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Abstract—A synthetic aperture radar can offer not only an
accurate monitoring of the earth surface deformation, but also
information on the troposphere, such as the total path delay or the
columnar water vapor at high horizontal resolution. This can be
achieved by proper interferometric processing and postprocessing
of the radar interferograms. The fine and unprecedented hori-
zontal resolution of the tropospheric products can offer otherwise
unattainable information to be assimilated into numerical weather
prediction models, which are progressively increasing their resolv-
ing capabilities. A number of tricks on the most effective processing
approaches, as well as a novel method to pass from multipass dif-
ferential interferometry products to absolute tropospheric colum-
nar quantities are discussed. The proposed products and methods
are assessed using real Sentinel-1 data. The experiment aims at
evaluating the accuracy of the derived information and its impact
on the weather prediction skill for two meteorological events in
Italy. The main perspective of the study is linked to the possibil-
ity of exploiting interferometric products from a geosynchronous
platform, thus complementing the inherent high resolution of SAR
sensors with the required frequent revisit needed for meteorological
applications.
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(NWP), synthetic aperture radar (SAR) interferometry (InSAR),
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I. INTRODUCTION

THE violence and frequency of extreme weather events are
increasing. Improving the weather forecast accuracy is a

fundamental goal to limit their social and economic damage.
Indeed, numerical weather prediction (NWP) models are im-
proving their capability to provide a high-resolution description
of the atmosphere. The large growth of computational resources
in the past decades has enabled NWP models to provide a
high-resolution description of the atmosphere at regional scale
and a better description of key physical processes, such as
radiative transfer, microphysics, and planetary boundary layer.
Nonhydrostatic limited-area atmospheric prediction systems are
capable of modeling a variety of physical processes by different
parameterization schemes down to horizontal resolution of the
order of 1 km [1]. Large-eddy simulation (LES) models provide
a detailed description of the turbulence and can reach resolution
potentially down to a few hundreds of meters [2]. Consequently,
it is increasing the need to collect data to initialize the model
and/or to be assimilated at a suitable resolution in space.

Satellite remote sensing can offer such kind of data regard-
ing both the earth’s surface and the atmosphere. An emerging
technique in this field is the synthetic aperture radar (SAR)
interferometry (InSAR). InSAR is largely exploited to derive
accurate digital elevation models (DEM) or to measure the earth
surface displacement in time with a precision in the order of
centimeters. This is achieved by measuring the difference in
phase of the radar echo collected from different viewpoints
and/or at different times. This measurement is generally ham-
pered by several errors—geometric inaccuracies (orbital infor-
mation and/or DEM errors), spatial and temporal decorrelation
effects, processing issues (mainly phase unwrapping errors), and
atmospheric effects [3]. The latter effects, which are particularly
relevant to the topic of this article, introduce an additional
phase difference, usually referred to as atmospheric phase screen
(APS). This difference is due to changes in the tropospheric
composition, which introduce a bending of the electromagnetic
wave path and modifies the wave propagation velocity [4]. This
can be misinterpreted as an additional surface deformation or
can lead to an error in DEM retrieval. Correcting tropospheric
effects is a major problem for ordinary InSAR applications.
Modern InSAR techniques are based on multipass SAR data [5],
[6]. Among other advantages, they provide a good sampling of
the APS spatial-temporal variability, enabling to some extent to
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distinguish the spatially correlated atmospheric signal from the
temporally correlated deformation signal by suitable statistical
filtering.

Although often treated as noise, the APS can be turned into
useful information for meteorologists if the DEM is known and
deformations are absent or can be modeled [3]. Considering
that meteorological applications generally require very frequent
observations, a SAR on a geosynchronous orbit would represent
a breakthrough in this respect [7]. It would be capable to produce
high spatial resolution APS and tropospheric path delay maps
with high temporal revisit (hours or less) to be assimilated
into NWP models. A geosynchronous SAR mission, named
G-CLASS (geosynchronous continental land-atmosphere sens-
ing system), has been recently selected by the European Space
Agency (ESA) in response to the call for a future Earth Explore
satellite (EE-10).

The exploitation of InSAR as a meteorological tool providing
high spatial resolution precipitable water vapor (PWV) or zenith
total delay (ZTD) through the troposphere is not new. There are
advantages with respect to alternative techniques, as radioson-
des are launched from few sites and at synoptic hours only,
global navigation satellite system (GNSS) receiver networks are
generally too sparse, microwave radiometers have poor spatial
resolution, and near infrared radiometers work only at daytime
and are affected by cloud cover.

Pioneer studies deriving PWV or ZTD from APS and as-
sessing their impacts on NWP skill were published in the past
[8]–[15]. Very recent papers are [16]–[18]. It must be considered
that InSAR is an inherently differential technique that provides
difference in time of PWV or ZTD referred to an unknown point
on the earth (acting as a bias) and that additional factors may
affect the phase difference and must be removed [3]. Ancillary
and prior information are needed to remove the unwanted effects
and to convert the differential information into absolute values
of the columnar tropospheric quantities (i.e., PWV or ZTD)
required by NWP assimilation.

In the literature, strategies to remove the unwanted factors
(e.g., error in spatial baseline determination, unknown bias
term) and calibrate the APSs are proposed. Specifically, if a
suitable network of GNSS receivers is available in the area
and provides pointwise values of PWV or ZTD, it can be
effectively exploited [15]. Estimation of a factor in the APS
associated to changes in the atmospheric stratification can be
done by fitting a suitable function of the earth surface height
[11]. Removal of surface motion contribution to APS maps is
sometime carried out by spatial–temporal filtering techniques
based on the assumption that the APS signal is highly correlated
in space and poorly correlated in time [5], [6]. The latter two
approaches must be applied with care if the final objective is
the retrieval of tropospheric quantities. In fact, the estimation
of a unique stratification term as a function of surface height
can be nonrealistic, as it will be discussed later. In addition,
spatial–temporal filtering can remove atmospheric signal if the
latter has signatures comparable to other geophysical quantities
(e.g., surface deformations). In order to convert the differential
information into an absolute one, different approaches have been
carried out. In [15], the authors assume that the atmospheric
state is known at a certain time (e.g., the time of the first

SAR acquisition); Alshawaf et al. consider that the temporal
mean of the columnar parameter is constant in the considered
area [11]; Pichelli et al. assume that another spaceborne sensor
provides the temporal mean [10]. In [16], the retrieval of a time
sequence of PWV maps is proposed, with the first map of the
sequence provided by the ERA-Interim model and subsequent
interferometric pairs calibrated using GNSS receivers. All these
assumptions have pro and cons. They could be too approximated
(i.e., assuming a constant mean or a known reference atmosphere
at a certain epoch), lose some atmospheric signals (i.e., applying
spatial–temporal filters), or not feasible (e.g., the presence of
an alternative sensor, such as a near infrared radiometer, is not
always guaranteed on the same platform).

This article presents a preparatory work in view of a fu-
ture geosynchronous SAR to propose and assess methods to
derive absolute troposphere columnar quantities. The approach
reported here is founded on a multipass InSAR technique to
estimate the APSs. This means that the APSs are not derived
from a single pair of images but are retrieved from a long stack
of SAR acquisitions paired in different ways to form a large
number of interferograms. Consistently, it assimilates GNSS
observations into the NWP model, which is run continuously
in parallel to the acquisition of the SAR data stack, in order to
retrieve the temporal mean needed to get the absolute values.
This is a major novelty of the proposed approach. Additionally,
most of the previous works assimilate the PWV by removing the
dry component of the path delay predicted by the NWP model.
Here, we assimilate the total delay, as suggested in [19], since
the APSs are shown to bring important information not only
on the water vapor, but also on the vertical stratification of the
atmosphere that determines the relationship between the path
delay and the surface height. As far as the calibration of the
APSs is concerned, we resort on a GNSS receiver network, as in
the literature, but we propose a method to join the station with
the SAR APS over areas with complex topography.

The experimental part of the work considers Sentinel-1 data
and assesses their impact on the forecasting skill of a local-area
NWP model. We consider the advanced research WRF (ARW)
modeling system, developed at the National Center for Atmo-
spheric Research (NCAR) laboratories and assimilate the ZTD
derived from a GNSS receiver network and from InSAR APS
maps using a 3-D variational (3D-Var) assimilation scheme.
The results of the assimilation are compared to surface obser-
vations of rain rate and brightness temperature measured by a
ground-based radiometer. Two different precipitation events that
occurred in Northern Italy over the Po valley are considered; the
precipitation rate is predicted with and without the assimilation,
and the results are compared to the one measured on ground.
Results indicate the potential of InSAR as a meteorological tool.

The rest of this article is organized as follows. Sec-
tion II introduces the main equations relating the inter-
ferometric phase to tropospheric variables. It also reviews
the two case studies considered for the experiment and
the methods exploited to process the Sentinel-1 and GNSS
data. Section III details the steps carried out to convert
InSAR APSs into absolute maps of troposphere columnar
quantities. The validation of the maps is also reported. Section IV
describes the adopted NWP model and the data assimilation
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(DA) approach. It also evaluates the forecasting skill when
assimilating the GNSS and InSAR derived ZTD maps. Section V
draws the conclusions of this article.

II. DATA AND METHODS

A. Atmospheric Phase Screen

In this work we use a multipass InSAR approach. In this
case, M+1 SAR images are properly combined to obtain a time
series of M interferometric phases. There exist several possible
approaches for computing such time series [20]. Independent
of the particular approach, each point in the ith element of the
time series represents a double difference: 1) a time difference
of the phase of the radar echo between the ith acquisition and a
reference one (usually the first one, which we will refer to as the
master) and 2) a spatial difference since phase measurements are
referred to the phase of a fixed point, arbitrarily chosen within
the SAR image. Therefore, at the discrete time i (i.e., at the time
of acquisition of the ith image), the interferometric phase at the
image point with range and azimuth coordinates (r, x) is

ψi (r, x)= φi (r, x)− φm (r, x)− [φi (r0, x0)− φm (r0, x0)]

i = 1, . . . ,M (1)

whereφi(x, r) is the (absolute) phase of the ith SAR acquisition,
(r0, x0) is the arbitrary reference point position, and the sub-
script m indicates the reference acquisition (i.e., the master). The
phaseψ is the measurement that is accessible through the InSAR
technique. It depends on surface topography (topo), a “flat
surface” component (flat), the surface displacements (displ), and
the atmosphere temporal changes expressed as a function of the
difference in path delay ΔLatmo. If we consider an additional
error v(r, x) (e.g., thermal random noise) and the fact that the
term in square brackets in (1) can be represented as an unknown
constant ci, the following equation holds:

ψi (r, x) = Δφdispl (r, x) + Δφtopo (r, x) + Δφflat (r, x)

+
4π

λ
[ΔLatmo (r, x) + ci + v (r, x)] (2)

where the bias ci and the error are expressed in path delay units.
For a steady surface (or a surface with known displacement),
after removing topo, flat, and displ contributions and after per-
forming the phase unwrapping, [21], [22], we get the delay
difference, known as APS of the ith acquisition with respect
to the master, which, according to our notation, is given by

APSi (r, x) =
λ

4π
ψi (r, x) = Li (r, x)− Lm (r, x)

+ ci + v (r, x) (3)

We note that, due to the side-looking geometry of SAR sys-
tems, the path delay in (3) is along the radar line of sight (LOS),
i.e., it represents a slant total delay (STD). On the other hand,
the path delay is usually considered in the vertical direction,
namely, the ZTD, so that a suitable mapping function must be
applied when combining GNSS and InSAR observations.

The path delay is equal to the integral of the atmospheric re-
fractivity along the LOS, which includes the troposphere and the

ionosphere. As for C- and X-Band systems, the ionosphere in-
troduces mainly planar phase components in the interferograms
[23]. The spatially variable APS is, therefore, due essentially
to the troposphere. The total tropospheric delay can be divided
into the hydrostatic term, caused primarily by dry gases in the
atmosphere, and the wet term, caused by refractivity variation
due to the water vapor, i.e., ZTD = ZHD+ ZWD [4].

The wet components of the zenith path delay, considering the
atmospheric pressure as the integrand variable, is [24]

ZWD = 10−6

∫ ps

0

q (p)

(
k′ +

k3
T (p)

)
Rd

gs (ϕ) ε
dp (4)

where q is the specific humidity, T is the temperature, p is the
pressure, and gs is the gravitational acceleration at the surface
as function of latitude φ. The upper limit ps is the pressure at the
surface, Rd is the gas constant for dry air, and ε= 0.66. For the
constants, we use k’ = 2.21 10−7 K/Pa and k3 = 3.7 10−3 K2/Pa
[25]. The dry component can be accurately approximated by
using the surface quantities only, through the following formula
[24]:

ZHD = 10−6

∫ ps

0

k1
R

gs (ϕ)
dp ∼= 2.2768 10−5

[ m
Pa

] ps
zf

(5)
with zf = 1− 2.6610−3 coscos (2) − 2.8 10−7[m−1]ha, ha
being the surface height.

ZWD is approximately proportional to the PWV, the latter
being generally in the range between 0.4 and 4.5 cm [10]. The
following approximated relation holds [25]:

ZWD = 10−6 (k3/Tm + k′)RvρvPWV ∼ 6.4PWV [m]
(6)

where Rv is the gas constant for water vapor, ρv = 1000 kg
m−3, and Tm is the mean temperature of water vapor along the
path. Thus, the InSAR technique is capable of measuring along
a slant path APS = Δ Latmo = ΔSTD, and thus to furnish
the water vapor integrated along that path by removing the dry
component.

The differential STD (ΔSTD) can be correlated to the ter-
rain height, either positively or negatively, depending on the
atmosphere stratification, e.g., the diverse vertical distribution
of atmospheric parameters when the two images were acquired.
This stratification term is sometimes distinguished by the turbu-
lent term of the APS map and estimated separately from GNSS
data, as discussed in Section I [11].

In conclusion, the APS must be first calibrated to correct for
the unknown constant and, as will be discussed later, for other
artifacts embedded in the v(r,x) error term, and then, converted
from differential to absolute value to provide the final delay
ZTD or integrated water vapor PWV to be assimilated into an
NWP model. The methodological aspects of this work, as well
as the data used for validating the approach are described in the
following sections.

B. Case Studies

Two experiments were carried out to investigate the impact of
the assimilation of GNSS and Sentinel-1 data on the precipita-
tion forecasted by an NWP model. We selected a predominantly
flat area (in order to minimize the influence of topography in the
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Fig. 1. Case 1 on 27th April 2015. 500 hPa geopotential height (gpdm),
temperature (°C), and mean sea level pressure (hPa) at 00 UTC of 27th April.
Sentinel-1 overpass occurred on 27th April at UTC 05:24:30. Source http:
// www.wetterzentrale.de/ .

Fig. 2. Twelve-hour accumulated rainfall from 06 UTC to 18 UTC of 27th
April 2015. Black contours represent the Italian regions’ boundaries. Source
DEWETRA platform, a courtesy of the Italian Civil Protection Department.

interferograms), where a long sequence of Sentinel-1 acquisi-
tions was available to run the InSAR multipass technique. More-
over, we checked the availability of data to calibrate/validate
the APS maps, to run the model and to validate its results. We
also looked for events not too late from the previous Sentinel-1
overpass in order to ensure an impact of SAR assimilation into
the model The Northern Italian area and the Sentinel-1 relative
orbit number 168 (descending) covering the Po Valley were
finally chosen. In that area, two meteorological events (one in
Spring and the other in Autumn) were identified as suitable for
the assimilation experiments, i.e., on 27th April 2015 (case study
1) and 11th November 2016 (case study 2). A weather synopsis
is provided hereafter for each event.

As for case study 1, north of the Alps, a cold front entered
Germany from the northwest and sharpened during the after-
noon, spanning SW-E across Germany with a convergence line
on its warm side and a low-pressure core over south-eastern
Germany (see Fig. 1). In the next day, a surface low developed
over Central Italy (not shown). This structure was associated
with precipitation occurring mostly in northern Italy during the
first day.

In Fig. 2, the 12-h accumulated rainfall from 06 UTC of 27th
April 2015 shows peaks of accumulated precipitation reaching
80 mm in the northwest side of the Po Valley; similarly, a cell

Fig. 3. Case 2 on 11th November 2016. 500 hPa geopotential height (gpdm),
temperature (°C), and mean sea level pressure (hPa) at 00 UTC of 11th Novem-
ber. Sentinel-1 overpass occurred on 11th November at UTC 05:19:09. Source
http:// www.wetterzentrale.de/ .

Fig. 4. Twelve-hour accumulated rainfall from 06 UTC to 18 UTC of 11th
November 2016. Black contours represent the Italian regions’ boundaries.
Source DEWETRA platform, a courtesy of the Italian Civil Protection
Department.

smaller than the previous one is found in the northeast. The map
is derived from the rain gauge network (approximately 3800
stations all over Italy) of the Italian Civil Protection Department
(DPC) through the DEWETRA© web-GIS by DPC and CIMA
Research Foundation. Rain rate were spatially interpolated using
a kriging approach available on DEWETRA [26]. In the imaged
area, rain gauge stations have an average separation of about
11 km.

Regarding case study 2, a deep intrusion of cold air associated
with a Rossby wave elongated from Scandinavia (see Fig. 3)
was moving over a still warm Adriatic Sea in the following
24 h (not shown). A surface low developed over central Italy,
advecting warm and humid air from southwest and allowing for
precipitation to occur.

In Fig. 4, 12-h accumulated rainfall from 06 UTC of 11th
November 2016, obtained from the Italian rain gauge network,
shows moderate rainfall in central Italy and light precipitation
in the eastside of the Po Valley.

C. Sentinel-1 SAR Data and Processing

The Sentinel-1 data acquired in interferometric wide-swath
mode (IW) along descending orbit 168 cover the main area of
the selected events (see Fig. 5). The data were processed by

http://www.wetterzentrale.de/
http://www.wetterzentrale.de/
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Fig. 5. Sentinel-1 frames considered in this work. As for relative orbit number
168, two different frames had to be combined in order to cover the area of interest.

using an implementation of the small baseline subset (SBAS)
technique, known as P-SBAS (see [6]), that works unsuper-
vised on parallel architecture [27], [28]. The SBAS algorithm
makes use of multilook operation while generating a set of
small baseline interferograms; data are spatially averaged, thus
reducing the final spatial resolution. Moreover, the use of only
small temporal/perpendicular baseline pairs allows to drastically
mitigate the phase decorrelation noise.

Along the selected orbit, the area of interest is covered by
two contiguous frames, named N2 (the most northerly) and
N3 (the most southerly). Unfortunately, neither frames were
acquired along all the orbital passes in the IW mode. We found
59 SAR images between 22/03/2015 and 29/03/2017 for the N2
frame, while 67 images were acquired between 22/03/2015 and
05/03/2017 for the N3 frame. Some of the acquisitions of the N2
frame were not acquired/available on the N3 one, and vice versa,
resulting in only 54 images common to the two frames between
22/03/2015 and 22/02/2017. For this reason, and to maximize
both the spatial and temporal coverage, the two frames were
processed separately and subsequently joined.

We generated a set of 145 small baseline interferograms for
the N2 frame. In this case, the effective revisit time is almost
constantly 12 days; in only three cases, it rises to 24 days and
only one to 32. Only three Sentinel-1B images are available.

For the N3 frame, we generated a set of 164 small baseline
interferograms. The effective revisit time is almost constantly
12 days until 24/09/2016, when it becomes 6 days thanks to
the addition of Sentinel-1B data. In only two cases, before
October 2016, it increases to 24 days and only once to 32 days,
while after October 2016, it increases to 12 days only twice.
Variations of the effective revisit time take place because the
corresponding acquisitions were either unavailable or discarded
by the processing procedure.

Overall, a spatial multilook operation implemented through
a 5×20 pixels (azimuth/range) average window was carried out
for the generation of the interferograms, thus resulting in a final
pixel size of about 70 m in both directions. No spatial–temporal

Fig. 6. Upper panel: Plot of the APS as function of the surface height provided
by the SRTM DEM. Bottom panel: Map of APS in the considered region. Colors
identify different trends with height in both panels and shows that different trends
are distinctive of different areas in the image.

filter was applied to the stack to avoid removing atmospheric
signals.

An error in the interferograms derives from the nonperfect
knowledge of the satellite orbital position. This information is
necessary to compensate for the phase contribution of topog-
raphy and flat earth. It can be demonstrated that, although to
the first-order approximation, this artifact is essentially a linear
ramp in range and/or azimuth [29]. A similar linear trend is
due to the ionosphere. A current processing strategy consists
of either correcting the orbits until this ramp contribution is
minimized [29], or by simply fitting a ramp to the data and
remove it. As mentioned in Section I, phase ramp components
in the data may be associated with tropospheric contributions
too. For instance, an altitude increase in one direction produces a
phase ramp in that direction due to the correlation between APS
and height discussed in Section II-A. Clearly, when the goal
of the processing is the measurement of ground deformation,
it is important just to remove those ramps, not to correctly
attribute them to orbital or atmospheric artifacts. On the other
hand, when the objective is the APS generation, those ramp
removal strategies can impair the estimation of the atmospheric
phase signal. For this reason, we chose to handle the orbital
ramp removal with the help of external data, namely GNSS, as
described in Section III-A.

A deeper investigation of this issue is worth to be carried
out. Upper plot of Fig. 6 presents an example of APS‘s as
function of the surface height in a region of the considered
Sentinel-1 frame characterized by a rough topography. We can
see that different clouds of points are present, with different
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Fig. 7. GNSS ground receivers used for APS calibration. In yellow, the stations
working only on 27th April 2015; in green, those working only on November
11th, 2016; in red, those working on both dates.

slopes. Those different slopes can be recognized pertaining to
different areas in the image, typically different valleys. This
shows that considering a unique trend of APS versus height
can be a very rough approximation, although it is often adopted.
It can be suitable when the objective is removing the effect of
atmospheric stratification on the displacement maps in standard
InSAR applications. However, it can be detrimental when using
InSAR for meteorological applications as in this work. We risk
removing the information about atmospheric stratification and
its horizontal spatial variability brought by SAR.

Finally, we notice that in other works (e.g., [15]) the wet
component of the delay or the PWV are assimilated and the dry
component, mostly responsible of the stratification contribution,
is removed based on the same NWP model outcomes. Based on
the above-mentioned observations, in our work, we assimilate
the total tropospheric delay rather than the wet component for the
purpose of retaining the information on the vertical stratification
and its variability.

D. GNSS Network and Data Processing

Estimates of ZTD from GNSS (from now on named GNSS-
ZTD) are used here to calibrate and validate the APS maps
and to convert differential InSAR slant delays into absolute
zenith delays (see Sections III-A and III-B). Although 85 GNSS
permanent stations were present in the test area, only 20% of
them could be used, due to lack of observations simultaneous to
the selected Sentinel-1 overpasses (see Fig. 7). This percentage
was even lower for the first five overpasses, when the stations
operated by Lombardia region were switched off. For each
acquisition date of the InSAR image stack, two days of raw
data at a 30-s rate were collected and processed, using the free
and open source goGPS software [30], [31]. Time series of ZTD
were obtained by applying a precise point positioning (PPP)
strategy to GPS only iono-free combinations of dual-frequency
phase observations [32]. The satellite cutoff was set to 10° and
the global mapping function was used to project STDs onto the
zenith direction; tropospheric gradients were not estimated; the
models for antenna phase centers, for solid earth tides and for
ocean loading are those used in [33]. The Kalman filter solution
strategy was used, by fixing the station coordinate parameters

and modeling the receiver clock and ZTD parameters as random
walk processes [32]. The standard deviation of the receiver
clock increments was set to a large value to account for their
unpredictable behavior, while that of the ZTD increments was
set to 1

√
Δt(mm/

√
h), where �t is the 30-s processing rate,

expressed in hours.
An assessment of the GNSS estimates was preliminarily

performed against the data of four radiosonde stations: Milano-
Linate, Cuneo-Savigliano, Ferrara-San Pietro Capofiume, and
Udine-Rivolto (see Fig. 7). The comparison was performed
in terms of ZTD, integrating both (4) and (5) by a simple
trapezoidal rule. A correction term was applied to account for
the height offset between the GNSS and the radiosonde stations.
This was computed as the difference of the ZTD values of the
compared stations as derived from the Saastamoinen model. The
standard deviation of the differences between ZTDs derived
from radiosondes and those of the closest GNSS station was
below 1.2 cm for all the four considered stations.

III. ABSOLUTE PATH DELAY

A. APS Calibration Using the GNSS Receiver Network

As explained in Section II-A, each APS is defined but for
a constant ci. Moreover, it may contain a linear trend as a
function of the image coordinates (r, x), due to errors in the
knowledge of satellite orbits and to the ionosphere [29]. Overall,
the error v(r, x) in (3) can be split into a deterministic part
and a residual random noise ε, i.e., v(r,x) = α + βr + γx
+ ε(r, x). The APS calibration consists in the estimation and
removal of this deterministic part, as well as the constant term
ci, which cannot be separated by the constant value α. Since
a linear function best fitting the APSs themselves can contain
atmospheric signals, as already discussed, the calibration must
be performed by fitting the residuals between the uncalibrated
APSs and the corrected values derived from an independent
source in at least three different points. The corrected values can
be derived from GNSS-ZTDs of stations falling in the imaged
area and simultaneous to the APS slave and master epochs,
properly projected onto the LOS. For each APSi, N simultaneous
GNSS slant delay time differences were computed, one for each
station k (k = 1, . . . ,N) in the imaged area

APSGNSSk
i =

ZTDk
i − ZTDk

m

cos θ k
(7)

where cos θ k is the zenith direction of the SAR LOS in the
position of the station k. The following set of N observation
equations can then be written for each epoch i:

APSSAR
i (rk, xk)− APSGNSSk

i = (αi + ci) + βirk

+ γixk + εki = α′
i + βirk + γixk + εki .

(8)

Once the parameters were estimated by a least square ap-
proach, the corresponding planes were removed from SAR
APSs to accomplish the calibration. The overall procedure is
schematically depicted in Fig. 8.

The calibration procedure was performed on the stack of 59
APS maps related to relative orbit 168, by deriving a common
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Fig. 8. Schematic view of the APS map calibration process using absolute
pointwise ZTD estimates from GNSS at the time of slave t2 and master t1
acquisitions. The difference in ZTD from GNSS (upper part) is projected into
the LOS and compared to the APS derived from SAR at time t2 and t1 (lower
part) to fit a bilinear function.

Fig. 9. Scatterplot of Sentinel-1 APS at the GNSS station location versus the
GNSS-ZTD time differences (both differential quantities) before (left) and after
(right) APS map calibration. Colors refer to different epochs.

calibration plane for both frames N2 and N3. Fig. 9 shows the
comparison between the SAR APSs and the GNSS derived APSs
before and after the calibration process. After calibration, the
two APS values agree within 1.2 cm in terms of the standard
deviation of differences, which corresponds approximately to
1.8 mm of PWV.

This approach is similar to what is described, e.g., in [15] and
[16], with the difference that here we are retrieving the plane
in the range/azimuth coordinates. More notably, we combined
GNSS and APS values on the bases of the following considera-
tions, which are relevant in areas with complex topography.

At a given epoch, each GNSS-ZTD value is the estimated
common zenith component of the slant delays affecting the
signals collected from all satellites simultaneously in view.
This means that the ZTD is associated to an overturned cone
stemming from the GNSS station with semiaperture equal to
90°− α, α being the GNSS elevation cutoff. Instead, the SAR
APS accounts for the delay along the LOS. To account for this
discrepancy, usually a local mean of the SAR APS values is com-
puted and then compared to GNSS-ZTD [34]. This approach,
however, can introduce errors in mountainous areas. As stated at
the end of Section II-C, a local and spatially variable linear trend
of the APS with height might be present. As the simple space
average could mix pixels at different heights, this would lead to
a wrong comparison with the GNSS value. For this reason, in
our approach, a regression line of APSs belonging to an area of
1.5 km around each GNSS station as a function of their height
was first estimated. The APS value for the comparison was then

Fig. 10. Left panel: Map of APSs in a 1.5-km radius mountainous area around
a GNSS station. Right panel: APS trend as a function of height and estimated
regression line. Green and red dots are the APS value combined with the GNSS
station (at about 180 m elevation) and the APS of the pixel closest to the station,
respectively.

selected as the value belonging to this line corresponding to the
GNSS station height. Fig. 10, left panel, shows an example of
the area surrounding a GNSS station located in a mountainous
region, with all the available pixels within a 1.5-km radius color
coded according to the APS value. The local behavior of the
APSs as function of height is shown in the right panel of the
figure, together with the estimated regression line. The final
APS value used in the comparison (green dot) and the one of the
closest pixel (red dot) exhibit a difference of about 5 mm in this
case.

B. From APS to the Absolute Path Delay

For the purpose of DA into NWP models, we need the absolute
delay at the epoch of the assimilation, i.e., the quantityLi(r, x) in
(3). This implies the knowledge of the absolute delay at the mas-
ter epoch, based on some reference data, i.e.,LREF

m (r, x). In the
literature, the most followed approach assumes the knowledge of
the master atmosphere based on the output of a meteorological
model eventually tuned by assimilating ancillary data such as
GNSS retrievals of ZTD (from now on named GNSS-ZTD) [15].
Assuming that the calibration step has removed the unknown
bias and the orbital plane, denoting the random error affecting
the master with εREF, the following holds for the estimated
atmosphere:

L̃i (r, x) = APSi (r, x) + LREF
m (r, x) + εREF (r, x) . (9)

The error in the master atmosphere is eventually combined
with the residual (i.e., after removing the bias and the orbital
plane) random error in the APS estimates.

Here, we proceed as already proposed in [10], i.e., we consider
the expected values (denoted by an overbar) of the APS and
the atmospheric path delay. The SAR image stack, processed
according to the multipass InSAR technique, provides the ex-
pected value of APSs, whereas a reference source is assumed to
provide the expected value of the tropospheric delay, rather than
assuming it constant as done, for instance, in [11]. Therefore,
we get for the estimated delay at the time of the slave acquisition

L̃i (r, x) = APSi (r, x) + L(r, x)REF

−APS (r, x)− ε(r, x)REF. (10)

Using this approach, the error is now the one associated
with the mean tropospheric delay derived from the reference
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Fig. 11. Schematic view of the process to convert the differential APS into
absolute ZTD (SAR-ZTD) using a reference “mean” derived by routinely
running the NWP model.

source, which is much lower than that of the individual master
atmosphere if the number of averaged samples is high. Assuming
statistically independent errors, the standard deviation is reduced
by the square root of the number of averaged samples.

In [10], Pichelli et al. did a similar experiment using the
advance SAR (ASAR) Envisat data and assimilating the PWV
after removing the dry component of the ZTD. They used the
PWV from MERIS instrument as the reference for computing the
mean troposphere, which was available over the same satellite
platform and collected at the same time of the ASAR data. Since
on board Sentinel-1 there is not such an instrument and in order
to design an approach feasible using satellite data only from
SAR, here we propose to use the NWP model itself to build the

average L(r, x)REF. The approach can be easily implemented
in an operational weather forecast service at a regional scale
that foresees the continuous run of the NWP model. In our
case, we run the 3D-Var module assimilating the ZTD retrieved
from GNSS at each Sentinel-1 overpass. In other words, the
assimilation procedure (specifically the 3D-Var discussed in
Section IV-A) was used as a sort of “physical interpolator” of the
GNSS-ZTDs to provide a stack of modeled atmospheric delay
maps to be averaged.

Fig. 11 provides a schematic overview of the two pipelines
that process the SAR acquisitions and run the NWP assimila-
tion module, respectively, to derive both APS and path delay
averages.

The data flow of the overall procedure is depicted in Fig. 12. In
summary, GNSS data are collected and processed as already de-
scribed in Section II-D. The 3D-Var module of the WRF model
is operated (see Section IV) for each of the SAR overpasses. It
produces 3-D fields of temperature, pressure, and water vapor
partial pressure used to derive a refractivity 3-D field. The latter
is then integrated along a zenith path, using the equation in
Section II-A, to obtain the needed ZTD maps from the model,
with a DEM providing the lower bound of the integral. The other
pipeline processes the SAR data and produces the APS stack to
be calibrated using the same GNSS dataset. Once the APSs are
converted to zenith delays using the mapping function, the two

Fig. 12. Data flow of the overall procedure having as input the stack of SAR
images and of GNSS estimates and as output the InSAR ZTD maps.

Fig. 13. ZTD maps (in cm) derived from Sentinel-1 (SAR-ZTD) to be assim-
ilated into the NWP model for the two case studies. Left panel: Case study 1 on
27th April 2015. Right panel: Case study 2 on 11th November 2016.

stacks, i.e., ZTDs from the model, and APSs from InSAR are
averaged to retrieve the ZTD map of the master which is added
to each APS to derive the final product (SAR-ZTD).

We remind here that 3D-Var maps are generated using WRF
at resolution of 1 km (see Section IV), whereas more accurate
and detailed elevation data are used in GNSS and SAR data
processing. So, inevitable inconsistencies can be found between
the GNSS-ZTD injected in the assimilation and the resulting
ZTD maps produced by the WRF assimilation module. Namely,
a couple of GNSS stations presented an anomalous behavior due
to a discrepancy of more than 50 m in altitude between the WRF
DEM and the actual elevation of the station. Those situations
were identified and properly removed.

Examples of the procedure result (in the sequel we refer to the
SAR derived absolute ZTD as SAR-ZTD) are shown in Fig. 13
for the two selected case studies.

C. Validation of the Path Delay Maps

Once converted into absolute values, SAR retrieved ZTD
generally reproduces the GPS-ZTD at the station positions
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Fig. 14. Comparison between absolute excess path from Sentinel-1 (SAR-
ZTD) at the GPS station location and the absolute ZTD from GPS (GNSS-ZTD).
Left panel shows the scatterplot of SAR-ZTD versus GPS-ZTD, right panel
shows their difference as a function of time (i.e., SAR overpasses count).

Fig. 15. Comparison between PWV derived from SAR and GNSS with that
retrieved by the radiometer at Spino d’Adda location. Left panel: PWVrad versus
PWVGNNS. Right panel: PWVrad versus PWVSAR.

(apart from DEM errors previously addressed). This is shown
in Fig. 14, where the difference standard deviations is at the cm
level (1.32 cm).

In order to carry out an independent validation of both GNSS
and SAR products, we considered the Spino d’Adda ground-
based microwave radiometer measurements (whose position,
30 km east of Milan, 45.4 N e 9.5 E, is shown in Fig. 7). The
radiometer is property of the Italian Space Agency (ASI) and
operated by Politecnico di Milano in the frame of the Alphasat
Aldo Paraboni Scientific Experiment [35]. More details about
the instrument and the retrieval algorithm can be found in [36].

From the radiometer, we got a PWV value for each SAR
overpass time. Additional ancillary data of surface pressure,
temperature, and relative humidity, collected by the meteoro-
logical station installed in the same site, were used to convert
the ZTDs from GNSS and SAR into corresponding PWVGNSS

and PWVSAR values for the comparison, as done in [37]. The
nearest available GNSS station is, in most of the cases (33 out
of 54), at 15 km distance; in some days the comparison was
carried out against further stations at 22, 35, 42, and 70 km
distance from Spino d’Adda. The scatterplots are reported in
Fig. 15. The standard deviation of the differences between
radiometer and GNSS PWV’s is 2.9 mm, with a bias of 0.5
mm while for the SAR case, the standard deviation is 4.0 mm
with a bias of 2.3 mm. Considering the simplified relation in (6)
between PWV and zenith delay, those differences correspond,
respectively, to 1.9 and 2.4 cm standard deviation for ZWD,

Fig. 16. Three two-way nested domain configurations: D01= 9 km (176×183
grid points), D02 = 3 km (223×211 grid points), D03 = 1 km (277×208 grid
points) with 40 vertical levels.

which is comparable, although a bit larger, to the standard
deviation of 1.32 cm between SAR and GNSS-ZTD. One can
conclude that GNSS-ZTD slightly outperforms SAR-ZTD in
the comparison with the radiometer in that specific site, but the
accuracy of the high-resolution and large-coverage SAR-ZTD
maps can compete with other instrumentation.

IV. NWP DATA ASSIMILATION

A. WRF Model and the Assimilation Technique

The ARW modeling system, version 3.7.1, is used in this work
[38]. Three two-way nested domains were used (i.e., D01, D02,
D03) centered over the Po Valley area. The model configuration
was the following: D01 at 9 km, D02 at 3 km, and D03 at
1 km (see Fig. 16), together with 40 (unevenly spaced) vertical
levels. Model simulations were initialized using the analyses
of the European Centre for Medium-Range Weather Forecasts
(ECMWF) at 0.125° horizontal resolution (about 10 km at the
considered latitudes).

To parameterize the subgrid scale processes, we considered
Mellor–Yamada–Janjic for the planetary boundary layer, New
Thompson for the microphysics, RRTM and Dudhia for the
longwave and shortwave radiation, respectively, Eta similarity
and Noah land surface model for surface layer and land surface,
building environment parameterization as urban surface for all
domains, Kain–Fritsch for convection that was activated only on
D01. The reader can refer to [38] for details. For the variational
(Var) DA technique, refer to [38].

The aim of the 3D-Var approach is to produce the best com-
promise between an a priori estimation of the analysis field and
the observations, through the iterative solution that minimizes
the cost function J. This cost function J measures the distance of
a field x from the observations y0 and from the background xb.
These distances are scaled through the matrices R and B0, i.e., the
observational error covariance matrix and the error covariance
matrix of the background, respectively. The cost function for
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3D-Var is

J (X) = JB + J0 =
1

2

{[
y0 −H(x)

]T
R−1

[
y0 −H(x)

]

+ (x− xb)
T
B−1

0 (x− xb)
}

(11)

where xb is the generic variable of an a priori state (first guess), y0

is the observation, and H is the operator that converts the model
state to the observations space. R also takes into account other
errors, such as representativeness and forward operator errors.
A detailed description of the 3D-Var system can be found in [39]
and [40].

In this work, the data ingested into the assimilation procedure
were the ZTD retrieved from GNSS or from SAR. Therefore, the
operator H had to convert the model temperature, pressure, and
humidity profiles into ZTD by integrating both the dry and wet
components of the atmospheric refractivity. Y.-R. Guo imple-
mented such an operator in the DA module of WRF (WRFDA)
based on (4) and (5) using a simple trapezoidal formula [24].

A good estimation of the error matrices is important for
producing worthwhile initial conditions (IC). R is usually in-
dependent of weather conditions and for GNSS- and SAR-ZTD
DA, the quality control field that contains the observation error
information was set in our cases to be equal to 15 mm. On
the other hand, B0 is weather conditioned and flow depen-
dent, and it depends on the background. Therefore, B0 must
be estimated using a statistical method. The commonly used
3D-Var background error statistics in WRF is based on the NMC-
method, which uses a long time series of previous forecasts
[41]. In this study, the background error statistics is computed
on D03 domain (1 km) for each case study for a period of one
week [42].

In the experiments, in order to assess the impact of DA, a pre-
liminary “control” (or “reference”) simulation without any DA
(hereafter, WRF CTRL) was run from 00:00 UTC to the 00:00
UTC of the following day for both test cases (27th April 2015
and 11th November 2016) using the WRF model. This starting
time was chosen with the aim of reproducing the condition
of an operational forecast, whose IC and boundary conditions
(BC) are generally available at 00:00 or 12:00 UTC. As for
the assimilation experiment, SAR-ZTD was available around
six hours after the ECMWF initialization data and therefore,
the approach depicted in Fig. 17 was adopted. Namely, a warm
start (or cycling mode) simulation (green bar in Fig. 17) was
initiated at 00:00 UTC to provide the background fields at 06:00
UTC. This time was selected as the “analysis time” of the
procedure (blue star in Fig. 17) when the ZTD observations from
GNSS or SAR were assimilated, producing the forecasted fields
denoted as WRF GNSS or WRF SAR, respectively. This start
time was close, but not exactly equal, to the SAR acquisition
time (@05:24:30 for 27th April 2015 and @05:19:09 for 11th
November 2016), so that the hypothesis of a frozen atmosphere
(i.e., no change of the atmosphere conditions) was assumed
between the SAR acquisition and the analysis time, which
is justified by the persistent meteorological condition during
this time. The warm start procedure should ensure a sufficient
spin-up time (the initial spin-up period required in order for the

Fig. 17. Scheme of the assimilation procedure: The assimilation time (06:00
UTC) corresponds to the SAR acquisition time (more or less) and the output of
a previous WRF forecast is chosen as first guess.

mesoscale model to adjust its high-resolution domains to the
given conditions), which is in the order of 6 h.

The selected time window for the assimilation was 1 h, which
means that all the GNSS observations in the interval of ±1 h
around the analysis time were processed. For example, the
observations between 05:00 and 07:00 UTC were treated as the
observations at 06:00 UTC. As for the SAR-ZTD, this is not
applicable.

With the aim of producing more accurate analyses, the outer
loop procedure was adopted for both WRF GNSS and WRF
SAR [43]. It aims at excluding low-quality observations, but
it also takes into account the nonlinearities in the observation
operator and the small-scale features of the observed fields. The
outer loop procedure includes observations that were rejected
by the previous loop, but pass the background quality control
checks, so that they are accepted in the subsequent outer loop,
and thus, finally influence the analysis. For both simulations,
three outer loops were chosen. For example, as for case study 1,
a total of 24 665 SAR observations were ingested in the first outer
loop, 24 686 in the second, and 24 683 in the third one. For case
study 2, a total of 24 680 SAR observations were assimilated in
the innermost outer loop, 24 692 in the second, and 24 690 in
the third one. After the assimilation, the lateral and lower BCs
were updated for the high-resolution forecast at 1 km. Finally,
the new IC and BC were used for the model initialization at
06:00 UTC. It must be pointed out that although a site dependent
bias correction is generally applied for operational usage of
GNSS_ZTD in NWP, based on the GNSS_NWP ZTD offsets,
no bias correction with respect to the model background was
performed in this study.

Before running WRF, a preliminary analysis was performed
to verify the information brought by the novel SAR product with
respect to the common approach relying on a GNSS network. In
particular, we compared the SAR-ZTD maps generated by the
procedure depicted in Section III-B to the output of the 3D-Var
assimilating the GNSS-ZTD only. This comparison is shown in
Fig. 18 for the two selected events, on the knots of the 3D-Var
grid. According to the color bar, bluish colors indicate higher
values of ZTD introduced by SAR, while greenish and reddish
color the opposite, as will be discussed in the next section. The
estimated error matrix B0 enables very localized difference in
the maps.
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Fig. 18. Difference, in cm, between ZTD produced by 3D-Var after assim-
ilation of GNSS-ZTDs and the SAR-ZTD map for April 27th 2015 (left) and
November 11th 2016 (right).

Fig. 19. Twelve-hour accumulated rainfall until 00:00 UTC of Tuesday, 28th
April 2015 from: (a) DEWETRA rain gauges; (b) WRF output without assimi-
lation (WRF CTRL); (c) WRF output assimilating GPS-ZTD using three outer
loops (WRF GNSS); and (d) WRF output assimilating SAR-ZTD using three
outer loops (WRF SAR).

B. Case Study 1 Assimilation Results

At first, the results of the model forecasts with and without
assimilation are compared to the rain rate maps derived from the
rain gauge network of the DEWETRA platform. In Fig. 18(a),
the 12-h accumulated rainfall until 00:00 UTC on Tuesday, 28th
April 2015 is chosen for the comparison. The orange box in
the upper left panel of Fig. 19(a) reproduces the D03 domain;
we focus the attention on the two rainfall cells in the colored
dashed squares—a general overestimation of the extension of
the area interested by the precipitation is found in all the model
simulations. Above all, WRF CTRL and WRF GNSS show
some convective cells with accumulated precipitation between
90 and 125 mm/12 h [see reddish spots in Fig. 19(b) and (c)]
that are clearly overestimated with respect to Fig. 19(a). These
two simulations overestimate the precipitation also over the Po
Valley by producing several isolated cells of 30–50 mm/12 h that
are not observed. On the other hand, WRF CTRL is capable of
reproducing the cell in the violet dashed square of Fig. 19(a)
over the Veneto region.

On the contrary, the assimilation of SAR data [WRF SAR,
Fig. 19(d)] shows a positive impact in the Po Valley, by reducing
the amount of rainfall represented by the reddish spots and
making the isolated cells that were not observed by the rain

Fig. 20. FBIAS (upper panel) and ETS (bottom panel) referred to each
experiment (WRF CTRL red curve, WRF GNSS blue curve, and WRF SAR
green curve) for the case study 1 and for threshold values of 5, 10, 15, 20, 25,
30, 35, 40, 45, and 50 mm/12 h.

gauges disappear. Furthermore, the cell over the Veneto region
is reduced and shifted toward southeast by WRF SAR.

A quantitative assessment was also carried out considering the
rain gauges data coming from the DEWETRA platform and the
trend of 12 h accumulated precipitation from WRF simulations.
Two statistical indices, i.e., the frequency bias (FBIAS) and the
equitable threat score (ETS) (see [44]) were calculated for each
experiment on the D03 domain considering threshold values for
the cumulated rain rate from 5 to 50 mm/12 h.

FBIAS is the ratio between the number of forecasted rainy
cells (i.e., cells with rain rate above the threshold) and that of
the observed ones, and goes from zero to infinity. ETS is the
ratio between the number of hits in the detection of rainy cells
(corrected to account for hits due to chance) and the sum of
number of hits, missed detections, and false alarms and goes
from −1/3 to 1. The best value for both indexes is 1, which
corresponds to a perfect forecast. A total of 487 rain gauges
were available in the inner domain for case study 1.

The comparison was performed using the point_stat tool that
is a module of the model evaluation tools (MET) embedded
in the WRF package. In most cases, there is not an exact match
between the grid nodes and the pluviometer positions; therefore,
a 2×2 grid size is defined around each observation point. The
expected accumulated precipitation is determined by averaging
the values of the four nodes closest to the considered rain gauge.
The two statistical indexes are shown in Fig. 20 as a function
of the above-mentioned threshold values. For the FBIAS index,
WRF CTRL and WRF GNSS (red and blue curve, respectively)
produce the worst values for all thresholds, whereas WRF SAR
(green curve) shows an overall better performance. High values
of FBIAS (around 1.8–1.9) are found for low precipitation
threshold (until 5 mm/12 h) for all the experiments, whereas val-
ues closer to 1 are found for WRF SAR and the greater threshold
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Fig. 21. Comparison between PWV (in mm) measured by the Spino d’Adda
radiometer and predicted by WRF model for case study 1, as a function of time
starting from the assimilation time at 06:00 UTC. WRF CTRL, WRF GNSS,
and WRF SAR are the red, blue, and green curves, respectively, whereas the
Spino d’Adda radiometer is the black dash-dot curve.

values. Especially, between 30 and 50 mm/12 h, FBIAS stays
around 0.6/0.8. Concerning the ETS, even though values are
generally poor, WRF SAR exhibits quite competitive values up
to a threshold value of 20 mm/12 h, while degrading for higher
thresholds, but staying higher with respect to WRF GNSS until
a threshold of 40 mm/12 h.

These indices confirm that the main improvement brought by
SAR-ZTD assimilation is the mitigation of the high rain cells
overvalued by the other experiments. Going back to Fig. 18, this
effect could be associated with the lower values of SAR-ZTD
injected into the 3D-Var module in the eastern side of the area
corresponding to the Po Valley (negative values color coded in
green) compared to the map of ZTD produced by the GNSS DA.

An additional assessment of the forecasts was performed
using the data of PWV coming from the radiometer located in
Spino d’Adda (see Section III-C). The comparison is shown as a
function of time in Fig. 21. It is understood that this comparison
covers a single point in the whole model domain.

At the start time (06:00 UTC), values of approximately 10–12
mm, larger than the radiometer retrievals (black dashed line), are
produced by all the model runs until 11:00 UTC. After this time,
the PWV’s produced by WRF GNSS and WRF SAR tend to get
closer to the one of the radiometers, even though missing the
sharp variation between 16:00 and 21:00 UTC. In general, all
the PWV model estimates show a quite similar trend in time, but
WRF CTRL produces the largest overestimation, except for the
last 6-h of the simulation.

C. Case Study 2 Assimilation Results

Similarly to case study 1, an analysis of the 12-h accumu-
lated rainfall until 00:00 UTC of Saturday, 12th November
2016 was performed. In Fig. 22 (panel on the top left), the
interpolated rainfall observed by the DEWETRA rain gauges
network is compared to the WRF outcomes. According to the
rain gauges [see the orange box of Fig. 22(a)], there is no rainfall
in Lombardy region and in the west part of Emilia Romagna;
most of the rainfall is in Veneto and in the eastern part of
Emilia Romagna. The 12-h accumulated rainfall from the WRF
simulations [see Fig. 22(b)–(d)] shows large differences among
them. This suggests a sensible impact of the assimilation of both
GNSS- and SAR-derived products. A large underestimation by

Fig. 22. As in Fig. 19, but for 12-h accumulated rainfall until 00:00 UTC of
Saturday, 12th November 2016.

Fig. 23. As in Fig. 20, but for case study 2 and for threshold values of 5, 10,
15, 20, 25, 30 mm/12 h.

WRF CTRL [see Fig. 22(b)] is found, which is mitigated by the
assimilation of GNSS-ZTD and SAR-ZTD. An underestimation
of the rainfall still persists for WRF GNSS [see Fig. 22(c)],
whereas a good agreement between the model and the observa-
tion is found for the WRF SAR [see Fig. 22(d)] for what concerns
both the location of the precipitation pattern and its intensity. In
this case, the green pattern is well reproduced also in Veneto
region, but an overestimation is found in the northeast of the
domain (small yellow cells in the upper right corner). Overall,
this qualitative assessment suggests a positive impact of the SAR
DA.

Concerning the statistical assessment, similarly to case study
1, FBIAS and ETS are shown in Fig. 23, but the maximum
threshold values are limited to 30 mm/12 h because this event
is much drier than the other one. A total of 465 rain gauges are
available for case study 2.

In Fig. 23, the FBIAS index shows a quite similar decreasing
trend for all the three simulations for threshold values up to



PIERDICCA et al.: EXCESS PATH DELAYS FROM SENTINEL-1 INTERFEROMETRY TO IMPROVE WEATHER FORECASTS 3225

Fig. 24. As in Fig. 21, but for case study 2.

6–7 mm/12 h, even though all the curves start from a very high
value of the index. WRF CTRL (red curve) degrades towards
zero very quickly, similarly to what WRF GNSS (blue curve)
does, but more gradually. Vice versa, WRF SAR (green curve) is
the only one that keeps fairly good values (with FBIAS in a range
of 0.5–1) for threshold values from 15 to 30 mm/12 h. For what
concerns the ETS index, WRF SAR (green curve) clearly shows
the best values until a threshold of approximately 10 mm/12 h,
whereas WRF GNSS (blue curve) is able to produce high values
even for higher thresholds. WRF CTRL is the one that returns
the worst result. In summary, this case is characterized by a
quite small precipitation rate and the WRF runs are not substan-
tially different. Nonetheless, the assimilation of SAR-ZTD helps
produce reasonably high rain rate values (above 15 mm/12 h),
where the other experiments fail. Also, in this case, there is a
confirmation in the right map of Fig. 18, where the bluish area
in the central part indicates that SAR-ZTD is injecting higher
path delay in the assimilation as compared to the reference ZTD
field determined by GNSS assimilation only.

As in the previous section, the PWV from the radiometer
of Spino d’Adda is also considered for a pointwise comparison
with WRF results as function of time. In Fig. 24, the comparison
between PWV from the radiometer and the WRF simulations
clearly shows an overestimation of the WRF CTRL (red curve)
of about 5 mm and a small underestimation in the PWV (1–
1.2 mm) for both WRF GNSS and WRF InSAR (blue and green
curves, respectively) at the start time. On the other hand, WRF
CTRL from 10:00 UTC becomes closer to the temporal profile
of the radiometer. In the same way, WRF GNSS and WRF SAR,
which have a behavior almost parallel from 09:00 to 23:00 UTC,
tend to get closer to the black dashed line that represents the
Spino d’Adda radiometer PWV estimation.

The time series show the positive impact at the start time
for both events but rapidly converging toward the WRF CTRL
simulation. The loss of impact after a few hours from the start
time is a known result for any type of data in the assimilation
procedure. The different results obtained for the two events arise
from the quite diverse synoptic situation of the two events—the
first one can be classified as a “moderate/heavy precipitation
event,” the second one as a “light rainfall event.”

V. CONCLUSION

An overall approach to derive absolute ZTD from InSAR
was developed. Novel methodologies were proposed for what

concerns the combination of GNSS receiver data and APS from
InSAR for calibration purposes (removal of the unknown bias as
well orbital error effects in the interferograms). The capability of
InSAR to sense the horizontally variable stratification of the at-
mosphere, leading to different vertical trends of APSs as function
of surface height, was discussed. More importantly, a method
to retrieve the absolute path delay from the differential APS
was proposed, rooted in the concept of multipass InSAR data
processing and on the assumption of an operational exploita-
tion of a numerical weather forecast model in the considered
geographical area. It is based on the estimation of a “mean”
atmosphere from the model itself, and it reduces the errors
associated to other methods, such as trusting the knowledge
of the atmosphere at a certain time. This approach may be
particularly suited for APSs derived from a geosynchronous
SAR observing the earth at continental scale with short revisit
time.

The product of this method is a map of total tropospheric path
delay at the spatial resolution of the InSAR interferometric stack
(order of hundreds of meters). It was validated against the GNSS
retrievals (about 1.32 cm difference standard deviation) and a
pointwise independent information derived from a microwave
radiometer (about 2.4 cm difference standard deviation).

The ZTD map derived from InSAR (instead of the PWV, as
proposed in other works) was then assimilated within the WRF
weather prediction numerical model. The justification of this
choice is twofold—InSAR is directly measuring the total delay,
so the derivation of PWV requires to relay on the model itself to
remove the dry component; moreover, the information brought
by SAR on the vertical stratification of the atmosphere is fully
exploited.

The improvement in the prediction skill by assimilating In-
SAR derived ZTD was assessed for two case studies. A qualita-
tive and quantitative comparison of the forecasts with the data
from a rain gauge network and with the columnar water vapor
provided by a microwave radiometer showed a moderate but
nevertheless evident positive impact of the InSAR product. Its
assimilation mitigated the overprediction of rain rate cells in one
case, and the underestimation of rain rate in the other case.

The overall proposed methodology is rooted in past works,
but it also introduces novel solutions. In particular, the derivation
of the absolute columnar values via the two pipelines of SAR
and NWP processing is time consuming, but at the same time,
easy to implement in an operational environment. For a better
exploitation of a geosynchronous SAR, the 4D-Var assimilation
and a slant total delay observation operator should be considered
in the future.
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