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SAR sensing of the atmosphere: stack-based processing for tropospheric and 
ionospheric phase retrieval
Marco Manzoni a, Naomi Petrushevsky a, Chuanjun Wu a,b, Stefano Tebaldini a, Andrea Virgilio Monti- 
Guarnieri a and Mingsheng Liao b

aDepartment of Electronics, Information, and Bioengineering, Politecnico di Milano, Milano, Italy; bState Key Laboratory of Information 
Engineering in Surveying, Mapping and Remote Sensing, Wuhan University, Wuhan, China

ABSTRACT
This paper is intended to summarize the research conducted during the first 2 years of the 
Dragon 5 project 59,332 (geophysical and atmospheric retrieval from Synthetic Aperture Radar 
(SAR) data stacks over natural scenarios). Monitoring atmospheric phenomena, encompassing 
both tropospheric and ionospheric conditions, holds pivotal significance for various scientific 
and practical applications. In this paper, we present an exploration of advanced techniques for 
estimating tropospheric and ionospheric phase screens using stacks of Synthetic Aperture 
Radar (SAR) images. Our study delves into the current state-of-the-art in atmospheric monitor
ing with a focus on spaceborne SAR systems, shedding light on their evolving capabilities. For 
tropospheric phase screen estimation, we propose a novel approach that jointly estimates the 
tropospheric component from all the images. We discuss the methodology in detail, high
lighting its ability to recover accurate tropospheric maps. Through a series of quantitative case 
studies using real Sentinel-1 satellite data, we demonstrate the effectiveness of our technique 
in capturing tropospheric variability over different geographical regions. Concurrently, we 
delve into the estimation of ionospheric phase screens utilizing SAR image stacks. The intri
cacies of ionospheric disturbances pose unique challenges, necessitating specialized techni
ques. We dissect our approach, showcasing its capacity to mitigate ionospheric noise and 
recover precise phase information. Real data from the Sentinel-1 satellite are employed to 
showcase the efficacy of our method, unraveling ionospheric perturbations with improved 
accuracy. The integration of our techniques, though presented separately for clarity, collec
tively contributes to a comprehensive framework for atmospheric monitoring. Our findings 
emphasize the potential of SAR-based approaches in advancing our knowledge of atmospheric 
processes, thus fostering advancements in weather prediction, geophysics, and environmental 
management.
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1. Introduction

One major advantage of Synthetic Aperture Radar 
(SAR) is its ability to collect data independently of 
weather and lighting conditions. This allows for the 
acquisition of high-resolution images of the Earth’s 
surface and atmosphere on a consistent basis, provid
ing valuable information for a wide range of applica
tions. SAR data can be collected in different 
wavelengths, including P-, L-, C-, and X-band, each 
of which has its own advantages and limitations 
(Morishita and Hanssen 2014). P- and L-band SAR 
has a longer wavelength, which allows for better pene
tration through vegetation but usually provides lower 
spatial resolution compared to C-band and X-band 
SAR. X-band SAR, on the other hand, has the highest 
spatial resolution but cannot penetrate through vege
tation. Historically, SAR systems were used to acquire 
quantities related to objects on the ground, being that 
deformation of buildings (Ferretti, Prati, and Rocca  

2000), urbanization (Petrushevsky, Manzoni, and 
Monti-Guarnieri 2021), Digital Elevation Models 
(DEM) (Hensley, Rosen, and Gurrola 2000), the 
above-ground biomass (AGB) of trees in a forest 
(Soja et al. 2021) or the detection changes due to illegal 
operations (Manzoni, Monti-Guarnieri, and Molinari  
2021).

Recently, the exploitation of SAR images for atmo
spheric remote sensing started to play a significant role 
in the scientific community. The electromagnetic 
(EM) wave travels through the atmosphere, bounces 
on the target on the ground, and is reflected back to 
the receiving antenna. The signature of the atmo
sphere can then be identified from the retrieved 
response and studied for different applications. 
Traditionally, the atmospheric contribution can be 
split into two main components of interest. The 
lower layer, known as troposphere, holds the majority 
of the atmosphere’s water vapor. Different conditions 
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in pressure, temperature, and humidity modify the 
refractive index of the medium, providing valuable 
information about conditions such as turbulence, 
rain, and clouds (Mateus et al. 2019). The upper part 
of the atmosphere, known as the ionosphere, has 
a high concentration of electrons due to the sun’s 
UV radiation (Wright et al. 2003). In the following 
analysis, we provide a framework to monitor both 
phenomena from a time-series of C-Band SAR images. 
Using a stack instead of just a single interferometric 
couple leads to a high-quality estimate of the atmo
spheric components without compromising spatial 
resolution.

Concerning the troposphere, the non-unitary 
refractive index leads to an equivalent extra distance 
traveled by the EM wave or, equivalently, an extra 
delay in the two-way travel time from the radar to 
the ground and back (Manzoni et al. 2020). By exploit
ing SAR images, it is possible to generate delay maps 
called Atmospheric Phase Screens (APS) which can be 
used for numerous applications, including weather 
forecasting, climate modeling, and aviation safety 
(Mateus et al. 2016; Meroni et al. 2020). In recent 
years, there have been significant advances in SAR- 
based retrieval of atmospheric phase screens, includ
ing developing new algorithms and incorporating 
additional information from other sensors. In this 
paper, we will describe the processing scheme used 
to estimate APS using a stack, and detail a calibration 
procedure based on a Global Navigation Satellite 
System (GNSS) network on the ground needed to 
remove orbital artifacts from the estimated tropo
spheric maps.

As for the ionosphere, the EM senses the space- 
varying Total Electron Content (TEC) (Meyer et al.  
2006). The amount of electrons changes with lati
tude, season, time of day, and stochastic events. The 
value of the refractive index is inversely dependent 
on the frequency, causing a dispersive effect on the 
radio signal. The measured delay is always positive, 
but the phase is negative, which makes it distin
guishable from other phase contributions, for exam
ple, by the split spectrum method (Gomba et al.  
2015). While the influence of the ionosphere is par
ticularly strong at lower frequencies (L- or 
P- bands), it is still present also at C-Band and can 
eventually prevent accurate estimation of deforma
tions or tropospheric water vapor maps (Belcher and 
Rogers 2009). Two different components can be 
distinguished in the TEC distribution: large-scale 
effects and local perturbations; however, the latter 
is primarily an equatorial and high-latitude phe
nomenon and will not be treated in the following 
analysis. In this paper, we will describe ionospheric 
effects on SAR images and their mitigation by esti
mating the ionospheric component, which can then 
be removed from SAR interferograms to improve 

derived unbiased products. The novelty of the pro
posed method lies in the fact that the split-spectrum 
estimation is performed directly from coregistered 
images, without the need to perform any prior pro
cessing. This fact makes the technique suitable to be 
an add-on to existing processing chains. 
Furthermore, the exploitation of an optimal stack- 
based phase estimator is an improvement with 
respect to the standard workflow based on a single 
interferometric pair.

The paper is organized as follows: in Section 2, the 
procedure for APS estimation is detailed, as well as the 
SAR-GNSS cross-calibration. In the same section, 
results and validation are provided. In Section 3, we 
present the processing workflow for the estimation of 
the ionospheric component along with results 
obtained with Sentinel-1 data and with a qualitative 
validation of the technique. In the last section, conclu
sions are drawn.

2. Atmospheric phase screen estimation with 
GNSS cross-calibration

The effect of the atmosphere has always been seen as 
a disturbance in InSAR processing, posing challenges 
to accurate data interpretation. The variations in pres
sure, temperature, and humidity along the path tra
veled by the electromagnetic (EM) wave from the 
satellite to the ground create a non-unitary refractive 
index. As a consequence, the phase of the SAR image 
is disturbed, making it challenging to obtain precise 
measurements of deformation rates or generate DEM, 
which are vital outcomes of InSAR.

However, in recent years, a new field has emerged 
in the scientific community known as InSAR 
Meteorology (Mateus et al. 2016). This discipline 
recognizes that the excessive path delay caused by 
the atmosphere is intrinsically linked to the refractive 
index, which is closely associated with the water vapor 
content present in the atmosphere. This realization 
suggests that it is possible to leverage InSAR data to 
assimilate information into Numerical Weather 
Prediction Models (NWPM) (Pichelli et al. 2014). 
What was once perceived as a disturbance is now 
considered a signal of interest.

Despite this paradigm shift, several challenges per
sist in effectively estimating the Atmospheric Phase 
Screen (APS) over both Permanent Scatterers (PS) and 
Distributed Scatterers (DS). Accurately calibrating the 
atmospheric phase screen is essential to eliminate 
orbital inaccuracies that have the potential to corrupt 
the ingestion product if left unaddressed. Therefore, 
the scientific community is actively exploring methods 
and techniques to reliably estimate the APS and 
develop robust calibration procedures to compensate 
for these orbital effects. By overcoming these hurdles, 
researchers aim to enhance the quality and accuracy of 
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InSAR data, enabling its broader application in 
meteorology and weather prediction models.

This part of the paper is dedicated to describing the 
algorithm used to extract APS starting from a stack of 
SAR images. The pre-processing procedure will be 
detailed, and the optimal phase estimator will be 
described. The same is valid for the orbit calibration 
procedure. At the end of the chapter, the results pro
vided by the technique are shown and discussed.

2.1. Processing chain

The entire processing chain is explained in detail in 
this section, starting from the pre-processing proce
dures to the final calibration with GNSS. Figure 1 
depicts a comprehensive block diagram. Notice that 
both the tropospheric and ionospheric phase estima
tion workflows are represented in this scheme. The 
pre-processing procedure, common to both proces
sing, is depicted in the orange box, while the proces
sing chain to extract tropospheric maps is shown in 
the green box. Finally, the ionospheric processing is 
represented in the blue box.

2.1.1. Pre-processing
The input data is a set of Sentinel-1 (C-Band) SAR 
images acquired over the same scene with a temporal 
baseline of 6–12 days. The first step in the pre- 
processing chain is to focus all the raw data to obtain 
Single Look Complex (SLC) radar images of the scene 
under study. All the SLCs must be registered to the 
same reference one in a process called coregistration. 
The second step compensates for each image’s refer
ence and topographic phases. The interferometric 
phase, in fact, contains deformation, atmospheric 
effects, topographic phase, and noise. If the study 
aims to estimate the atmospheric component, all the 
others must be compensated or mitigated. The 

topographic component can be removed using 
a prior, which, in this case, is a DEM of the area of 
interest. All the steps up to this point are carried out 
using the free and open-source software SNAP, dis
tributed by ESA. The DEM used for topographic phase 
compensation is the GLO-30 Copernicus DEM. The 
SAR stack is now ready to be processed either by the 
ionospheric or the tropospheric estimation processing 
chain. In the workflow dedicated to the troposphere, 
in particular, for the orbit correction procedure, it is 
needed to have some ancillary information about the 
troposphere provided by a network of GNSS stations 
installed on the ground. The raw data acquired by the 
stations must be processed to extract atmospheric 
products, particularly the Zenith Total Delay (ZTD) 
in the station’s location. The free and open-source 
application, goGPS (Realini and Reguzzoni 2013), 
was used to process the raw GNSS data. It is out of 
the scope of this paper to go into details about the 
estimation of the atmospheric signal using GNSS data.

2.1.2. Phase linking
This section describes the core of the entire tropo
spheric estimation processing chain. The algorithm 
used to estimate the interferometric phases is the well- 
known Phase Linking (Monti-Guarnieri and Tebaldini  
2008). This algorithm provides a high-quality estimate 
of the InSAR phase in the presence of both PS and DS. 
As demonstrated in (Manzoni, Monti-Guarnieri, and 
Molinari 2021), this estimator can perform better than 
classical InSAR phase estimators. One example of such 
an InSAR phase estimator is the so-called DInSAR 
estimator, which evaluates the interferometric phase 
at different temporal baselines. Given the estimated 
temporal covariance (or coherence) matrix bC the ith 

interferometric phase can be estimated as: 

ψi ¼ ff
bC 1; iþ 1ð Þ (1) 

Figure 1. Block diagram of the proposed procedure.
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The first argument of the parenthesis indicates the row 
of the covariance matrix, while the second one is the 
column. The evident problem for this phase estimator 
is the temporal decorrelation. The more we increase 
the temporal baseline, the more temporal decorrela
tion plays an important role in corrupting the InSAR 
phase. This consideration suggests that there are better 
choices than this specific estimator in areas with severe 
decorrelation. Another possible estimator is the so- 
called auto-regressive of the first order, also called 
AR(1). The name derives from the fact that it is the 
optimal estimator if the decorrelating process acts like 
an auto-regressive process of the first order. In this 
case, the ith interferometric phase can be defined as: 

ψi ¼ ff
Yi

k¼1

bC k; kþ 1ð Þ (2) 

where bC k; kþ 1ð Þ indicates the sample at row k and 
column kþ 1 of the estimated coherence matrix. 
The reasoning behind this estimator is that it uses 
just the images at a short temporal baseline avoid
ing in this way to deal with poorly coherent inter
ferograms. In this case, the disadvantage is that the 
phases are integrated; thus, the noise is accumu
lated. The problem is particularly relevant with 
long time series and when the images at short 
temporal baseline show poor coherence due to 
severe temporal decorrelation. The solution pro
posed by Phase Linking is to exploit the whole 
covariance matrix, or, in other words, all the 
N N � 1ð Þ=2 interferograms in it. Phase Linking 
tries to find the N � 1 phases that better fit all 
the phases in the covariance matrix. The result is 
a robust estimator able to cope with temporal dec
orrelation that reaches optimal performances in the 
presence of stable PSs and decorrelating DSs. The 
Phase Linking is a generic phase estimator not 
tuned for a specific application such as APS esti
mation. We highlight that the estimation window 
size must be carefully adjusted to obtain a reliable 
estimate of the atmospheric phase screen. The 
interferometric phase’s quality is tightly related to 
the number of independent looks used to estimate 
the coherence matrix. For an interferometric cou
ple, the variance of the estimate of the interfero
metric phase can be calculated in closed form as 
(Bamler and Hartl 1998): 

σ2
ψ ¼

1 � γ2

2Lγ2 (3) 

where L is the number of independent looks used, and γ 
is the coherence of the scene. If we have a scene with 
poor coherence, we can still extract a reliable estimate of 
the interferometric phase by exploiting many indepen
dent looks. If we assume an exponential decay of the 
coherence with a temporal constant of 6 days (i.e. the 

target will lose 64% of its coherence in 6 days), 10 
images in the stack separated by a temporal baseline 
of 6 days and a required standard deviation of 1 mm we 
obtain a minimum of 600 looks. This number of looks 
is achievable by taking roughly 3000 pixels in 
a Sentinel-1 image spanning an area of 375 � 375 m2. 
This dimension is also the resolution of the estimated 
APS, which is at least one order of magnitude finer than 
any high-resolution NWPM. This proves the capability 
of SAR maps to achieve the requirements in terms of 
spatial resolution for the ingestion of products into 
NWPM. Once the phase has been estimated, it is still 
wrapped (i.e. known just modulo 2π). A reliable and 
efficient phase unwrapping procedure must be imple
mented to unwrap large-scale interferograms without 
generating artifacts.

2.1.3. Unwrapping
Unwrapping is a well-known problem that several 
works have tackled in literature (Murdaca, Rucci, 
and Prati 2022; Zebker and Lu 1998). We will not 
investigate the issue since it is not the paper’s core. 
The only remark that must be made is that, in some 
cases, the phase unwrapping procedure may generate 
errors called phase islands. In particular, when an area 
is surrounded by a low coherence “belt” in the inter
ferogram, the same spot in the unwrapped interfero
gram may appear with a 2π shift with respect to the 
rest of the image. In real scenarios, these errors usually 
occur when regions of poor coherence, such as rivers 
or forests, delimit an area of the scene. One possible 
solution is to use a spatial smoothing filter that will 
reduce the variance of the interferometric phase allow
ing for a correct unwrapping. For this work, we imple
mented a 2D unwrapping software from the literature 
(Zebker and Lu 1998).

2.1.4. GNSS cross-calibration
The flat earth and topographic phase compensation 
procedure described in the pre-processing section of 
this chapter require precise knowledge of the satellite’s 
orbit during acquisition. If such information is avail
able with insufficient accuracy, some phase artifacts 
will arise in the interferometric phase. In particular, 
some phase trends will appear in the interferograms, 
preventing the correct estimation of the APS. The 
effect of a residual orbit error is usually neglected if 
the area of interest is tiny or if Orbit State Vectors 
(OSVs) are known to be very precise. On the other 
hand, these trends can be removed by a simple fitting 
and removal of a plane from the interferogram map. 
This procedure cannot be applied when the estimate of 
interest is the APS. In fact, the APS itself can be 
modeled similarly, and the result would be to invali
date the atmospheric map generated: part of the signal 
of interest will be considered an orbital error and 
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removed. The solution proposed here is to use 
a network of GNSS stations installed on the ground.

Each station provides an estimate of the ZTD at the 
time instant of each SAR acquisition in the stack. It is 
also worth highlighting that the accuracy of the resi
dual orbit estimation is tightly related to the position 
of the GNSS stations in the scene, as analyzed in 
(Manzoni 2022). In particular, it is desirable to have 
a sufficient number of stations well-sparsed in the 
scene, both in ground range and azimuth, in order 
for the problem to be well-conditioned. The procedure 
can be described as follows (Manzoni, Monti- 
Guarnieri, and Molinari 2021):

● Each ZTD estimate of each GNSS station is differ
entiated in time with respect to the same date of 
the SAR reference image. In this way, we obtain 
the GNSS-derived differential ZTD (dZTD).

● Each dZTD is projected in the slant range direc
tion of the SAR by knowing the look angle of the 
SAR sensor. This angle can be computed by 
knowing the satellite’s orbit and the GNSS sta
tion’s position. After the projection, we end up 
with a set of GNSS-derived APS.

● All the derived SAR maps are evaluated (inter
polated) over the positions of each GNSS station. 
We now have a set of SAR-derived APS plus 
orbital error and a set of GNSS-derived APS.

● From each SAR estimate, the GNSS-derived APS 
are removed. If the orbital error is zero, the 
residual should be just noise and, eventually, the 
deformation of the scene. On the other hand, if 
there is an orbital error, the residual is the mea
surement that will be used to estimate the para
meters of the orbital error itself (the normal 
baseline error and the derivative of the line of 
sight baseline with time).

● A linear system of equations is solved in 
robust L1 norm to derive the estimate of the 
orbital error’s parameters.

● A set of Orbital Phase Screens (OPS) are com
puted and compensated from all the 
interferograms.

This procedure results in a set of calibrated APS in 
which the trend due to orbital inaccuracies has been 
removed. In the following sections, some results using 
the Sentinel-1 constellation are presented.

2.1.5. Phase offset compensation
It is well known that SAR interferometry is also differ
ential in space. Thus, it makes sense only to evaluate 
a phase difference between two points in space. In 
other words, SAR interferograms are missing 
a constant to be absolute. Such a constant must be 
injected with an external measurement, such as GNSS 
data. After the orbital correction, the only difference 
(apart from noise) that should be present between the 
SAR-derived APS and the GNSS-derived APS is 
a constant. Its estimation is then trivial by taking 
once again the difference between the two estimates 
(GNSS and SAR) and averaging over all the available 
measurements.

2.2. Results

This section presents the result obtained by exploiting 
the procedure just explained. We used a set of SAR 
images from the European Space Agency (ESA) 
Copernicus Sentinel-1 mission for all the experiments. 
The first case study involves a large region in South 
Africa. We processed six Sentinel-1 frames leading to 
an APS map of roughly 170� 800 km2. The area also 
shows significant topography and is generally poorly 
coherent, even with a short temporal baseline. The 
average 12-day coherence of the scene is lower than 
0.4. Nevertheless, it is possible to estimate reliable 
phases from the SAR images using a large estimation 
window (in the order of 375� 375m2 on the ground). 
In Table 1 a summary of the SLC used for the South 
African case study is presented. The relative orbit used 
is the number 43 in ascending configuration.

In Figure 2 the frame and the available GNSS sta
tions are depicted. Next to each frame contour, the 
frame number is highlighted. In Figure 3(a), an exam
ple of estimated APS is depicted. The holes in the 
picture are areas where the phase is unreliable and 
therefore discarded. As a rule of thumb, we discard 
all the phase measurements with coherence lower than 
0.2. These spots are, for example, waterbodies or 
regions with very poor interferometric coherence. To 
statistically characterize the APS maps, the spatial 
variograms have been computed. The wet delay has 
a magnitude much smaller than the hydrostatic one 
(typically less than 10% of the total slant delay), but its 
fluctuations are more significant both in time and 
space. In Figure 3(b) we selected a random region in 

Table 1. Platform, date, and temporal baselines for the six acquisitions in the South African 
case study.

Platform Data Step-one temporal baseling Total temporal baseline

S1A 01/02/2018 – –
S1A 13/02/2018 12 days 12 days
S1A 25/02/2018 12 days 24 days
S1A 09/03/2018 12 days 36 days
S1A 21/03/2018 12 days 48 days
S1A 02/04/2018 12 days 60 days

GEO-SPATIAL INFORMATION SCIENCE 5



all the estimated APS and computed the spatial vario
grams. All the variograms for the five images are 
depicted in black dashed lines. The average variogram 
is represented in blue, while in red and green, the 2/3 
power low and 5/3 power low are, respectively, 
depicted. A transition region between the two models 
is predicted at around 1.5 km (intersection between 

red and green lines) (Hanssen 2001; Tatarski 2016). At 
longer wavelengths, the tropospheric signal starts to be 
less turbulent and more correlated in space, leading to 
a smaller slope of the red curve. From the figure, it is 
evident that the data follow the theoretical model both 
for each image and on average. The scarce number of 
GNSS stations in this region prevents a validation with 
another dataset. All the available stations were used for 
the orbital calibration and, therefore, cannot be used 
for a fair comparison between SAR and GNSS.

The second case study was performed in Sweden. 
The information about the acquisition dates is repre
sented in Table 2. The relative Sentinel-1 orbit is the 
number 168. As in the previous case study, the scene is 
very unstable, showing poor coherence as depicted in 
Figure 4. Notice that the image is in radar coordinates 
this time and not in the geographic ones as in 
Figure 3(a). 

Unlike the first case study, in this one, we pro
cessed 33 images spanning a total temporal extent 
of 6 months. Thanks to its intrinsic robustness, the 
Phase Linking algorithm can still provide reliable 
phase maps even with these long temporal base
lines. A wrapped APS is depicted in Figure 5(a). In 
this image, an equivalent temporal baseline of 6  
days was used. The phase profile is smooth, as 
expected, and it can be easily unwrapped. In 
Figure 5(b), on the other hand, we show the last 
APS of the stack with a temporal baseline of 
roughly 6 months with respect to the first image 
(the reference image was acquired the 1st of 
May 2021). While this image shows a higher spatial 
variability than the former example, it is still very 

Figure 2. Frame numbers and GNSS stations in the South 
Africa case study.

Figure 3. (a) An example of an estimated APS. The size of the map is 170� 800km2. (b) Variograms of the estimated APS maps. 
They follow the theoretical model.
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Table 2. Platform, date, and temporal baselines for the six acquisitions in the Sweden case 
study.

Platform Data Step-one temporal baseling Total temporal baseline

S1A 01/05/2021 – –
S1A 13/05/2021 6 days 12 days
S1A 25/05/2021 6 days 24 days
S1A 31/05/2021 6 days 36 days
S1B 06/06/2021 6 days 48 days
S1A 12/06/2021 6 days 60 days
S1B 18/06/2021 6 days 72 days
S1A 24/06/2021 6 days 78 days
S1B 30/06/2021 6 days 84 days
S1A 06/07/2021 6 days 90 days
S1B 12/07/2021 6 days 96 days
S1A 18/07/2021 6 days 102 days
S1B 24/07/2021 6 days 108 days
S1A 30/07/2021 6 days 114 days
S1B 05/08/2021 6 days 120 days
S1A 11/08/2021 6 days 126 days
S1B 17/08/2021 6 days 132 days
S1A 23/08/2021 6 days 138 days
S1B 29/08/2021 6 days 144 days
S1A 04/09/2021 6 days 150 days
S1B 10/09/2021 6 days 156 days
S1A 16/09/2021 6 days 162 days
S1B 22/09/2021 6 days 178 days
S1A 28/09/2021 6 days 184 days
S1B 04/10/2021 6 days 190 days
S1A 10/10/2021 6 days 196 days
S1B 16/10/2021 6 days 202 days
S1B 28/10/2021 6 days 214 days
S1A 03/11/2021 6 days 220 days
S1B 09/11/2021 6 days 226 days
S1A 15/11/2021 6 days 232 days
S1B 21/11/2021 6 days 238 days

Figure 4. Coherence map of the area of interest in Sweden. The image is radar coordinates (range/azimuth).

Figure 5. (a) Wrapped APS map with a temporal baseline of 6 days. (b) Wrapped APS map with a temporal baseline of 6 months. 
The color scale is in radians.
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smooth with low variance. This allows for an easy 
and reliable phase unwrapping. Finally, proper vali
dation is needed to prove that the signal we are 
retrieving is exactly the atmospheric one. In the 
first case study, we used a validation with 
a theoretical model since there were a small num
ber of GNSS stations on the ground, and they were 
all used for orbital correction. In this case study, 
however, more than 100 GNSS stations were pre
sent in the field of view, allowing for proper tech
nique validation. We have selected 30 of GNSS in 
a random fashion. The 30/70 ratio was used in 
order to have a reliable estimate of the orbital 
parameters, while, at the same time, having 
a reliable validation of the procedure. In Figure 6, 
a scatter plot is depicted for all the dates in the 
stack. On one hand, we have the SAR-derived APS 
estimated by the proposed algorithm; on the other, 
we have the GNSS-derived APS. Notice that the 
latter is an independent set of GNSS stations that 
do not coincide with the one used for the orbital 
calibration. The picture shows a very high agree
ment between the two datasets, with an average 
correlation coefficient of 0.99 and a standard devia
tion of 8.49 mm. As a last notice, we highlight that 
the GNSS raw data was processed in such a way as 
to extract purely the tropospheric delay and not the 
ionospheric one. We proved in this way the cap
ability of the proposed algorithm to extract most of 
the troposphere dynamics.

3. Mitigation of ionospheric phase screen in 
SAR images for atmosphere analysis

The spatial statistics of the added phase screen due 
to a slow varying ionosphere is very similar to the 
APS; thus, it cannot be distinguished by standard 
filtering methods. The split spectrum method 
(Rosen, Hensley, and Chen 2010) exploits the dis
persive nature of the ionosphere. It aims to separate 
it from the non-dispersive effects (atmosphere, topo
graphy, movement, etc.) by observing the phase at 
different frequencies. Successful implementation of 
the technique on S1 data was demonstrated in 
(Gomba, González, and De Zan 2016), accommodat
ing the peculiarities of the Terrain Observation with 
Progressive Scans SAR (TOPSAR) acquisition 
scheme.

This section constructs a processing chain that is 
adapted to the requirements of atmosphere proces
sing. First, we can assume the scene to be relatively 
stable over time, which relaxes the need for very fine 
data-driven coregistration. As will be demonstrated in 
Section 3.1.2, this assumption significantly simplifies 
the implementation. Second, a stack of images is 
usually needed for meaningful atmospheric interpre
tation. Thus, the ionospheric phase should be removed 
from all data instances with respect to a common 
reference. We use the Phase Linking algorithm 
(Monti-Guarnieri and Tebaldini 2008) to obtain 
a temporal series and reduce the noise.

Figure 6. Scatterplot of the estimated (SAR) APS with an independent set of GNSS-derived APS.
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3.1. Processing chain for stack-based ionospheric 
phase estimation

The overall processing flow for estimating the iono
spheric phase screen is shown in Figure 1. First, the 
same regular pre-processing routines already 
described in Section 2.2.1 should be performed on all 
images, including focusing, coregistration, and phase 
compensation.

The TOPSAR acquisition mode acquires the data 
in bursts by cyclically switching the antenna beam 
(Grandin 2015). The sensing technique implies that 
the ionosphere is not being sampled continuously, 
and phase jumps between bursts may be expected. 
Theoretically, the shifts may be measured and cor
rected by other methods, such as the Enhanced 
Spectral Diversity (ESD) or cross correlation. 
However, these techniques cannot recover the 
proper ionospheric phase screens and compensate 
the interferogram (Gomba, González, and De Zan  
2016). Thus, we apply the split spectrum technique 
which can provide an accurate estimate of the 
phase.

The multi-temporal ionosphere estimation mod
ule extracts sub-bands in a burst-by-burst fashion, 
and Phase Linking is applied to the sub-bands of 
all images to reduce noise. The output is a series of 
N � 1 phase maps. The unwrapping of at least one 
sub-bands is required to overcome the 2π ambigu
ity. At this point, the result is still rather noisy 
because of the significant amplification of the 
phase difference. Thus, we estimate a polynomial 
from the raw dispersive phase. The regression is 
done with the data projected to the height of the 
ionospheric level (assumed to be constant at 350  
km), and the result is projected back to earth. The 
block scheme’s outputs are phase products that can 
compensate the ionospheric effect in the interfero
metric stack.

3.1.1. Split-spectrum
The group delay and phase advance of an electromag
netic signal passing through the ionosphere is 
a function of the frequency: 

τi
group ¼ � τi

phase ¼
2K0STEC

cf 2 (4) 

where K0 ¼ 40:28m3s� 2, while STEC is the Slant 
range Total Electron Content. The frequency 
dependence allows us to measure τi

phase by extract
ing two non-overlapping frequency sub-bands. An 
interferometric approach is required (i.e. proces
sing the complex conjugate of two images) such 
that the phase contributions related to the target’s 
spectrum are eliminated. The ionosphere can then 
be estimated by (Gomba, González, and De Zan  
2016): 

Δϕ̂iono ¼
fLf 2

H
f0 f 2

H � f 2
Lð Þ

Δϕ̂L �
fL

fH
Δϕ̂H

� �

(5) 

where f0 is the frequency of the carrier. Δϕ̂L, Δϕ̂H are 
the interferometric phases of the two sub-bands, gen
erated around the frequencies fL and fH , respectively.

Note that the expression in brackets in Equation (5) 
is not expected to wrap. Thus, in the proposed imple
mentation of the split spectrum method, it is sufficient 
to unwrap only one band. An explicit description of 
the performed operation is given by: 

Δϕ̂iono ¼
fLf 2

H
f0 f 2

H � f 2
Lð Þ
ff exp Δϕ̂L

� �
exp � j

fL

fH
Δϕ̂unwrap

H

� �� �

(6) 

3.1.2. Effect of coregistration
Current state-of-the-art implementations of the split- 
spectrum method generate two sub-bands from each 
focused data and coregistering them afterward (Liang 
et al. 2019). The method implies that resampling 
should be repeated for the original data and for the 
two bands. For many applications, it is beneficial to 
start directly from the coregistered data, as illustrated 
in Figure 1. In this manner, one gains in terms of 
computational power and storage. The suggested 
approach uses the precise knowledge of the S1 orbits 
to coregister and compensate the phase. The residual 
can then be explored by the split spectrum algorithm 
to estimate the ionospheric phase screen. This section 
demonstrates the equivalence of the two strategies, by 
theoretically analyzing the spectrum of the coregis
tered data.

The spectrum of an interferometric SAR pair (after 
demodulation) can be expressed as: 

M fð Þ ¼ A fð Þ (7) 

S fð Þ ¼ A fð Þeð� j2πf0τðf ÞÞeð� j2πf τðf ÞÞ (8) 

being M fð Þ and S fð Þ the master and slave signals, 
respectively. A fð Þ is the spectra of the low-pass reflec
tivity function of the target, and τ is the time delay 
between the two acquisitions. The first exponential is 
the interferometric phase, and the second is the fre
quency ramp due to misregistration. The uncompen
sated delay between master and slave τ is due to all the 
residual effects: 

τ fð Þ ¼ τgeo þ τAPS þ τi
phase fð Þ (9) 

where τgeo is the geometrical component due to flat 
earth and topography. τAPS and τi

phase fð Þ are the delays 
caused by the atmosphere and ionosphere, respec
tively. Other non-dispersive effects are omitted here 
for simplicity.

After coregistration and compensation of the geo
metrical phase, the slave from Equation (8) becomes: 
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SC fð Þ ¼ A fð Þe� j2π f0þfð ÞðτAPS� τi
phase f0þfð ÞÞ (10) 

At this point, the range spectrum is divided into two 
sub-bands by applying band-pass filters centered at fi 
for i ¼ 1; 2: 

Sci fð Þ ¼ Sc fð Þrect
f � fi

Bs

� �

(11) 

where Bs is the bandwidth of the filter. The bands are 
further demodulated by fi to obtain two baseband 
signals: 

Sci0 fð Þjf¼0 ¼ A fið Þe
� j2π f0þfið Þðτnd � τi

phase f0þfið ÞÞ (12) 

The phase in Equation (12) is equal to the one we 
would get applying the coregistration after band 
extraction.

3.2. Stack processing

A time series of interferometric SAR information is of 
interest for many use cases. For example, the usage of 
a SAR stack to estimate the atmospheric phase screen 
in Section 2.2. Thus, also the ionospheric screen 
should be evaluated for multiple images w.r.t. 
a common reference. The joint estimation of the dis
persive phase for a stack of SAR images was explored 
in (Fattahi, Simons, and Agram 2017), using a set of 
linear equations. In the current method, we use the 
phase-linking approach (see Section 2.1.2) on each 
sub-band. In doing so, we exploit all possible inter
ferometric combinations to reduce the variance and 
obtain N � 1 phase screens.

3.3. Study area and results

The proposed scheme was tested on the border 
between Chile and Argentina, a site that was shown 

to be affected by a significant ionospheric gradient 
during the S1 acquisition in the fall of 2015 (Gomba  
2018). It was not possible to use the same scenarios 
used in Section 2.2 due to the absence of a strong 
ionospheric signal in those regions. Figure 7 shows 
the footprint of the relevant S1 frame. A major part 
of the scene is characterized by flat terrain with rocky 
and sandy soils and an arid climate, which results in an 
overall high spatial and temporal coherence. Five 
images were used over a period of 2 months.

The estimation and compensation of the ionospheric 
phase screen were performed following the scheme 
described in Figure 1. Note that the interferometric 
processing is able to recover N � 1 phases (using one 
reference image), so only the relative ionosphere can be 
computed using this technique. A proper validation was 
not possible in this case due to a lack of independent 
data at sufficient resolution able to provide a serious 
comparison for SAR-derived ionospheric data. 
However, a qualitative comparison between the inter
ferograms before and after the compensation of iono
spheric fringes is still possible. These interferograms are 
shown in Figure 8. The first row of images shows the 
original differential phase, where significant ramps are 
caused by the ionosphere. The second row shows the 
stack after the removal of the trends estimated by the 
split spectrum. Finally, the third row shows the iono
spheric phase screen. First-order polynomials were used 
in this study because of the observed dispersive phase.

Strong phase ramps are noticed in the last three 
interferograms, accompanied by noticeable discontinu
ities between the bursts. The phase jumps remain after 
coregistration since no data-driven resampling was per
formed. However, they are well predicted by the esti
mated ionospheric phase screens taking into account the 
gapped scanning of the ionosphere by the TOPSAR 
acquisition mode. As a result, the corrected interfero
grams are continuous.

Figure 7. Region of interest used in the study. Basemap by Google.
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The dispersive phase in the selected case-study 
showed a major linear trend, as can be appreciated 
from the range profile in Figure 9. Thus, a first-order 
polynomial was utilized for the estimation. Higher 
orders may be considered for other data-sets.

Phase linking was introduced to decrease the noise 
in the data. An improvement in STD w.r.t. the single- 
baseline approach can be observed, especially for the 
last images in the time-series, since decorrelation 
becomes more significant. The local standard 

Figure 8. Ionosphere compensation results. Top: original interferograms (master date: 02-09-2015) with visible phase jumps 
between burst due to the presence of ionospheric gradient. Middle: compensated interferograms, the phase jumps were 
mitigated. Bottom: estimated phase screen. Values are in the range of � π; π½ �.

Figure 9. Dispersive phase for the 01-11-2015 interferogram, averaged along the azimuth axis. A clear linear trend is observed in 
the raw estimate (blue). After removing the estimated phase screen the residual is mainly flat (orange).
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deviation (STD) of the raw ionosphere estimate is 
shown by a histogram in Figure 10.

4. Conclusions

This paper discusses two techniques in SAR atmo
spheric sensing. The first topic is the estimation of 
atmospheric phase delay maps from a stack of SAR 
images. The proposed technique exploits the well- 
known Phase Linking algorithm in combination 
with a novel calibration scheme used to remove 
orbital errors. This calibration scheme is data- 
driven and uses a network of GNSS stations on 
the ground to estimate and remove a low- 
frequency phase trend that arises when the orbital 
knowledge of the satellite is not accurate enough. 
Combining the optimal estimator and the calibra
tion procedure allows us to estimate the tropo
spheric component in the interferometric phase 
accurately. We validated the method’s effectiveness 
using statistical comparisons with the theoretical 
models and an external set of GNSS measurements. 
The correlation between our estimate and the inde
pendent GNSS measure is close to one, proving the 
method’s effectiveness.

In the second part of the paper, we have demon
strated a fast and effective implementation of the split- 
spectrum algorithm applied to Sentinel-1 data. Also, 
in this case, the novelty is that we jointly exploit a set 
of SAR images, gaining from all the available interfer
ograms to reduce the noise and partially compensate 
for the lack of data-driven coregistration. In contrast 
to the state-of-the-art workflows for ionospheric 

signal extraction, we start the procedure by co- 
registering data immediately before sub-band extrac
tion, allowing greater compatibility with standard 
InSAR processors. Testing was performed using data 
acquired over Chile, a site where the ionosphere is 
known to vary rapidly. The compensation showed 
a significant reduction in phase jumps between bursts 
and an overall reduction in the number of fringes. 
Only coregistered data was used during estimation 
and compensation, making the approach appealing 
for integration into existing interferometric tools.
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