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DEM Error Retrieval by Analyzing Time Series
of Differential Interferograms

Lionel Bombrun, Member, IEEE, Michel Gay, Emmanuel Trouvé, Member, IEEE,
Gabriel Vasile, Member, IEEE, and Jérôme Mars, Member, IEEE

Abstract—Two-pass differential synthetic aperture radar inter-
ferometry processing have been successfully used by the scien-
tific community to derive velocity fields. Nevertheless, a precise
digital elevation model (DEM) is necessary to remove the topo-
graphic component from the interferograms. This letter presents
a novel method to detect and retrieve DEM errors by analyzing
time series of differential interferograms. The principle of the
method is based on the comparison of fringe patterns with the
perpendicular baseline. First, a mathematical description of
the algorithm is exposed. Then, the algorithm is applied on a
series of four one-day European Remote Sensing 1 and 2 satellite
(ERS-1/2) interferograms.

Index Terms—Digital elevation model (DEM), interferogram
time series, synthetic aperture radar (SAR) interferometry
(InSAR).

I. INTRODUCTION

SYNTHETIC aperture radar (SAR) interferometry
(InSAR) is widely used to create high-resolution and high-

accuracy topographic maps [1], [2] and to derive velocity fields
[3]–[6]. The interferometric phase is sensitive to different
contributions, such as the topography, the atmospheric
perturbations, and the ground displacement between the two
acquisitions. The latter can be estimated by InSAR techniques
if and only if nondisplacement terms can be compensated or
neglected.

In two-pass differential SAR interferometry (D-InSAR), a
digital elevation model (DEM) is introduced in the processing
to remove the topographic component from the interferograms.
When the DEM is not precise enough, residual topographic
fringe patterns appear and can be misinterpreted or confused
with the sought-after displacement fields. This may happen
for instance when studying Alpine glacier displacement, since
DEMs derived from optical data need correction in snow cov-
ered areas and Shuttle Radar Topography Mission DEM is
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interpolated in shadow areas. When no DEM is available to
compensate the topographic phase, an alternative consists in
using only SAR interferometric data with three or four acqui-
sitions. In the so-called “four-pass method,” two independent
interferograms are computed and combined according to their
baselines to remove the topographic fringes.

In this letter, a different strategy based on the same principle
is proposed to detect and retrieve DEM errors by analyzing
time series of differential interferograms. The proposed method
is dedicated to the analysis of time series of differential in-
terferograms computed with the available DEM. It consists in
computing the phase differences between differential interfer-
ograms and comparing the resulting fringe patterns with the
perpendicular baseline differences. A test is applied in order
to discriminate residual topographic fringes due to DEM errors
from fringes due to the evolution of the displacement field
between the interferograms or other error sources. If residual
fringes vary with the perpendicular baselines, they are identified
as topographic error fringes. In this case, an estimation of the
DEM errors can be performed followed by DEM corrections.
Otherwise, if the other error sources can be neglected (mainly
tropospheric effects), the residual fringes reveal a variation of
the displacement field which provides useful information on the
studied area.

In the following sections, some definitions and a description
of the proposed method are first provided. Then, the experi-
mental results are presented on a series of European Remote
Sensing 1 and 2 (ERS-1/2) satellite interferograms acquired
in the Alps to study glacier displacement fields in Chamonix
Mont-Blanc area.

II. METHODOLOGY

A. Mathematical Considerations

Let us denote by Φi a tandem interferogram acquired at date
(i, i + 1). Φi

topo represents the interferometric component at
date i corresponding to topographic fringes, i.e., fringes due to
the true height variation Δz over the studied area. To take DEM
errors into account, Δz is expressed as the sum of the height
given by the DEM (ΔzDEM) and the DEM error (Δzerr)

Δz = ΔzDEM + Δzerr. (1)

Φi
topo can be expressed as a function of the perpendicular

baseline at date i (Bi
⊥) by the following equation as:

Φi
topo =

4π

λ

Bi
⊥

R1 sin θ
Δz =

2π

ei
a

Δz (2)
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with the height of ambiguity defined as

ei
a =

λ

2
R1 sin θ

Bi
⊥

. (3)

By combining (1) and (2), the topographic component can be
expressed as the sum of two terms by

Φi
topo =

4π

λ

Bi
⊥

R1 sin θ
ΔzDEM +

4π

λ

Bi
⊥

R1 sin θ
Δzerr (4)

= Φi,DEM
topo + Φi,err

topo (5)

where Φi,DEM
topo represents the topographic component compen-

sated by the DEM and Φi,err
topo is defined as residual topographic

fringes, i.e., topographic fringes which are not removed from
the interferogram by using the DEM.

The differential interferometric phase (named Φi
d) is defined

as the tandem interferogram acquired at date (i, i + 1) minus
the topographic component compensated by the DEM. Φi

d can
be expressed as follows:

Φi
d = Φi − Φi,DEM

topo . (6)

Let ρi
d and ρj

d be two differential interferograms acquired
at date (i, i + 1) and (j, j + 1). The interferogram difference
(noted ρij) is defined as the Hermitian product between the two
differential interferograms by

ρij = ρi
dρj

d

†
= cicjei(Φi

d−Φj
d) (7)

= cijeiΔΦi−j

(8)

where cij is defined as the equivalent coherence.
The phase difference between differential interferograms

ΔΦi−j is defined in (9) as the difference between tandem
differential interferograms phases acquired at dates (i, i + 1)
and (j, j + 1)

ΔΦi−j = Arg(ρij) =
[
Φi

d − Φj
d

]
modulo 2π. (9)

The phase difference between differential interferograms can
be expressed as the sum of four terms as

ΔΦI−j = ΔΦij
topo + ΔΦij

atm + ΔΦij
displ + ΔΦij

noise (10)

where ΔΦij
topo characterizes the residual topographic fringes,

ΔΦij
atm is the residual phase due to atmospheric artifacts,

ΔΦij
displ is the component due to variations of the displacement

field between the two interferograms, and ΔΦij
noise is a term of

residual noise, due, for example, to temporal decorrelation.
In this letter, ΔΦij

topo is considered as the “signal part.” All
other terms can be viewed as the “noise part.” Let us now focus
on the topographic term.

1) Characterization of the “Signal Part”: The residual
topographic fringes ΔΦij

topo in the phase difference between

interferograms at dates i and j can be expressed as a function
of the DEM error Δzerr by

ΔΦij
topo =

(
Φi

topo − Φi,DEM
topo

)
−

(
Φj

topo − Φj,DEM
topo

)

=
4π

λ

(
Bi

⊥ − Bj
⊥

)
R1 sin θ

Δzerr

=
4π

λ

ΔBij
⊥

R1 sin θ
Δzerr (11)

=
2π

Δeij
a

Δzerr (12)

where the equivalent perpendicular baseline ΔBij
⊥ can be de-

fined as the difference of the two perpendicular baseline at dates
i and j. Similarly, the equivalent height of ambiguity Δeij

a can
be defined by (14)

ΔBij
⊥ =Bi

⊥ − Bj
⊥ (13)

Δeij
a =

λ

2
R1 sin θ

Bi
⊥ − Bj

⊥
=

1
1
ei

a
− 1

ej
a

. (14)

Let ΔN ij
topo(X,Y ) be the number of fringes observed on

ΔΦij
topo between two points X and Y , and Δzerr(X,Y ) the

elevation error between X and Y points. It yields

ΔΦij
topo(X,Y ) = 2πΔN ij

topo(X,Y ) (15)

and by combining (12) and (15) to

Δzerr(X,Y ) = ΔN ij
topo(X,Y )Δeij

a . (16)

In (16), it is interesting to note that for residual topographic
fringes, the product ΔN ij

topo(X,Y )Δeij
a is constant over the

different interferogram pairs (i, j). The principle of the pro-
posed method is to test the equality from (16) over all the
differential interferogram pairs of the stack in order to detect
DEM errors.

2) Hypothesis Test: For real data, let ΔN ij(X,Y ) be the
number of fringes observed on ΔΦi−j between X and Y points.
ΔN ij(X,Y ) can be expressed as the sum of two terms, one
due to the topography ΔN ij

topo(X,Y ) (“signal part”) and one
due to other contributions (displacement fringes, atmospheric
perturbations, . . .) ΔN ij

other(X,Y ) (“noise part”)

ΔN ij(X,Y ) = ΔN ij
topo(X,Y ) + ΔN ij

other(X,Y ). (17)

As ΔN ij
other(X,Y ) is not inversely proportional to the equiv-

alent height of ambiguity Δeij
a , one can test if the product

ΔN ij(X,Y )Δeij
a is constant over the different interferograms

pairs (i, j). This leads to the following hypothesis test:{
H0 : ∀(ij) ΔNij(X,Y )Δeij

a = K(X,Y )
H1 : ∃(ij) ΔNij(X,Y )Δeij

a �= K(X,Y ).
(18)

1) If the first hypothesis H0 is decided, K(X,Y ) is consid-
ered as a constant over all the interferograms pairs (i, j).
Equation (16) implies that the DEM used to remove topo-
graphic phase contribution has error. In that case, (12)
allows one to estimate the DEM error (DEMi

error) for the
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interferogram difference at date i and j. This estimation
is performed for all the interferograms differences. The
DEM error map is the average value of the DEM error
found for all the interferograms differences

DEMerror =
1
N

N∑
i=1

DEMi
error.

The new DEM is equal to the old DEM plus the
DEMerror.

2) If H0 is rejected, K(X,Y ) cannot be considered as a
constant over all the interferograms pairs (i, j). Residual
fringes are not only due to DEM error.

B. Comparison With the Four-Pass InSAR Method

The conventional four-pass D-InSAR method [7] uses four
independent SAR acquisitions to derive displacement mea-
sures. This method does not require a priori DEM knowledge.
The first two interferometric SAR acquisitions are used to
compute the topographic phase component in each pixels of
the interferograms. Then, this information is used to remove
topography from the second interferogram which is generated
from the last two acquisitions.

In the two-pass D-InSAR method, a DEM is introduced to
remove the topographic phase. This processing can be repeated
to each couple of interferometric SAR acquisitions to derive
a stack of two-pass differential interferograms. The proposed
approach presents a novel method to a posteriori evaluate the
DEM accuracy over the interferogram stack. Based on the four-
pass D-InSAR principles, the height error is expressed in terms
of the equivalent height of ambiguity for each interferogram.
Then, the DEM anomalies are detected by the basic hypothesis
testing from (18).

One can notice that the phase measured in (7) corresponds
to a double interferogram differentiation. This stage is similar
to the double differential proposed by the four-pass InSAR
method to remove topography. However, both the data set and
the context are different between the two techniques.

1) The four-pass InSAR method uses two interferograms
(therefore four independent SAR acquisitions) to isolate
the topographic phase [8]. This method is applied when
no DEM are available to compensate the topographic
phase for displacement measures.

2) In the proposed method, a series of differential interfero-
grams is analyzed. This stack is obtained with the same
DEM. If N independent differential interferograms are
generated, N − 1 independent phase difference between
differential interferograms are obtained. To test the hy-
pothesis H0, at least two independent phase difference
between differential interferograms (ΔΦi−j) are neces-
sary. It means that the proposed method requires at least
three independent differential interferograms.

The proposed method can be viewed as an extension of the
four-pass InSAR method to retrieve DEM error in a series of
differential interferograms.

TABLE I
PERPENDICULAR BASELINE AND HEIGHT OF AMBIGUITY

TABLE II
EQUIVALENT PERPENDICULAR BASELINE AND

EQUIVALENT HEIGHT OF AMBIGUITY

III. APPLICATION ON ERS-1/2 INTERFEROGRAMS

In this section, experimental results are presented using
four descending one-day ERS-1/2 tandem interferometric data
acquired in the Alps over the Chamonix Mont-Blanc area from
October 1995 to April 1996 (Table I). This time series has been
used to estimate displacement fields over glaciers [6] and to
analyze fringe patterns and coherence levels [9]. In this letter,
those interferograms are analyzed to determine if topographic
fringes are correctly removed from the interferograms. The
proposed method described in Section II is applied over the nine
studied glaciers.

First of all, the four one-day ERS-1/2 tandem interferometric
pairs from October 1995 to April 1996 are processed with the
Repeat Orbit Interferometry Package (ROI-PAC) software from
the Jet Propulsion Laboratory. This processor takes into account
the precise orbits from the Delft University, The Netherlands,
to remove the orbital fringes [10]. Moreover, a DEM is used
by ROI-PAC software to estimate the topographic component
and remove it from the interferogram. The DEM used by the
SAR processor is computed by photogrammetry from airborne
photographs of 1980.

Once the four differential interferograms pairs are cre-
ated, the three wrapped phase difference between differen-
tial interferograms (ΔΦApril−March, ΔΦApril−December, and
ΔΦApril−October) and the three equivalent coherence are com-
puted according to (8) and (9). Next, over each glacier, the three
wrapped phase difference between differential interferograms
are unwrapped [11].

The following algorithm is applied to determine if topo-
graphic fringes are correctly removed from the differential
interferograms by means of the equivalent height of ambi-
guity (Table II): First, for each glacier, pixels with sufficient
equivalent coherence for the three couples are selected. Then,
for all the selected pixels X and Y , Kij(X,Y ) is computed
for the three unwrapped phase difference between differential
interferograms.

1) If Kij(X,Y ) is a constant for all the couples, the hypoth-
esis H0 is decided. It means that the residual fringes are
topographic ones, and the studied pixel is affected to the
“topographic class.”

2) If Kij(X,Y ) varies with the interferometric couple, the
hypothesis H0 is rejected. Therefore, the pixel is affected
to the “nontopographic class.”
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Fig. 1. Classification map into “topographic” and “nontopographic” class.

Fig. 2. Wrapped phase difference between interferograms on the Tour,
Trient, and Saleina glaciers. (a) ΔΦApril−March. (b) ΔΦApril−December.
(c) ΔΦApril−October.

Fig. 3. Wrapped phase difference between interferograms on the Tour,
Trient, and Saleina glaciers with the new DEM. (a) ΔΦApril−March.
(b) ΔΦApril−December. (c) ΔΦApril−October.

The variation coefficient γ of the variable Kij is the criterion
chosen to achieve this assignment. Let

−→
K(X,Y ) be the vector

which contains the values of Kij(X,Y ) for all the couples
i and j at points X and Y . If |γ(X,Y )| is lower than a
given threshold, Kij(X,Y ) can be said independent of the
couples. The hypothesis that residual fringes are topographic
ones is therefore assumed. If |γ(X,Y )| is greater than a given
threshold, the pixel is affected to the “nontopographic class.”

Fig. 1 shows the result of the classification of the pixels
into topographic and nontopographic class. The white color
indicates nonglaciers area. Pixels in cyan are those which have
not got a sufficient equivalent coherence for each couple. The
proposed algorithm has not been applied on those pixels. There
is not enough confidence on the interferometric phase. Pixels
affected with the label “topographic class” are in red and those
with the label “nontopographic class” are in yellow.
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Fig. 4. Wrapped phase difference between interferograms on the Argentière
glacier. ΔΦApril−October.

First, it can be noticed that on most of the studied glaciers,
pixels are affected to the “nontopographic class.” Topographic
fringes seems to be correctly removed from the interferograms
and displacement profiles along those glaciers are validated.

Nevertheless, one can see on the Trient glacier located on the
northeast of the image that most of the pixels are affected to the
“topographic class.” We can conclude that topographic fringes
are not well removed on the Trient glacier probably because
of the insufficient precision of the DEM on the Trient glacier
which is located in Switzerland. Fig. 2 shows the wrapped
phase difference between interferograms on the Tour, Trient,
and Saleina glaciers. Residual fringes can be observed on the
Trient glacier situated on the northeast of the image. The
proposed method allows characterizing those fringes as residual
topographic fringes.

To remove topographic fringes on the Trient glacier, DEM
errors are first estimated according to (12). Then, topographic
fringes are calculated with the corrected DEM and removed
from the interferograms. Fig. 3 shows the wrapped phase dif-
ference between interferograms on the Tour, Trient, and Saleina
glaciers computed with the new DEM. Now, residual fringes do
not vary with the equivalent height of ambiguity. It confirms
that fringes observed previously on the Trient glaciers were
topographic ones.

Fig. 4 shows the wrapped phase difference between dif-
ferential interferograms (ΔΦApril−October). On the Argentière
glacier, located on the north of the image, residual fringes are
observed. The proposed algorithm does not detect those fringes
as topographic ones. Residual fringes can be due to atmospheric
artifacts or to an evolution of the velocity field. The authors
have shown that one-day atmospheric changes are minimal in
winter [6]. Residual fringes observed on the upper part of the
Argentière glacier can be interpreted as an evolution of the dis-
placement field. Those fringes show an acceleration of the up-
per part of the glacier in October 1995 compared to April 1996.

IV. CONCLUSION

In this letter, a novel method based on the analysis of a
series of phase difference between differential interferograms
was exposed to detect fringes due to DEM errors and separate
them from fringes due to motion variation or atmospheric arti-
facts. Relations between DEM error, differential interferogram
phase difference and the equivalent height of ambiguity were
established. Then, an algorithm has been proposed to determine
if topographic fringes are correctly removed from the interfer-
ograms. If not, DEM errors are retrieved from the differential
interferogram differences. Then, interferograms are generated
with the new DEM and fringes detected as topographic ones
are removed. Nevertheless, it is quite difficult to quantify the
DEM accuracy. Indeed, the detection of residual topographic
fringes depends on the threshold value imposed during the
hypothesis test, and on the possible presence of other fringe
sources. If the new DEM is valid, tropospheric effects can be
neglected or compensated with external data, and displacement
fields variations can be studied as done on the upper part of the
Argentière glacier.
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