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The application of SAR interferometry (InSAR) in topographic mapping is usually limited by geometric/
temporal decorrelations and atmospheric effect, particularly in repeat-pass mode. In this paper, to
improve the accuracy of topographic mapping with high-resolution InSAR, a new approach to estimate
and remove atmospheric effect has been developed. Under the assumptions that there was no ground
deformation within a short temporal period and insignificant ionosphere interference on high-frequency
radar signals, e.g. X-bands, the approach was focused on the removal of two types of atmospheric effects,
namely tropospheric stratification and turbulence. Using an available digital elevation model (DEM) of
SAR interferomet moderate spatial resolution, e.g. Shuttle Radar Topography Mission (SRTM) DEM, a differential interfer-
ry . . . . .
Topographic mapping ogram was firstly produced from the high-resolution InSAR data pair. A linear regression model between
SRTM phase signal and auxiliary elevation was established to estimate the stratified atmospheric effect from
Atmospheric stratification the differential interferogram. Afterwards, a combination of a low-pass and an adaptive filter was
Atmospheric turbulence employed to separate the turbulent atmospheric effect. After the removal of both types of atmospheric
effects in the high-resolution interferogram, the interferometric phase information incorporating local
topographic details was obtained and further processed to produce a high-resolution DEM. The feasibility
and effectiveness of this approach was validated by an experiment with a tandem-mode X-band COSMO-
SkyMed InSAR data pair covering a mountainous area in Northwestern China. By using a standard Chinese
national DEM of scale 1:50,000 as the reference, we evaluated the vertical accuracy of INSAR DEM with
and without atmospheric effects correction, which shows that after atmospheric signal correction the
root-mean-squared error (RMSE) has decreased from 13.6 m to 5.7 m. Overall, from this study a signifi-
cant improvement to derive topographic maps with high accuracy has been achieved by using the
proposed approach.
© 2013 International Society for Photogrammetry and Remote Sensing, Inc. (ISPRS) Published by Elsevier
B.V. All rights reserved.
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1. Introduction

The repeat-pass mode is widely employed to acquire the InSAR
data pair. However, the application of repeat-pass InSAR in topo-
graphic mapping is usually limited by geometric/temporal decor-
relations and atmospheric effects. In order to minimize the
adverse impacts of geometric/temporal decorrelations, SAR satel-
lite constellations such as ERS-1/2 or COSMO-SkyMed were formed
and operated (Rufino et al., 1998; Covello et al., 2010). In the tan-
dem mode, a short revisit period of only one day or less can be
achieved, which would minimize the temporal decorrelation. How-
ever, it brings the atmospheric artifacts to be a major problem in
repeat-pass InSAR topographic mapping (Ferretti et al., 1999;
Crosetto, 2002).

* Corresponding author.
E-mail address: luzhang@whu.edu.cn (L. Zhang).

The atmosphere between SAR sensor and ground targets usually
varies across the spatial coverage of SAR data. In addition, temporal
variation of the atmosphere always exists between two passes.
Both variations can adversely influence the accuracy of the In-
SAR-derived DEM. The contribution of the atmospheric effect is
mainly due to the troposphere and the ionosphere. The radar signal
is delayed when passing through the troposphere. Temporal
change of radar signal delay can introduce significant errors. For
example, a temporal change of 20% in the relative humidity of
the troposphere could lead to a vertical error up to 100 m (Zebker
et al., 1997). The ionosphere interference is inversely proportional
to the square of radar frequency, hence for the X-band (9.6 GHz)
data used in this study, the ionospheric effect could be minimal
or be ignored (Hanssen, 2001; Brcic et al., 2011).

To remove the atmospheric effect in DEM production using re-
peat-pass InSAR data, researchers have explored the multi-baseline
InSAR, times series InSAR, e.g. Permanent Scatterer InSAR
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(PSINSAR™) (Ferretti et al., 2001), and auxiliary data based meth-
ods. For the multi-baseline InSAR method, multiple interferograms
are merged using a weighted average or a joint estimation (Knopfle
et al., 1998; Ferraiuolo et al., 2009). During the merging, the atmo-
spheric effect from each observation is assumed to be independent
and randomly distributed temporally. The averaging process can
reduce the atmospheric effect, whenever the number of observa-
tions is large enough. The PSInSAR approach can generally achieve
submeter DEM accuracy for deformation mapping, but it requires
numerous repetitive observations, typically more than 20 scenes
(Ferretti et al., 2001). The accurate estimation of the height is
achieved at the location where there is a permanent scatterer.
Interpolation is needed for the correction of the atmospheric effect
within an area of interest. Thus, a large number of permanent scat-
terers per unit area is critical. The high-density requirement is
hardly met especially in mountainous areas. The methods based
on auxiliary data such as water vapor product from multispectral
remote sensing data can achieve nearly 20-40% improvement of
the accuracy of the InSAR-derived DEM (Ding et al., 2008). How-
ever, the water vapor product is only useful under a cloud free con-
dition, and few multispectral sensors (nadir-looking) can work
simultaneously with SAR (side-looking).

In this paper an alternative approach to remove the atmo-
spheric effect has been developed for high-resolution DEM
generation under the conditions that only an interferogram of
high-resolution and an SRTM DEM of moderate resolution are
available. In particular, with the requirement of a short temporal
baseline we reasonably assume no ground surface deformation.
Using the SRTM DEM, we derive a differential interferogram from
the high-resolution InSAR data pair. Phase information in such a
differential interferogram is comprised of not only local topo-
graphic details, but also the temporal difference of atmospheric
effects between two passes. By fully exploiting the characteristics
of spatial-temporal distribution patterns of topographic and
atmospheric phase signals, a two-stage approach is developed to
separate atmospheric phase components from the differential
interferogram. As a result, refined topographic phase information
is obtained, and finally the high-resolution DEM can be generated.

2. Methodology
2.1. Phase in the differential interferogram

The phase of a resolution cell in the differential interferogram or
interferogram for short can be decomposed as five components
(Ferretti et al., 2001),

¢’diff = d’etopo + ¢’atm + ¢def + ¢orbit + d)noise (1)

where ¢¢opo is the topographic phase that is mainly caused by the
height error in the inaccurate auxiliary DEM. ¢¢opo is the informa-
tion useful for us to derive the high-resolution DEM. The rest of the
phase terms are undesirable and should be removed in order to
produce accurate DEM products. Particularly, ¢, is the phase con-
tributed from the atmospheric phase screen (APS), which is caused
by the change of radar signal delay between two acquisitions. ¢qef is
related to the ground deformation, which can be ignored in topo-
graphic mapping with an InSAR pair of a favorite temporal baseline,
e.g. one or several days. ¢ombit is the phase due to orbit error. It is
usually shown as a systematic phase trend that can be removed
by height calibration (Ferretti et al., 2001; Liao et al., 2007). ¢noise
is the phase caused by noise such as the decorrelation between
the InSAR pair and thermal noise of the SAR sensor. It can be greatly
reduced through interferogram filtering (Goldstein, 1998). Hence,
the contribution from ¢gef, Porbic aNd Pnoise Can be significantly
reduced or ignored, which let only ¢,y remain.

2.2. Estimation of the atmospheric effect

It has been suggested by Hanssen (2001) that the atmospheric
effects in a SAR interferogram can be categorized into vertical
stratification and turbulence mixing. Thus, ¢.m can be decom-
posed as a stratification component and a turbulent one. Based
on the physical and statistic properties, a phase-to-elevation
regression and a spectral filtering are proposed to estimate and re-
move these two APS components separately.

2.2.1. Estimation of the stratification effect

The phase delay caused by vertical stratifications of atmosphere
is determined by the refractivity profile along the path of radar
wave propagation. With the assumption of a horizontally homoge-
neous atmosphere within an area of interest and a zenith refractiv-
ity of N(z) as a function of altitude z, the phase delay of acquisition i
can be written as (Hanssen, 2001)

4r
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Therefore, the stratified APS ¢4 is related to the difference of
N(z) between acquisitions i and j as
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where h is the elevation value of the ground target, A is the radar
wavelength, and 0 is the radar look angle. Clearly, ¢sa is a function
of h and it is highly correlated with topography. Since the zenith
refractivity difference AN(z) is typically not available, ¢g,c cannot
be directly estimated using Eq. (3). Alternatively, we estimate ¢gat
within the interferogram by a linear model (Chaabane et al., 2007;
Doin et al., 2009) between stratified APS ¢oc and elevation h as

Pstrat = kh+c (4)

With the assumption that the observed phase (¢ops) Of the inter-
ferogram is ¢sar, h can be derived from the reference SRTM DEM.
The estimation of phase-elevation ratio k is a key step and can be
considered as an optimization problem defined by an objective
function in the form of

k = arg max {

> Piexp{i(ons; — khi)} } (5)

where subscript i indicates the i-th observation or sample (i=1, 2,
..., n). The magnitude of coherence, p; is used as the weight for
the i-th sample in the regression. To avoid phase unwrapping we
performed the optimization in the complex domain as suggested
by Chaabane et al. (2007). In general, an optimal solution can be ob-
tained using the generalized pattern search algorithm that does not
require any information about the gradient of the objective function
(Audet and Dennis, 2003). More importantly, as shown in Sec-
tion 3.2, the strategy was able to derive satisfactory results. After
the estimation of parameter k, the constant term c in Eq. (4) can
be obtained by simply computing the phase of the complex sum
in Eq. (5).

2.2.2. Estimation of the turbulence effect

Turbulent mixing resulted from turbulent processes in the tro-
posphere will cause three dimensional (3D) spatial heterogeneity
and temporal variability in the refractivity, and it happens in both
flat and mountainous areas. The turbulence effect can be character-
ized by the power spectrum after the spatial Fourier transform ap-
plied to the interferogram (Hanssen, 2001). The spectrum reveals
the energy distribution of the effect at different spatial scales.
Hanssen (1998) analyzed a set of 26 differential interferograms
from ERS tandem interferometry, and found that the spectra of
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the interferograms following a power-law of —5/3 for a spatial ex-
tent larger than 2 km, —8/3 for an area between 0.5 km and 2 km,
and —2/3 for a spatial extent less than 0.5 km. For spatial extents
larger than 0.5 km, the power-law structure is from turbulence ef-
fect, while for those smaller than 0.5 km the structure is likely from
the SRTM DEM error and decorrelation rather than atmospheric
turbulence (Hanssen, 2001). Therefore, in the differential interfer-
ogram the turbulent APS ¢,y is a low-frequency signal, while
topographic phase ¢gwopo is a high-frequency one. Since the APS
from troposphere is independent of radar wavelength, the X-band
interferogram in this study should show a similar phenomenon as
observed from C-band ERS data (Hanssen, 1998).

According to the spectral characteristics mentioned above, we
estimate the turbulence effect by using a frequency filter G(u, v)
composed of a low-pass filter L(u, ») and an adaptive filter H(u, v).
u, v are azimuth and range variables or indices in the spatial fre-
quency domain, respectively. Both filters L(u, v) and H(u, v) work to-
gether in the estimation of turbulence effect and they share the
same input samples. It should be noted that the filter G(u, v) is orig-
inally proposed by Hooper (2006), and is used to extract spatially
correlated phase with the Stanford Method for Persistent
Scatterers (StaMPS). In StaMPS, G(u,v) is implemented as
[L(u, v) + p(H(u, v)/H*(u, v) — 1)4]. Coefficients p and q vary between
0 and 1. Both p and q are empirically determined. H(u, v) is an adap-
tive filter that determines the pass band based on the dominant
frequencies of input. It is defined as

H(u, v) = [S(u, )| (6)

where S is a two-dimensional Fourier transform of complex differ-
ential phase (Goldstein and Werner, 1998). H*(u, v) is the median
value of H(u,v). Negative values of (H(u,v)/H*(u,v) — 1) are set to
zero in Hooper’s implementation. This operation reduces the band-
width of H(u, v) and may result in over-smoothing. To preserve the
bandwidth of H(u, v), we modify the filter G(u, v) as

H(u,v) \*
))) @

G(u,v) =L(u,v)+p (W

The low-pass filter L(u, v) is used to estimate the turbulence ef-
fect with a spatial extent larger than the thickness of the turbulent
layer, i.e. about 2 km, which is the depth of the convective boundary
layer (Hanssen, 2001). Then, the cutoff value of the spatial frequency
of L(u, ) is set as 0.5 cycle/km. The adaptive filter H(u, v) is used to
estimate the turbulence effect with a spatial extent smaller than
2 km, which are the dominate signals in a local area of 2 x 2 km?.
The interferogram is then divided into consecutive subareas of
2 x 2 km?. The response of H(u, v) is calculated from each subarea
using Eq. (6) so that the bandwidth based on the local atmospheric
signals was adaptively determined. The coefficient pair (p,q) can be
empirically determined through a trial-and-error approach. How-
ever, as discussed later in Section 4, the choice of a non-zero pair
(p,q) might be not so critical in the use of filter G(u, ») in each subar-
ea. Therefore, for the purpose of simplifying calculation, we use
p =q=1.0in the estimation of the effect of the atmospheric turbu-
lence on the phase, and discuss possible consequences.

2.3. Study area and datasets

The study area is about 10 x 10 km? in the Qilian Mountains, lo-
cated in the northwestern part of China (39°35’'N and 96°27E). The
elevation varies from 3100 to 4300 m above the mean sea level.
The area is near the north of the Mengke Glacier. It has a landform
of mountains with steep slopes, and glacial fluvial deposition near
the foot of the mountains. This place is a good candidate for InSAR
topographic mapping because it is remote and diverse in relief
types. In addition, the elevation in most parts of the study site is

Fig. 1. The amplitude image of COSMO-SkyMed data acquired on 3 June 2009.

below the snow line of about 4267 m, and the InSAR data pair is ac-
quired in June. Thus, the snow and ice cover should be minimal.
Therefore, the impact of glacier dynamics on topographic mapping
could be marginal or be ignored.

An InSAR image pair was acquired by COSMO-SkyMed on 3 June
2009 and 4 June 2009. The nominal resolution of the SAR data was
3 m in ground range. The normal baseline of the pair was about
63 m resulting in a height of ambiguity being —164 m. Fig. 1 shows
the amplitude image. Two fan-shaped glacial fluvial deposits were
clearly shown and located near top-middle and top-right. Two
tracks of the accumulation and ablation zones (a V-shape) were
near the bottom toward right.

The reference DEM was the SRTM DEM with a spatial resolution
of 3 arcsecond or about 90 m with a circular absolute geo-location
error within +8.8 m for individual cells. The linear vertical absolute
height error in Eurasia was declared to be within +6.2 m, but the er-
ror depends on the topography (Rodriguez et al., 2006). The DEM
provided an estimation of the elevation for the area at a moderate
resolution, and was further used to simulate an interferogram as
mentioned previously. Due to the difference in resolution between
the real and simulated interferograms, the differential interfero-
gram obtained exhibited a great deal of phase information partially
corresponding to local topographic variations that could not be ren-
dered by the SRTM DEM. As the InSAR data pair was acquired only
one-day apart, we can reasonably assume that there was no ground
surface deformation within the study area. Therefore, with the APS
estimated and removed from the differential interferogram, we can
produce high-resolution DEM with the combined use of high-reso-
lution InSAR data and SRTM DEM. Furthermore, the accuracy assess-
ment for the resulting DEM can be used to verify the effectiveness of
the proposed method for APS removal.

For the accuracy assessment for the high resolution DEM, a stan-
dard Chinese national DEM of scale 1:50,000 provided by the Na-
tional Geomatics Center of China is used as the reference data.
This DEM was produced in 2007 by aerial photogrammetry coupled
with GCP measurements. It has a spatial resolution of 25 m. Its ver-
tical error is specified to be within 10 m. The 1:50,000 DEM is cur-
rently the finest DEM over the study area available in China.

3. Experimental results
3.1. Differential interferogram
With the COSMO-SkyMed InSAR data pair, an interferogram

was created. To reduce the noise in the interferogram, we
multi-looked it by a factor of 3 in both azimuth and range
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dimensions. Thus, the nominal spatial resolution of the interfero-
gram was 9 m. Then, after the removal of the reference phase of
earth ellipsoid, the interferogram was superimposed on the SAR
amplitude data and shown in Fig. 2a. A gradual variation of the
phase in the interferogram occurred in the top part where glacial
fluvial deposition exists. A rapid phase change was mainly near
the bottom where the terrain is rugged and the relief is large.
The SRTM DEM was used to simulate another interferogram within
the study area. Fig. 2b is the overlay of the interferogram to the
same amplitude image. When compared with the real interfero-
gram, the simulated one might lack high-frequency components
or there was some loss of details due to the moderate resolution.
However, in both interferograms, major spatial patterns were sim-
ilar or there was a strong agreement in the components of low spa-
tial frequency.

Applying a difference operation to both interferograms, we ob-
tained the differential one. Again, with the same amplitude data as
background, the result is given in Fig. 2c. Overall, the interferogram
resembles the amplitude data (Fig. 1) that renders topographic fea-
tures due to the side-looking geometry of SAR imaging. Also, be-
cause of the presence of stratified APS, ¢sac in Eq. (3) is highly
correlated with the elevation. The stratified APS dominates the dif-
ferential interferogram and could obscure the atmospheric turbu-
lence and topographic phase ¢gtopo.

3.2. Estimation and correction of the stratified APS

To estimate the stratified APS, we extracted cells with high
coherence from the differential interferogram as they are less

affected by the phase noise caused by decorrelations as well as
thermal noises of the SAR system. In addition, elevation values of
the cells were extracted from the SRTM DEM. Then, a scatterplot
of the differential interferometric phase and elevation data was ob-
tained, as shown in Fig. 3a. There was a clear linear relationship be-
tween both variables. Because the regression of Eq. (4) was
performed using the nonlinear wrapped phase data, an iterative
procedure was needed to estimate the intercept and slope param-
eters. With the generalized pattern search algorithm (Audet and
Dennis, 2003), a linear model that meets requirements of Eq. (5)
was obtained as

¢srar = —0.010094h + 1.280681 (8)

After the phase wrapping, the model was plotted as the solid
lines in Fig. 3a. There was a good fit of the data overall with some
exceptions. For instance, when the elevation value was over
4100 m the fit of the model to the data may fall apart. Such an
exception could be attributed to the turbulent APS in high moun-
tains. Rapid change in elevation could make atmospheric turbu-
lence severe.

With Eq. (8) and elevation data from the SRTM DEM, ¢srac Was
modeled within the entire study area. The overlay of ¢g,c On the
amplitude image was shown in Fig. 3b. The phase value was re-
wrapped, and the spatial pattern of stratified APS was very similar
to that of the differential interferogram shown in Fig. 2c. In other
words, the similarity supports that the stratified APS dominated
as stated above. Subtracting ¢ from the differential interfero-
gram, we obtained the interferometric phase without the stratified
APS (Fig. 3¢). Obviously, the turbulent APS was revealed, and ¢¢copo

Fig. 2. Overlays on a SAR amplitude image using (a) interferogram of InSAR pair, (b) interferogram simulated from SRTM DEM, and (c) differential interferogram.
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Fig. 3. Estimation and correction of atmospheric effects, and DEM in SAR coordinate system. (a) A scatterplot of the differential phase as a function of elevation. (b) Modeled
stratified APS superimposed on SAR data. (c) Interferogram after removal of stratified APS. (d) Estimated turbulent APS. (e) Interferogram after removal of both stratified and

turbulent APS and (f) InSAR derived high-resolution DEM after APS correction.

could also be highlighted. It is noteworthy that the phase image
after the removal of stratified APS cannot be overlaid on the ampli-
tude image because both data contain detailed topographic
information.

3.3. Estimation and correction of the turbulent effect, and DEM
generation

To remove the small-scale turbulent APS, the interferogram was
segmented into consecutive subareas with size of 2 x 2 km?. The

response of H(u, v) was calculated from the power spectrum of each
subarea using Eq. (6) so that the bandwidth based on the local
atmospheric signals was adaptively determined. The bandwidth
of L(u, v) was set as 0.5 cycle/km and p=q =1 as described in Sec-
tion 2.2.2. With G(u, v), we estimated the turbulent APS in Fig. 3c on
a subarea-by-subarea basis. The result is shown in Fig. 3d. After-
wards, by subtracting the estimated turbulent APS from the inter-
ferogram of Fig. 3c, we obtained the interferogram after the
removal of both stratified and turbulent APS (Fig. 3e). Therefore,
the remaining phase in Eq. (1) was topographic phase, ¢gtopo-
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Indeed, topographic details of the terrain with steep slopes were
clearly depicted in Fig. 3e. This high-resolution interferogram can
be used to create the high-resolution DEM.

Using the SRTM DEM data as a base reference, we re-scaled the
elevation values within the high resolution DEM to the elevation
data above the mean sea level. Fig. 3f shows the DEM in SAR azi-
muth and slant-range coordinates. Then, the DEM was geocoded
and projected on to the WGS84/Universal Transverse Mercator
(UTM) coordinate system of North zone 47 (Geudtner and
Schwadbisch, 1996). The output cell spacing was set as 10 m in both
Northing and Easting. A color-coded hill-shading image of the
resulting DEM is shown in Fig. 4a. The glacial fluvial deposition
was located at the northern portion of the area, while the rugged
terrain of the Qilian Mountains remained in the south. The DEM
might well depict the general topographic pattern in the area.

3.4. Assessment of the derived high-resolution DEM

The Chinese national 1:50,000 DEM was used in the assessment
as reference by assuming it to be free of error. Due to different cell
sizes, the InSAR-derived DEM was resampled to 25 m resolution.
The residual after the differentiation between reference DEM and

Difference(m)

corrected InSAR-derived DEM is shown in Fig. 4b. 93.3% of cells
were within the interval of #+10 m, which is within the vertical
accuracy limits of the 1:50,000 DEM. The mean value and standard
deviation (STDEV) of the residual were 1.1 m and 5.7 m, respec-
tively. The STDEV can be taken as the root-mean-square error
(RMSE) of the InSAR-derived DEM.

In comparison, the differentiation between the InSAR-derived
DEM without atmospheric artifact correction and the 1:50,000
DEM has also been done. As shown in Fig. 4c, the spatial correlation
pattern is mainly contributed by atmospheric artifacts. Moreover,
the mean of residual increased to 1.7 m and STDEV to 13.6 m.
There are only 54.7% of pixels within the interval of +10 m accu-
racy limits. It is noteworthy that the assessment performed is just
a preliminary analysis. Further assessment will be carried out if a
superior DEM such as a LiDAR DEM is available. Nevertheless, the
effectiveness of our APS removal approach has been verified, and
a satisfactory high-resolution DEM in rugged terrain was created.

4. Discussion

In Eq. (7), p determines the relative proportion of H(u, v) related
to L(u, v), and q represents the degree of smoothing of H(u, v) within

(@)

Elevation(m)
4330

(©)

Difference(m)

Fig. 4. (a) High-resolution InSAR DEM in UTM coordinate system. (b) InSAR DEM with atmospheric correction minus 1:50,000 national DEM, and (c) InSAR DEM without

atmospheric correction minus 1:50,000 national DEM.
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Fig. 5. (a) Simulated turbulent APS using a power spectrum of random numbers scaled with the power-law model. (b) Estimated turbulent APS at p=1.0 and g =0.5.

a subarea (Goldstein and Werner, 1998). p or g varies from 0 to 1. A
high value of p or ¢ means a large proportion or strong effect of
smoothing, respectively. To determine the optimal combination
of p and q values, we first simulated an interferogram that consists
of turbulent APS and topographic phase. Such an interferogram
could be considered equivalent to the one in Fig. 3c. A simulated
APS has been generated and shown in Fig. 5a, which was using a
power spectrum of uniformly distributed random numbers that
was scaled with the empirical atmospheric model presented by
Hanssen (2001). The phase could be characterized as random var-
iation. To derive the interferogram that contains components of the
simulated APS and topographic phase, the following four major
steps have been done.

(i) simulating an interferogram from a DEM,
(ii) filtering the interferogram with a low-pass filter to obtain a
low resolution one,
(iii) subtracting the interferogram of (ii) from that of (i), and
(iv) modulating the interferogram of (iii) with the simulated
APS.

Then, G(u, v) with different combinations of p and q was used to
estimate the APS from the designed differential interferogram. The
STDEV of the difference between the simulated APS and each esti-
mated one has been computed. An optimal pair (p,q) was deter-
mined by minimization of the corresponding STDEV. In
particular, 10 discrete values, i.e. 0.1, 0.2, ---, 1.0 were assigned
to p and q, respectively. Therefore, 100 estimated APS were ob-
tained by employing different combination of p and q. Then, the
difference operation between each estimated APS in the set and
the simulated APS was carried out, and the resulting STDEVs were
analyzed to detect the minimum value. The optimized filter was
found at p=1.0 and q=0.5 with a corresponding STDEV of
0.103 rad. The estimated APS is shown in Fig. 5b. However, we
noted that although the maximum value of STDEV was 0.149 at
p=0.1and q = 1.0, the majority of the values was not far away from

Table 1

0.103 rad. In particular, with p = q = 1.0, the STDEV was 0.113 rad.
The absolute difference between this STDEV and the smallest one
was 0.010 rad. The relative difference was 0.010/0.103 or about
only 9.7%. With the height ambiguity being —164 m in this study,
this phase difference corresponds to a height change of approxi-
mately 0.26 m, which could be considered as small enough to be
ignored in large-area topographic mapping.

To quantify whether substantial difference existed in the pro-
duction of high resolution DEM with different pairs of p and q, we
applied G(u, v) with three pairs (p, q) of different values to the inter-
ferogram of Fig. 3c to estimate the turbulent APS and created three
APS-corrected DEMs accordingly. For the first and second pairs, p
was set as 1.0, while g was 0.5 and 1.0 respectively. For the third
pair, p takes a zero value. For convenience, we named the three In-
SAR-derived DEMs as DEM A, DEM B and DEM C, separately. For each
InSAR-derived DEM, a differencing operation between it and the ref-
erence 1:50,000 DEM was conducted, and the results were statisti-
cally tabulated in Table 1. Furthermore, STDEV of the differences for
the three InSAR-derived DEMs were also given in Table 1.

We can learn from Table 1 that percentages within each interval
for DEM A and DEM B are significantly higher than the correspond-
ing one for DEM C. For example, the percentages of difference value
<+5.0 m are 68.5% and 66.6% for DEM A and DEM B respectively,
while for DEM C it is only 57.6%. A similar pattern shows up in
the STDEV of the differences, for which an evidently larger stan-
dard deviation of 7.1 m for DEM C than those for DEM A and
DEM B is observed. This comparison reveals that the adaptive com-
ponent of the filter G(u, v) plays a critical role in the compensation
of small scale features or components of high spatial frequency
after filtering by L(u, ). Hence, this filter component should be in-
cluded in the estimation of turbulent APS.

On the other hand, by comparing the results for DEM A and
DEM B, we find that although the filter G(u,») with p=1.0 and
q=0.5 shows slightly better performance than that with
p =q=1.0, the differences between them are actually subtle. Con-
sequently, the choice of non-zero values for p and q only has a

Cumulative percentages of height differences between three InSAR-derived DEMs and the reference 1:50,000 DEM.

InSAR-derived DEM Cumulative percentage within

Standard deviation

+1.0m +2.0m +3.0m +5.0m +10.0m
DEM A (at p=1.0,q=0.5) 14.8 30.7 45.8 68.5 93.6 5.6 m
DEMB (atp=q=1) 14.5 29.5 441 66.6 933 5.7m
DEM C (at p=0) 124 24.7 36.6 57.6 87.3 7.1m
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minor impact on the turbulent APS estimation. In particular, with
the combination of p = g = 1.0, we not only got a satisfactory result
but also greatly simplified the process of DEM generation.

5. Concluding remarks

An effective but simple approach for the correction of both
stratified and turbulent atmospheric effects on the high-resolution
DEM generation has been developed. A high-resolution DEM was
generated using only one pair of repeat-pass COSMO-SkyMed In-
SAR data. In the DEM derivation, the ground deformation was
not considered due to the use of the InSAR pairs with a short tem-
poral baseline of one or several days. In addition, the ionosphere
effect on the radar signal was negligible due to the short wave-
length of X-band adopted by the COSMO-SkyMed SAR sensor.

The major steps in producing the DEM are summarized as fol-
lows. An interferogram was created using the InSAR pair. With an-
other interferogram simulated from the available SRTM DEM, a
differential interferogram was obtained. A linear regression model
was then established to use the differential interferogram and
SRTM DEM to estimate the stratified APS. A combination of a
low-pass and an adaptive filter was employed to further separate
the turbulent APS. After the removal of both types of atmospheric
effects, the high-resolution DEM could be produced from the re-
fined topographic phase following the procedures of phase
unwrapping, phase to height conversion, geocoding and projection.
The effectiveness of the proposed approach has been demonstrated
using a tandem-mode COSMO-SkyMed InSAR data pair covering a
mountainous area in Northwestern China. The RMSE of the DEM
resulting from this approach was only 5.7 m with reference to a
standard Chinese national 1:50,000 DEM. In contrast, the RMSE ob-
tained without consideration of atmospheric effect removal is
13.6 m.

Uniqueness of this approach includes letting p=q=1.0 in the
combined filter. A user could not only skip the empirical determi-
nation of p and g but also obtain satisfactory DEM. Thus, the proce-
dure in the production of high-resolution DEM is simplified, which
is of great advantage and potential. Another one is the combined
use of one InSAR pair and a moderate-resolution reference SRTM
DEM. The spatial resolution of the InSAR-derived DEM depends
only on the resolution of the InSAR data. With the availability of
the SRTM DEM, this method offers an alternative and fits niches
where DEM of fine resolution is not likely available to the public
or even does not exist. However, one caution should be kept in
mind that the SRTM DEM was acquired in year 2000, and covered
land surface between 60°S and 60°N latitudes on the Earth. When
applying the algorithm to seismically active area or land outside
the 60°S-60°N belt, the SRTM DEM could be out of date or unavail-
able. Replacing it with the recently released global ASTER GDEM,
one could resolve the coverage issue. Furthermore, the ASTER sen-
sor is operational, and multi-temporal ASTER GDEMs should be
possible.
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