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Abstract. The accuracy of a digital elevation model (DEM) generated from synthetic aperture
radar (SAR) interferometry (InSAR) crucially depends on the length of the perpendicular baseline between SAR acquisitions. ERS-2 and Envisat cross-InSAR (CInSAR) are superior methods
to create high precise DEM because the perpendicular baseline can be extended sufficiently long
by compensating a slight difference in radar carrier frequency. We have assessed the accuracy of
DEM generated by using ERS and Envisat satellite CInSAR techniques using the ice, cloud, and
land elevation satellite global elevation data, which has an absolute vertical accuracy of about
2 cm. The study area is high flat land covered up with ice and snow in northern Alaska. Our result
shows that the CInSAR-derived DEM can achieve an accuracy of about 0.50 m. This is much
better than that of the National Elevation Dataset (DEM) (1.95 m) and is slightly lower than that
of the airborne InSAR DEM (0.36 m). © 2015 Society of Photo-Optical Instrumentation Engineers
(SPIE) [DOI: 10.1117/1.JRS.9.096065]
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1 Introduction
Digital elevation models (DEMs) are required for many applications, such as volcanic activity
mapping,1,2 watershed and groundwater monitoring,3 land subsidence measurement,4–6 urban
studies,7–9 etc. Various remote sensing data and techniques have been used to construct
DEMs, which include stereomapping,10–12 LIDAR technique,13,14 and interferometric synthetic
aperture radar (InSAR).15–18 The InSAR method can generate a precise DEM from the InSAR
phase that is mainly contributed by the topographic height.19 It can be also used for the measurements including surface displacements, land topography, land changes, land subsidence/
uplift, water levels, soil moisture, snow accumulation, stem volume of forest, etc.20 Using
this technique, the Shuttle Radar Topography Mission was carried out to produce a global
DEM for the region between the latitudes of N60° and S56°,17 and the TanDEM-X mission
can meet the challenge of delivering a global DEM with absolute and relative vertical accuracies
of 10 and 2 m, respectively.21,22
However, the DEM generation based on repeat-pass InSAR imagery has limitations because
it largely depends on (1) temporal decorrelation, (2) baseline decorrelation, and (3) atmospheric
artifact.15,17 The temporal decorrelation is caused by surface modifications during the acquisition
time interval of the InSAR pair. A long time interval of repeat-pass SAR acquisitions can cause
loss of coherence, especially over snow/ice and vegetated terrains. The baseline decorrelation
depends on the length of the perpendicular baseline. This may dominate any other decorrelation
factors in a rugged terrain. A shorter perpendicular baseline can preserve better coherence in an
interferogram, but the vertical accuracy of InSAR-derived DEM is worse due to the larger height
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ambiguity. This trade-off makes it difficult to generate a precise DEM with repeat-pass InSAR
images. The atmospheric artifact is caused by the difference of atmospheric delays between two
SAR acquisitions and can result in a large-scale DEM error.17
If SAR images used for an InSAR pair are simultaneously obtained, the temporal decorrelation and the atmospheric artifact can be fully ignored. Nevertheless, the trade-off between the
perpendicular baseline and the coherence cannot be overcome by the conventional InSAR
method. Recently, a cross-interferometric synthetic aperture radar (CInSAR) technique based
on ERS-2 and Envisat InSAR images has been demonstrated.23–28 This technique is theoretically
capable of generating a submeter-accuracy DEM because it overcomes the trade-off between the
perpendicular baseline and the coherence under the condition that the effect of the perpendicular
baseline can be exactly compensated by a difference in radar carrier frequency between the two
SAR acquisitions. This ERS-2 and Envisat satellite CInSAR technique has the advantages that
(1) the temporal decorrelation and the atmospheric artifact can be mostly ignored because the
CInSAR pair is acquired with a short repeat-time of about 29 min and (2) the small height ambiguity can be achieved along with high coherence for a CInSAR interferogram with a baseline of
∼2 km. A feasibility test and theoretical accuracy have been investigated for a high precise DEM
generated using the CInSAR method,23,25,26 but the accuracy assessment of the CInSAR-derived
DEM has not been performed by using precise elevation data which have enough points available
to estimate statistical figures.
In this paper, we have conducted a feasibility test about the application of the ERS and
Envisat satellite CInSAR technique to precisely generate DEM over high flat land covered
up with ice and snow in northern Alaska. Accuracy of the CInSAR-derived DEM has been
assessed using the ice, cloud, and land elevation satellite (ICESat) global elevation data,
which has an absolute vertical accuracy of about 2 cm.29 We have, respectively, assessed the
accuracy of the CInSAR-derived DEM using the ICESat data of summer and winter seasons
to make sure of the snow cover effect. We have used an optimal CInSAR processing procedure
to generate the highly precise DEM, which is designed to minimize the phase distortion by the
orbit error and to maximize the phase unwrapping efficiency. We have also compared the
CInSAR DEM with an airborne InSAR DEM with a spatial resolution of 5 m and vertical
error of 1 m over northern Alaska.30 In addition, we have demonstrated the feasibility of identifying and correcting artifacts in the existing DEM using the CInSAR technique. Our investigations have demonstrated that the CInSAR technique can create DEMs of submeter
accuracy over high flat land covered with ice and snow.

2 Methodology
2.1 Description of Cross-Interferometry
The SAR system observes the Earth’s surface under a specific radar carrier frequency and incidence angle. If the incidence angle or the radar carrier frequency is changed, the range spectrum
will be changed.31 The coherence between two acquisitions can be preserved when the spectra of
the two signals are overlapped. The frequency shift of the range spectrum (Δf) can be defined as31
Δf ¼ −

cB⊥
;
λρ tanðθ − δ − αÞ

(1)

where c is the velocity of light, B⊥ is the perpendicular baseline, λ is the radar wave length, ρ is the
slant range distance, θ is the incidence angle, α is the terrain slope angle, and δ is the inclination
angle of the baseline. The frequency is a function of the perpendicular baseline. If the
perpendicular baseline is small, the frequency shift is small and then the spectra of the two signals
would be overlapped. Otherwise, the frequency shift is large so that the spectra of the two signals
would not be overlapped. However, the large frequency shift can be compensated by a frequency
difference between two SAR acquisitions, hence the spectra of the two signals can be overlapped.
That is, if the difference of the carrier frequencies between ERS-2 and Envisat is very close to the
frequency shift calculated from Eq. (1), the spectra of ERS-2 and Envisat can be overlapped. The
creation of a coherent ERS-2 and Envisat CInSAR interferogram is based on this principle.
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The cross-interferometric phase (φcross ) between master and slave images can be defined as
φcross ¼

4π
4π
ðf ρ − f 1 ρ1 Þ ¼
ðf Δρ þ Δf̄ρ2 Þ;
c 2 2
c 1

(2)

where ρ1 and ρ2 are the slant range distances of master and slave images, respectively, f 1 and f 2
are the carrier frequencies of master and slave images, respectively, and Δρ ¼ ρ2 − ρ1 and
Δf̄ ¼ f 2 − f 1 . The CInSAR phase can be approximated:32
φcross ¼

4π
½−f 1 B sinðθ − δ − αÞ þ Δf̄ρ2 ;
c

(3)

where B is the baseline. Hereafter, the inclination angle of the baseline (δ) will not be counted for
the sake of simplification because it is small in case of large baseline. By considering the local
curvature of the Earth and the terrain slope angle,31,32 the derivative of the CInSAR phase with
respect to the slant range (ρ2 ) can be approximated to
∂φcross
4πf 1 B⊥
4π
þ Δf̄:
¼−
c
∂ρ2
cρ2 tanðθ − αÞ

(4)

In Eq. (4), the second term on the right side corresponds to the phase gradient due to the difference of the carrier frequencies between master and slave images. Given the system parameters of
ERS-2 and Envisat, the phase gradient of the second term is about 1.3 rad∕m,26 and the phase
difference in a single range pixel of about 7.8 m reaches about 10.1 rad.
If the fringe rate across the CInSAR interferogram due to Earth’s curvature, which is caused
by the perpendicular baseline, exceeds 2π rad∕range cell, then the InSAR pair will be completely decorrelated. This is called baseline decorrelation and the length at which complete
decorrelation occurs is the critical baseline. To avoid this baseline decorrelation, the absolute
of the CInSAR phase slant range derivative should be less than


 ∂φcross  2π


(5)
 ∂ρ  ≤ Δ ;
2
ρ
where Δρ is the range resolution cell of a single range pixel. Using Eqs. (4) and (5), Fig. 1 shows
the change of the phase gradient with respect to the perpendicular baseline and the terrain slope
angle for the ERS-2 and Envisat CInSAR. A coherent CInSAR interferogram can be obtained if
the perpendicular baseline of the CInSAR pair and the terrain slope angle of the study area fall
within the coherent area (see Fig. 1). Otherwise, the CInSAR interferogram is fully decorrelated.
The coherent area of the fore slope (α > 0) is smaller than that of the back slope (α < 0) due to
the foreshortening effect of the SAR image. Supposing that the study area consists of flat terrains
of less than 5 deg, CInSAR pairs of perpendicular baseline between 1.0 and 2.6 km should be
selected for the generation of coherent CInSAR interferograms (see Fig. 1).
Topographic effects can also be obtained by a Taylor series expansion of the CInSAR phase
in Eq. (3) with respect to the radius of Earth’s spheroid (re ).32 The derivative of the CInSAR
phase with respect to the actual radius of the Earth (r) is approximated to
∂φcross
4πf 1 B⊥
ðre Þ ¼ −
;
∂r
cρ2 sin θe

(6)

where θe is the look angle to the Earth spheroid and the derivative of the second term of the right
side in Eq. (3) with respect to the actual radius of the Earth is zero because the slant range ρ2 is
considered as a constant. In Eq. (6), ∂φcross ∕∂r can be derived from ð∂φcross ∕∂θÞ · ð∂θ∕∂rÞ. The
total unwrapped phase into topographic height as a function of range is
ðφcross − φe Þ ¼ −

4πf 1 B⊥
h;
cρ2 sin θe

(7)

where ϕe is the phase difference on the Earth spheroid and h is the topographic height defined by
(r − re ). From Eq. (7), the ambiguity height of the CInSAR interferogram (ha ) can be defined as
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Fig. 1 The change of the flat-Earth phase gradient with respect to the perpendicular baseline and
the terrain slope angle in the case of the ERS-2 and Envisat cross-interferometric synthetic aperture radar (CInSAR). The graph has been created by using Eqs. (4) and (5).

ha ¼

cρ2 sin θ
:
2f1 B⊥

(8)

The equation is similar to the conventional InSAR interferogram. Given the system parameters of ERS-2 and Envisat, the ambiguity height is about 4.7 m when the perpendicular baseline
is 2000 m. This small height ambiguity enables the generation of high-precision DEM. The
measurement uncertainty of the CInSAR-derived height is theoretically calculated from
Eq. (7) using mathematical properties of standard deviation as given by


 cρ sin θe 
σ
;
(9)
σ h ¼ 2
4πf 1 B⊥  φ;cross
where σ h and σ φ;cross are the standard deviations of the height measurements and the CInSAR
phase, respectively.
The standard deviation of the CInSAR phase σ φ;cross can be defined using the maximumlikelihood estimator (MLE) as follows:33
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
1 − γ2
;
(10)
σ φ;cross ≈ pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
γ
2N L
where N L is the effective number of looks, γ is the total correlation as34
γ¼

jγ spatial;temporal j
;
1 þ SNR−1

(11)

where SNR is the system signal-to-noise ratio. The number of looks N L can be approximately
calculated by the number of azimuth and range pixels and reduced by ð1 − Δf DC ∕BD Þ, where
Δf DC is the difference of the Doppler centroids between ERS-2 and Envisat acquisitions and BD
is the processed Doppler bandwidth. The reduction is attained because the azimuth resolution
degrades with the decrease in the processed Doppler bandwidth by the azimuth common band
filtering. Similarly, SNR is also reduced by ð1 − Δf DC ∕BD Þ because the total along-track integration time decreases. A theoretical standard deviation of the CInSAR-derived DEM is shown
in Fig. 2. The nominal processing parameters are θ ¼ 23 deg, ρ ¼ 850.0 km, f 1 ¼ 5.3 GHz,
and N L ¼ 2.5. The number of looks N L is determined by the size of the average widow of 1 × 5
pixels and Δf DC ∕BD ¼ 0.5. As shown in Fig. 2, the height uncertainty rapidly increases as the
total decorrelation increases. When correlations are 0.9, 0.7, and 0.5 and the perpendicular
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Fig. 2 Theoretical height accuracy of the CInSAR-derived digital elevation model (DEM) with
respect to the decorrelation.

baseline is 1000 m, height accuracies are ∼24, 52, and 95 cm, respectively, while the height
accuracies are about 10, 21, and 38 cm, respectively, when correlations are 0.9, 0.7, and 0.5
and B⊥ ¼ 2500 m. Therefore, the performance of the DEM generation using the CInSAR
method greatly depends on the correlation and perpendicular baseline of the CInSAR pair.
This height accuracy is also degraded by the orbital error and the atmospheric distortions. A
perpendicular baseline error of 5 cm, which is the radial orbit precision of ERS,35 leads to a
height error of about 13 cm.36 In the case of a nonturbulent atmospheric condition, a temporal
variation of 30 min can delay the radar signal by about 1 mm.37 For a baseline of 2500 m, a path
delay of 1 mm corresponds to a height error of about 13 cm. Consequently, a CInSAR-derived
DEM with submeter height accuracy can be expected.

2.2 CInSAR-Derived DEM Generation Procedure
Since the height accuracy of the CInSAR-derived DEM depends on coherence, a key issue in the
CInSAR processing is to enhance coherence as much as possible. The detailed CInSAR processing flow used for this study is summarized in Fig. 3. This processing is composed of six steps:
(1) generation of single look complex (SLC) images by azimuth common band filtering, (2) coregistration of SLC images at subpixel level determined by searching for local maxima from the
two-dimensional cross-correlation surface calculated between oversampled SAR images,
(3) generation of differential CInSAR interferogram by the removal of flat-Earth and topographic
phases from an existing DEM, (4) unwrapping of differential CInSAR interferogram, (5) refinement of perpendicular baseline using a second order polynomial model, and (6) conversion of the
unwrapped CInSAR phases into topographic height.
In this CInSAR processing, a precise coregistration is performed after applying the azimuth
common band filtering, but not earlier. The azimuth common band filtering changes the imaging
geometry because the Doppler centroids of the CInSAR pair are changed by the filtering. This
means that the azimuth shifts in the interferometric pair can result from the azimuth common
band filtering. To reduce the shift effect, the azimuth shift is applied before coregistration. For
this reason, this step can reduce the phase noise level of the CInSAR interferogram. A CInSAR
interferogram is generated by complex conjugate multiplication of the master SLC image with
the coregistered slave SLC image and then the range common band filtering is applied to the
CInSAR interferogram. A differential CInSAR interferogram is generated by subtracting a synthetic interferogram from the CInSAR interferogram and is then unwrapped. The synthetic interferogram is simulated from an existing DEM and is used to remove the flat-Earth and
topographic phase contributions. In order to minimize the flat-Earth and topographic phase distortions by the perpendicular baseline error and to maximize the phase unwrapping efficiency
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Fig. 3 Block diagram of the optimal CInSAR method used for this study.

through the fringe rate reduction, we have used the differential CInSAR interferogram rather
than the CInSAR interferogram for DEM generation. Since the baseline error originates
from orbit position accuracy, the unwanted phases generated by the baseline error cannot be
removed directly from the orbital parameters. Thus, the perpendicular baseline is refined by
a second order polynomial fitting method. The residual phase of the differential CInSAR interferogram (φres ) is fitted into a second order polynomial as given by
φres ðta ; ρ2 Þ ¼ a0 þ a1 ta þ a2 ρ2 þ a3 ta ρ2 þ a4 t2a þ a5 ρ22 ;

(12)

where ta is an azimuth time and a0 , . . . , and a5 are the model parameters. The derivative of the
residual flat-Earth phase with respect to the slant range (ρ2 ) is calculated from the fitted polynomial as
∂φres
¼ a2 þ a3 ta þ 2a5 ρ2 :
∂ρ2

(13)

Then the residual baseline is calculated from the derivative of the residual flat-Earth phase as
given by
B⊥;res ¼ −

cρ2 tanðθ − αÞ ∂φres
·
;
4πf 1
∂ρ2

(14)

and the perpendicular baseline is updated by adding the residual baseline.38 The unwrapped
CInSAR interferogram is created by adding the synthetic interferogram back to the differential
CInSAR interferogram which is unwrapped using the minimum cost flow algorithm developed
by the GAMMA software. Finally, the CInSAR-derived DEM is generated by converting the
unwrapped CInSAR phase into the topographic height and correcting the X, Y, and Z offsets of
the topographic heights using ground control points (GCP) extracted from ICESat elevation data.
The offsets in the X- and Y-directions are calculated from the maximum value of correlation
coefficients between the GCP and heights extracted from the CInSAR-derived topographic
heights in adjacent positions of the GCP. After determining X and Y offsets, the Z offsets
are estimated by a first order polynomial fitting in order to remove the residual orbital error
in the CInSAR-derived topographic heights.
The study area is located near Teshekpuk Lake, northern Alaska (see Fig. 4). The area is a
high flat land covered with ice and snow and contains many lakes and rivers. The ERS-2 and
Envisat data acquired on the descending orbit of January 25, 2008, are used for this study. As
shown in Table 1, the ERS-2 and Envisat systems have different carrier frequencies as well as
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Fig. 4 Study area located near Teshekpuk Lake, northern Alaska.

different sampling and pulse repetition frequencies. The difference in carrier frequency is the
reason why the CInSAR technique can allow for the generation of a precise DEM. However, the
differences in the sampling frequency and the pulse repetition frequency make the coregistration
of ERS-2 and Envisat images more difficult because they, respectively, cause different azimuth
and range pixel sizes. The acquisition time difference, Doppler centroid frequency difference,
and perpendicular baseline between ERS-2 and Envisat systems are about 29 min, about 405 Hz
and about 2321 m, respectively. As aforementioned, we can generate a coherent interferogram
from this CInSAR pair because the interferometric coherence can be preserved if the
perpendicular baseline of the CInSAR pair is between ∼1.0 and 2.6 km in a flat area (see
Fig. 1). The system parameters of the ERS-2 and Envisat cross pair used in this study are summarized in Table 1.
The National Elevation Dataset (NED) DEM is used to generate a differential CInSAR
interferogram. This NED DEM is a seamless elevation model covering the United States at
a resolution of about 30 to 60 m with a vertical accuracy of 2.44 m.39 NED DEM has been
produced from multiple sources by minimizing the artifacts that originate from elevation discrepancies between different sources.39 An airborne InSAR DEM, which has a spatial resolution
of 5.0 m and a vertical accuracy of 1.0 m is compared with CInSAR-derived DEM and NED
DEM. The airborne InSAR DEM was generated using the Intermap STAR-3i airborne InSAR
system mounted in a LearJet 36A aircraft.29 The ICESat global elevation data are also used for
Table 1 Comparison of ERS-2 and Envisat system parameters.
System parameters

ERS-2

Carrier frequency (GHz)
Sampling frequency (MHz)

Envisat

5.3

5.331

19.0

19.2

Pulse repetition frequency (Hz)

1679.9

1652.4

Satellite velocity (m∕s)

7085.9

7086.2

Mean incidence angle (deg)

23.4

22.8

Azimuth pixel size (m)

3.9

4.0

Slant range pixel size (m)

7.9

7.8
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assessing the vertical accuracy of the CInSAR-derived DEM. The ICESat is Earth’s first polarorbiting satellite laser altimeter mission launched in February 2003. The Geoscience Laser
Altimeter System (GLAS) sensor mounted on the ICESat provides 15 products in different
data processing levels.40 Among the products, GLA14 is the land surface elevation product.
The GLA14 elevation information is estimated by fitting the centroid of the Gaussian distribution within the footprint whose diameter is about 62 m41 and its absolute vertical accuracy is
about 2 cm.30 We have used the parameters of the acquisition date, latitude, longitude, elevation,
and geoid height extracted from the GLA14 product in this study.

3 Results
The DEM generation procedure used for this study has been carried out using the ERS-2 and
Envisat CInSAR pair acquired on January 25, 2008 (see Table 2). We first apply the azimuth
common band filter to ERS-2 and Envisat raw data to minimize the difference of imaging geometries. The processed Doppler centroid is about −142.5 Hz, which is calculated by averaging the
Doppler centroids of ERS-2 and Envisat data, and the processed Doppler bandwidth is about
927.0 Hz, which is called the common band. This overcomes the difficulty in coregistrating the
CInSAR pair. The SLC images are obtained by the scaled inverse Fourier transformation
designed to preserve phase information. For the subpixel-level coregistration processing, the
Envisat image is resampled into the coordinates of the ERS-2 images, the the CInSAR interferogram is generated by the complex conjugate operation of the ERS-2 and the resampled Envisat
images, then the range common band filtering is applied to the CInSAR interferogram.
A differential CInSAR interferogram is created by subtracting the synthetic interferogram,
which is simulated from the existing NED DEM, from the CInSAR interferogram to correct the
flat-Earth and topographic phases. A multilook operation is applied by a two-step strategy such
as: (1) 0.5 × 1 looks in azimuth and range directions before the flat-Earth and topographic phase
corrections and (2) 2 × 5 looks (∼20 m × 20 m) after the corrections. This strategy might minimize the phase distortion off high fringe rates on CInSAR interferograms, which is caused by a
high flat-Earth phase gradient and small height ambiguity. Thus, this strategy can improve the
interferometric coherence as much as possible although it requires more processing time and data
storage. The differential CInSAR interferogram is unwrapped successfully as the fringe rates are
low. To estimate the perpendicular baseline error, the residual flat-Earth phase gradient is calculated from the unwrapped differential CInSAR interferogram by a second-order polynomial fitting method.37 Consequently, the differential CInSAR interferogram is updated by the refined
perpendicular baseline estimated from the residual flat-Earth phase. This update procedure is
essential to correct the orbit error.
Figure 5 represents the synthetic interferogram simulated from NED DEM and the
unwrapped differential CInSAR interferogram. It is noted that the fringes of Fig. 5 show the
scale of 0 to 4π.
The synthetic interferogram in Fig. 5(a) has high fringe rates caused by the small height
ambiguity of about 4.1 m. The fringe rates originate from the flat-Earth and topographic
phase distortions. Unwrapping this interferogram is difficult due to the high fringe rate.
Figure 5(b) represents the differential CInSAR interferogram in which flat-Earth and topographic
phases are removed by the synthetic interferogram. The mean of coherences over whole interferogram is about 0.55. The differential CInSAR interferogram shows almost zero phase in most of the
study area. However, the nonzero parts of the differential CInSAR interferogram originate from
serious errors of NED DEM. Consequently, we can identify the DEM errors in the existing NED
Table 2 Characteristics of cross-interferometric pair used in this study.
Acquisition date

Acquisition time difference (min)

Δf DC a (Hz)

B ⊥ b (m)

29.46

405

2321

January 25, 2008
a

Doppler centroid difference.
The perpendicular baseline.

b
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Fig. 5 (a) Synthetic interferogram simulated from National Elevation Dataset (NED) DEM.
(b) Unwrapped differential CInSAR interferogram.

DEM from the differential interferogram [see Fig. 5(b)]. This means that the CInSAR technique
can be used to find serious errors of the existing DEM.
The differential CInSAR interferogram is smoothed using the adaptive filter with a window
size of 64 to reduce interferometric phase noise42 and is then unwrapped. Then the unwrapped
CInSAR interferogram is created by adding back the synthetic interferogram to the unwrapped
differential CInSAR interferogram. Finally, we have generated the CInSAR-derived DEM
through a phase to height conversion and offset correction. The offset correction was performed
by using the ICESat global elevation data from the black dashed lines of Fig. 6, which shows
the DEM created by the CInSAR method over northern Alaska. The black dashed lines represent
ICESat tracks obtained during February to March 2008, which are close to the SAR data acquisition date. The estimated horizontal offsets were 3.9 and −1.3 m in the X- and Y-directions,
respectively, and Z offsets were estimated in the range from −1.5 to 1.5 m.
Figure 7 compares the CInSAR-derived DEM with the NED DEM and the airborne DEM.
[Figures 7(a), (d), (g), 7(b), (e), (h)], and 7(g), (h), (i) show the color-coded shade relief maps of
the NED, the CInSAR DEM and the airborne DEM in the boxes A, B, and C of Fig. 6, respectively. As seen in Figs. 7(a), (d), (g) and 7(b), (e), (h), the NED DEM does not show the subtle

Fig. 6 DEM created by the CInSAR method over study area of Fig. 4.
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features of rivers and valleys very well, whereas the CInSAR-derived DEM can distinctly show
these features.
Moreover, the NED DEM has artifacts that reach to about 10 m [Figs. 7(d) and 7(g)], while
the artifacts are clearly corrected in the CInSAR-derived DEM [Figs. 7(e) and 7(h)]. Although
the topographic details of the CInSAR-derived DEM are worse than those of the airborne DEM
due to lower resolution, the CInSAR-derived DEM accurately depicts the topographic difference
over the study area [Figs. 7(b), 7(e), and 7(h)].
To validate the achieved accuracy of the CInSAR-derived DEM and compare its accuracy
with the accuracies of the NED and airborne DEM, we have calculated the accuracies of the three
types of DEM using the ICESat global elevation data in the yellow dashed lines of Fig. 6. The
accuracy tests were carried out by two different ICESat global elevation datasets in order to make
sure of the snow cover effect. One was obtained from the yellow dashed lines during February to
March 2008, which is close to the SAR data acquisition date. The limited time may minimize the
variation in the snow depth. The other was obtained from the yellow dashed lines in June 2005
and 2006. The study area was not covered by snow during those dates. We cannot find the
qualified ICESat elevation data from summer seasons between 2007 and 2009, because
there are clouds over the study area in the summer season.
Figure 8 shows the errors of the NED DEM, the CInSAR DEM, and the airborne DEM
estimated by the reference to the winter ICESat elevation data of the yellow dashed lines, respectively. The DEM elevations used for the error calculation are extracted by Gaussian average of
the elevation values in a grid of 60 m × 60 m to consider the ICESat footprint diameter of about
62 m. The cell size of the grid is the spatial resolution of the DEM data and the elevation values in
the grid are extracted from the DEM by the bicubic interpolation. From this result, the corresponding DEM biases are 0.15, −0.05, and −0.53 m, respectively. The histogram of the DEM
difference from the NED DEM is different from those of the CInSAR and airborne DEMs as the
NED DEM contains artifacts.

Fig. 7 Comparison among NED, CInSAR-derived, and airborne DEM in the boxes A, B, and C of
Fig. 6: (a, d, and g) NED DEM, (b, e, and h) CInSAR-derived DEM, and (c, f, and i) airborne DEM.
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Fig. 8 Error histograms of (a) NED DEM, (b) CInSAR-derived DEM, and (c) airborne DEM. The
topographic heights of the winter ice, cloud, and land elevation satellite (ICESat) are used for the
reference values.

The bias of the airborne DEM is larger than that of the CInSAR DEM because the airborne
DEM was obtained in the summer season. The airborne DEM does not include the snow depth,
whereas the winter ICESat elevation data include the snow depth. Thus, the negative bias of the
airborne DEM approximately corresponds to the average depth of the snow cover over the study
area. The snow depth information was not provided over the study area. However, the snow
depth measured in the nearest site at Barrow airport (about 150 km from the study area)
was about 35.6 cm in February to March 2008. The bias of the CInSAR DEM is close to
zero, because the Z offset of the CInSAR DEM was corrected by using the winter ICESat elevation data. The CInSAR and airborne DEM have a Gaussian distribution while the NED DEM
does not (Fig. 8). This means that the NED DEM possesses systematic errors. The standard
deviations of the NED DEM, the CInSAR DEM, and the airborne DEM are 1.95, 0.50, and
0.34 m, respectively. Although the accuracy of the CInSAR DEM is 1.5 times lower than
that of the airborne DEM, the achieved accuracy of the CInSAR DEM is as precise as it corresponds to approximately a half meter. The theoretical accuracy of the CInSAR DEM with a
perpendicular baseline of 2300 m and the coherence of 0.55 is about 0.48 m when the
perpendicular baseline error and atmospheric artifact are considered. The atmospheric delay
of 1 mm, which occurs in a normal condition, can lead to height error of 13 cm, as previously
mentioned in Sec. 2.1. The theoretical accuracy further confirms the achieved accuracy of the
CInSAR DEM.
Figure 9 shows the error histograms of the NED DEM, the CInSAR DEM, and the airborne
DEM estimated by the reference to the summer ICESat elevation data of the yellow dashed lines,
respectively. The corresponding DEM biases are 0.41, 0.45, and 0.02 m, respectively. The bias of
the CInSAR DEM approximately corresponds to the average snow depth over the study area
because the CInSAR DEM includes the snow depth while the summer ICESat elevation data
does not include the snow depth. The bias of the airborne DEM is close to zero because the airborne DEM was produced from airborne InSAR pairs acquired in the summer season. The standard deviations of the NED DEM, the CInSAR DEM, and the airborne DEM are 1.46, 0.56, and
0.36 m, respectively. Although the accuracy of the CInSAR DEM is 1.5 times lower than that of

Fig. 9 Error histograms of (a) NED DEM, (b) CInSAR-derived DEM, and (c) airborne DEM. The
topographic heights of the summer ICESat are used for the reference values.
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Fig. 10 Variations of coherence with respect to terrain slope.

the airborne DEM, the achieved accuracy of the CInSAR DEM is as precise as it corresponds to
almost a half meter. The accuracies of CInSAR DEM and airborne DEM are slightly lower than
those from the winter ICESat elevation data. This would be because the summer ICESat elevation
data were acquired a few years earlier. The results have demonstrated that the CInSAR technique
can create a highly accurate DEM with accuracy of submeters using cross-InSAR images from
ERS and Envisat over an area of high flat land covered with ice and snow.
Figure 10 displays the variations of coherence with respect to the terrain slope obtained from
the box D. The maximum of the coherence in the test area was obtained from 0 deg. The higher
the terrain slope is, the lower the coherence is. The coherence of the fore slope (positive terrain
slope) is lower than that of the back slope (negative terrain slope). This confirms that the coherent
area of the fore slope is smaller than that of the back slope due to the foreshortening effect, as
shown in Fig. 1. Figure 10 illustrates that we will not construct a valid DEM in areas including
the fore and back slopes of more than 12 and 18 deg if a coherence of more than 0.6 is required to
produce a highly precise DEM. This result means that the CInSAR method has a limitation in
that it cannot be applied to a steep mountainous area.

4 Discussion
We have demonstrated that the CInSAR method can create DEM of submeter accuracy over high
flat land covered with ice and snow. The small height ambiguity of about 4.1 m is allowed to still
generate a highly precise DEM. In addition, the CInSAR method can be an efficient tool to find
error patterns of the existing DEM. It is noted that we can easily identify DEM artifacts from the
differential CInSAR interferogram of Fig. 5(b). As seen in Fig. 7, we cannot identify some rivers,
lakes, and valleys from the errors of the NED DEM. This means that we can misunderstand the
topographic features from the errors of the NED DEM. Thus, it is important that serious DEM
errors are detected and corrected.
The horizontal position of the CInSAR differential interferogram is not accurate because it is
matched with the horizontal position of the NED DEM of 30-m resolution. The ICESat elevation
data can be used for the correction of the horizontal position. The correction could be performed
precisely because a lot of ICESat elevation points were available in the study area. Moreover, the
ICESat elevation data can be used for the correction of the CInSAR-derived topographic heights.
This correction is allowed to effectively remove the residual orbital error in the CInSAR-derived
topographic heights.
The accuracies of the CInSAR DEM estimated from the summer and winter ICESat elevation
data were about 0.56 and 0.50 m, respectively. The accuracies of the airborne DEM from the
summer and winter ICESat elevation data were about 0.36 and 0.34 m, respectively. If the snow
depth is inconstant over the study area, the accuracy of the airborne DEM from the summer
ICESat elevation must be higher than that from the winter ICESat elevation. That is because
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the airborne DEM does not include the snow depth. However, the accuracies of the airborne
DEM from the summer and winter ICESat elevation data are very similar. These results indicate
a constant snow depth over the study area. From this test, it is very difficult to assess the radar
penetration effect because the snow depth over the study area is nearly constant. However, since
the C-band radar penetration is assumed to be about 1 to 2 m,43 the accuracy of the CInSAR
DEM might not be affected by the snow cover effect. We can also estimate the snow depth from
the difference between the CInSAR DEM and the summer ICESat elevation data or between the
airborne DEM and the winter ICESat elevation data. The estimated snow depth is about 0.45 m
from the CInSAR DEM or about 0.53 m from the airborne DEM. The snow depth of about
0.53 m is more convincing because the accuracy of the airborne DEM is better and the winter
ICESat data is more accurate. Thus, we can summarize that the snow depth is constantly about
0.53 m over the study area in February to March 2008.

5 Conclusions
The CInSAR is a useful method to create a precise DEM using SAR images acquired at slightly
different radar carrier frequencies. The CInSAR is accomplished by using a long baseline of
more than 2 km and a short repeat-time of about 29 min between a pair of successive ERS2 and Envisat acquisitions. In this study, we have analyzed the CInSAR coherence with respect
to the perpendicular baseline and the terrain slope angle. A CInSAR pair having a perpendicular
baseline between 1.0 and 2.6 km is recommended if the study area consists of flat terrains of less
than 5 deg. From a theoretical performance test, a submeter height accuracy for CInSARderived DEM is expected.
The optimal CInSAR procedure is used for this study and the existing NED DEM is used to
generate a differential CInSAR interferogram. The NED DEM elevation discrepancies could be
identified from the differential CInSAR interferogram. A DEM of ∼20-m spatial resolution over an
area of high flat land covered up with ice and snow in northern Alaska has been produced using the
CInSAR technique and compared with the NED DEM and the airborne DEM. The CInSARderived DEM represents more topographic details than the NED DEM. Accuracy assessment
has been carried out using the ICESat laser altimeter data of 2 cm vertical accuracy. The achieved
accuracy of the CInSAR DEM is 0.50 m. This is much better than NED DEM (1.95 m) and is
slightly lower than that of the airborne InSAR DEM (0.36 m). This result shows that the CInSAR
technique can create a DEM with an accuracy of submeters from ERS and Envisat CInSAR pair
over a high flat land. Therefore, this technique can be used for creating an accurate DEM as well as
detecting the elevation changes of meter-scale even in the area where there are severe land surface
changes such as the high flat land covered with ice and snow.
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