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ABSTRACT:

Tropospheric delay variability remains a significant source of error in the InSAR-derived measurements. Numerical weather
models have been proposed as an alternative technique to mitigate tropospheric delays in InSAR and have become a standard
procedure for some multi-temporal InSAR processing workflows. This study evaluates the viability of three numerical weather
models for mitigating tropospheric delay in InSAR for a tropical region. We assess their performance in correcting tropospheric
delay in Sentinel-1 interferograms at different spatial wavelengths using variograms. Their performance is validated using GNSS
tropospheric delay and our proposed SAR-derived tropospheric delay estimates. The results indicate that numerical weather model
estimates do not mitigate short-wavelength turbulent delays, but can mitigate long-wavelength stratified delays to some extent,
which may also introduce additional errors in interferograms. At a spatial wavelength of 40 km, 36% of the interferograms
showed increased spatial autocorrelation after correction with GACOS, 55% with ERA-5, and 51% with MERRA-2. In contrast
the InSAR-derived tropospheric delays resulted in a significant reduction in variance at all wavelengths indicating the ability to
mitigate both turbulent and stratified delays. Our study demonstrates the limited potential of numerical weather model estimates
to satisfactorily mitigate trophospheric noise in InSAR and the capability of InSAR-derived trophospheric delay to significantly
correct tropospheric noise in InSAR.

1. INTRODUCTION

InSAR as a geodetic tool has facilitated deformation monitoring
globally and provides insights into fields related to anthropo-
genic activities (Amelung et al., 1999, Castellazzi et al., 2016),
geophysical processes (Furuya and Satyabala, 2008, Elliott et
al., 2010), and landslides (Ye et al., 2004, Zhang et al., 2018).
Despite the progress made in InSAR related to data availability
and processing algorithms, InSAR, like any other space-based
radio technique, still faces the challenge of atmospheric delay
modelling (Murray et al., 2019). Atmospheric noise results
from the interaction of the radio signal with the ionosphere
and troposphere which causes phase advance and phase delay,
respectively. The influence of the ionosphere is insignificant
for short-wavelength satellite-based SAR such as Sentinel-1 C-
band data and can be ignored (Fattahi et al., 2017, Liang et al.,
2019). 1

The mitigation of tropospheric noise in InSAR has a signifi-
cant effect on the reliability of InSAR-derived measurements,
and ignoring tropospheric noise could lead to the misreporting
of tropospheric delays as deformation (Yip et al., 2019, Ham-
ling and Kilgour, 2021). In conventional multi-temporal InSAR
(MTI) processing, tropospheric noise is mitigated by applying
a low-pass spatial filter and high-pass temporal filter, assuming
spatially correlated noise and random correlation over time (Fer-
retti et al., 2001). Other alternative methods have also been
proposed to correct tropospheric noise in InSAR owing to the
limitations of time-series filtering. The correction methods in-
clude the use of external datasets to estimate tropospheric delay
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from external data, such as GNSS, spectrometers, and nume-
rical weather models (NWM).

The use of numerical weather models estimates to correct tro-
pospheric noise in InSAR is gaining popularity because of their
global coverage and freely available data which have continu-
ously improved in resolution. Moreover, some MTI processing
software such as STAMPS (Hooper et al., 2012), MintPy (Yun-
jun et al., 2019), OSARIS (Loibl et al., 2019), and LICSBAS
(Morishita et al., 2020) have integrated NWM as a standard step
in the MTI processing chain. The corrections are ingested either
directly utilizing GACOS (Yu et al., 2018) or standalone packa-
ges such as Python based Atmospheric Phase Screen estima-
tion(PyAPS) (Jolivet et al., 2014) and The Toolbox for Redu-
cing Atmospheric InSAR Noise(TRAIN) (Bekaert et al., 2015).
The success rates of NWM in correcting tropospheric noise in
InSAR have been inconsistent, with different studies reporti-
ng conflicting accuracies attributed to the coarse resolution of
NWM, different climatic zones, complex topography, and rapid-
ly changing tropospheric conditions (Foster et al., 2013, Steph-
ens et al., 2020). Additionally, the performance of numerical
weather models is still unknown in regions such as Africa, which
are characterized by limited data used to initialize numerical
weather models (Shen et al., 2019). The lack of performance
metrics is also attributed to the few InSAR studies conducted in
these regions. For instance, Kenya, based on Scopus search, has
only five published studies. Hence, evaluating the potential of
numerical weather models to account for tropospheric noise in
InSAR in these regions is essential because InSAR applications
will grow given the open-source software and global availabili-
ty of Sentinel-1 data.     *
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We, therefore, in this paper evaluate the performance of three
recent numerical weather model outputs in mitigating the short-
wavelength turbulent and long-wavelength stratified delay in
Sentinel-1 interferograms along the Kenyan Rift. The Kenyan
Rift is characterized by complex terrain and its floor consists of
a series of volcanoes and lakes that cause local variability in the
troposphere. The 6-day or 12-day Sentinel-1 revisit times faci-
litate the direct estimation of SAR-based tropospheric delay.
We use the interferometric relationship of the phase compo-
nents to empirically estimate the tropospheric delay from InSAR.
The tropospheric delay from the numerical weather models is
validated using estimated SAR-based and GNSS-derived tro-
pospheric delays. We quantify the performance of numerical
weather models ability to reduce spatial phase variability in
short-interval interferograms that is attributed to tropospheric
delay differences.

2. METHOD

2.1 Study area and Data

This study is conducted in the southern section of the Kenya
Rift Valley. We utilize 60 Sentinel-1 images acquired in Interfe-
rometric Wide (IW) swath mode from ascending orbit path 130
for the period 2018-2020. We process data from the most re-
cent global numerical weather models, including the ERA-5
reanalysis from European Centre for Medium-Range Weather
Forecasts (ECMWF), Modern-Era Retrospective Analysis for
Research and Applications Version 2 (MERRA-2) from NASA
and the High RESolution (HRES) from the ECMWF. The reso-
lutions of the weather products are presented in table 1. We

Table 1. Numerical weather models data characteristics.

Model Spatial resolution Temporal resolution
ERA-5 31 km x 31 km 1 hour
MERRA-2 55 km × 68 km 6 hours
HRES ECMWF 12.5 km × 12.5 km 6 hours

also process GNSS data to validate tropospheric delay estim-
ates from two GNSS stations as shown in figure 1.

2.2 Numerical weather models

The tropospheric phase delay as the radar signal is transmitted
is a function of air refractivity, N, and constitutes both hydro-
static and wet delays. The hydrostatic tropospheric delay is less
variable and constitutes 90 per cent of the delay, whereas the
wet delay is small but highly variable (Hanssen, 2001).

∆tropo = 10−6

∫
N(h)dh = k1

Pd

T
+ k2

e

T
+ k3

e

T 2
(1)

where k1, k2, and k3 are the constants as defined by (Smith and
Weintraub, 1953), Pd is the surface pressure, T the temperature,
e is the partial pressure of water vapour.

We estimate the tropospheric delay from ERA-5 and MERRA-2
numerical weather model data using TRAIN (Bekaert et al.,
2015). It is estimated by integrating equation 1 along the signal
line of sight as

∆tropo =
10−6

cosθ

∫ href

h

(Nhydro +Nwet)dh (2)
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Figure 1. Map showing the study area, location of volcanoes,
lakes, and the two GNSS stations KYN5 and KYN7 from the

Uganda-Kenya Eastern Branch GNSS Network.

where h is the surface elevation, and href is the top of the tro-
pospheric column. The pseudo-range tropospheric delay is then
converted into a phase delay, as follows:

φtrop =
−4π

λ
∆tropo (3)

where θ indicates the incidence angle and λ the radar wavelength.

The tropospheric delay is already estimated and provided as
total tropospheric delay for HRES data via the Generic Atmo-
spheric Correction Online Service (GACOS) (Yu et al., 2018).
GACOS combines HRES data and continuous GNSS tropo-
spheric delay estimates with 5-minute intervals by applying an
iterative tropospheric decomposition model (Yu et al., 2017)
that fits the exponential function to estimate the stratified delay
and modified inverse distance weighted model.

2.3 SAR Tropospheric delay

A 6-day or 12-day Sentinel-1 unwrapped interferogram that has
been corrected for spatial look-angle error is composed of tro-
pospheric delay, deformation component, and processing errors.

θunw = θdef + θtropo + θnoise (4)

where θunw is the unwrapped phase and θdef , θatm and θnoise

are the deformation, tropospheric delay, and processing noise
components. The short revisit time makes the deformation co-
mponent negligible. The deformation or tropospheric delay co-
mponents can be eliminated using a linear combination of in-
terferograms that share a common image (Hanssen, 2001). We
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eliminate the deformation phase component in short-interval
interferograms by subtracting the interferograms that share a
common image as shown in equation 5.

θtropo1,2,3 = θunw1,2 − θunw2,3 = 2x2 − x1 − x3 (5)

where θtropo1,2,3 is the tropospheric delay for the three SAR
acquisitions, x1 is the tropospheric delay in the first acquisition,
x2 is the tropospheric delay in the shared SAR and x3 is the
delay in the third acquisition.

Using equation 5 we generate linearly combined interferograms
corresponding to each SAR acquisition. The linearly combined
double-differenced interferograms contain unknown troposphe-
ric delay components and processing errors. This combination
results in an ill-posed linear adjustment problem because of the
lack of independent observations owing to the differencing of
neighboring observations. We solve the ill-posed linear prob-
lem using Tikhonov regularization which seeks to derive esti-
mates closest to the actual values by adding a regularization
parameter to the objective function (Golub et al., 1999). The
estimates are then solved by minimizing the objective function.
In (”Multi-temporal InSAR tropospheric delay modelling using
Tikhonov regularization for Sentinel-1 C-band data” submitted)
this approach is described in detail and experiments confirm its
superiority compared to other existing approaches.

2.4 GNSS Tropospheric delay

We estimate the GNSS tropospheric delay by using GAMIT
(Herring et al., 2010). We use the average of the estimated
GNSS delays 30 minutes before and after the SAR acquisition
time to obtain the tropospheric delay corresponding to SAR ac-
quisition. The tropospheric delay is referenced to the GNSS sta-
tion KYN7, which acts as a reference station for NWM-based
tropospheric delay and estimated SAR-based tropospheric delay.
The GNSS pseudorange tropospheric delay is converted to a
phase delay using equation 3.

2.5 InSAR Processing

The InSAR Scientific Computing Environment(ISCE) (Rosen
et al., 2018) is used to generate a stack of co-registered SLC
(Fattahi et al., 2016). The stacked SLC are preprocessed for
SBAS-MTI processing in STAMPS (Hooper et al., 2012). We
generate interferograms with a maximum temporal baseline of
48 days and a maximum geometric baseline of 300m. Sca-
tters with amplitude dispersion difference of lower than 0.6 are
selected as potential persistent scatterers candidates ensuring
enough number are selected while at the same time reducing
the size of the selected data. The scatterers are further selec-
ted based on their temporal coherence which is an indicator
of phase stability and corrected for spatially correlated terms
through bandpass filtering in the frequency domain. The spa-
tially uncorrelated look angle error is corrected using the corre-
lation between phase and the geometrical baseline. The in-
terferograms are unwrapped using the 3D minimum cost flow
method. We correct tropospheric delay influence in the inter-
ferograms using the procedures described in sections 2.2 and
2.3.

3. RESULTS AND DISCUSSION

3.1 Tropospheric delay estimates

Equation 5 provides means of directly comparing the ability
of different tropospheric delay estimates to replicate the tro-

pospheric delay difference in InSAR. It is expected that the
predictive models will have similar spatial variability with the
original tropospheric delay corresponding to the three acquisi-
tions because the deformation component is eliminated through
the linear combination of the interferograms. However, signi-
ficant differences are observed between the NWM-based tro-
pospheric delay estimates and original tropospheric delay es-
timates. For instance, the phase variability in the northeast of
the double-diffrenced interferogram is not captured by the three
NWM-based estimates. Similarly, MERRA-2 fails to capture
the phase variability in the southern section of the interferogram
, as shown in figure 2.

Figure 2. Estimates of tropospheric delay for three SAR
acquisition dates, 2018-01-26, 2018-02-07, and 2018-02-19,

based on equation 5. (a) displays the original
interferogram-based estimates, while (b) depicts the SAR-based

estimates, whereas (c), (d), and (e) display the tropospheric
delay estimates from GACOS, ERA-5, and MERRA-2,

respectively.

The inability of NWM-based tropospheric estimates to replicate
tropospheric delay is further demonstrated using short-interval
interferograms, in which the phase variability is attributed to
the tropospheric delay difference in between SAR acquisitions
in absence of rapid large-amplitude deformation. We observe
a consistent spatial pattern between the original short-interval
interferograms and estimated SAR-based differential delays. In
contrast, we observe instances where significant differences exi-
sted between the NWM-based differential delay and original
short-interval interferograms. In addition, the three numerical
weather model estimates exhibited varying spatial variability,
as shown in figure 3.

In addition, we observe a strong influence of elevation in the
NWM-based tropospheric delay estimates even when the tropo-
spheric noise in the interferogram do not correlate with eleva-
tion, as shown in figure 4. We also noted a minimal change in
variability of tropospheric delay at an elevation range of 3500m-
4000m compared to the lower elevation ranges. The correlation
between the NWM-based tropospheric estimates is attributed to
the integral formula in equation 1 that assumes that the tropo-
spheric delay variability is based entirely on the elevation dif-
ference. Therefore, NWM-based tropospheric delay estimates
fail to capture tropospheric delay variability in the presence of
a strong turbulent delay. Although GACOS has been shown to
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Figure 3. Evaluation of the spatial variability between the
original short-interval interferogram and differential

tropospheric delay estimates. The interferogram (a) is the
original unwrapped interferogram (20180102 20180114), (b) is
the corresponding SAR-based differential delay, while (c), (d),

and (e) correspond to ERA-5, GACOS, and MERRA-2
differential delays, respectively.
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between corresponding GACOS differential delay and elevation.

estimate turbulent tropospheric delay to some extent, it fails to
account for local variability in our case study region owing to
the lack of sufficient GNSS points to estimate the constraint of

the turbulent delay.

3.2 Validation of tropospheric delay estimates

We observed a mixed pattern in the temporal fit between the
NWM-based tropospheric delay and the GNSS tropospheric de-
lay. There were days on which the discrepancy between the
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Figure 5. Time-series comparison of NWM tropospheric delays
and SAR tropospheric delays with GNSS tropospheric delays at
GNSS station KYN5. The tropospheric delays are referenced to

GNSS station KYN7 and date 12-16-2018. .

NWM and GNSS delays was low. However, on some days, we
observe a significant discrepancy as high as 30 rad. The large
discrepancy can be attributed to the days in which the turbu-
lent tropospheric delay was strong to which the NWM-based
estimates failed to estimate owing to their spatial resolution.
Among the three NWM-based tropospheric delays, GACOS had
a better temporal fit with an RMSE value of 8.75 rad than ERA-
5 and MERRA-5, which recorded RMSE values of 10.15 and
9.09, respectively. The different RMSE values among the three
numerical weather models can be attributed to the differences
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in the data resolution and interpolation methods. In compari-
son, we observe a good temporal fit between the SAR-based
tropospheric delay estiamted in our approach and the GNSS tro-
pospheric delay. Although we observed a discrepancy , it was
not erratic as recorded in the NWM-based tropospheric delay
estimates, such that their differential delay was still negligible.
The differences in the estimates can be attributed to GNSS pro-
cessing errors and different observation strategies between SAR
and GNSS.

3.3 Comparison of different correction methods

Assuming that all other interferometric components have been
accounted for, the phase change in short-interval interferograms
can be attributed to tropospheric delay differences between the
two SAR acquisition days. Therefore, correction of the tropo-
spheric delay should lead to a significant decrease in the mag-
nitude and spatial correlation of the unwrapped phase if the
tropospheric delay correction method is effective. We observe

Figure 6. Example of a corrected interferogram
(20190801-20190813) with different correction methods. In (a),
the tropospheric delay is corrected using SAR-based estimates,

whereas in (b), (c), and (d), corrections are performed using
ERA-5, MERRA-2, and GACOS tropospheric delay estimates,

respectively.

large residuals after correction using the three NMW-based es-
timates as shown in figure 6. The large residuals indicate that
the NWM-based correction method does not significantly re-
duce tropospheric noise in the interferograms. The small re-
siduals indicate that correction using SAR-based tropospheric
delay estimates significantly reduces the spatial variability in
the interferograms.

3.4 Performance assessment of the different correction tech-
niques

We quantify the performance of the different correction metho-
ds by comparing the experimental variograms of the interfero-
grams before and after applying the correction. We observe no
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Figure 7. Evaluation of the tropospheric delay correction using
experimental variograms showing spatial correlations before and

after correction of short-interval interferograms using
SAR-based and numerical weather model techniques.

significant change in the spatial correlation at short wavelengths
using the three numerical weather models, as shown in figure
7, where no change in the shape of the variogram between the
NWM-corrected variogram and the original interferogram is re-
corded. Similarly, a comparison of variances at a distance lag
of 2000m shows no significant decrease in variances, as shown
in figure 8, implying NWM-based tropospheric delay estimates
have no impact on mitigation of turbulent delay. At longer
wavelengths, we observe cases where the numerical weather
models significantly reduces the tropospheric noise and cases
of increased noise after correction, as listed in table 2. The in-
creased variance after applying the correction indicates the lim-
itation of NWM-based tropospheric delays in mitigating tropo-
spheric noise in InSAR, and their potential to introduce more
noise into the interferogram that affects the retrieval of time
series displacement. Long-wavelength tropospheric variability
is associated with stratified delays, which explains why nume-
rical weather models can mitigate tropospheric delays to some
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Table 2. Summary of changes in the variances of corrected
interferograms at a distance lag of 40000m

Name Decrease Increase
ERA-5 78 93
MERRA-2 84 87
GACOS 110 61
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Figure 9. An example of spatial dependence between short
interval interferograms and their corresponding SAR-based

differential delay

extent. These wavelengths also correspond to the resolution of
the SAR models; hence, the better performance of GACOS than
those of ERA-5 and MERRA-2. However, their effectiveness in
correcting tropospheric delay works under the strong assump-
tion of elevation dependence of tropospheric delay variation in
interferograms. In the presence of local tropospheric variability
independent of elevation, the usability of correcting differential
delay becomes minimal.

In contrast, we observed a significantly reduced spatial depende-
nce at short and long wavelengths in all interferograms using

the SAR-based estimated tropospheric delay. The SAR-based
approach resulted in a significant decrease in spatial variabil-
ity owing to the correct tropospheric delay estimation as shown
in figure 7. In addition, the phase variability in short-interval
interferograms is primarily attributed to changes in the tropo-
spheric delay differences, as explained in Section 2. Hence, the
differential delay and short-interval interferogram are expected
to exhibit similar spatial variability if the tropospheric delay is
correctly estimated. The similarity in the variogram shapes, as
shown in figure 9, between the differential tropospheric delay
and short-interval interferogram explains the significant redu-
ction in the spatial correlation between the corrected interfero-
gram and original interferograms.

4. CONCLUSION

The interplay of limited data to initialize numerical weather
models, the coarse spatial resolution, and the assumption of
topography dependence in tropospheric delay variability limits
NWM-based tropospheric delay estimates for capturing the local
tropospheric delay variability. Consequently, their use in mitig-
ating short-wavelength turbulent delays is limited and they can
only mitigate long-wavelength stratified delays in the presence
of topography-correlated tropospheric delays. The increased
variance at longer wavelengths after correction is associated
with interpolation errors and the rapidly changing troposphere,
which numerical weather models fail to capture. The increased
variance at longer wavelengths after correction is associated
with interpolation errors and the rapidly changing troposphere,
which numerical weather models fail to capture. Thus, the ob-
served significant differences in tropospheric delay estimates
among the three NWMs and the large disparity on some days
between the NWM-based tropospheric estimates and GNSS tro-
pospheric delay estimates. The good temporal fit with GNSS
tropospheric delay estimates demonstrates the capability of SAR-
based tropospheric delay estimates to accurately capture tro-
pospheric delay variability. This is further replicated by the
similar spatial variability between short-interval and InSAR-
based differential delays and the significant reduction in spatial
correlation in interferograms after correction. Future work
will focus on utilizing complementary numerical weather mod-
els and SAR-based tropospheric delays to mitigate tropospheric
noise in the presence of rapid, large-amplitude deformation.
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