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Assessment of InNSAR Atmospheric Correction
Using Both MODIS Near-Infrared and
Infrared Water Vapor Products

Liang Chang, Shuanggen Jin, and Xiufeng He

Abstract—Water vapor variations affect the interferometric
synthetic aperture radar (InSAR) signal transmission and the
accuracy of the InNSAR measurements. The Moderate Resolution
Imaging Spectroradiometer (MODIS) near infrared (nIR) water
vapor product can correct InSAR atmospheric effects effectively,
but it only works for the synthetic aperture radar (SAR) images
acquired during the daytime. Although the MODIS infrared (IR)
water vapor product owns poorer accuracy and spatial resolu-
tion than the nIR product, it is available for daytime as well
as nighttime. In order to improve the accuracy of water vapor
measurements from the MODIS IR product, a differential linear
calibration model (DLCM) has been developed in this paper. The
calibrated water vapor measurements from the IR product are
then used for wet delay map production and nighttime overpass
SAR interferogram atmospheric correction. Results show that the
accuracy of the MODIS IR product can be improved effectively
after calibration with the DLCM, and the derived wet delays
are more suitable for InNSAR atmospheric correction than origi-
nal measurements from the IR product. Furthermore, a MODIS
altitude-correlated turbulence model (MATM) is incorporated to
correct the atmospheric effects from another descending ASAR
interferogram. Results show that the MATM can reduce alti-
tude-dependent water vapor artifacts more effectively than the
traditional correction method without the need to incorporate the
altitude information.

Index Terms—Atmospheric correction, infrared (IR), interfer-
ometric synthetic aperture radar (InSAR), Moderate Resolution
Imaging Spectroradiometer (MODIS).
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I. INTRODUCTION

NTERFEROMETRIC synthetic aperture radar (InSAR) is

a very powerful remote sensing technique which has been
developed over the past three decades for the measurement
of Earth surface topography and deformation [1]. However,
one of the limiting noise sources for the repeat-pass InSAR
measurements is the atmospheric propagation delay caused
by changes in the distribution of atmospheric water vapor,
pressure, and temperature [2], [3]. It was reported that a 20%
spatial or temporal change of atmospheric relative humidity
could result in a deformation measurement error of 10-14 cm
or a topographic height error of 80-290 m for perpendicular
baselines ranging from 400 to 100 m [4]. As such, the variation
in the amount of atmospheric water vapor and other noises
between SAR acquisition times is usually hard to distinguish
from real ground motion [5].

A number of InSAR atmospheric distortion mitigation
methods have been well demonstrated, including using
Global Positioning System (GPS) observations (e.g., [6]-[12]),
European Centre for Medium-Range Weather Forecasts data
(e.g., [13]), nonhydrostatic 3-D (NH3D) models (e.g., [14] and
[15]), weather research and forecasting model (e.g., [16] and
[17]), and spaceborne optical observations such as the Moderate
Resolution Imaging Spectroradiometer (MODIS) (e.g., [18]
and [19]) and the Medium Resolution Imaging Spectrometer
(MERIS) (e.g., [20]-[23]). The correction method using space-
borne optical observations is, however, different from other
methods since their near infrared (nIR) water vapor products
can only be available in the daytime. Unlike MERIS, which
can monitor precipitable water vapor (PWV) at the nIR band in
the daytime only, MODIS can detect the water vapor content
using nIR and infrared (IR) bands during both the daytime and
nighttime. Although the MODIS IR water vapor product has
the advantage in temporal resolution, seldom can it be used for
InSAR atmospheric effect correction due to its lower spatial
resolution (5 km x 5 km) and poorer accuracy comparing with
the nIR product. The former is the secondary reason since the
water vapor pixels acquired at the IR band are denser than that
of GPS network, which makes it still attractive for correcting
atmospheric effects on InSAR, while the latter is the main
limitation to mitigate the InNSAR atmospheric distortions with
MODIS IR water vapor measurements. Thus, if the MODIS
IR retrievals can be well calibrated by some model, it will
be very promising for correcting atmospheric effects in SAR
interferograms at nighttime.
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In this paper, we present a differential linear calibration
model (DLCM) to calibrate the MODIS IR water vapor
product-derived wet delays, and then, the calibrated measure-
ments are used to correct the atmospheric delays on InSAR
interferograms over Los Angeles area. The performance of the
DLCM will be evaluated and the accuracy of the correction
will be assessed with the GPS data of the Southern Califor-
nia Integrated GPS Network (SCIGN). In addition, a MODIS
altitude-correlated turbulence model (MATM) built based on
the calibrated MODIS nIR water vapor product is incorporated
to correct the atmospheric effects of the advanced SAR (ASAR)
interferogram in the daytime. The rest of this paper is organized
as follows. In Section II, the MODIS water vapor data are in-
troduced, and the accuracy of retrievals at both the nIR and the
IR band is estimated via comparisons with GPS observations.
Section III presents the MODIS nIR and IR water vapor product
calibration model and the calibrated nIR product based altitude-
correlated turbulence model. The accuracy evaluation of wet
delay from the model output, the applications of the productions
of DLCM and MATM to InSAR atmospheric corrections, and
their performance assessments are demonstrated in Section I'V.
Finally, conclusions are addressed in Section V.

II. MODIS NIR AND IR WATER VAPOR PRODUCT
DESCRIPTIONS AND ACCURACY ANALYSES

A. MODIS nIR Water Vapor Data

MODIS is equipped onboard the National Aeronautics and
Space Administration (NASA) Earth Observing System Terra
(launched in December 1999) and Aqua (launched in May
2002) platforms. It detects electromagnetic radiation in 36 vis-
ible, nIR, and IR spectral bands between 0.645 and 14.235 ym
with spatial resolutions of 250 (2 bands), 500 (5 bands), and
1000 m (29 bands) [24]. Both the Terra and Aqua satellites are
in polar sun-synchronous orbit at an altitude of 705 km, and the
swath width of the MODIS data for them is 2300 and 2330 km,
respectively.

The retrieved nIR MODIS PWYV, which is available during
the daytime only at a 1 km x 1 km (at nadir) spatial resolution,
is derived from two nonabsorption channels centered near 0.905
and 0.94 ;m and three absorption channels centered near 0.865,
0.936, and 1.24 pym [25]. The quality of MODIS nIR retrievals
relies on observations of the water vapor attenuation of nIR
solar radiation. Therefore, the measurements of MODIS nIR
PWYV strongly depend on the estimation of surface reflection,
which results in that the nIR PWV can only be detected in
the daytime only. The MODIS nIR water vapor product-derived
PWYV is claimed to be determined with an accuracy of 5%—10%
[25], and larger error can be introduced over regions where
surface reflection is small in nIR channels (e.g., the ocean [26]).

Considering that the MODIS nIR water vapor product may
overestimate water vapor compared to the GPS- and the
radiosonde-derived PWYV, the MODIS nIR PWV needs to be
calibrated before its applications [18]. In this paper, we con-
struct the calibration model by linear least squares analysis be-
tween MODIS nIR PWV and the continuous GPS observations
over SCIGN. Moreover, as MODIS nIR PWV measurements
are sensitive to the presence of cloud in the field of view, the
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Level 2 MODOS5 cloud mask products (collection 5.1) are used
to remove the cloudy pixels, and only pixels that showed at
least 95% probability of being clear are retained. It should also
be noted that the geolocation fields in the MODOS5 product
only have a 5 km x 5 km spatial resolution, and the MODO03
geolocation data set needs to be incorporated to obtain the
geodetic coordinates for each MODIS nIR 1-km sample.

B. MODIS IR Water Vapor Data

The operational MODIS IR algorithm, which is implemented
by a statistical regression algorithm together with an option of
a subsequent nonlinear physical retrieval, is used for retriev-
ing vertical temperature and moisture profiles, ozone profiles,
precipitable water vapor, and several atmospheric stability in-
dices [27]. The MODIS IR water vapor retrievals are derived
from bands 24 to 36 (between 4.47 and 14.24 pm), excluding
band 26, and performed using clear sky radiances measured
within a 5 x 5 field of view (approximately 5-km resolution)
over land and ocean for both day and night. The PWV at the
IR band is generated as one component of product MODO7 and
simply added to product MODOS for convenience.

One of the most prominent disadvantages for the MODIS IR
water vapor product is its lower accuracy. MODIS IR PWV
over land appears to overestimate (underestimate) in a dry
(moist) atmosphere, with the maximum deviation of up to
5 mm and an root mean square error of 4.1-5.2 mm [27], [28].
Therefore, similar with MODIS nIR PWYV, the IR PWYV also
should be calibrated. However, unlike MODIS nIR PWYV, few
studies devote to enhancing the accuracy of MODIS PWV at
the IR band, which may be complementary information for the
distribution of changes in water vapor since the MODIS nIR
PWYV is only available during the daytime while the MODIS IR
PWYV can be obtained during both the daytime and nighttime. In
this paper, we will assess the applicability of traditional linear
least squares analysis to calibrate the MODIS IR PWV and
analyze the accuracy of PWV measurements before and after
calibration.

C. Accuracy Analyses

GPS is able to estimate the PWV with high temporal reso-
lution and high precision, which could be regarded as an ideal
tool to analyze the accuracy of MODIS PWV. In this paper,
six International Global Navigation Satellite System (GNSS)
Service stations over Southern California from January 1, 2008
to May 31, 2009 are adopted (see the black solid squares in
Fig. 1) to assess MODIS PWYV at both the IR and nIR bands.
The contemporaneous MODIS Level 2 water vapor product, the
Level 2 cloud mask product, and the Level 1 geolocation prod-
ucts at both nIR and IR bands used to make the comparisons are
downloaded from NASA’s Goddard Earth Sciences Distributed
Active Archive Center (http://daac.gsfc.nasa.gov).

Fig. 2 shows the comparison between MODIS nIR PWV
under cloud-free conditions and GPS PWV from six GPS ob-
servations over SCIGN [see Fig. 2(a)], as well as the scatterplot
of MODIS IR PWV in the nighttime and GPS PWV [see
Fig. 2(b)]. The differences between MODIS and GPS PWV
of greater than two times the standard deviation (STD) were
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Fig. 1. Distribution of the GPS stations around the ROI with 1-arc sec SRTM

shaded relief. The yellow, purple, and blue boxes represent Tracks 442, 392,
and 120 of the ENVISAT ASAR interferometric pairs, respectively. Red solid
triangles show GPS stations colocated without meteorological sensors, and
black solid squares are GPS stations with meteorological sensors.
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Fig. 2. Scatterplots between MODIS PWV under cloud-free condition and
GPS PWV: (a) MODIS nlR in the daytime and GPS PWYV and (b) MODIS
IR PWYV in the nighttime and GPS PWYV. Note that the gray solid squares are
considered as outliers and are removed due to the 20 exclusion.

regarded as outliers and were not incorporated to build the
calibration model via linear least squares analysis. It can be
seen from Fig. 2(a) that the MODIS nIR PWV agrees very well
with GPS PWYV, particularly in drier atmosphere. In addition,
the variation of the differences became larger as the PWV
increased. The correlation coefficient between MODIS nIR and
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TABLE 1
STD AND THE RMS FOR THE DIFFERENCES OF MODIS PWV
FroM GPS PWV (UNIT: MILLIMETER)

Band Sample Errors Original Calibrated
number PWV PWV
nlR 1431 STD 1.247 1.121
RMS 2.058 1.120
IR 1597 STD 3.658 3.251
(night RMS 4.065 3.249

GPS is as high as 0.99, together with the STD and root mean
square (rms) of the difference of about 1.25 and 2.06 mm,
respectively. However, the performance of MODIS IR PWV
in the nighttime is quite poor, which is shown in Fig. 2(b).
The STD and rms of the difference between MODIS IR and
GPS PWV were 3.66 and 4.07 mm, respectively. The inferior
performance of the IR retrievals implies that the uncertainty
associated with MODIS IR PWYV is greater than that associated
with MODIS nIR PWV.

III. MODIS WATER VAPOR PRODUCT CALIBRATION
MODEL AND ALTITUDE-CORRELATED
TURBULENCE MODEL

A. Traditional Linear Least Square Calibration Model

Based on the linear least square analysis of MODIS nIR
PWYV with respect to GPS PWYV, a calibrated model is yielded
as follows:

cali_PWV,ir = 0.90 x PW Vi + 0.004. (1

Similar with nIR retrievals, a linear relationship between
MODIS IR PWV in the nighttime and GPS PWYV is also
obtained as

cali PWVir = 0.89 x PWVr + 0.08. (2)

In order to assess the capability of the derived model by
linear regression analysis, comparisons of differences of nIR
and IR retrievals from GPS PWYV were made, which are shown
in Table I. It can be seen from Table I that, after calibration, the
STD and rms of the difference for nIR retrievals decreased from
1.25 to 1.12 mm and 2.06 to 1.12 mm, respectively, indicating
an improvement of 10.1% and 45.6%. For IR retrievals in the
nighttime, the STD difference reduced from 3.66 to 3.26 mm
with an improvement of 10.9%, and the rms difference falls
from 4.07 to 3.25 mm with an improvement of 20.2%. Taking
into account the large STD (i.e., > 3 mm) of the linear fit
model for IR retrievals in the nighttime both before and after
calibration, the traditional linear least square model [i.e., (2)]
may not be an optimal choice to calibrate MODIS IR PWV in
the nighttime.

B. MATM

The atmospheric delay can be distinguished as two parts
[29]: 1) atmospheric turbulent processes resulting in turbulent
mixing, which similarly affects plains and mountains, and
2) vertical stratification caused by different vertical refractivity
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profiles during the two SAR acquisitions, which is correlated
with topography. In this paper, the Onn water vapor model
is adopted to estimate the vertical stratification part of the
atmospheric signal by [11]

Domn = Ce " + haCe " + dpin (3)

where dp,i, is the wet delay recorded at the highest altitude
station, h represents the altitude of the wet delay value, C' is
proportional to the amount of wet delay measured at sea level,
and « is the delay rate of the vertical water vapor profile.

In order to evaluate the uncertainty of the Onn model ef-
fectively, the goodness of fit of the modeled zenith wet delay
(ZWD) to the MODIS nlIR wet delay in terms of chi-square
statistic was estimated by [11]

1 Z (ZWDniopis (pi) — ZWDoun (pi))”

n—24
=1

“)

2
o oEps
where n is the number of MODIS water vapor pixels used for
the Onn model construction, n — 2 denotes the degrees of free-
dom of the chi-square statistic, ZWDyiop1s(p;) corresponds to
wet delays obtained from the MODIS water vapor product at
pixel p;, ZWDon, (p;) represents the Onn modeled wet delay
ZWDniopis(pi), and ogps is the GPS ZWD estimation error
of 4 mm.

In this paper, unlike Li ef al. [22] who constructed the wet de-
lay map using MERIS data by the simple-kriging-with-varying-
local-means estimator and Onn model, we focus on estimating
the altitude-correlated wet delay map via a MATM by

D(p) = sz (DMODIS(pi) - DOnn(pi)) + DOnn(p) (5)
i=1

where D(p) is the wet delay derived at pixel p by MATM,
n is the number of MODIS water vapor pixels, w; denotes
the weight of inverse distance weight (IDW) interpolation,
Dniopis(p;) represents the wet delay detected by the MODIS
water vapor product at pixel p;, and Donn(p;) and Donn(p)
can be estimated using the Onn model [viz., (3)]. After the wet
delay distribution is generated with the MATM, it can then be
used for InNSAR atmospheric effect correction.

C. DLCM for MODIS IR PWV

In order to calibrate the MODIS IR retrievals more effec-
tively, a DLCM is developed and can be performed as follows
(see Fig. 3).

1) Obtain the reference PWV values from reliable tools
(e.g., GPS and radiosonde and microwave radiometer ob-
servations), and estimate the PWYV values at the MODIS
image pass time by temporal interpolation (e.g., spline
interpolation).

2) Extract PWV values from the MODIS IR water vapor
product at colocations of reference PWV measurements
in (1) by spatial interpolation (e.g., IDW interpolation).

3) Subtract reference PWV (designated as PWV ) from
MODIS IR PWV (designated as PWViR), and get their
differential component, which can be defined as deltal =
PWVir — PWV,. Implement the traditional linear least
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Reference
PWV

Obtain PW,, via temporal interpolation
at MODIS pass time

MODIS IR
PWV

Estimate PV by spatial interpolation
at reference PWV position

A

Get the differential component
deltal = PWV - PWVyy

A 4

Least square analysis between deltal and PWVy
(remove the outliers)

A

Derive the initial calibration result
by subtracting deltal from PV,

A 4

Compensate the details
by replacing the values of outliers with PWV,,

Fig. 3. Flowchart of DLCM.
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Fig.4. Calibration of MODIS IR PWYV over Southern California from January
1, 2008 to May 31, 2009 with DLCM. Gray solid squares represent the original
MODIS IR retrievals, blue solid circles are the reference PWYV derived from
GPS observations, brown solid triangles denote the IR retrievals calibrated by
DLCM, and green solid triangles are calibration for outliers.

square analysis between deltal and PWVig to derive
their relationship. Note that the difference between deltal
and PWVir exceeding twice the STD should also be
removed.

4) Subtract again deltal from PW ViR, and the difference is
recognized as the initial calibration result.

5) Some reference PWV measurements that have pretty
large deviation may be recognized as outliers and be
omitted during the calibration. In order to avoid losing
the details when detecting the moisture information with
MODIS IR retrievals, we compensate the information by
replacing the values of outliers with the reference PWV
measurements.

After calibration with the developed DLCM, the overesti-
mated MODIS IR PWV measurements are relieved, from which
we gain closer moisture information to GPS PWYV than that
from original IR retrievals (shown in Fig. 4). The rms difference
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TABLE II
DESCRIPTIONS OF INTERFEROGRAMS (Ifms) USED IN THIS STUDY
Master Delta time Slave Delta time Track Frame Time span B (m)
(minutes) (minutes) (days)
Ifm1 | 13-Mar-2008 31 07-May-2009 11 442 2925 420 53t059
Ifm2 | 04-Feb-2008 -7 14-Apr-2008 53 392 675 35 160 to 167
Ifm3 | 11-Mar-2009 35 18-Aug-2010 5 120 675 525 14 t0 30

between GPS and MODIS IR PWV decreases to 2.83 mm
after calibration using DLCM, which implies that it gains an
extra 10.2% improvement comparing to the calibration with the
traditional linear fit model. Moreover, after the lost details are
compensated, the STD and rms difference further reduce to 2.14
and 2.44 mm, respectively, indicating that the new calibration
model is promising.

IV. CASE STUDY OF INSAR ATMOSPHERIC EFFECT
CORRECTION BASED ON MODIS WATER
VAPOR PRODUCTS

A. Study Area and Data Processing Strategy

The Southern California, USA, is selected as the region of
interest (ROI) to test the performance of MODIS-derived wet
delay on InSAR atmospheric effect correction, due to the high
frequency of cloud-free conditions, as well as one of the densest
regional GPS networks in this area [18]. In this paper, three
pairs of the European Space Agency’s ENVISAT ASAR data
over the Los Angeles region are used for experiments. One of
them was acquired from a descending pass in the daytime, while
the others were acquired at nighttime from ascending passes
(see Fig. 1 and Table II). Note that the delta time in Table II
means the time difference between SAR and MODIS acquisi-
tions, and the positive values indicate that the MODIS overpass
time was later than that of the SAR images. In this paper, the
time differences of less than 1 h were neglected during InSAR
correction due to previous successful experiences [18].

The SAR interferometric pairs were processed with
GAMMA Remote Sensing software by the two-pass Differ-
ential InSAR approach. Precise orbit state vectors provided
by the Doppler Orbitography and Radio-positioning Integrated
by Satellite instrument were employed to assist SAR image
coregistration, reduce baseline errors, and remove the flat Earth
phase. The 1-arc sec (~30 m) digital elevation model (DEM)
from the Shuttle Radar Topography Mission (SRTM) [30] was
employed to simulate the height map in the SAR coordinate
system and remove the topographic phase contribution in in-
terferograms. To suppress the noise in the interferograms, the
SAR pairs were implemented with multilook processing of
40 pixels in the azimuth and 8 pixels in the range directions,
which derives a final resolution of about 160 m by 160 m.
The interferograms were then smoothed by adaptive filtering
followed with phase unwrapping by the branch-cut method
[31] with the coherence threshold set to be 0.5. The baselines
were refined next using the unwrapped phase and the inde-
pendent DEM, which can help to generate more reasonable
values for area with low coherence. Moreover, a 2-D quadratic
model phase function from the differential interferogram was

also estimated to mitigate possible orbital errors. At last, the
unwrapped interferograms were mapped into the line of sight
(LOS) direction in the universal transverse mercator coordinate
system, and the unwrapped phase values were converted to
deformation distances.

In this paper, the MODIS nIR and IR water vapor products
were adopted to correct the descending pass SAR pairs (i.e.,
Ifm 1) at daytime and ascending pass SAR pairs (i.e., Ifms
2 and 3) at nighttime, respectively. Considering the relative
worse accuracy of the IR product than the nIR one, the former
was calibrated with developed DLCM, while the latter was
processed with (1). Furthermore, taking into account the high
relationship between wet delay and topography, the MATM was
incorporated to construct the wet delay map, including both
turbulent mixing and vertical stratification.

In order to evaluate the performance of the correction meth-
ods objectively, the precise 3-D surface displacements from
each GPS site at SAR pass time, which can be obtained from
the Scripps Epoch Coordinate Tool and Online Resource [32],
were differentiated and projected to the radar LOS direction for
comparisons with InSAR measurements

Un
Ue
Uu

—sinfcosay cosb] 6)

dros = [sinfsinay,

where di,0s denotes the LOS displacement, «y, is the azimuth
of the satellite heading vector (positive clockwise from the
north), 6 is the radar incidence angle at the reflection point,
and U,, U, and U, are the northing, easting, and vertical
displacement vectors, respectively.

B. Atmospheric Correction

1) Descending Interferogram—March 13, 2008-May 7,
2009: Fig. 5 shows the Onn water vapor model resulting
fits to the MODIS nIR wet delays, as well as the inferred
regression parameters for the master and slave SAR images of
interferogram March 13, 2008—May 7, 2009 (i.e., Ifm 1). As
illustrated in Fig. 5, the MODIS nlR retrievals match quite well
with the Onn model outputs except that unideal deviations exist
in moisture atmosphere (viz., at low altitudes). Moreover, the
performance of the fit to nIR ZWD at the slave SAR overpass
time was slightly poorer than that at the master SAR acquisition
time, and the chi-square statistics of the fits were 3.51 mm for
the former and 2.16 mm for the latter.

The Onn modeled wet delays were used to estimate the ZWD
maps which can then be converted into the SAR LOS direction
using the simplest mapping function 1/ cos 6, where 6 is the
incidence angle of each SAR image pixel. Fig. 6 shows the
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Fig. 5. (Gray cross) Least squares regressions between MODIS nIR-derived

ZWDs and MODIS pixel altitudes at the SAR overpass times on (a) Mar 13,
2008 and (b) May 7, 2009. The black lines correspond to the least squares fits
to the nIR ZWD data at the two SAR overpass times.

original unwrapped phase [see Fig. 6(a)], the corrected phase
by the MODIS nIR water vapor product [see Fig. 6(b)], the
corrected phase by MATM [see Fig. 6(c)], and the difference
between Fig. 6(b) and (c) for Ifm 1, respectively. It is clear from
Fig. 6 that the negative (northwest corner) and positive (upper
middle part) surface displacement signals of the original Ifm 1
were reduced to a large extent after correction, implying that
the MODIS nlIR retrievals can be used for InNSAR atmospheric
delay corrections effectively. In order to evaluate the capability
of MATM, the difference of the corrected phase by MATM
from that by MODIS nIR water vapor retrievals was given in
Fig. 6(d). As can be seen in Fig. 6(d), the differences of the
unwrapped phases in Fig. 6(b) and (c) exist primarily in areas
of high relief, and the negative signal in the bottom of Fig. 6(d)
(marked by black rectangle) indicated that Fig. 6(c) gains
more improvement on relieving InSAR atmospheric effects
than Fig. 6(b). Therefore, it can be further deduced that the
MATM works more efficiently than the MODIS IDW method.
The phase variations in terms of STD of Ifm 1 decreased
from 7.53 mm without correction [see Fig. 6(a)] to 6.41 mm
after mitigating with MODIS nIR water vapor retrievals but
without incorporating the altitude information [see Fig. 6(b)].
Furthermore, when the MATM was used, the phase variation
further reduced to 6.27 mm [see Fig. 6(c)].

In Fig. 7, comparisons of ground displacements detected
by GPS and InSAR in the SAR LOS direction, together with
the altitudes of GPS sites, are shown. It was found in Fig. 7
that the LOS displacements estimated by InNSAR measurements
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Fig. 6. Unwrapped phases for Ifm 1 overlaid on SRTM DEM shaded relief
map. (a) Original. (b) Corrected with MODIS IDW method. (c) Corrected by
MATM. (d) (c)—(b). Note that negative values denote that the ground surface
moves away from the satellite (i.e., subsidence).
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Fig. 7. Comparisons of LOS displacements detected by InSAR and GPS

measurements (Ifm 1).

appear closer to the information of GPS detections at most
sites after correction. Moreover, the MATM can achieve more
improvements at both areas of high relief and flat terrain. After
correction with the MODIS IDW method, the rms differences
between the InNSAR and GPS measurements reduced from 9.4
to 8.0 mm, while that further dropped to 7.6 mm after applying
the MATM.
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2008. (b) April 14, 2008.

2) Ascending Interferogram—February 4, 2008-April 14,
2008: The SAR satellites are capable of monitoring the Earth’s
surface at the nighttime, when only MODIS PWV measure-
ments at the IR band are available. Fig. 8 shows the com-
parisons among the MODIS IR ZWD, calibrated IR ZWD by
DLCM, and ZWD from GPS measurements for interferogram
February 4, 2008-April 14, 2008 (i.e., Ifm 2). As can be
seen in Fig. 8, large differences can be observed between the
original IR ZWD and GPS ZWD, while the calibrated ZWD
measurements by DLCM match the GPS ZWD quite well. The
rms differences between IR ZWD and GPS ZWD were 15.7 and
19.9 mm at the master and the slave image overpass time, while
that reduced to 2.9 and 2.8 mm after calibration with DLCM,
respectively. However, the calibrated IR ZWD measurements
were not adopted for further generating the wet delay map with
MATM because they did not exhibit an obvious exponential
decay law as altitudes increase [see Fig. 8(b)].

Fig. 9 shows the original interferometric phase and the
corrected results for Ifm 2. We can see in Fig. 9(a) that the
atmospheric signals of Ifm 2 were poorly correlated with the to-
pography of the study area. The phase variation in terms of STD
of the unwrapped phase for the original Ifm 2 [see Fig. 9(a)]
was 12.3 mm. After correction with GPS-derived wet delay, the
STD of Ifm 2 decreased to 11.3 mm [see Fig. 9(b)], while the
STD reduced to 11.5 and 11.6 mm with the MODIS IR ZWD
[see Fig. 9(c)] and the DLCM ZWD [see Fig. 9(d)] correction,
respectively. Comparisons of GPS- and InSAR-derived ground
displacements in the SAR LOS direction were illustrated in
Fig. 10. It can be observed in Fig. 10 that large differences
between the InNSAR- and GPS-detected displacements primarily
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Fig. 9. Unwrapped phases for Ifm 2 overlaid on SRTM DEM shaded relief
map. (a) Original. (b) Corrected with GPS observations. (c) Corrected with
MODIS IR ZWD directly. (d) Corrected with DLCM ZWD. Note that negative
values denote that the ground surface moves away from the satellite (i.e.,
subsidence).
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Fig. 10. Comparisons of LOS displacements detected by InSAR and GPS
measurements (Ifm 2).

occurred at higher altitudes, and the deviations were shrunk
after correction. Moreover, after correction with GPS obser-
vations, the InSAR-derived displacements gained better results
than the other measurements shown in Fig. 10, implying that the
GPS observations can help to reduce InSAR water vapor signals
much better than MODIS IR retrievals. Quantitative results
showed that the rms differences between GPS and corrected
InSAR measurements by GPS decreased from 10.0 to 8.9 mm,
while that dropped to 9.0 and 9.5 mm after correction with
MODIS IR ZDW and DLCM ZWD, respectively.

As mentioned in Sections II and III, the MODIS IR ZWD
needs to be calibrated due to its low accuracy. However, com-
parisons shown in Figs. 9 and 10 revealed that the MODIS IR
ZWD can also help to mitigate the atmospheric distortions to
some extent. One possible reason might be that the uncertainty
of the MODIS moisture information was caused by systematic
errors, which could be removed or reduced by differentiating
between SAR interferometric pairs. In order to check whether
the errors of MODIS IR ZWD can be removed by the differen-
tiating process or not, another ascending case (i.e., Ifm 3) was
chosen for further analysis.
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Fig. 11. Calibration of MODIS IR ZWD with DLCM for Ifm 3. (a) March 11,

2009. (b) August 18, 2010.

3) Ascending Interferogram—March 11, 2009-August 18,
2010: ZWD measurements from the original MODIS IR water
vapor product, DLCM, and GPS observations were given in
Fig. 11 for interferogram March 11, 2009-August 18, 2010
(i.e., Ifm 3). The rms differences between IR ZWD and GPS
ZWD were 25.8 and 92.7 mm at the master and the slave
image overpass time, while that reduced to 3.3 and 19.6 mm
after calibration with DLCM, respectively. The improvements
of about 87.2% in a dry atmosphere [see Fig. 11(a)] and 78.9%
in a moist atmosphere [see Fig. 11(b)] have been achieved,
indicating that the DLCM will not be affected by atmospheric
humidity.

In Fig. 12, we can see that the unwrapped phases have been
removed effectively after correction with GPS observations [see
Fig. 12(b)] and relieved with the help of calibrated IR ZWD
by DLCM [see Fig. 12(d)]. However, the residual phases got
worse during correction with the MODIS IR ZWD directly [see
Fig. 12(c)]. Comparing to the phase variations of the unwrapped
phase that decreased from the original 13.6 mm [see Fig. 12(a)]
to 12.5 mm in Fig. 12(b), as well as that which reduced to
13.3 mm in Fig. 12(d), the STD increased to 33.1 mm after
MODIS IR ZWD correction [see Fig. 12(c)]. Furthermore,
comparisons of GPS- and InSAR-detected LOS ground dis-
placements of Ifm 3 shown in Fig. 13 also illustrated the
incapability of correcting InSAR atmospheric distortion with
MODIS IR ZWD directly. After applying correction with GPS
observations and DLCM ZWD, the rms differences between
GPS and InSAR displacements decreased from 18.3 to 13.3
and 17.8 mm, respectively, while the rms increased to 33.3 mm
after correction with MODIS IR ZDW directly. Therefore, after
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Fig. 12.  Unwrapped phases for Ifm 3 overlaid on SRTM DEM shaded relief
map. (a) Original. (b) Corrected with GPS observations. (c¢) Corrected with
MODIS IR ZWD directly. (d) Corrected with DLCM ZWD. Note that negative
values denote that the ground surface moves away from the satellite (i.e.,
subsidence).
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measurements (Ifm 3).

correction with MODIS IR ZWD directly, the atmospheric
artifacts for Ifm 2 may be reduced by coincidence. It can also
be concluded that the MODIS IR ZWD should be calibrated
appropriately before it was used for InNSAR atmospheric effect
correction, and the calibrated IR ZWD was helpful to relieve
the InSAR atmospheric noise.

V. CONCLUSION

In this paper, we assess the performance of MODIS nIR
and IR water vapor products on InSAR atmospheric correc-
tion. In order to correct the atmospheric artifacts in repeat-
pass interferometry during the daytime with the MODIS nIR
water vapor product, a MATM is incorporated to generate the
altitude-correlated atmospheric delay. Moreover, a DLCM has
been developed for the atmospheric distortion mitigation of
interferometric SAR pairs during the nighttime. Our findings
from this study can be summarized as follows.

1) The accuracies of MODIS nIR and IR PWVs can both be
enhanced after calibration via linear regression analysis,
with an rms improvement of 45.6% for nIR retrievals and
20.2% for IR retrievals, respectively. In addition, after
the DLCM was applied to IR retrievals, an extra 19.9%
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improvement has been achieved, indicating that the cali-
bration of MODIS IR PWV with DLCM is promising.

2) After the altitude information was incorporated for In-
SAR atmospheric correction, the MATM with nlIR re-
trievals worked more efficiently than the MODIS IDW
method. The application of MATM to interferometric
SAR pairs at daytime showed that not only could it reduce
the altitude-dependent residual phases, but also, it helped
to mitigate the distortions in flat terrain.

3) The MODIS IR-derived wet delays needed to be cali-
brated properly before they were used for InSAR atmo-
spheric effect correction. Furthermore, the uncertainty of
IR retrievals cannot be reduced by differentiation between
master and slave images. As such, the effectiveness of the
MODIS IR ZWD shown in Ifm 2 can be considered as an
unusual coincidence.

4) The calibrated MODIS IR ZWD by DLCM can help
to relieve the InSAR water vapor artifacts during the
nighttime. After correction with DLCM ZWD, the InSAR
measurements performed better than the phases corrected
by the original IR ZWD.

However, some limitations and challenges remain in us-
ing the MODIS water vapor product to mitigate the InSAR
atmospheric effects. First, the MODIS water vapor product
needs to be properly calibrated before it was used for InSAR
atmospheric correction. Second, the MODIS water vapor prod-
uct only works on cloud-free conditions. Finally, although the
accuracy of the MODIS IR water vapor product was improved
after being calibrated with DLCM, it can only gain inferior
reduction of atmospheric artifacts to the correction with GPS
observation. The most possible reason may lie in the large
inherent errors for the MODIS IR retrievals. However, it is
evident that the developed DLCM can improve the accuracy of
IR retrievals greatly, so further improvements may be achieved
if a more efficient calibration model can be found, which would
be an important issue in future.
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