
Corvara landslide has been monitored for several decades by
different systems [31]–[33]. Eighteen Sentinel-1A/B images in
descending orbit and interferometric wide swath mode covering
from July 22 to November 1 in 2017 at the same acquisition
time (5:18 A.M. UTC) were collected over the Corvara landslide.
The selection of the descending orbit was because the motion
direction of the most important part of the landslide (i.e., the
left part, which is next to both the urban infrastructure and
the national road that are highly prone to be affected by the
landslide movement) is aligned to the Line of Sight (LOS) of
the descending mode. As we were in the field for the monthly
GPS measurements, we are completely sure that the selected
data do not content any snow at the landslide location and

the absence of the snow in the case study area was double
checked on Sentinel-2 data. Although the Corvara landslide is
surrounded by the mountains, the geographical location of these
mountains (mainly covered by snow or glaciers) is much far
from the Corvara landslide (at least 5 km). Thus, snow melting
of the remote mountains cannot affect or trigger the landslide.
The GPS monitoring system in Corvara shows that the main
cause of the landslide movement is related to the local factors
mainly due to the special geological structure of the region
right beneath the landslide. Due to the course resolution of
weather data and in order to have a better understanding of the
tropospheric turbulent and stratified changes, a larger extent of
the study area was selected (i.e., 15 × 15 km) than the portion of
the landslide area only (i.e., 3 × 1.5 km). Fig. 1 shows the extent
of Sentinel-1 data used for tropospheric correction purpose and
the boundary of the Corvara landslide. We used four permanent
GPS stations as references for both the tropospheric delay es-
timation and the results validation. The stations no. 8, 54, and
58 located within the landslide boundary were used to estimate
the landslide velocity, while CIAM GPS station was utilized to
estimate zenith total delay (ZTD), ZWD, and ZHD components
of the troposphere in a two-hours of time span (herein between
4 and 6 A.M.) [Fig. 1(a), (b), and (d)]. The characteristics of the
weather data used in the tropospheric correction are presented
in Table I. NWM models involving Era-Interim and ERA5,
GFS data (http://rda.ucar.edu/datasets/ds335.0/) and MERRA-2
data (https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/) were
utilized to compute phase delay through pressure, temperature,
and relative humidity parameters extracted from the NWM
models using (1). The ZDT was derived from the GACOS
service (http://ceg-research.ncl.ac.uk/v2/gacos/), which relies
on the HRES data [16].

The total perceptible water vapor parameter derived from
MODIS data was used to estimate the wet component of
tropospheric delay. A GPS permanent station (CIAM) of
South Tyrolean POsitioning Service (STPOS) managed by
Bolzano/Bozen Province was utilized to retrieve the tropo-
spheric parameters. Table I summarizes the specifications of the
data used in this study.

Sounding data providing height profile of atmospheric char-
acteristics such as temperature, pressure, and relative humidity
were used to estimate refractivity with the power law method.
These data were derived from the Rivolto station provided by
the Department of Atmospheric Science of the University of
Wyoming (http://weather.uwyo.edu/upperair/sounding.html).

IV. DATA PROCESSING AND METHODOLOGY

A. SAR Data Processing

The Sentinel-1A/B IFGs were generated by using the software
SNAP v6 (ESA Sentinel Application Platform v6), the Perma-
nent Scatterers Processing (PS) was performed by StaMPS v3.3
(Stanford Method for Persistent Scatterers) [34] and the phase
and NWM-model tropospheric corrections were carried out by
TRAIN v3 (Toolbox for Reducing Atmospheric InSAR Noise)
[17].

http://rda.ucar.edu/datasets/ds335.0/
https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/
http://ceg-research.ncl.ac.uk/v2/gacos/
http://weather.uwyo.edu/upperair/sounding.html
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Fig. 1. Study area and GPS stations. (a) Extent of the Sentine1-A/B image used for data processing. (b) The imaged Digital Elevation Model (DEM) from SRTM
(30 m) data for the study area. In both (a) and (b), the extent of the Corvara landslide (with the red boundary), three permenant GPS stations (No. 8, 54, and 58
within the red boundary) and one permanent GPS station belonging to the Bolzano Province (the CIAM located out of the landslide border) are indicated. (c) A
photograph showing the CR58 equipments including the battery, GPS receiver, and solar panel. The recorded data of each permanent GPS station are transmitted
by the mobile network to the servers of the Eurac Institute for Earth Observation. (d) A magnified view of the Corvara landslide with its main motion directions.

TABLE I
CHARACTERISTICS OF GPS, NWM MODELS, SOUNDING, AND MODIS DATA

H and W indicate the hydrostatic and wet components, respectively, while Res. and P. lev. indicate the resolution and pressure level, respectively.

In the PS processing, five main steps were performed as
follows:

1) Initial PS pixel selection by setting 0.4 and 3 × 2 values
for the amplitude dispersion index and the range/azimuth
patch sizes, respectively.

2) Estimation of phase noise value for each PS candidate
obtained using filtering with a window size of 32 × 32
pixels (a tradeoff between the S1 pixel size (15 × 15 m)
and the extent of the S1 image) with spatial wavelength of
800 m) using the iterative approach.

3) PS pixel selection based on its noise characteristics.
4) Refinement of the previously selected pixels using a stan-

dard deviation threshold of 1.
5) Correction of spatially-uncorrelated look angle error [34].
The weather-based models such as ERA-Interim and ERA5

were directly downloaded and the aforementioned parameters
were extracted. The GFS data first processed by WRF model
using WRFv3 and WPS packages and the parameters of the
domain and parent grid ratio were set 2 and 1/5, respectively,
leading to nesting a spatial resolution of 5 km [35]. Four weather
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parameters consist of temperature (K), pressure levels (Pa),
relative humidity (in %), and geopotential (m) were extracted
from all weather-based models to estimate refractivity. As the
hydrostatic components could be calculated up to 25–30 km
height to compare the NWM model results with GPS-derived
atmospheric parameters, we set 30 km as reference height to
estimated refractivity in (1). In the case of MODIS data, water
vapor IR band from MOD05_L2 product was used to estimate
the wet component of the refractivity. Since the water vapor
information in cloudy conditions is not valid, the water vapor
IR bands were masked with the cloud-cover band provided by
MODIS data with a probability of 95%. We then applied the
threshold of 80% minimum free-cloud coverage to the water
vapor IR band. It turned out that most of MODIS data were
rejected under the defined threshold due to the frequent cloud
coverage over the study area. This situation did not allow us to go
further and estimate interferometric phase delay. Nevertheless,
we will present the interferometric phase delay obtained from
the nonfree cloud MODIS data in the result section.

The same four weather variables were extracted from the
sounding data to approximate the parameters of the power law
in (5). In power law processing, the scaled topography and phase
were filtered in different bands using 1-D and 2-D Fourier band
filtering involving 9 bands from 500 m to 10 km [13]. As the
landslide area is small, we set only one patch to estimate the
spatial variable of the power law.

B. GPS Data Processing

The CIAM GPS-station data provided by South Tyrolean Po-
sitioning Service (STPOS) and corresponding to the Sentinel-1
acquisition days was processed. We processed the data by
GAMIT-GLOBK v10.61 software [36] and used the VMF1
mapping function to estimate tropospheric delay parameters
for the time span of 4–6 A.M. corresponding to Sentinel-1 data
acquisition time (i.e., 5:18 A.M.). The VMF1 NWM as computed
by TU Vienna [37] provides 6-h intervals surface pressure data
gridded by MIT in yearly grid files for GAMIT users. The
VMF1 mapping function is used to compute the “dry” part of the
troposphere ZHD. The ZWD due to water vapor and the local
gradient parameters were estimated for CIAM station and for
every 2 h using GAMIT software. The methodology used in this
study is presented in Fig. 2.

V. RESULTS

A. GPS Versus Weather-Based Model (Zenith Delay)

In order to evaluate the performance (i.e., accuracy and
precision) of NWM models in tropospheric PDE estimation,
ZDT, ZHD, and ZWD derived by CIAM GPS station were
cross correlated with the same parameters estimated by five
NWM models plus GACOS result. As the GACOS provides
only ZTD (ZH+ZW) product, hence, only GACOS-ZTD has
been compared with ZTD of GPS. Three statistical parameters
are composed of root mean square error (rmse), correlation
coefficient (R), and standard deviation (std) were used for perfor-
mance assessment based on the following simple linear models

Fig. 2. Flowchart of the methodology used in the study. PDE refers to phase
delay estimation.

(see Fig. 3)

GPSZ(THW)D = Slope×WeatherModelsZ(THW)D

+ Intercept. (7)

In terms of std and rmse parameters of ZTD, ERA5 with the
std of 2.8 cm and GACOS with the rmse of 0.8 cm presented the
most precise and accurate results among other NWM models.
In terms of std and rmse of ZWD and ZHD parameters, ERA5
generally provided the most precise and accurate results. In all
cases, ERA5 presented the highest correlation among other its
counterparts.

B. GPS Versus NWM Models (InSAR Delay)

To estimate InSAR tropospheric delay, we first projected ZTD
on the slant range of SAR geometry by applying the factor of
1/Cosθ, and then applying the factor of –4π/λ to convert from
pseudorange increase to phase delay (Hanssen), where θ and
λ indicate the incident angle and wavelength, respectively. To
achieve the interferometric tropospheric delay the subtraction of
tropospheric delay between master and slave acquisition times
was used (i.e., Δ∅trop= Δ∅slvtrop - Δ∅mst

trop). This procedure was
employed on ZTD derived from the GPS data corresponding to
the master and slave dates (see Fig. 4).

The map of InSAR tropospheric corrections for 18 IFGs using
five NWM models and MODIS data are presented in Fig. 5.

The estimated InSAR tropospheric correction maps for all
NWM models generally present a relative qualitative agreement
respect to each other and show a high correlation with the
elevation in most of the IFGs. As the wet component obtained by
MODIS was under nonfree cloud conditions, the related result
is not reliable to consider it in the rest of our study.

C. Phase-Based Model (Linear)

The linear relation between the unwrapped phase and height
is plotted in Fig. 6. The DEM-correlated errors (i.e., correlation
between perpendicular baseline and unwrapped phase) were
already subtracted from the unwrapped phase. The tropospheric
linear delay map estimated using (4) is presented in Fig. 7.
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Fig. 3. The ZTD, ZHD, and ZWD parameters of CIAM station versus ZDT,
ZHD, and ZWD parameters (the blue triangles) derived by five NWM models
contain ERA-Interim (EI), ERA5 (E5), MERRA2 (M), WRF (W), and GACOS
(G) (only ZDT). The slope and intercept values (the blue line) of the linear
equation and statistical parameters have been estimated for each model. The red
line shows the 1:1 line.

Fig. 4. Total InSAR Delay (TD-InSAR) versus GPS (TD-InSAR) for ERA-
Interim, ERA5, MERRA2, WRF, and GACOS (the blue triangles). The TD-
InSAR value of WRF model in the IFG no. 17 appeared as an outlier due to the
poor quality of the WRF model (see the discussion section and Fig. 14). The
parameters in the images are the same like in the Fig. 3, except those calculated
here for InSAR delay.

D. Phase-Based Model (Nonlinear)

In the power law model, the power law decay (α) and reference
height (h0) parameters were calculated from the sounding data
using (5) and (6) to estimate the interferometric phase delay (see
Fig. 8).

In the spatial band selection step, a band of 8–9 km was
selected as its correction presented the smallest rmse and mean
rmse (i.e., 2 rad equals to 0.8 cm) compared to the ERA5
phase delay to avoid contaminating tropospheric signal with the
deformation signal (the landslide extent of 1.5 × 3 km) (see
Fig. 9). The ERA5 was used here as the reference due to its high
accuracy derived among other NWM models. After applying the
9th band (i.e., 8–9 km), the tropospheric InSAR phase delay was
estimated (see Fig. 10).

The estimated InSAR tropospheric delay maps obtained by
power law do not show a good agreement with the other models.
This means that the weather parameters used from sounding
data do not reflect the real atmospheric conditions over the
case study. The reason is probably be related to the distance
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Fig. 5. Interferometric phase delays of the NWM models and MODIS. The total InSAR tropospheric delays (T = H+W) corresponding to each IFG of Sentinel-1
data after the DEM and orbital ramp removal (U-do) are shown. The delays derived by MODIS only show the wet component (nonfree cloud). The master data
(8th IFG) has no delay (zero). LOS and satellite pass (S.P) of Sentinel-1 over the case study are shown in Fig.(a). A same color bar was set for all cases to facilitate
the comparison, except for the MODIS, where the color bar limits went beyond the limits of the others cases.
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Fig. 6. Linear relation between phase and topography. The relation between height (km) and phase (cm) (green dots), and height and correlated delay estimated
from the linear relationship (red line) depicted for each IFG. The 8th graph in the first row indicates the master data.

Fig. 7. Interferometric tropospheric delay estimated based on the linear relation between phase and topography.

between balloon-sounding station and our case study (nearly
100 km apart). Hence, the power low parameters (i.e., α and h0)
have been updated by estimating the refractivity using the ERA5
model instead.

In order to assess the performance of the models used in
InSAR tropospheric correction, we generated the velocity maps
of the study area before and after tropospheric correction of
the entire scene of the local area (i.e., the landslide extent)
(see Figs. 11 and 12). According to the velocity maps, some
areas especially the residential region (which could considered at
approximately zero velocity) in the valley [the blue λ-like-shape
region in Fig. 1(b)] are completely contaminated by tropospheric
artifacts (“V” and “V-do” in Fig. 11). After the tropospheric
correction, the velocity values in the aforementioned valley
appeared as green color referring to zero displacement. The
red and blue colors surrounding the landslide are related to the
mountainsides or hillsides. During the summer time, the glaciers
and snow started melting and this triggered some deformations
and changes that resulted in displacement on our velocity maps.
As the snow melted during the summer season, the mountain-
sides or hillsides were highly prone to geological changes as
well as water-laden masses of soil and fragmented rocks rushed
down mountainsides.

The velocity maps can be visually categorized into three
groups in terms of the patterns similarity: 1) ERA-Interim,
ERA5, and MERRA2, 2) WRF, GACOS, and Linear, and 3)
power law. To quantify the performance of each model in
presence of the known deforming values (determined by the

GPS measurements) the velocity map of the Corvara landslide
before and after tropospheric correction was investigated. To
this end, a magnified view of the velocity map of the Corvara
landslide is provided in Fig. 12.

To assess the performance of each model the velocities of
two GPS stations (i.e., no. 8 and 54) were compared with the
corresponding points in the velocity map of the landslide after
tropospheric correction within the same time span (see Fig. 12).

The main movement direction of the landslide derived by
GPS observations in Fig. 1(d) can be compared with the move-
ment direction obtained by InSAR in the velocity maps. For
instance, the left part of landslide leading to the urban area
that must have a near zero velocity (green color) can be used
as a visual indicator to evaluate the models performance. In
this respect, ERA5, MERRA2, and ERA-Interim indicate the
highest agreement with a near zero velocity corresponding the
urban area. Since, the movement direction of GPS no. 58 is
aligned to North-to-South (which is not detectable by the SAR
imaging systems), this GPS station was excluded from our
validation procedure. The velocity map corrected by the power
law (“V-P1”) presents a relative high disagreement with respect
to the other models. Thereby, its parameters were updated
using the ERA5 model in (5) and the velocity map recreated
(“V-P2”). A significant improvement was obtained especially
in the left part of the velocity map. The quantitative values for
GPS velocity and the corresponding values in the velocity maps
for all the tropospheric correction models are presented in the
Table II.
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Fig. 8. Tropospheric-related phase delay parameters computed by the balloon-
sounding data for 18 days (00-12 UTC) from January 22 to November 1. (a)
Refractivity (wet) component calculated based on (1). (b) LOS phase delay
obtained by integrating refractivity (wet+dry) over the LOS signal path up to
height of 27.2 km that the phase delay reaches to zero (the solid line refers to
mean delay). (c) Relative LOS phase delay presents 400 combinations of the
difference among tropospheric delays at two different days to estimate h0 (dash
line). All relative LOS delay converged to zero at height h0 = 27.2 km in which
the standard deviations of relative delay are less than 0.05 cm. There is no relative
delay between acquisitions above the dash-line (i.e., at 27.2 km).

TABLE II
UNITS FOR MAGNETIC PROPERTIES VELOCITY CROSS VALIDATION

USING GPS STATIONS AS REFERENCES POINTS

LOS velocity derived by GPS (V_GPS), velocity before tropospheric correction (Vel)
and velocity after tropospheric correction with the phase and NWM -based models
(V_Models) corresponding to the GPS stations no. 8 and 54 are provided. The absolute
percent error was calculated for all cases. The values were rounded and the unit is in
millimeter per year (mm/yr).

The error values in the Table II show that ERA5 has the lowest
error among all models for both GPS stations. The errors values
for GPS no. 8 are generally smaller than for GPS no. 54 for all
models. This is most probably due to a velocity underestimation
caused in the non-LOS motion region corresponding to the GPS
station no. 54 [see Fig. 1(d)].

VI. DISCUSSION

Although the NWM data generally suffer from a coarse spatial
and temporal resolution, a relative good agreement exists among

GPS-derived ZTD, ZWD, and ZHD and their counterparts
obtained by NWM models (see Fig. 3). In the case of ZTD
parameter, GACOS and ERA5 exhibited the highest accuracy
and precision among other NWMs. The GACOS yielded better
accuracy (rmse = 0.8 cm) than ERA5 (rmse = 1 cm), but
ERA5 provided better precision and higher correlation (std =
2.7 cm and R = 0.97) than GACOS (std = 2.8 cm and R =
0.95). To have a proper judgment about the GACOS and ERA5
performance, it is required that those have been computed with
the same processing parameters. The most important parameter
is the reference height (i.e., h) in (2), because the refractivity
is computed up to that elevation. We set the reference height
of 30 km in refractivity processing, but we do not know what
reference height has been used in GACOS product. In the case
of HTD and WTD parameters, ERA5, ERA-Interim, MERRA2,
and WRF provided the highest accuracy, precision, and correla-
tion, respectively (see Fig. 2).

In the estimation of total InSAR phase delay, which refers
to temporal changes of refractivity rather than total refractivity
(see Fig. 3), ERA5 with an accuracy and correlation of 0.9 and
0.97 cm, respectively, and MERRA2 with a precision of 3.1 cm
provided the best performance among other NWM models in
comparison with GPS measurements (see Fig. 4).

In order to discover the cause of the different results in ZTD
and InSAR-TD estimations among NWM models (which could
be potentially attributed to quality and spatio-temporal of the
NWM models), the data quality investigation procedure should
be performed for all NWM models. To this end, the weather
parameters of the NWM models, which were used to estimate
the refractivity, should be individually investigated. Temperature
(which is the common variable in both hydrostatic and wet
components of refractivity) and water vapor as a function of
temperature and relative humidity were assessed and compared
using (1).

For instance, Fig. 13 shows temperature and water vapor of
ERA5 model obtained for the lower and upper part of the atmo-
sphere. The lower atmosphere refers to the first pressure level
(equal to the height of 205 m) and the upper atmosphere indicates
the 37th-pressure level (equal to the height of 40 700 m). For the
temperature parameter, at the upper atmosphere a regular smooth
and homogeneous changes from –21° to –9° can be observed
[see Fig. 13(a)], while an irregular sudden and heterogeneous
changes from 6° to 35° can be seen at the lower atmosphere [see
Fig. 13(b)]. The water vapor presented the same temperature-like
pattern for the lower and upper atmosphere [see Fig. 13(c)
and (d)]. The water vapor estimated using two parameters: 1)
water vapor pressure (svp) and 2) relative humidity. The svp
calculation is based on the svp for water [38] and svp for ice [39].
Comparison of weather parameter values shows that the most of
the delays on InSAR phase mainly occurs at the lower part of
troposphere, where the tropospheric dynamics is intensely and
frequently variable.

Comparison of the temperature parameter values of the NWM
models pointed out several significant items. The ERA-I and
ERA5 exhibited a similar pattern with a difference in spatial
resolution at all pressure levels while the temperature patterns
of WRF and MERRA2 provided more discrepancy compared to
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Fig. 9. Spatial band filter selection for the power law model. (a) RMSE of the different bands obtained from all IFGs and (b) mean rmse of the different spatial
bands (on the bottom). The ERA5 phase delays were used to calculate the rmse as reference.

Fig. 10. Interferometric tropospheric phase delay derived by using the power law model.

ERA-I and ERA5 (see Fig. 14). ERA-I and ERA5 contained the
NaN-pixels-free data, whereas WRF and MERRA2 contained
the NaN pixels data at several pressure levels. The number of
NaN-pixels in MERRA2 model decreases from pressure level
1 toward pressure level 10 and the pressure levels from 10 to
42 data shows lack of NaN-pixels. In WRF, the data mostly
contained the NaN-pixels, especially from pressure level 1 to 10
(even in some cases completely NaN-pixels data), the pressure
levels between 10 and 27 did not content NaN-pixels and at the
pressure levels between 27 and 37 NaN-pixels were observed to
some extent randomly (see Fig. 14).

Since interpolation was used to fill out the NaN-pixels, the
interpolated pixels increased the uncertainty and impaired the
refractivity estimation. This fact indicates the reason for which
WRF generally provided a lower accuracy and precision results
with respect to other NWM models (see Figs. 3 and 4). Departing
from GPS data cross validation, we utilized two metrics as
performance indicators to evaluate the models performance:
1) comparison between phase std of the original IFGs and
corrected IFGs using the models (i.e., reduction rate of the IFG
phase std), and 2) correlation between IFGs phase and InSAR

TABLE III
PHASE STANDARD DEVIATION REDUCTION

Total phase standard deviation reduction (T-std red.) of 17 unwrapped IFGs derived after
tropospheric correction indicated for the phase and NWM-based models.

estimated tropospheric delay. Fig. 15 depicts the phase std of
all IFGs before and after phase correction and NWM-based
models comprising wet, hydrostatic and total delays. The phase
std reduction was then calculated for all models and IFGs (see
Fig. 15).

The quantitative values of total phase std reduction for all IFGs
are presented in Table III. As the Table III shows, ERA5 with
77.7% and linear with 80.2% presented the highest phase std
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Fig. 11. Mean LOS velocity (MLV) maps. The acronyms in the plots indicate
MLV without tropospheric correction (“V”), after DEM error and orbital ramp
removal (“V-do”), after tropospheric correction using Entrim-I (“V-EI”), ERA5
(“V-E5”), GACOS (“V-G”), MERRA2 (“V-M”), WRF (“V-W”), power law (“V-
P”), and linear (“V-L”). Negative values refers to a movement away from the
satellite and positive values indicate a motion toward the satellite. The black
shape in the middle of the scene indicates the Corvara landslide location.

Fig. 12. Velocity maps before (“V”) and after tropospheric correction (“V-
Models”) for Corvara landslide. Power law parameters in “V-P1” were approx-
imated by the sounding data and their parameters were updated by the ERA5
model and the power law reestimated (“V-P2”). The black triangles present the
GPS stations in the first map.

reduction for the phase and NWM-based models, respectively.
The phase std reduction results generally agrees with the results
of the velocity values presented in Table II except for the linear
case.

The correlation (R) between IFGs phase and InSAR estimated
tropospheric delay is presented in Fig. 16 as the second metrics of
the performance indicator. The correlation values demonstrate
how successful each intended model was in capturing tropo-
spheric changes. MERRA2 with correlation of 0.88 and ERA5
with correlation of 0.86 provided the highest correlation coeffi-
cients among other models, corresponding to 76.9% and 77.7%
in terms of phase std reduction, respectively. Considering the
indicator, linear model did not present a high correction, whereas
for the first indicator it provides the maximum phase std reduc-
tion. This fact implies that a single performance indicator is not
able to reflect fully the performance of a model in tropospheric
corrections. Therefore, the performance of models should be
evaluated through several indicator metrics simultaneously.
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Fig. 13. Temperature (T) and water vapor (WV) of the ERA5 model. The T and WV parameters corresponding to the extent of each IFG presented for the lower
and upper atmosphere.

Fig. 14. Data quality check of the NWM models. Temperature parameter is shown for four NWM models at 18th pressure level (7300 m), WRF at 30th pressure
level (23 000 m) and MERRA2 at 30th pressure level (1000 m). The white regions in WRF and MERRA2 data are shown the NaN-pixels.

Generally, the cross-validation results (see Fig. 2) and two
indicator metrics show that ERA5 relatively outperformed other
models. ERA5 has the highest temporal resolution among all
the NWM models (i.e., hourly), but its spatial resolution ranks
in the third place after WRF and HRES-ECMWF (GACOS)
(as shown in Table I). As a result, the higher performance of
ERA5 implies that the role of temporal variation in tropospheric

constituent has more effect on PDE than the spatial resolution.
As a NWM model with a low temporal resolution has to be
interpolated (due to the difference in acquisition time between
NWM model and SAR data), hence, this leads to increase
uncertainty. EAR5 with the hourly resolution could effectively
reduce the uncertainty and increase the accuracy and precision of
PDE.
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Fig. 15. Phase standard deviation reduction of wet, hydrostatic and total components after InSAR tropospheric correction for 17 IFGs. In the legend, UW indicates
the unwrapped IFGs and the rest refers to the models used in tropospheric correction.

Fig. 16. Estimated tropospheric delay versus InSAR phase (unwrapped IFG).
The red line is the 1:1 line.

VII. CONCLUSION

In this article, we investigated the performance of two main
common models in InSAR and ZTD tropospheric correction
contain phase-based (i.e., linear and power law) and NWM-
based (Era-Interim, ERA5, MERA2 and WRF) models. We
used GACOS product and GPS data as references to validate
the results. The GPS-ZTD cross validation showed that ERA5
and GACOS have the highest precision (std = 2.7 cm) and
accuracy (rmse = 0.8 cm) among other NWM models, respec-
tively. The GPS-InSAR cross validation pointed out that ERA5
and MERRA2 have the highest accuracy (std = 0.9 cm) and
precision (rmse = 3.1 cm), respectively. In addition to that, two
indicators metrics, phase std reduction and correlation between
phase and InSAR estimated tropospheric delay, were used to
determine the performance and robustness of each model. Both

indicators confirmed that ERA5 generally and relatively outper-
formed other models. The high temporal resolution of ERA5
(hourly) seems the main reason for this good performance. The
data quality check procedure demonstrated that NaN-pixels in
MERRA2 and WRF models induced a large bias in tropospheric
refractivity estimation, especially in the WRF model. In the
phase-based models part, the linear model presented a higher
performance than power law (nonlinear model) in both indi-
cators. Although re-estimation of power law parameters using
ERA5 data improved the power law’s performance, the proper
spatial band selection is still a main challenge. In summary, the
results illustrate that no single model and indicator metrics are
able to fully estimate the phase delay and evaluate the perfor-
mance model properly. Therefore, a combination of different
data/models and the use of a set of indicator metrics should be
considered simultaneously.
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