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aGuangdong Provincial Key Laboratory of Geodynamics and Geohazards, School of Earth Sciences and 
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Laboratory (Zhuhai), Zhuhai, China; cDepartment of Earth Observation Science, University of Twente, 
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ABSTRACT
Atmospheric heterogeneity mainly exposes itself as tropospheric- 
phase delay in Satellite Interferometric Synthetic Aperture radar 
(InSAR) observations, which smears or even overshadows the defor-
mation component of InSAR measurements. In this study, we esti-
mated the performance of four Global Atmospheric Models (GAMs), 
i.e. European Centre for Medium-Range Weather Forecasts 
(ECMWF) Reanalysis v5 (ERA5), ERA-Interim (ERA-I), Modern-Era 
Retrospective analysis for Research and Applications v2 (MERRA2) 
and Generic Atmospheric Correction Online Service for InSAR 
(GACOS), for tropospheric-phase delay reduction in InSAR applica-
tions in the Tibetan plateau, of which ERA5 is the latest GAM 
released by ECMWF. We demonstrated the effectiveness of 
Atmospheric Phase Screen (APS) correction using the four GAMs 
for more than 700 Sentinel-1 Terrain Observation by Progressive 
Scans interferograms covering two study areas in the southern (R1) 
and northwest margins (R2) of the Tibetan plateau. Topography- 
correlated signals have been widely observed in these interfero-
grams, which are most likely due to the APS effects. We calculated 
the Standard Deviations (SD) and Pearson’s Correlation Coefficients 
(r) between InSAR Line of Sight measurements and topography 
before and after applying APS correction. The results show that 
the SDs of non-deformation areas from the GAMs decrease to 
approximately 4 mm from around 10 mm and 12 mm originally 
on average for R1 and R2, respectively, and the r after the APS 
correction are reduced below 0.4 from around 0.8 for the selected 
interferometric pairs. In addition, as the newly released GAM, ERA5 
has similar performance with GACOS products and outperforms 
other models generally. This suggests that GAMs, particularly 
ERA5, have great potential in the APS correction for InSAR applica-
tions in the Tibetan plateau.
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1. Introduction

Synthetic Aperture Radar (SAR) Interferometry (InSAR) has been extensively used to 
measure the earth’s surface deformation since the 1990s. As widely observed in real 
applications, atmospheric noise is usually one of the major sources of InSAR measure-
ments (e.g. Goldstein 1995; Zebker, Rosen, and Hensley 1997). When the SAR signal 
propagates through the atmosphere, it is inevitably affected by the ionosphere and 
troposphere (e.g. Meyer et al. 2006). Due to different atmospheric conditions at the two 
SAR acquisition time, the atmosphere-related non-deformation patterns likely remain in 
the interferometric results, which is referred to as Atmospheric Phase Screen (APS) 
(Hanssen 2001). The ionospheric contribution in APS for the C-band (0.056 m) interfero-
grams is usually marginal and negligible for the areas outside of polar regions (e.g. Gray, 
Mattar, and Sofko 2000), while the tropospheric contribution in APS for the C-band 
interferogram can be up to an order of several centimeter and often shades deformation 
signals in the interferometric measurements (e.g. Hanssen 2001; Samsonov et al. 2014). 
Therefore, the APS correction in InSAR applications, particularly for those small- 
deformation cases, is crucial.

Multiple APS correction methods have been developed in the recent two decades (e.g. 
Ding et al. 2008; Li et al. 2019). For instance, when APS is regarded as random signals, it 
can be mitigated based on data itself using numerical algorithms within an InSAR net-
work, such as stacking (e.g. Sandwell and Price 1998; Wright, Parsons, and Fielding 2001), 
persistent scatterer interferometry (e.g. Ferretti et al. 2001; Hooper, Segall, and Zebker 
2007; Chang, Dollevoet, and Hanssen 2016), small baseline subset (e.g. Berardino et al. 
2002; Samsonov and d’Oreye 2017) and an enhanced iterative stacking (e.g. Tymofyeyeva 
and Fialko 2015). For those cases where the interferometric phase presents a high 
correlation with local topography, the empirical methods with a linear model (e.g. 
Cavalié et al. 2007; Samsonov et al. 2014) or a non-linear model (e.g. Bekaert et al. 
2015a) have been proposed to correct for APS effects in InSAR applications, in which an 
external Digital Elevation Model (DEM) data are required.

In addition, external data, e.g. Global Positioning System (GPS) and Global Atmospheric 
Models (GAMs), have been widely examined for the APS correction in InSAR applications 
(e.g. Li et al. 2006; Doin et al. 2009). GAMs can provide a group of complex atmospheric 
parameters, including temperature, pressure and humidity, with a certain temporal sam-
pling interval on global or regional spatial grids. These parameters can be applied to 
calculate the air refractivity for SAR signals at a given time and then to derive APS delay 
in InSAR results. To demonstrate the potential of GAMs, Doin et al. (2009) verified the 
consistency of the results derived from the empirical models and GAMs through 
a quantitative comparison. Jolivet et al. (2011) showed the benefits of the APS correction 
with European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis-Interim 
(ERA-I) in reducing the risk of unwrapping errors. Jolivet et al. (2014) further confirmed the 
effectiveness of using atmospheric water vapour contents from either multispectral imagery 
or GAMs such as ERA-I and Modern-Era Retrospective analysis for Research and Applications 
(MERRA) in Chile, California and Hawaii for individual interferograms and time series analysis, 
respectively. By combining GPS and GAMs Yu, Penna, and Li (2017, 2018a, 2018b) proposed 
a new strategy for the APS correction and provided global APS products through an online 
system, Generic Atmospheric Correction Online Service for InSAR (GACOS) (as High 
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Resolution Forecast (HRES), a GAM from ECMWF, is utilized in GACOS, we simply refer to 
GACOS products as a GAM hereinafter). Darvishi et al. (2020) used GPS data to validate the 
effectiveness of GACOS products with mean Standard Deviation (SD) reductions of over 70% 
after the APS correction for Corvara landslide in the Alps.

The latest GAM, ERA5 from ECMWF is the fifth generation of atmospheric reanalysis 
replacing ERA-I with better resolutions in space and time than previous public GAMs 
(Hersbach et al. 2020; Li et al. 2020). Since December 2019, ERA5 has been publicly 
available from 1979 to 5 days of real time, which provides timely support in InSAR 
processing for near real-time applications. The outstanding performance of ERA5 for the 
APS correction has increasingly been investigated. For instance, Hu and Mallorquí (2019) 
concluded that the ERA5-based APS correction can lead to the SD reductions of 50%, 29%, 
and 38% in the approach of direct integration along the Line of Sight (LOS) direction and 
37%, 14%, and 22% in the approach of converting the zenith to the LOS direction in 
Tenerife island (Spain), Almería (Spain) and Crete island (Greece), respectively. Darvishi 
et al. (2020) presented that ERA5 outperformed the other GAMs including GACOS for the 
APS correction in the Alps with a phase SD reduction of 77.7%. ERA5 also showed an 
enhancement in forcing a land surface model over North America (Albergel et al. 2018) 
and simulating extreme temperature events in the USA and Canada (Sheridan, Lee, and 
Smith 2020). Thus, ERA5 sounds very promising for the APS correction in InSAR applica-
tions. Yet, whether ERA5 can perform better than the other GAMs globally (e.g. the 
Tibetan plateau) is unclear and requires more demonstrations.

This study chooses two test sites located in the Tibetan plateau, where the moderate 
earthquakes (Moment Magnitude (Mw) > 5) occurred. The Tibetan plateau as one of the most 
active tectonic zones in the world has brought global attention to the geodynamic commu-
nity on variable on-going tectonic processes, for example, from interplate collision and 
earthquake hazard propagations. To better understand the sub-surface physical processes 
behind the surface deformation in the two test sites which have rugged and complex terrains, 
it is of importance to reduce the APS effects on InSAR interpretation. As the topography- 
correlated signal is dominant in APS in previous InSAR applications for the region (Elliot et al. 
2008), the tropospheric component of APS in the test sites will be discussed in-depth.

In this study, we investigate four GAM-based APS corrections, including those derived 
from ERA5, ERA-I, MERRA2 and GACOS products to evaluate their performance in the 
Tibetan plateau. We organize our materials in the following sections:

(1) Section of methods describes in detail on theoretical backgrounds of atmospheric- 
phase delay simulation and performance evaluation of GAMs used in this study.

(2) Section of background and data explains the potential challenges related to the 
seismological issues in the two selected test sites, the SAR data and GAM data.

(3) Section of results quantitatively shows how GAMs-based APS products perform for 
the APS correction in our study areas.

2. Methods

2.1. Processing flowchart

This study follows a tailored processing flowchart (Figure 1). Before the performance 
evaluation of GAMs for the APS corrections, we acquired all available Sentinel-1A/B 
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Terrain Observation by Progressive Scans (TOPS) SAR data (covering two test sites) from 
2018 to 2020 in this study, and generated all potential interferograms for every two 
acquisitions using an open-source InSAR processing system based on Generic Mapping 
Tools (GMTSAR) (Sandwell et al. 2016). Precise orbital data and external 30-m resolution 
Shuttle Radar Topography Mission (SRTM) DEM (Farr et al. 2007) data were used in the 
InSAR processing. As orbital errors introduce a nearly linear phase ramp, a phase plane 
was modelled and removed using a 3-parameter polynomial for every unwrapped inter-
ferogram (Feng et al. 2013; Bähr and Hanssen 2012). The original InSAR results primarily 
include a stack of unwrapped interferograms smeared by APS. We then utilized ERA5, 
ERA-I, MERRA2 and DEM data to estimate and correct for APS using a software package 
released by Bekaert et al. (2015b), TRAIN (Toolbox for Reducing Atmospheric InSAR Noise), 
and applied GACOS APS products for each interferogram. To evaluate the performance of 
these four GAMs, two criteria including SD and Pearson’s Correlation Coefficients (r) 
between InSAR LOS changes and topography were used (see details in section 2.3). The 
final deliverable is the improved coseismic deformation maps after an APS removal using 
the most suitable GAM product.

2.2. Troposphere-induced phase delay

APS component observed at a single pixel in an interferogram is a superposition of 
atmospheric signals from two acquisitions, which is the combination of turbulent delay 
and stratified delay in the troposphere. The lateral variation of the APS component is likely 
due to a turbulent mixing process, while the stratified delay results in a high correlation 
between APS and local topography (Hanssen 2001). The APS delay L of radar signals in the 
satellite LOS direction can be derived by the integral of the air refractivity N between the 
surface reference elevation zref and the elevation of the top atmosphere which is defined 

Figure 1. Flowchart of the APS correction strategies during InSAR processing used in this study.
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as 12 km in this study as suggested in GACOS and the variations of N can be neglected 
above (Doin et al. 2009; Yu et al. 2018a), 

L¼
10� 6

cosðθÞ
ò
1

zref

Ndz (1) 

where θ is the satellite incidence angle; N is the air refractivity which can be defined as 
(Smith and Weintraub 1953) 

N ¼k1
Pd

T
þk2

e
T
þk3

e
T2þk4Wcl� k5

ne

f2 (2) 

where T is the temperature (K), Pd is the partial pressure of dry air (Pa), e is the partial 
pressure of water vapour (Pa), Wcl is the cloud liquid water content (kg m3), ne is the electron 
number density per m3, f is the radar frequency, k1¼ 0:776KPa� 1, k2¼ 0:716KPa� 1, 
k3¼ 3:75� 103K2Pa� 1, k4¼ 1:45� 103 m3kg� 1 and k5¼ � 4:03� 107s� 2 m3 are the 
empirical constants. The first term represents the effect of hydrostatic (i.e. dry) delay, and 
the second and third terms correspond to the wet delay. The fourth term, liquid content, has 
an effect on the refractivity in a saturated atmosphere and is negligible in InSAR application 
(Hanssen 2001). The last term, the phase advance, caused by the ionosphere is ignored in 
this study as abovementioned. Thus, based on a given time t and an elevation z, the 
tropospheric phase delay δLtotal

LOS z; tð Þ at any position can be expressed as (Baby, Gold, and 
Lavergnat 1988; Doin et al. 2009), 

δLtotal
LOS z; tð Þ¼ δLhydro

LOS z; tð ÞþδLwet
LOS z; tð Þ (3) 

where a hydrostatic delay δLhydro
LOS and wet delay δLwet

LOS can be further expressed in the 
following Equations (4) and (5). The wet delay is usually much smaller in magnitude than 
the hydrostatic delay (<10%) with significantly larger spatio-temporal fluctuations (Doin 
et al. 2009) (Figure S1), 
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where P ¼Pdþe is the total pressure (Pa), Rd¼ 287:05Jkg� 1K� 1 is the specific gas constant 
of dry air, Rv¼ 461:495Jkg� 1K� 1 is the specific gas constant of water vapour, and gm is the 
local gravity at the centre of the atmospheric column between zref and z (Saastamoinen 
1972).

2.3. Performance evaluation of the APS correction with GAMs

To evaluate the tropospheric-phase delay correction effectiveness of the four different 
GAMs, we compute SD and r of phase samples along InSAR profiles in the interferograms, 
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SD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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where Xi¼Xoriginal� Xmodel is the corrected InSAR phase, in which Xoriginal is the original 
unwrapped phase and Xmodel is the tropospheric-phase delay simulation based on the 
GAMs. For the correlation calculation, Xtopo is the local topographic phase for the location 
i, M is the number of pixels used in the calculation, Cov is the covariance and Var is the 
variance. These two calculations were conducted with python in this study.

3. Study areas and data

3.1. Study areas

Two test sites in the southern Tibetan plateau (R1) with a size of 170 km � 110 km and 
northwest margin of Tibetan plateau (R2) with a size of 170 km � 90 km are selected to 
investigate the performance of each weather model in this study (Figure 2(a)). An Mw 5.8 
normal faulting earthquake occurred in R1 on 28 December 2018, while another Mw 6.0 
reverse faulting earthquake occurred in R2 on 19 January 2020. Due to strong APS effects 
in the two study areas, significant topography-correlated fringes have been observed in 
their coseismic interferograms (Figure 2(b,c)).

3.2. InSAR data and fringe pattern characteristics

In this study, 127 Sentinel-1 SAR acquisitions were utilized to identify the surface deforma-
tion processes associated with the two recent earthquakes. We generated 229 and 248 
interferograms in ascending track 12 and descending track 121 for R1, respectively. Another 
203 and 101 interferograms were generated in ascending track 129 and descending track 34 
separately for R2 (Figure S2). Through our InSAR processing workflow (Figure 1), all geo-
coded unwrapped interferograms are saved in a Repeat Orbit Interferometry Package (ROI- 
PAC) format, which has an RSC header file storing all SAR geometric and time information 
for any result. The RSC headers will be helpful for conducting an automated APS correction.

When the SAR wave propagates in the troposphere, its speed is delayed by the 
altitude-dependent temperature, pressure and partial pressure of water vapour 
(Equations (4)–(5)), leading to the correlation between interferometric signals and 
local topography. For instance, the LOS change of the original unwrapped interfero-
gram covering from 18 August 2018 to 17 October 2018 (Figure 3(a)) of R1 shows 
a correlation with local topography (Figure 3(b)) above 5700 m. For the Profile AA’ 
which crosses the valleys with sharp relief variations, a large r reaches 0.87, while the 
maximum LOS change comes up to around 40 mm (Figure 3(c)). A view with all points 
in the region is given to show the correlation between topography and interfero-
metric phase in Figure 3(d). As no seismic or other geological processes were reported 
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in that period, the deformation signals revealed in the pair should be due mainly to 
the APS effects. A similar phenomenon can also be widely observed in R2.

3.3. GAMs data

We downloaded GAMs data automatically with TRAIN v3b (Bekaert et al. 2015b), which 
contains all the state-of-the-art APS correction methods. We slightly modified the package 
to link the APS products working for InSAR results generated from GMTSAR. The simula-
tions of tropospheric phase delay using Equations (1)–(5) were all carried out based on the 
package in this study. As these GAMs have various spatio-temporal resolutions (Table 1 
and Figure S3) which are lower than InSAR resolution, it is necessary to interpolate the 
weather data at the InSAR resolution. A cubic spline interpolation method is applied for 
the vertical direction and a bilinear interpolation is used for the horizontal one in TRAIN. 
The hydrostatic and wet components can be calculated by the atmospheric parameters 
extracted from ERA5, ERA-I and MERRA2 using Equations (4)–(5), respectively (Figure S1). 
The sums of hydrostatic and wet delay, zenith total delay derived from GACOS products 

Figure 2. (a) Topography of our study areas in the Tibetan plateau. The boxes with different colours 
show the spatial coverage of the ascending and descending tracks separately in R1 and R2. The yellow 
stars present the epicentres of the target earthquakes and red beach balls represent the focal 
mechanisms from Global Centroid Moment Tensor (GCMT) Project (Dziewonski, Chou, and 
Woodhouse 1981; Ekström, Nettles, and Dziewoński 2012). (b) A coseismic interferogram of the Mw 

5.8 earthquake of 23 December 2018 in R1. (c) A coseismic interferogram of the Mw 6.0 earthquake of 
19 January 2020 in R2. The dates on the top of the interferograms indicate the SAR data used for the 
generation of the interferograms.
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for all the tested interferograms, were directly acquired from their online system (http:// 
www.gacos.net/) (Table 1).

4. Results

4.1. Performance of GAMs in the APS correction

4.1.1. Case study of R1
We selected five non-coseismic interferograms with high topography-correlated signals 
to investigate the performance of the four GAMs. As shown in Figure 4, all models present 
obvious correction effectiveness in the selected interferograms; however, the 

Figure 3. (a) An original unwrapped interferogram from 18 August 2018 to 17 October 2018 of R1. (b) 
The DEM of the interferogram, where the red line shows the position of Profile AA’. (c) The distribution 
of interferometric phase and topography along Profile AA’, where the grey region represents 
topography and the black dashed line represents InSAR phase. (d) Plot between topography and 
interferometric phase based on sampled points from the entire interferogram. The grey, blue and red 
dots represent the original unwrapped phase, the atmospheric phase delay estimated based on 
GACOS and ERA5, respectively, while the yellow dots show the corrected InSAR phase.

Table 1. Characters of ERA5, ERA-I, MERRA2 and HRES (GACOS).

Model

Temporal 
resolution 

(hours)
Spatial reso-

lution (°)
Pressure 

level
Hydrostatic 

delay
Wet 

delay Latency
Available 

acquisition

ERA5 1 0.25� 0.25 37 Yes Yes 5 days 1979–present
ERA-I 6 0.75� 0.75 37 Yes Yes several months 1979–August 2019
MERRA2 6 0.625� 0.5 42 Yes Yes 1–2 months 1980–present
HRES (GACOS) 6 0.125� 0.125 137 Yes – combined 5–10 hours 1979–present
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interferograms corrected with ERA-I and MERRA2 still retain certain atmospheric noises, 
for instance, the topography-correlated signals near the valleys, which have been almost 
eliminated in the corrected interferograms of ERA5 and GACOS. As shown in Figure 3(d), 
the InSAR phase has been nicely reproduced using the atmospheric-phase delays derived 
from ERA5 and GACOS. To better demonstrate the effects of local topography in the InSAR 
measurements, two profiles AA’ and BB’ (Figure 4) across valleys were used in the analysis. 
As Figure 5 shows, the flat curves of improved LOS deformation along the profiles of 
interferograms shown in Figure 4 indicate great reductions of r comparing to the original 
unwrapped phase (Figure 5(a–j)); the phase SDs of Profiles AA’ and BB’ reduce to 
approximately 4 mm from around 10 mm and 8 mm, respectively, meaning that the SD 
reduction rate reaches 60% after the APS correction (Figure 5(k–n)).

To explore the statistical performance of these GAM-based APS corrections for more 
interferograms generated in this study, we applied them to 199 and 218 non-coseismic 
interferograms in both the ascending track 12 and descending track 121. Note that ERA-I 
is not available after 31 August 2019. Therefore, there is no ERA-I correction performed in 
those interferograms computed from recent SAR data. We used the following two indexes 
as criteria:

Figure 4. (a)(i)–(a)(v) Original unwrapped and improved interferograms of 18 August 2018–17 
October 2018 of R1 after the APS correction with ERA5, ERA-I, MERRA2 and GACOS, respectively; 
(b)(i)–(e)(v) as (a)(i)–(a)(v) but for interferograms of 30 August 2018–5 October 2018, 30 August 
2018–17 October 2018, 11 September 2018–10 November 2018 and 11 September 2018–4 December 
2018. Red lines in (a)(i) present the locations of Profiles AA’ and BB’.
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(1) Statistical results, which refer to the ratios of interferograms with positive correction 
effectiveness to all the tested interferograms.

(2) Mean reduction rate of SD and r of interferograms with positive correction 
effectiveness.

For the statistical results, the SDs show consistency with r for each model in 
general. There are 61.01–76.15% tested interferograms that present positive correc-
tion effectiveness with ERA5, ERA-I and MERRA2, while GACOS products present 
slightly low statistical results of 42.21–62.39% but high mean SD reduction rates of 
19.37–26.01% in two tracks. For the mean reduction rate, ERA5 outperforms other 
models generally in track 121 with mean SD reduction rates of 26.01% and 21.02%, 
and mean r reduction rates of 61.93% and 57.25% in Profile AA’ and BB’, respectively 
(Figure 6). The SD analysis of the interferograms with positive correction effective-
ness in R1 is shown in Figure S4.

Figure 5. (a)–(e) Topography, and original and corrected interferometric phase along Profile AA’ of the 
interferograms shown in Figure 4; (f)–(j) as (a)–(e) but for Profile BB’; InSAR phases with different 
colours have been shifted manually to show their differences clearly. (k)–(l) SD and SD reduction of 
Profile AA’; (m)–(n) as (k)–(l) but for Profile BB’.
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4.1.2. Case study of R2
The same evaluation steps were carried out for R2. As shown in Figure 7, correction 
results of five selected non-coseismic interferograms show distinct improvements of 
the tropospheric-phase delay that existed in the northwestern of R2 for each GAM- 
based APS correction; the high correlation between original phase and topography 
also greatly decreases especially near the center of R2. We chose Profile DD’ which 
crosses the large topographic relief zone (Figure 7). The SDs of phase along Profile 
DD’ reduce from around 12 mm to 4 mm which demonstrates a significant reduction 
rate of over 60% (Figure 8).

Similar to R1, 175 and 86 non-coseismic interferograms of ascending track 129 and 
descending track 34 were examined to evaluate the performance of these GAMs in 
R2 (note that ERA-I was only available for 44 and 24 interferograms in this case). As 
Figure 9 shows, ERA5 and GACOS present almost consistent APS correction effec-
tiveness and outperform ERA-I and MERRA2 for both two tracks either in statistical 
results or in mean reduction rate. More than 70% of interferograms have positive 
correction effectiveness with ERA5 and GACOS in both two tracks. In the mean 
reduction rate analysis, the mean SD reduction rates come up to 29.51% in track 
129% and 39.08% in track 34, while the mean r reduction rates reach 48.26% and 
46.02% in track 129 and track 34, separately. The SD analysis of the interferograms 
with positive correction effectiveness in R2 is shown in Figure S5.

Figure 6. (a)(i)–(a)(iv) The statistical results (stat. res.) and mean reduction (mean red.) rate of SD and 
r of Profiles AA’ and BB’ of R1 in ascending track 12; (b)(i)–(b)(iv) as (a)(i)–(a)(iv) but for descending 
track 121.
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4.2. Application to coseismic deformation fields

We applied the four GAMs to correct coseismic interferograms for the atmo-
spheric phase delay in the two study areas. In both R1 and R2, the coseismic 
deformation patterns are affected by the topography-correlated atmospheric 
signals (Figure 10(a,e)). After the APS correction, SD of non-deformation areas 
in the coseismic interferogram of the Mw 5.8 earthquake of 23 December 2018 
in R1 is reduced from 5.30 mm to 3.68 mm, 3.92 mm, 4.32 mm and 4.20 mm 
with ERA5, ERA-I, MERRA2 and GACOS, respectively. The best corrected coseis-
mic interferogram from ERA5 in this case reveals a maximum uplift of 15 mm 
and 32 mm subsidence in the LOS direction, which indicates a normal faulting 
responsible for the earthquake (Figure 10(b–d) and Figure S6). The improved 
coseismic interferograms of the Mw 6.0 earthquake of 19 January 2020 in R2 
demonstrates a great SD reduction from 4.34 mm originally to 3.26 mm, 
3.01 mm and 2.93 mm with ERA5, MERRA2 and GACOS, the latter reveals 
68 mm uplift and 27 mm subsidence in LOS direction (Figure 10(f–h)). This is 
a standard deformation pattern from a reverse faulting process.

Figure 7. (a)(i)–(a)(iv) Original unwrapped and improved interferograms of 9 February 2020–21 April 2020 
of R2 after the APS correction with ERA5, MERRA2 and GACOS, respectively; (b)(i)–(e)(iv) as (a)(i)–(a)(iv) but 
for interferograms of 21 February 2020–21 April 2020, 4 March 2020–21 April 2020, 16 March 2020–21 April 
2020 and 16 March 2020–3 May 2020. The red line in (a)(i) presents the position of Profile DD’.
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5. Discussion and conclusions

Performances of the APS correction based on different GAMs in InSAR applications for two 
study sites (R1 and R2) in the Tibetan plateau were evaluated in this study. The results 
clearly show that the APS products derived from the four GAMs are capable of correcting 
for APS in the interferograms generated in this study to some extent. Intriguingly, it can 
be observed that the APS correction for R2 shows better noise reduction than that for R1. 
Since the same data processing strategies were carried out in the two cases, different local 
topographic variations are likely one of the potential reasons for the discrepancy of 
performance. A complex terrain with a high lateral relief variation is observed in R1, 
which may result in the sharp oscillation of the atmosphere. In contrast, a relatively simple 
terrain trend can be found in R2 without many fluctuations of elevation. Therefore, it is still 
challenging to use any of these GAMs to fully retrieve APS components in the InSAR 
results due to the severe topographic relief effects in the southern Tibetan plateau. 
Whether other sources, for example, ionospheric effects in R1, have significant contribu-
tions in the tested interferograms requires additional study.

Ten interferograms present low APS correction effectiveness with all four GAMs, most of 
which show low SDs of < 5 mm originally and the SAR data involved in the interferograms 
were mostly acquired in winter time, including December, January and February (Figure 
S4). Limited interferometric residuals were observed in the original interferogram of 
12 February 2019–26 February 2019, and the SD of the Profile BB’ from the interferogram 
is reduced from 3.62 mm to 3.40 mm, 3.46 mm, 3.47 mm, 3.43 mm with the correction of 
ERA5, ERA-I, MERRA2 and GACOS, respectively (Figure 11 and Figure S7). Obviously, the 
original SDs of the winter interferograms are much lower than others (Figure S4), indicating 

Figure 8. (a) SD and (b) SD reduction of the interferograms shown in Figure 7.
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that the APS effects in those interferograms are minimized, probably due to low air 
temperature and water vapour levels in the region in winter (Figure S1).

Figure 9. (a)(i)–(a)(iv) The statistical results and mean reduction rate of SD and r of profile DD’ of R2 in 
ascending track 129; (b)(i)–(b)(iv) as (a)(i)–(a)(iv) but for descending track 34.

Figure 10. (a)–(d) Original coseismic interferogram of 23 September 2018–28 December 2018 in R1 
and corrected ones; (e)–(h) original coseismic interferogram of 29 November 2019–4 March 2020 in R2 
and corrected ones. Red boxes represent the areas where the deformation phase samples are not 
considered during the analysis.
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The newly released atmospheric reanalysis, ERA5 almost has identical performance 
with GACOS products and outperforms ERA-I and MERRA2 in most interferograms, 
particularly for R2. This is consistent with the previous study conducted in the Alps 
(Darvishi et al. 2020). The good performance of ERA5 and GACOS is likely due to the 
higher temporal and spatial resolutions than others, respectively. We also find that ERA5 
cannot beat ERA-I for some interferograms, especially in the ascending track 12 in R1, 
which may be due to uneven quality of ERA5 in the region where only limited ground- 
based observations are available during the data production of ERA5 (Hersbach et al. 
2020). A similar finding has also been reported by Wang and Bürgmann (2020) for their 
applications of GACOS in California, where GACOS APS products worked positively for one 
track, but negatively for another.

Another phenomenon is that the mean SD reductions in descending tracks are slightly 
higher than those in ascending tracks both in R1 and R2. As the data of descending track 
are acquired at the time of sun-rise (08:11 A.M. CST in R1 and 08:57 A.M. CST in R2) and the 
data of ascending track are acquired at the time of sun-set (08:14 P.M. CST in R1 and 08:50 
P.M. CST in R2), this may suggest that the data obtained at the time of sun-set may be 
slightly affected by the ionosphere. This is consistent with the conclusions proposed by 
Liang et al. (2019), which suggested that the ionospheric effects were stronger for data 
acquired in ascending tracks of dusk side than descending tracks of dawn side in northern 
Chile.

In a summary, GAMs especially ERA5 and GACOS present great potential in topogra-
phy-correlated tropospheric-phase delay correction for InSAR applications in both the 
southern and northern Tibetan plateau. It should be suggested to ingest the GAMs-based 
APS correction into a general workflow of InSAR time series analysis at an early stage. The 
noise reduction from GAMs-based APS simulation can generally decrease the risk of 

Figure 11. Original interferogram (a) of 14 February 2019–26 February 2019 in R1 and corrected ones 
(b)–(d) using different GAMs.
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failure due to significant APS effects in individual interferograms. Meanwhile, one should 
bear one point in mind that GAMs may not be always good particularly in the southern 
Tibetan plateau with sharp local topography variations for the current resolutions.
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