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ABSTRACT

In this paper, differential maps of total zenith delay
(TZD) estimated by GPS and by Weather Research and
Forecasting Model (WRF) numerical data are compared
with the TZD by Synthetic Aperture Radar (SAR) Inter-
ferometry. This maps are generated by processing a set of
interferometric SAR images acquired by the ENVISAT-
ASAR mission over the Lisbon region from April to
November of 2009. To obtain TZD maps from the de-
lay estimated by GPS data, we used MERIS data to fit
a parametric model to the empirical variogram, and used
the best fit model in the ordinary kriging system of equa-
tions. The WRF model is used to model the TZD over
the study area at about the same time of SAR acquisi-
tions. The performance of the TZD-GPS and TZD-WRF
maps were compared with each other.

Key words: Synthetic Aperture Radar (SAR); SAR in-
terferometry (InSAR); Global Positioning System (GPS);
Weather Forecasting and Research System (WRF); At-
mospheric phase delay; Total zenith delay (TZD).

1. INTRODUCTION

Synthetic Aperture Radar (SAR) interferometry is a tech-
nique that through the measurement of the interferomet-
ric phase is able to furnish information about the displace-
ment of terrain or man made structures. This information
is useful to study the phenomena causing that displace-
ment, both its spatial distribution and temporal evolution.
However, the interferometric phase does not contain only
information on geometrical displacement. It is affected
also by a temporal delay of the electromagnetic signal
caused by temporal changes in spatial distribution refrac-
tive properties of the atmosphere which causes a phase
delay. This delay introduces a further ”displacement”
which cannot be distinguished from the one affecting the
terrain or the structure to be studied. There are two com-
ponents of the atmospheric phase delay, a dry component
related to atmospheric pressure of dry air and tempera-

ture, more stable in time and a wet component related to
different atmospheric parameters among which the water
vapour fraction in atmosphere, which is much more vari-
able both in time and space. The irregular variations of
this last component of atmospheric phase delay are the
main causes of atmospheric phase artefacts affecting in-
terferometric SAR applications. In the last few years we
conducted different experiments aiming to compare at-
mospheric phase delay measured by GPS, MERIS sen-
sors and NWM as the WRF weather forecasting system.
The experiments were conducted over the Lisbon region
where a network of 12 permanent GPS receivers has been
installed. The GPS time series of the TZD estimations
covers the time interval between the first and last inter-
ferogram. We found that the GPS estimates of the TZDs
are in good agreement with that computed from WRF nu-
merical data and MERIS data [1]. In particular, the wet
component measured by GPS data is well explained in
terms of WRF numerical data [2]. In this work we use
the results of the above experiments to device a promis-
ing strategy to mitigate atmospheric phase delay artefacts
in SAR interferograms. A set of 6 ENVISAT ASAR im-
ages were acquired during the period from April, 12 to
November, 8 2009. The ASAR images were processed
in a manner to minimize the temporal baseline resulting
in 5 interferograms. Precise orbits were used. The to-
pographic component was removed in all interferograms.
Furthermore, in the period this area was not affected by
tectonic movements giving rise to large scale terrain de-
formations. For this reason it is reasonable to assume
that the phase measured in each interferogram is mainly
related to temporal changes in the atmospheric phase de-
lay properties, especially at large spatial scales. This In-
SAR dataset was used to quantify the mitigation of atmo-
spheric phase artefacts. Two approaches were chosen to
mitigate these artefacts. The first approach is based on
the GPS measurements interpolated in space in order to
generate a TZD maps to be used in the mitigation opera-
tion. The second approach relies on WRF numerical data
to compute the TZD maps used to mitigate atmospheric
artefacts due to electromagnetic wave propagation. Ef-
fectiveness of the above approaches is quantified in terms
of a statistical analysis of SAR interferograms before and
after the mitigation operation. Advantages and disadvan-
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tages of the two approaches are discussed also in terms of
their operational use.

2. EXPERIMENTAL DATA AND METHODS

2.1. Estimations of TZD from GPS observations

The GPS network consists of 12 permanent stations.
Four belonging to the Instituto Geográfico Português
(IGP), namely, IGP0, PALM, GRIB and CASC and 7
belonging to Instituto Geográfico do Exercito (IGEOE),
namely, CRAI, SMAR, VNOV, ARRA, PARC, MAFR
and ALCO. The site FCUL is located at the University
of Lisbon campus. The CASC station is also a EUREF
station. In this study, the GAMIT (v10.34) software was
used to process the GPS data and estimate the atmosphere
Total Zenith Delays (TZDs) at the existing stations. We
used the Saastamoinen model to estimate a priori values,
and Vienna Mapping function 1 (VMF1) in both com-
ponents [3]. The wet zenith delay for each station was
modeled by a piecewise-linear function over the span of
the observations. The IGS precise orbits were used in the
solution and the cut-off angle chosen for the GPS data
was 20 ◦ [4]. For each site the tropospheric delay correc-
tions were determined every 15 minutes. Rothacher and
Mervart [5] recommend 1 estimation about 2-4 h in 24-h
observation span for geodetic control surveys. However,
the procedure suggested in [5] does not allow to extract
all the information about atmosphere contained in GPS
data and to compare to InSAR data. For this reason, the
TZDs were estimated each 15 minutes to get the TZD at
a time as close as possible to that of acquisition on In-
SAR data. For all the 12 stations, only for the CASC site
meteorological data (atmospheric pressure, temperature
and relative humidity measured at surface) are available.
They were acquired with sampling time of 15 minutes
and introduced in the process in the form of met-file. For
stations without explicitly introduced values, the standard
atmosphere model GPT (Global Pressure and Tempera-
ture) is used [6].
Ordinary kriging was evaluated as a procedure for inter-
polation of TZDs. Ordinary kriging is a linear estimator
by which an estimated value of TZD in a particular lo-
cation can be calculated, from a TZD estimated at other
locations, according to the linear combination

TZD∗(x) =
n∑

i=1

wiTZD(xi) (1)

where TZD∗(x) is the estimated value of TZD at loca-
tion x, TZD(xi) is the observed value of TZD (estimated
by GPS data) at location xi, wi is the weight given to ob-
served value, x in our case represent the latitude and lon-
gitude respectively, and n is the number of observed val-
ues. To quantify the Kriging weights wi, kriging derives
the best linear unbiased estimator (BLUE). This property
makes kriging an exact interpolator [7]. To solve the ordi-
nary kriging system of equations, necessary to calculate
the weights wi, we apply a common approach, employ

what is called a variogram function γ̂(h). An estimate of
the empirical variogram can be calculated from the equa-
tion

γ̂(h) =
1

2N(h)

N(h)∑
i=1

[TZD(xi)− TZD(xi+h)]
2
. (2)

In this case, TZD(xi) and TZD(xi+h) are values of the
variable TZD estimated by GPS data at locations xi and
xi+h, respectively, separated by a distance h (known as
distance lags). To use equation 2 data must be group
into pair with similar separation distances of about h dis-
tances. Each lag contains N(h) number of pairs. This
analysis typically aims at generating an empirical vari-
ogram γ̂(h) and then fitting a parametric model that ade-
quately captures the structure of the empirical variogram
[8, 9]. The success of this task depend of the number
of TZDs estimated. The greater the number of data, the
greater the statistical reliability in each bin width class.
The total number of permanent stations are 12 and only
9 over the same area of the SAR image, this number of
stations does not allow the determination of an empirical
variogram necessary to fitting a parametric model. To re-
solve this issue, we used MERIS data to understand the
possible parametric models that describe better the spa-
tial distribution of the TZDs. We used the MERIS IWV
Level 2 Products with a spatial resolution of 1040× 1160
meters, after excluding the pixels with low confidence us-
ing the MERIS flags [1]. The IWV values are converted
to wet zenith delay using the formula WZD ≈ 6.4IWV
[10, 11, 12], the days chosen correspond with the acqui-
sition of the SAR images data. Figure 1 show a example
of the empirical and parametric variogram for 12 of May,
2009 at approximately 11h UTC. For the 6 days used,

Figure 1. The blue circles represent the empirical vari-
ogram, the red dashed line the parametric model and the
gray line represents the variation of the sample.

the best fitting model was the exponential model with the



following equation

γexp(h) =

{
0 if |h|=0
c+ σ2

0

[
1− exp

(
− |h|a0

)]
if 0 < |h|

(3)
where the c is the nugget effect, σ2

0 the partial sill and a0
the range [7]. This variogram reveal essential information
about the wet zenith delay component, and in this case we
assumed that the dry zenith delay is eliminated when we
do the difference between days because of their stability
[2].

2.2. Numerical Weather Models

The Numerical Weather Models (NWMs) are three di-
mensional models of the lowest part of the atmosphere,
from the surface of the Earth up to an altitude of about 30
km approximately. The aim of the NWMs is to predict the
future state of the atmosphere from the information on the
present conditions by using numerical approximations of
the dynamical equations that describe the atmosphere be-
havior. In this study we used the Weather Research and
Forecasting (WRF) Model [13].

2.3. Estimated maps of TZD from the Weather Re-
search and Forecasting Model

The WRF model is a next-generation mesoscale model-
ing system [13]. A brief description of the physics pack-
ages can be found in Skamarock, et al [13]. The model
prognostic variables include: In the present study the Ad-
vanced Research Weather and Forecasting Model (WRF-
ARW) version 3 was setup with a four two-way nested
domain at 54, 18, 6 and 1 km horizontal grid resolutions.
The top of the atmosphere in the model is located at 10
hPa level, a total of 50 vertical levels are used and the
lowest model layer is about 35 m thick. The initial and
time-dependent boundary conditions are derived from the
ECMWF high resolution analysis. The model contains
parameters of temperature, atmosphere pressure and rel-
ative humidity required to estimate the TZD. This extends
in an area of 280 km in north-south direction and 180 km
in east-west direction and a grid of 1 × 1.2 kilometres.
The TZD was calculated by integrating the parameters
predict by the WRF model in each one of the profiles us-
ing the following equation

TZD = 10−6
∫
Nds, (4)

where N = 106(n − 1) is the refractivity, and n is the
refractive index. Following [10], the refractivity can be
calculated using atmospheric parameters

N = k1
Pd

T
Z−1d +

[
k2
e

T
+ k3

e

T 2

]
Z−1w , (5)

were k1 = 77.604 K mbar−1, k2 = 64.79 mbar−1,
k3 = 3.776× 105 K2 mbar−1, Pd is the partial pressure

due to dry gases (mbar), T the air temperature (K) and e
the water vapor pressure (mbar). The Z−1d and Z−1w are
the compressibility factors needed to account for the non-
ideal behaviour of gases and depending on Pd, T and e
[11]. The first term in equation 5, known as the dry or hy-
drostatic refractivity, does not depend on the atmospheric
water vapor content. The second term represents the wet
or non-hydrostatic refractivity related to water vapor, the
sum of this two components gives the TZD. The last step
was geolocated the TZD maps to the same grid as the in-
terferograms.

2.4. Interferometric SAR processing

A set of 6 interferometric ENVISAT-ASAR images, cov-
ering the city of Lisbon (Portugal) and surrounding ar-
eas, was used. They were acquired from 12 of April to
08 of November of 2009 along the ascending pass. The
DORIS software (Delft University of Technology) was
used for interferometric processing. Before the phase un-
wrapping, the interferometric data were multilooked by
40 × 8 pixels to reduce phase noise [14].
After phase unwrapping we can derived the differential
TZD from the following equation

∆TZD = − λ

4π
∆ϕMf , (6)

where ∆TZD is the differential TZD, λ is the radar
wavelength, ∆ϕ the interferometric phase, Mf =
1/cos(ϑinc) is the mapping function and ϑinc is the radar
incidence angle [4]. In the process of phase unwrapping
an arbitrary constant is introduced in ∆ϕ that passes to
∆TZD maps, for this reason this maps was to be cali-
brated using GPS data. For this task we used the method-
ology described by Mateus, et al [15, 16]. The calibration
process, takes into account that about 50% of de wet de-
lay originates from the lower 1.4 km of the tropospheric
layer [4] and the used cut-off elevation angle of 20 ◦ in
the GPS processing, forms a cone with the receiver in the
focal point. The intersection of this cone and the 1.4 km
level form a circle with a diameter of 7.6 km. It was as-
sumed that the main contribution to the GPS wet delay
comes from atmosphere within this cone. We averaged
all TZDs values of interferogram pixels lying within this
circle before comparing InSAR measurement of TZD to
GPS values.

3. DATA ANALYSIS AND RESULTS

We generated TZDs maps in correspondence with SAR
images acquisitions, firsts based on GPS estimates of the
TZD, for this task we used the ordinary kriging interpola-
tion and MERIS data to fit the better parametric model to
the empirical model, the intent of this procedure is char-
acterize the spatial continuity or roughness of a data set.
In second place, based in the parameters predict by the
WRF model applying equation 4. All these maps are ge-
olocated at interferometric grid. Figure 4 displayed in the



Table 1. Pearson correlation coefficient between the TZD maps generated by InSAR and the estimated by GPS and WRF
data. The standard deviation of all InSAR-TZD maps before and after removal of the GPS and WRF values.

Correlation coefficients Standard deviation (mm)
Interferograms GPS WRF InSAR (original) GPS (after) WRF (after)
M0517-S0412 0.85 0.37 10.9 5.9 6.7
M0517-S0621 0.90 0.93 21.4 9.5 15.8
M0726-S0621 0.61 0.91 20.0 10.3 16.5
M1004-S0830 0.21 0.26 12.7 8.2 9.0
M1004-S1108 0.42 0.33 15.6 7.2 7.4

Figure 2. Boxplot indicating the degree of dispersion
(spread) and skewness in the data, and identify outliers.
The abscissa identifies the interferogram after removal of
the TZD-GPS maps. Values in mm.

first column the TZD maps generated by InSAR, the sec-
ond column shows the TZD maps estimated by GPS data
and the last column by the WRF numerical data. Both
techniques captured the trend in the spatial distribution of
the InSAR maps. Statistical test (Kolmogorov-Smirnov
test) confirm that the TZD-GPS and TZD-InSAR differ-
ential maps show the same probability distribution for a
significance level of 10%, is not the case of the TZD-
WRF maps, it can be seen that the TZD-WRF maps has a
lower variability than the InSAR and GPS maps. The two
data anyway reproduce similar features and show a high
correlation except the M1004-S0830 in both cases, see ta-
ble 1. Figure 5 show the TZD-InSAR maps after removal
of the TZD-GPS and TZD-WRF values, first and second
column, respectively. Figure 2 and 3 shows the disper-
sion of the final TZD-InSAR maps, and the outliers. All
cases have more that 3% of values identified as outliers,
this can reveal the presence of noise in the interferometric
phase. Table 1 show the variation of the standart devia-
tion before and after correcting for GPS and WRF data.
In each case, GPS and WRF data are able to reduce the

Figure 3. Boxplot indicating the degree of dispersion
(spread) and skewness in the data, and identify outliers.
The abscissa identifies the interferogram after removal of
the TZD-WRF maps. Values in mm.

values dispersion. We can see from figures 2, 5 and ta-
ble 1 that TZD maps interpolated from GPS data (using
the methodology described in section 2.1) shows a better
mitigation that WRF numerical data.

4. CONCLUSIONS

In this paper, we experimentally analyse the capability of
the GPS and WRF numerical data to mitigate atmosphere
artefacts present in SAR interferograms. The first con-
clusion that we can draw from these results, GPS data are
in better agreement with the TZD maps derived from the
InSAR interferograms than WRF forecasts. However, the
methodology described in section ??, needs further study,
fitting a theoretical model should aim to capture the ma-
jor spatial features. The exponential model tested against
the empirical variogram is the best fit to all of the 6 days.
The result mean squared error and the possibility of us-
ing nested models has to be evaluated. This results can be



useful in small areas and/or a few GPS stations. In this
five examples both techniques GPS and WRF model suc-
ceeded in mitigation of most part of the atmosphere arte-
facts in SAR interferograms. When compared, the GPS
have better results, and the possibility of adding new GPS
and meteorological stations can increase the accuracy of
the kriging system. Until now, this process is much faster
than using the WRF numerical data duo to its complex-
ity and resources needed to implement it. Therefore, at
the moment WRF is the best alternative when there is no
GPS data or the study area is a large scale.
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Figure 4. The first column shows TZD maps derived from the interferograms. The second column shows the differential
TZD estimated using GPS data, the colour of the triangles represents the value estimated by the GPS measurements
at actual scale. The last column shows differential maps derived from WRF numerical data. Other: 1)M0517-S0412
2)M0517-S0621 3)M0726-S0621 4)M1004-S0830 and 5)M1004-S1108. All values are in mm.



Figure 5. The first column shows the differential TZD derived from InSAR after removal of the TZD-GPS values, the blacks
triangles show the location of the GPS permanent stations. The second column shows the differential TZD derived from
InSAR after removal of the TZD-WRF values. Other: 1)M0517-S0412 2)M0517-S0621 3)M0726-S0621 4)M1004-S0830
and 5)M1004-S1108. All values are in mm.


