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ABSTRACT

Satellite radar interferometry (InSAR) can be applied to study vertically integrated atmospheric refractivity
variations with a spatial resolution of 20 m and an accuracy of 2 mm, irrespective of cloud cover or solar
illumination. The data are derived from the difference between the radar signal delay variations within the imaged
area during two acquisitions with a temporal separation of one or more days. Hence, they reflect the superposition
of the refractivity distribution during these two acquisitions. On short spatial scales, integrated refractivity
variations are dominantly caused by spatial heterogeneities in the water vapor distribution. Validation of the
radar interferometric results can be difficult, since conventional imaging radiometers do not provide quantitative
measures for water vapor content over the entire tropospheric column and are lacking in spatial resolution.
Moreover, comparable quantitative data such as signal delay observed by Global Positioning System (GPS)
receivers are only available as time series at a fixed position. In this study, the technique of InSAR-integrated
refractivity mapping is discussed and validated for a specific atmospheric situation where brightness temperature
variations in Meteosat 6.7-mm radiometer data could be mapped to precipitable water vapor to validate the
InSAR data. The parameterization of the radiometer data is obtained by using a series of 27 hourly GPS signal
delay observations at a fixed location and corresponding Meteosat observations at the location of the GPS
receiver. Although this methodology for validating the InSAR results is not generally applicable, the results for
this specific situation show that the precipitable water vapor observations in both datasets agree to an accuracy
of 1.23 kg m22, supporting the interpretation of the InSAR data in terms of water vapor distribution.

1. Introduction

A synthetic aperture radar (SAR) image contains in-
formation on the path length between the radar antenna
and the resolution cells on earth. The interferometric
combination of two radar images with a temporal sep-
aration of 1 day provides a sensitive tool to measure
these path length differences at a fraction of the radar
wavelength, which is 5.66 cm for C-band radar, used
here. Conventionally, path length differences can be at-
tributed either to topographic height differences, de-
pending on the relative positions of the satellites (Zebker
and Goldstein 1986), or to surface deformation, de-
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pending on the time interval between the two obser-
vations (Gabriel et al. 1989; Massonnet et al. 1993,
1995). However, effective path length variations are also
caused by radar signal delay variability within the im-
aged area, due to the heterogeneous refractivity distri-
bution in the atmosphere. Signal delay, in seconds, is
equivalent to an excess path length by multiplication
with the speed of light in a vacuum. The excess path
length can be directly obtained by integrating over the
(dimensionless) refractivity along the line of sight. Over
small spatial scales, the variation in the integrated re-
fractivity is mainly due to the spatial variation of water
vapor during the two image acquisitions. To a lesser
extent, temperature, liquid water, and pressure gradients
influence the delay variation (Hanssen et al. 1999).

Delay measurements observed by space–geodetic
techniques such as the Global Positioning System (GPS)
and radar interferometry (InSAR) can be used to derive
precipitable water vapor in the atmosphere (Saastamo-
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FIG. 1. Geometric configuration of the radar acquisitions. The SAR
image is observed from satellite observations between points 1 and
2 of track 1 at t1. The same area is viewed from track 2 at t2. The
mean look angle u is approximately 218, and the satellite height h 5
785 km for ERS. A localized heterogeneity in the refractivity during
one of the two observations will result in an increased signal delay
for the corresponding footprint in the SAR image. A GPS receiver
can be used to derive the zenith delay at that point during the SAR
acquisition, based on slant delays to a number of GPS satellites.

inen 1972; Hogg et al. 1981). Precipitable water vapor
is the amount of vertically integrated water vapor and
can be expressed in kilograms per square meter or, as
the height of an equivalent column of liquid water, in
meters. GPS measurements provide temporal variations
in precipitable water vapor at one position (see e.g.,
Bevis et al. 1992). Using InSAR, the data reflect spatial
variations in precipitable water vapor during the two
image acquisitions. Figure 1 shows the geometric con-
figuration of the radar acquisition and the GPS zenith
measurement.

Although InSAR and GPS have the same sensitivity
to tropospheric refractivity variations, the validation of
the InSAR images using a single GPS receiver at a fixed
location only holds for one point in the image. Ideally,
the validation of the InSAR results is performed using
comparable image data. Unfortunately, conventional im-
aging radiometers do usually not provide quantitative
measures for water vapor content over the entire tro-
pospheric column and lack in spatial resolution (Weldon
and Holmes 1991).

For the specific atmospheric situation studied here,
with relatively transparent air, it is investigated whether
accurate precipitable water vapor values can be retrieved
from Meteosat radiometer observations at 6.7 mm [water
vapor (WV) channel] at a local pixel resolution of 5 km
3 9 km. Corresponding values of precipitable water
vapor derived from a GPS ground station are used to

obtain a parameterization of the relation between the
Meteosat WV brightness temperatures and precipitable
water vapor.

The objective of this paper is to present the technique
of integrated refractivity measurements with InSAR, in-
troduced by Hanssen et al. (1999), in more detail and
to discuss the interpretation of a SAR interferogram
acquired in March 1996 in terms of precipitable water
vapor distribution. Second, it is investigated whether it
is possible, for this specific situation, to obtain a pa-
rameterization of radiometer brightness temperatures as
a function of precipitable water vapor, using Meteosat
observations and GPS time series. After establishing
such a relationship for a single point, it is extended
spatially to derive precipitable water vapor that can be
used for validating the SAR interferogram.

In section 2, the basic principles of SAR interfer-
ometry are addressed, equations needed for the analysis
of the signal delay in terms of integrated refractivity are
derived, and some basic characteristics of the Meteosat
observations are described. As the application and anal-
ysis of radiometer observations such as the Meteosat
WV channel are well understood, the radar techniques
are emphasized. Section 3 describes the methodology
to derive precipitable water vapor estimates, and pre-
sents the main results of this study. Discussion and con-
clusions make up section 4.

2. Background

a. SAR interferometry

The SAR of the European Remote Sensing Satellites
(ERS-1 and ERS-2) provides an amplitude and a phase
value for every resolution cell of approximately 4 m 3
20 m. Information on the path length between the radar
antenna and a ground resolution cell is contained in the
phase measurement. Unfortunately, the phase observa-
tion of resolution cell p in an SAR acquisition at ti

tic p

is a superposition of a number of contributions:

5 1 1 , 2p # c , p, (1)t t t ti i i ic c c cp p,geom p,prop p,scat

where is related to the geometric distance andtic p,geom

to the signal propagation velocity variations. Mosttic p,prop

important, the scattering component, , is the con-tic p,scat

tribution of many arbitrary scatterers in the resolution
cell, which add up to produce a uniform probability
density function for . As a consequence, the sumtic p,scat

of the pdf’s of all components in Eq. (1) will have a
uniform distribution as well, and no useful phase in-
formation can be obtained.

In the interferometric combination, two SAR images,
acquired at different times, are accurately aligned and
differenced, which yields the interferometric phase

f p 5 2 , 2p # f , p,t t1 2c cp p (2)

consisting of a differenced geometric component
f p,geom, propagation component f p,prop, and scattering
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component f p,scat. If the second satellite orbit is suffi-
ciently close (,500 m) to the first and the physical
scattering characteristics remain constant ( øt1c p,scat

), the scattering component in each interferometrict2c p,scat

phase observation will be eliminated in the differencing.
In that case, useful information may be obtained from
the resulting difference phase image or interferogram.
The assumption of a stationary scattering component is
the limiting factor for the application of SAR interfer-
ometry. For example, over water or rapidly changing
surfaces it is not possible to obtain coherent phase ob-
servations. Over many agricultural areas, as in the test
site in this study, phase noise increases with increasing
time intervals or after anthropogenic activities (see, e.g.,
Usai and Klees 1999). During the ERS-1 and ERS-2
‘‘tandem mission,’’ which lasted from August 1995 to
April 1996, SAR images were acquired with a repeat
period of 24 h. This short time interval ensures a suf-
ficiently high correlation between consecutive acquisi-
tions over most land surfaces.

In order to analyze the propagation component of the
interferogram, the influence of the geometric component
needs to be eliminated. Geometric phase differences are
caused by either a change in satellite position or a co-
herent change in the position of the scatterers on earth,
between the two acquisitions. A difference in satellite
positions will measure topographic height variation in
the SAR image. Using a reference elevation model, a
synthetic topographic interferogram can be constructed,
which can be subtracted from the observed interfero-
gram, resulting in a so-called differential, topographic-
free, interferogram (Massonnet et al. 1993). Other var-
iations in the geometric component, for example, due
to surface deformation, can be safely ignored for these
short time intervals. Therefore, observed phase gradi-
ents in the differential interferogram can only be attri-
buted to propagation delay variability and residual
trends due to the inaccuracy of the satellite position
during the acquisitions. Finally, the interferometric
phase, which is originally ‘‘wrapped’’ to the interval
[2p, p), is unwrapped using dedicated phase-unwrap-
ping algorithms (see, e.g., Goldstein et al. 1988).

b. Interferometric delay analysis

After obtaining the differential interferogram, the ob-
served phase differences can be interpreted as (i) the
spatial delay variation between the radar antenna and
millions of pixels in the interferogram and (ii) the dif-
ference between the two generally uncorrelated states
of the atmosphere during the SAR acquisitions. Due to
satellite orbit errors and the wrapped nature of the phase
observations it is only possible to measure the lateral
variation of the delay, rather than the total delay. The
delay variation (in mm) dp,q 5 dp 2 dq between pixel
p and q is directly related to the interferometric phase
difference f p,q 5 f p 2 f q by (Hanssen 1998):

fl p,q
d 5 f 5 28 . (3)p,q p,q4p 2p

Mapping the incidented delay variation to zenith values
can be achieved by

5 dp,q cosu,zdp,q (4)

with look angle u varying between 198 and 238 (see Fig.
1). Such a simple mapping function is sufficiently ac-
curate for steep incidence angles (Bean and Dutton
1968).

The standard deviation sf is derived from the co-
herence g, that is, the amount of correlation between
the two SAR images, with 0 # g # 1 (see Just and
Bamler 1994). For g $ 0.8, as observed in the inter-
ferogram used in this study, we find sf # 528. Using
Eqs. (3) and (4), and averaging five pixels to obtain 20
m 3 20 m resolution cells yields a formal accuracy of
the zenith delay (vertically integrated refractivity) ob-
servations of ø 2 mm. Additional spatial averagings zd

to a ground resolution of approximately 160 m 3 160
m yields a phase standard deviation of sf # 58 (Joughin
and Winebrenner 1994) and, consequently, # 0.2s zd

mm.
Possible systematic errors in these delay observations

are manifested as long wavelength gradients in the in-
terferogram, caused by inaccuracies in the satellite’s po-
sition during image acquisition. These additional tilts
are removed from the interferogram before analyzing
the delay differences. This procedure also removes long
wavelength delay gradients caused by pressure and tem-
perature gradients or gradients in ionospheric electron
density.

The technique now reveals incidented delay differ-
ences or integrated refractivity along every path be-
tween the antenna position, a, and the resolution cells
on earth. The relation between zenith delay observed at
resolution cells p and q and the refractivity distribution
during SAR acquisition ti can be written as

a a

z,t 26id 5 2 3 10 cosu N dz 2 N dz , (5)p,q E E1 2
p q

where N(x, y, z, t) is the dimensionless refractivity. The
zenith delay variation observed in the interferogramzdp,q

can be defined as

5 2 .z z,t z,t1 2d d dp,q p,q p,q (6)

For C-band radar and the location of the test site the
refractivity can be written as (Smith and Weintraub
1953; Kursinski 1997; Hanssen 1998)

P e e ne7N 5 k 1 k9 1 k 2 4.03 3 101 2 3 2 21 2T T T f

1 1.4W, (7)

where P is the total atmospheric pressure in hPa, T is
the atmospheric temperature in kelvins, e is the partial
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pressure of water vapor in hPa, ne is the electron number
density per cubic meter, f is the radar frequency (5.3
GHz), and W is the liquid water content in g m23. The
terms k1 5 77.6, 5 23.3, and k3 5 3.75 3 105 arek92
obtained from Smith and Weintraub (1953), but results
from Thayer (1974) are also commonly used. The four
terms are referred to as hydrostatic term, wet term, ion-
ospheric term, and liquid term, respectively. Resch
(1984) indicated that the first two parts are accurate to
0.5%.

It is obvious that the inverse problem, the retrieval
of all atmospheric parameters in four dimensions from
a nearly vertically integrated measurement, is ill posed.
However, there are several considerations that make a
reasonable interpretation of the signal delay in terms of
the wet term (integrated water vapor) likely.

R The sensitivity of the delay differences to variations
in the atmospheric parameters. Under standard at-
mospheric conditions, a change in surface pressure of
1 hPa will result in a 2.3-mm delay difference, where-
as a small variation in moisture of 1 g kg21 (1.2 hPa)
at 08C already produces 6 mm per vertical kilometer.
The sensitivity for a change in temperature of 18C is
4–20 times smaller than a change in moisture of 1
hPa, depending on ambient conditions. The influence
of cloud droplets is maximally a few millimeters, de-
pending on the droplet size and cloud height. Ice crys-
tal influence can be neglected for 5.66-cm radar wave-
lengths (Hanssen et al. 1999).

R The dominant spatial wavelengths of the variations.
For example, the influence of the hydrostatic term
depends on the spatial variation of surface pressure
within a 100 km 3 100 km SAR image. For most
meteorological situations, this variation can be ap-
proximated by a single gradient. For the ionospheric
term, similar reasoning holds in most cases for lati-
tudes studied here. Moisture variations, however, of
1 g kg21 are common even on a 1-km spatial scale
and will have a directly noticeable effect in the in-
terferogram (Weckwerth et al. 1997).

R Assumptions on vertical stratification and topograph-
ic effects. As long as the vertical variation of atmo-
spheric parameters is identical for every resolution
cell in the interferogram, these effects will not influ-
ence the interferometric phase. Note that a different
vertical layering during the two SAR acquisitions will,
however, influence the interferogram if significant to-
pography is present (Delacourt et al. 1998; Hanssen
and Klees 1999). The signatures of these effects will
have strong correlation with the topography. For the
test site analyzed here, with height variation within a
range of 100 m, no topographic induced effects are
expected or observed.

c. Meteosat water vapor channel

The Meteosat WV channel, centered around 6.7 mm,
is used in operational meteorology to observe the de-

velopment of structures of upper-tropospheric water va-
por, which carry the signatures of atmospheric condi-
tions. Especially subsidence inversions, that is, down-
ward vertical transport of dry air behind a frontal zone,
are clearly visible in the WV images. Due to the strong
absorption by water vapor at this wavelength, the ob-
served brightness temperatures usually originate from
tropospheric layers above 3 km (Weldon and Holmes
1991). Therefore, quantitative analysis is restricted to
upper-tropospheric water vapor as described by Schmetz
et al. (1995). Unfortunately, however, the concentration
of water vapor is highest near the earth’s surface, where
relatively high pressure and temperature allow the air
to contain more water vapor. Therefore, in general it is
not possible to make one unique parameterization of
WV channel brightness temperatures into precipitable
water vapor. In section 3b it is discussed whether GPS
tropospheric delay time series are suitable for estab-
lishing a tailor-made parameterization to obtain Meteo-
sat spatial precipitable water vapor values for the special
case of a subsidence inversion.

3. Methodology and results

a. SAR interferogram analysis

An interferogram, covering a strip of 100 km 3 200
km, has been formed using SAR acquisitions on 26 and
27 March 1996, 2141:05 UTC (2241:05 local time). The
orbital separation, parallel to the look direction, is ap-
proximately 32 m, which makes the configuration mod-
erately sensitive to topographic height differences (see
Fig. 1). An a priori reference elevation model is used
to correct for the topographic phase in the interferogram
(TDN/MD 1997). Some additional corrections for tilts
in the length and width direction are applied, and water
surfaces are masked. The resulting differential interfer-
ogram is shown in Fig. 2. The phase values are con-
verted to zenith wet delays, using Eqs. (3) and (4), and
consecutively to differential precipitable water vapor
using Eq. (10), where we use the term ‘‘differential’’ to
indicate the difference between the two states of the
atmosphere during the SAR acquisitions.

A strong, large-scale gradient is clearly visible in the
south of the interferogram, aligned approximately per-
pendicular to the radar flight direction. The interpreta-
tion of this phenomenon is a key topic of this study.
Previous studies have shown that phase variation per-
pendicular to the flight direction might be caused by
oscillator drift errors in the onboard reference clock
(Massonnet and Vadon 1995). A possible way to ex-
amine this possibility would be the calculation of a long
swath of connected SAR images, but this is outside the
scope of this study. Here it is assumed that the phase
variation is caused by atmospheric water vapor only.
The likelihood of this assumption can be tested using
the combined analysis with Meteosat and GPS.

Note that, apart from the gradient in the south of the
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FIG. 2. The differential SAR interferogram of 2141 UTC 26 and
27 Mar 1996. The location of the interferogram in the region is
indicated in Fig. 3. Interferometric phase observations are unwrapped
and converted to differential precipitable water vapor—the difference
between the precipitable water vapor distributions during the two
acquisitions. Topographic information has been removed using a ref-
erence elevation model, and water areas are masked. The dashed line
indicates the location of the analyzed profile (see Fig. 7). The location
of the GPS receiver at KOSG is sketched in the figure. Diagonal
waves are observed in the lower left-hand corner of the interferogram.

interferogram, wave phenomena also can be observed
in the interferogram (see the lower left-hand part of Fig.
2). These are possibly due to low-level moisture vari-
ations of which the structure seems to indicate the pres-
ence of boundary layer rolls.

Wet delay differences can be related to integratedzdpq

precipitable water (I) values, the liquid equivalent of
the integrated water vapor:

5 ( 2 ) 2 ( 2 ).z t t t t t t1 1 1 2 2 2d P I I P I Ipq T p q T p qs s
(8)

Using the density of liquid water, we find that 1 mm
integrated precipitable water is equal to 1 kg m22 in-
tegrated water vapor. The conversion factor is ap-tiPTs

proximated using surface temperatures Ts for the image
acquired at ti, defined by Askne and Nordius (1987).
After first models for were derived by Davis et al.tiPTs

(1985) and Bevis et al. (1994), a polynomial model was
developed to approximate for De Bilt, the referencetiPTs

site in the Netherlands, using 1461 radiosonde profiles
(Emardson and Derks 2000):

t 2iP 5 a 1 a (T 2 T ) 1 a (T 2 T )T ,t 0 1 s 0 2 s 0s D

t tD D1 a sin 2p 1 a cos 2p , (9)3 41 2 1 2365 365

where T0 is the mean annual surface temperature for the
location, and tD is the day number of the year. The used
coefficients are a0 5 6.443, a1 5 21.33 3 1022, a2 5
0.18 3 1024, a3 5 3.6 3 1022, a4 5 3.0 3 1022, and
T0 5 283.80 K. Using surface temperatures provided
by 18 stations in the area, we find that 5 0.1513t11/P
6 0.0004 and 5 0.1507 6 0.0005, for 26 and 27t21/P
March, respectively. Applying one factor for both days,
1/Pm 5 0.1510 6 0.0005 is justified, since the fractional
error in P is one order of magnitude smaller than the
fractional error in the delay measurement. We can re-
write Eq. (8) as

= 5 ( 2 ) 2 ( 2 ) 5 ,t ,t t t t t 21 z1 2 1 1 2 2I I I I I P dpq p q p q m pq (10)

where we define = as the double difference of in-t ,t1 2I pq

tegrated precipitable water in space and time. Note that
a single, isolated anomaly will have a different sign in
the interferogram, depending on whether it appeared in
the first or the second acquisition. In that case, one of
the single spatial D differences can be regarded astiI pq

nearly zero, in which case we can interpret the double
difference as a single spatial difference during the other
acquisition.

b. Meteosat WV channel analysis

On 27 March 1996 a strong subsidence inversion
passed the Netherlands from north to south, which was
clearly visible in the WV channel images (Fig. 3). The
subsidence inversion can be identified by the dark band
in the image, corresponding to relatively high brightness
temperatures. Because the descending air in the subsi-
dence inversion is rather dry, the absorption (and emis-
sion) of radiation is low and, therefore, the air is rela-
tively transparent. This enables radiation from lower
(warmer) layers to contribute to the signal, which results
in high apparent brightness temperatures. The center of
the subsidence inversion moves in one day from about
538 to 488N, as apparent from Fig. 3.

Assuming that the brightness temperature variations
in the Meteosat WV images reflect the variations of the
total water vapor column, we use GPS-derived precip-
itable water vapor observations to parameterize the
brightness temperature. The reference to the WV chan-
nel are collocated measurements from GPS ground sta-
tion Kootwijk, at 52.178N, 5.808E (see Fig. 2). From
the GPS measurements, reliable absolute values for pre-
cipitable water vapor are derived, using the standard
methodology described in Bevis et al. (1992, 1994). The
accuracy of the GPS-derived precipitable water vapor
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FIG. 3. Meteosat 6.7-mm water vapor images at 2200 UTC 26 Mar,
and 1000 and 2200 UTC 27 Mar. Brightness temperatures range from
2508C (white) to 2108C (black). The interferogram area is indicated
in the center of the image. The arrow indicates the range over which
brightness temperatures were used for comparison with the GPS ob-
servations.

FIG. 4. Scatterplot of observed GPS precipitable water vapor and
Meteosat water vapor channel signal intensity, for hourly observa-
tions between 1800 UTC 26 Mar and 2000 UTC 27 Mar. The derived
polynomial is indicated by the line. The rms best least squares qua-
dratic is 0.6 kg m22.

FIG. 5. Comparison of hourly precipitable water vapor over Koo-
twijk derived from Meteosat brightness temperature, using Eq. (11),
and derived from GPS zenith delays.

is approximately 2 mm. For 27 hourly observations of
GPS precipitable water vapor and Meteosat signal in-
tensity, shown as scatter plot in Fig. 4, the correlation
can be parameterized as

I 5 36.7 2 0.56z 1 0.0022z2, (11)

with I in kilograms per square meter and z the signal
intensity of the WV channel in number of counts. The
rms value of the difference between model and obser-
vations is 0.6 kg m22.

In Fig. 5 the change in I over Kootwijk is shown
derived from both GPS and Meteosat. We find that the
rms of 0.6 kg m22 is accurate enough for our analysis.
The passage of the subsidence inversion from north to
south is clearly visible. Values range from 1 to 7 kg
m22.

Using the parameterization in Eq. (11), precipitable
water vapor can be derived from the Meteosat WV chan-
nel image. The parameterization yields accurate values
for the area near Kootwijk (location indicated in Fig.
2), but with increasing distance the accuracy will prob-
ably decrease.

For the comparison with the SAR interferogram, an
elongated area is selected (indicated by the arrow in Fig.
3), which ranges from 51.388N, 5.938E to 52.728N,
5.438E. The area includes the GPS station Kootwijk
Observatory for Satellite Geodesy (KOSG), to optimize
the validity of our parameterization, and is parallel to
the ground track of ERS. The subsidence inversion band
is nearly perpendicular to the profile and moves ap-
proximately parallel to it. As a result, the analyzed pre-
cipitable water vapor signal is dominated by only one
atmospheric process—the subsidence inversion. There-
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FIG. 6. Sketch of the horizontal shift of the position of water vapor due to the oblique viewing
geometry of (a) Meteosat and (b) ERS. For latitude 528N, the elevation angles u are 30.58 for
Meteosat and 698 for ERS.

fore, the parameterization is assumed to be sufficiently
accurate for the selected profile.

All pixels that contain high-altitude clouds (temper-
ature below 2208C) are excluded from the analysis, to
increase the reliability of the parameterization. In a
cloud, the fraction of total water that is clustered in
particles is generally small, but the absorption of ra-
diation by these particles is much larger than the ab-
sorption by the water vapor in the cloud. Therefore, the
correlation between the Meteosat WV channel obser-
vations and the correct amount of precipitable water
vapor will deteriorate if clouds are present.

To obtain similar quantities, as in the interferogram,
the extracted profiles corresponding with 2200 UTC 26
March and 2200 UTC 27 March are differenced. The
resulting values are indicated by the triangles in Fig. 7,
where the position of the pixels along the profile is
expressed by their latitude. From the Meteosat WV im-
ages in Fig. 3 it appears that at 2200 UTC 26 March
the selected area was in the front part of the subsidence
inversion, which results in a decreasing amount of pre-
cipitable water vapor with latitude. At 2200 UTC 27
March, the selected area was in the back part, resulting
in an increasing amount of precipitable water vapor with
latitude. As a consequence of these opposite trends, the
quantities in Fig. 7—which are formed by subtracting
the values at 27 March from the values at 26 March—
have an amplified north–south gradient. In the next sec-
tion these results will be compared with the results from
SAR interferometry.

c. Intercomparison

The evaluation of the water vapor observations from
the Meteosat WV channel and the radar interferogram
is subject to 5 degrees of freedom.

1) The interferogram shows relative delay differences.
Therefore, the analyzed profile has an arbitrary bias
when compared with the absolute values of the Me-
teosat profile.

2) Due to the oblique viewing geometry of the radar
(238 from zenith) the profile will be shifted some
kilometers parallel to the west (see Fig. 6). Since the
atmospheric situation during the two acquisitions

was nearly symmetric (i.e., perpendicular to the pro-
file), the effect of this lateral shift is negligible.

3) The inaccuracy in the satellite orbits might lead to
a small tilt in the profile. Here we assume that this
tilt is sufficiently eliminated by using a number of
reference points during preprocessing.

4) The Meteosat positioning accuracy is approximately
0.5 pixels, corresponding to a 4.5-km uncertainty in
north–south direction.

5) Due to the geostationary position over the equator,
there is an additional shift D in north–south direction
when the majority of the water vapor is at a height
h (see Fig. 6). In that case, the information will ap-
pear to be shifted northward in the image. For the
location analyzed here, this shift is approximately D
5 1.7 3 h. Note that the time difference between
the SAR acquisition and the Meteosat scan of the
latitudes of the Netherlands (13 min) might also ac-
count for a slight additional shift.

Estimates of the a priori standard deviation of both the
Meteosat and InSAR precipitable water vapor estimates
are needed to evaluate the correlation between the two
profiles. For the Meteosat observations, sI,msat, is as-
sumed to be uncorrelated and equal for every obser-
vation. In section 3b, an rms value of 0.6 kg m22 was
derived from a comparison with GPS observations. The
analyzed profile values are differences between corre-
sponding observations for two consecutive days. As-
suming zero covariance between the two days, standard
error propagation yields the a priori value for sDI,msat 5
0.85 kg m22.

The expected variance for the InSAR observations is
assumed to be uncorrelated between adjacent values and
equal for every observation. In section 2b, the delay
standard deviation 5 0.2 mm (or kg m22) was de-s zd

rived. Using Eq. (10), simple error propagation yields
an a priori value for the integrated water vapor obser-
vations of sI,sar 5 0.08 kg m22.

A goodness-of-fit parameter between the InSAR and
the Meteosat observations can be optimized by adjusting
the 5 degrees of freedom mentioned above, or by ad-
justing the a priori variances of both observations. Here,
a combination of both approaches is suggested. Param-
eters 2–4 are assumed to be sufficiently well approxi-
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FIG. 7. Goodness-of-fit analysis, based on best value. The error2xn

bars express the scaled 2s (95%) confidence interval based on the
combined variance of the Meteosat and INSAR profile. The original
(arbitrary) values of the INSAR profile are shown as the thin line,
the best-fit values by the bold line. The original Meteosat positions
are indicated by the triangles and the slightly shifted best-fit values
by the squares. The best value is obtained by scaling the a priori2xn

variances (bold inner error bars) with factor 1.44, resulting in the
thin outer error bars.

mated. A northward shift of the Meteosat observations
(parameter 5) of 5 km is used as a first-order approxi-
mation, derived from an average height of the dominant
water vapor signal in the WV channel. The additional
Meteosat profile shift, the bias of the InSAR profile
(parameter 1), and the scaling factor for the variances
are now estimated by deriving the minimal reduced chi-
square value, , of the two profiles as a function of2xn

the bias of the InSAR profile (Bevington and Robinson
1992):

2n1 ri2x 5 . (12)On 1 2n 2 1 si51 i

The number of measurements is denoted by n, ri are the
differences between the Meteosat and the INSAR profile
values, and s i are the a priori standard deviations of the
differences, that is, 5 1 . Here we find2 2 2s s si I,sar,i DI,msat,i

si 5 0.85 kg m22 for all i ∈ [1, . . . , n]. Note that the
contribution of sDI,msat,i is one order of magnitude larger
than sI,sar,i.

The values are expressed as a function of the2xn

InSAR profile bias and the horizontal shift of the Me-
teosat profile. The search window of the bias has been
confined between 23 and 3 kg m22, whereas the hor-
izontal shift is confined between 21.1 and 1.1 km. The
minimum value, 5 2.1, is found for a bias of 1 kg2xn

m22 and a horizontal shift of 21.1 km. Figure 7 shows
the original position of the InSAR profile, indicated by
the thin line, and the new position, indicated by the bold
line. The original position of the Meteosat profile values
is indicated by the triangles, while the new positions
are indicated by the squares. A 95% confidence interval
for the difference of the two data sources is indicated

by the inner error bars. Note that the error bars are drawn
at the Meteosat positions, although they also include a
small component of the InSAR profile.

From this evaluation it is clear that the adjustment of
the free parameters is not sufficient to reach a satisfying
comparison. The estimated variance can be approx-2ŝ
imated by (Bevington and Robinson 1992)

5 ,2 2 2ŝ x sn i (13)

if all variances are equal. If both profiles describe2s i

the same physical process, the estimated variance should
agree well with the a priori variance and the value of
the reduced chi-squared should be approximately unity.
In order to reach this situation, the a priori standard
deviations of the difference need to be scaled by a factor

5 1.44. This implies that the a priori standard2xÏ n

deviation of the difference has been too optimistic. An
a posteriori standard deviation of 1.23 mm is found,
indicated in Fig. 7 by the outer error bars.

4. Conclusions

Satellite radar interferometry can be applied to study
vertically integrated atmospheric refractivity variations
with a spatial resolution of 20 m and an accuracy of 2
mm, irrespective of cloud cover or solar illumination.
Although satellite repeat acquisitions are still far to
sparse for operational meteorology, the technique can
currently be used for studying mesoscale atmospheric
dynamics and provides new insights, particularly in
mapping the small-scale water vapor distribution. This
study elaborates on the main principles and limitations.

For a specific atmospheric situation in March 1996,
precipitable water vapor obtained from SAR interfer-
ometry is validated by GPS time delay analyses com-
bined with Meteosat 6.7-mm WV channel observations.
The interferometric phase observations are converted to
relative signal delay observations and consecutively
processed to precipitable water vapor. For a point lo-
cation, Meteosat brightness temperature time series are
converted to precipitable water vapor using a parame-
terization obtained from GPS wet signal delay obser-
vations. Applying this parameterization spatially for a
profile of brightness temperatures in two WV channel
images, acquired at nearly the same time as the two
SAR images, enables a direct comparison between the
two sources.

The results show that the phase gradient observed in
the SAR interferogram is fully accounted for by a sub-
sidence inversion that moved over the interferogram
area during the two SAR acquisitions. The subsidence
inversion resulted in temporal precipitable water vapor
variations over a range of approximately 6 kg m22, as
observed by GPS and Meteosat. Accounting for the rel-
ative character of the InSAR observations, and the po-
sitioning uncertainty of the Meteosat images, both da-
tasets describe the same phenomenon in a minimal re-
duced chi-squared sense with 1.23 kg m22 standard de-
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viation. Because the range of the signal encompasses
approximately 6 kg m22, signal-to-noise ratio values are
sufficient to identify the same signal in both data sourc-
es. This supports the statement that radar interferometry
can be used to derive the spatial variations in precipi-
table water vapor.

Although the parameterization used in Eq. (11) ap-
pears to be sufficient to explain the observations, it
needs to be stressed that the use of this method is fea-
sible only for a limited area around the GPS receiver.
Moreover, in situations with severe cloud cover, the con-
version from brightness temperatures to precipitable wa-
ter vapor is not likely to succeed, due to insufficient
penetration caused by absorption. Future applications of
the technique need to be focused on consecutive ac-
quisitions of SAR images in order to obtain ‘‘cascade’’
series of interferograms. Such approaches can result in
resolving the ambiguity between the atmospheric states
during the two acquisitions.
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