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ABSTRACT

Microwave remote sensing has the potential to be a
beneficial tool to detect and analyse subsurface features
in desert areas due to its penetration ability over
hyperarid regions with extremely low loss and low bulk
humidity. Global Digital Elevation Models (DEMs) of
resolution up to 30 m are now publicly available, some
of which show subsurface features over these hyperarid
areas. This study compares different elevations detected
by different EO microwave and lidar profilers and
demonstrates their effectiveness in terms of extraction
of subsurface features compared with that delineated in
ALOS/PALSAR polarisation map. Results show that
SRTM-C DEM agrees closely with ICESat elevations
and that SRTM-C DEM clearly show paleoriver
features, some of which can’t be observed in
ALOS/PALSAR images affected by background
backscatter. However, craterlike features are more
recognisable in ALOS/PALSAR images compared with
SRTM-C DEM.

Key words: DEM, Topographic features, Paleo-
channels, subsurface detection, mapping.

1. INTRODUCTION

Since 1972, when McCauley J. F. et al. [1] unveiled the
subsurface valleys buried under a thin dry sand layer in
the eastern Sahara by SIR-A, microwave imaging at low
frequency (e.g. 1.25GHz/24 c¢m, L-band) has attracted a
lot of interest as its potential to be able to map
subsurface features in desert areas. Blom et al.[2]
concluded that radar penetration occurs in environments
where geological processes produce homogeneous, fine-
grained materials that cover a layer 1-2 m thick if the
moisture content is less than about 1.0%, and revealed
subsurface igneous dikes buried beneath as much as 2 m
of alluvium in the Mojave Desert of California in
SEASAT radar images. Elachi et al. [3] proposed that a
low-loss thin sand layer enhances the capability to
image the subsurface sand-bedrock interface,
particularly at large incidence angles and HH
polarization. Over recent decades, further research has
been facilitated since the launch of satellites with L-
band SAR system onboard, such as the Japanese Earth
observation satellites, JERS-1 and ALOS. An entire
paleodrainage system and many craterlike features were
reported by Paillou et al. [4, 5] in JERS-1 and ALOS-
PALSAR images. Based on archeological evidence and
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radar images, El-Baz [6] proposed that the sand dune in
the eastern Sahara was brought in the depressions by
paleo-fluvial and shaped by wind, and thus, the
depressions must have hosted great volumes of surface
water, which would have seeped into the underlying
rock. However, there are very few studies who have
looked into the potential of SAR for the detection of
subsurface features in DEM elevations, and bedrock
elevation mapping over hyperarid aresa by using DEM
datasets. This is especially relevant with the advent of
complete global Digital Elevation Models (DEMs)
produced at different electro-magnetic wavelength
ranges from spaceborne earth observation, such as
microwave frequencies from SRTM (X- and C-band),
TanDEM-X (X-band) and ALOS-PALSAR (L-band) as
well as sterco-optical, such as ASTER or PRISM or
lidars such as ICESat.

This study tries to investigate the effectiveness of DEMs,
acquired at different wavelengths, to detect and measure
subsurface features. We compare different surface
expressions of optical images, SRTM-C band DEMs
and ALOS-PALSAR polarisation images to show
subsurface features, including paleorivers, craterlike
circles, and sand covered bedrocks, over the eastern
Sahara and the Ténéré Desert. Furthermore, detailed
comparisons between DEMs along ICESat footprints
and transects over subsurface features are shown over
the Kufrah River and Gilf Kebir Plateau, two small
study sites located in the eastern Sahara.

2. STUDY AREAS

The eastern Sahara in North Africa is one of the driest
regions of the Earth, where the received solar radiation
is capable of evaporating over 200-times the amount of
rainfall [7]. However, geological and archaeological
evidence indicate that it hosted much wetter climates in
the past, when surface water appears to have been
responsible for the erosion, transportation and
deposition of sand into inland basins, which thus would
have stored most of the water in the underlying porous
rocks [6]. In this study, we choose the eastern Sahara
and the Ténéré Desert, which are indicated by the two
larger red rectangles in Fig. 1, as study areas to
investigate these subsurface features. In the eastern
Sahara, two smaller study sites, are the Kufrah River
and Gilf Kebir Plateau, which are indicated by two
smaller grey rectangles in Fig. 1. The Kufrah River is



located in southeastern Libya, the study site covering an
11,000 km”® region between latitudes 23°N-24°N and
longitudes 23°E-24°E. There is a paleodrainage system,
which passes through this region from south to east till
Sarir Dalmah in Libya, which has been discussed in
previous publications [5, 8]. The Gilf Kebir Plateau is
located in southwest Egypt, where 1,300 craterlike
features over 4,000 km® were found by P. Paillou [4].
This study site covers a 23,000 km® region between

latitudes 23°N-24°N and longitudes 26°E-28°E.
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Figure 1. Study areas and study sites
3. DATASETS AND METHODS

DEMs acquired by SRTM (X- and C-band), ASTER
(stereo-optical) and ICESat (1064nm lidar) elevation
data are utilised. The characteristic of each elevation
dataset is listed in Table 1. In this study, SRTM-C DEM
of 1 arc-second (=30 m) resolution is employed to cover
the eastern Sahara and the Ténéré Desert areas. These
were publicly released in September 2014. ASTER
GDEM v2 and SRTM-X DEM also cover the same two
study sites. ICESat is the NASA Ice, Cloud, and land
Elevation satellite, which has the Geoscience Laser
Altimeter System (GLAS) instrument onboard and is
aimed at measuring ice sheet elevations and changes
with footprint of 70 m diameter every 150 m [9]. Its
level-2 altimetry product (GLA14) provides surface

elevations for land with accuracy to the centimetre level.

Table 1. Elevation datasets used in this study
ASTER  SRTM- SRTM- ICESat

GDEM CDEM XDEM /GLA14
Tile size 1°x 1° 15" <15’ —
Posting 1 arc-second (~ 30 m) 70 m/ 150
interval m
Datum WGS84/EGM96 WGS84/  TOPEX/
WGS84  Poseidon
Horizontal ~ +20m +20 +20 24+73
accuracy m(abs.)  m(abs.) m
+15 +15
m(rel.) m(rel.)
Vertical +30m +16 +16 0.04 +
accuracy m(abs.) m(abs.) 0.13m
+10 +6

m(rel.) m(rel.)

Due to different vertical datums with ASTER GDEM
and SRTM-C DEM, SRTM-X DEM and
ICESat/GLA14 data are all transformed into the same
orthometric heights referenced to EGM96 datum.
Horizontal offsets between ASTER, SRTM-X and -C
band DEM were checked, these appear to be within one
30m pixel. Although the ICESat/GLA14 data are
referenced to a different ellipsoid cf. SRTM-C DEM
and ASTER GDEM, the differences in geodetic latitude
and longitude only produce a horizontal displacement of
less than a metre, which can be ignored [9].

Besides DEMs, ALOS/PALSAR 25 m Forest and non-
Forest (FNF) map was used to delineate subsurface
features. This product includes HH and HV backscatter,
which is slope corrected and ortho-rectified using the
SRTM, and then radiometrically de-calibrated. Japan
Aerospace Exploration Agency (JAXA) has produced
this 4-year, 25m spaced global PALSAR mosaic from
2007 to 2010 using the accurate SAR processing. In this
study, subsurface features are delineated by using
ALOS/PALSAR HH backscatter acquired in 2010,
which are shown in Fig. 2.

Figure 2. Sub:vrface features delineated by using
ALOS-PALAR HH backscatter, (a) the eastern Sahara,
(b) the Ténéré Desert showing 2 sub-areas



4. RESULTS

Firstly, we show the extraction of subsurface features
from different datasets over the eastern Sahara and the
Ténéré Desert, including optical images, SRTM-C band
DEM and PALSAR HH backscatter map. Secondly,
different elevations from different datasets are
compared against each other to show their potential for
subsurface feature recognition over the Kufrah River
and the Gilf Kebir Plateau.

4.1. Extraction of subsurface features

In this subsection, the two larger study areas shown in
Fig. 1 are studied. The delineated features from ALOS-
PALSAR HH backscatter are laid over a Gaussian
filtered, hill-shaded and mosaicked SRTM-C DEM and
optical image (from Landsat) in Google Earth to
demonstrate different surface expression from these
three datasets. The extracted subsurface features in the
eastern Sahara are shown in Fig. 3, while the Ténéré
Desert features are shown in Fig. 4.

In Fig. 3, the blue lines show the ALOS-derived Kufrah
river network as well as some circular features shown in
the blue rectangle. From this figure, we can see the
mainstream and tributaries agree well with topographic
features on the SRTM-C DEM. The yellow rectangle
centre insert shows the downstream alluvial fan of the
Kufrah River, which is now covered by sand shown in
Landsat image (left insert), while recognisable from
both SRTM-C DEM and PALSAR image.

e

Figure 3. Subsurface features in the eastern Sahara

The study of the Ténéré Desert is divided into Parts A
and B, which are shown in Fig. 4(a) and Fig. 4(b)
respectively. The linear features are definitely
subsurface features because they are hidden under sand
in the optical image while clearly recognisable in both
SRTM-C DEM and PALSAR image, which
demonstrates the penetration ability of both C- and L-
band microwaves. However, some tributaries cannot be
delineated from PALSAR images, which may be due to
confusion with similar low backscatter intensities as the
background. As for circular features, few of them can
be seen in the optical images, while most of them are

shown in the SRTM-C DEM but less distinguishable
than those in the PALSAR image. Part B of the Ténéré
Desert in Fig. 4(b) indicates that the optical image only
shows outcrop rocks shown in the blue ellipse, while
SRTM-C DEM shows rocks with elevation different
from background and different forms of sand cover,
which is illustrated in the red ellipses. PALSAR image
shows rocks covered under a thin sand layer,
highlighted in the green ellipse.

(b) PartB
Figure 4. Subsurface features in the Ténéré Desert

4.2. Comparisons of different DEMs

The two smaller study areas shown in Fig. 1 are further
analysed. Firstly, comparisons between ASTER GDEM
and SRTM-C DEM are shown in Fig. 5. Then, we
compare ASTER GDEM, SRTM-C and -X band DEMs
against ICESat/GLA14 datasets, shown in Fig. 6.
Initially, there are about 640 footprints over the 1 degree
bin in each track of ICESat, but it is masked with nodata
areas of DEMs. The masked footprints of ICESat data
are donated as black dots in Fig. 5.

Comparing between Fig. 5(a) and (b), we can see that
the main stream is more apparent with more tributaries
observed in the SRTM-C DEM, while ASTER GDEM
shows higher and nosier elevations, which are affected
by severe noise due to the lack of contrast in the stereo
image pairs and possible atmospheric sand particles
obscuring the surface. There are more small features



shown in SRTM-C DEM when comparing between Fig.
5(d) and (e), and Fig. 5(f) shows the ASTER GDEM
showing bigger differences with SRTM-C DEM in the
flat regions rather than in the Plateaus, which may due
to penetration happening in flat regions covered
27 ¢ ’; ‘ 3 > : ;.-m x» (C)
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Figure 5. (a)(d) ASTER GDEM, (l'))‘(e)SRTM-C band
DEM and (c)(f)height difference between them in the
Kufrah River: (a)-(c) and the Gilf Kebir Plateau: (d)-(f).

In order to compare different DEMs quantitatively, we
extract the elevations from the re-projected ASTER
GDEM, SRTM-C and -X DEM at the location of
ICESat footprints. Taking ICESat elevations as
references, difference of elevations from different
DEMs are shown in Fig. 6. These comparisons confirm
that the ASTER GDEM is very noisy in both of the two
study sites, and shows 10-23 m higher elevations in the
Kufrah River on average. SRTM-C DEM agrees closely
with ICESat elevations, but has 2-3 m positive bias in
the Gilf Kebir Plateau region, which may due to steeper
slopes in this region. However, SRTM-X DEM has a
large negative bias of =15 m with ICESat/GLA14 and
SRTM-C DEM in Kufrah River, and a negative bias of
~2~5 m in the Gilf Kebir Plateau, which appears to be
caused by phase adjustment difficulties during InSAR
(Interferometric SAR) processing as reported in [10].
Therefore, we can conclude that among these DEMs,
SRTM-C DEM appears most suitable to the application
of mapping subsurface features.

Then, applying a topographic feature analysis tool in
ENVI to SRTM-C DEM to show channels, which are
here represented in dark blue colour in Fig. 7(a) and Fig.
8(a). Meanwhile, RGB colour composites are applied to
SRTM-C DEM, ASTER GDEM and PALSAR HH
image, which are shown in Fig. 7(b) and Fig. 8(b). With
the false colour combination of SRTM-C DEM and
PALSAR HH image, the results of RGB colour
composites show more information, such as some river
like features in the Gilf Kebir Plateau, than those of the
topographic features analysis.

by sand.

400 200

300 150

200 100)

Differential elevation (m)

100 s0f

ICFSat/GI A14 elevation (m)

— ASTER-ICESat 1154 14.48||,
— SRTM-C- ICESat 0.813.06

— SRTM-X - ICESat -13.42 4.90

50 00 150 200 250 300
KT1 (pixel number)
w0 KT3 — e e 1853052

— SRTM-C- ICESat -0322.02 _
= 300 E
B T
5 250 <
£ 200 200 2
3 <
T 150) 200 %
5 g
2 100) H
2 100 &
5 5 ¢

100 200 300 400 500 600 700
KT3 (pixel number)

DEM-difference Mean Std
— ASTER-ICESat 1.9015.52
— SRTM-C-ICESat -0.16 2.41

0 100 200 300 400 500 600 700 20 40 60 80 100 120 140
GT1 (pixel number) GT2 (oixel number)

DEM-difference Mean Std
100f| — ASTER-ICESat -2.9313.06
— SRTMC-ICESat 0.42 1.70

— SRTM-X - ICESat -5.37 3.8

DEM-difference Mean Std
— ASTER-ICESat 6.2314.11
— SRTM-C-ICESat 3.004.12
— SRTMX - ICESat -1.56 3.71

0 50 100 150 200 250 300 200 250 300 350 400 450 500 550 600 650

GT4 (pixel number)

— SRTM-X - ICESat -2.00 4.09

S

Differential elevation (m)

Differential elevation (m)
ICESat/GLAL4 elevation (m)

8

g

—4 100 200 300 400 500 600 700
100200 300 a0 500600 700 T6 (pixel number)

5 (pixel number)

)
o GT7
« /Jk £
20| 5
° |
200
2o 2
e aeane e 5
S

— SRTM.C-ICESat 101326

t/GLA14 elevation (m)

Differential elevation (m)

ICES:

— SRTM-X- ICESat -1.59 5.88

0 100 200 500 600 700

Figure 6. Comparisons between different DEMs at the
location of ICESat footprints in the Kufrah River:

KT1-3, and in the Gilf Kebir Plateau: GTI-7.
J @) N .

composite, R: SRTM-C DEM, G: PALSAR-HH, B:
ASTER GDEM, and transects over the Kufrah river.



In order to study the effectiveness of the SRTM-C DEM
and PALSAR HH images in terms of surface expression
of subsurface features, we select several transects across
the mainstream and tributaries of the Kufrah River, and
across the river like features and circular features in the
Gilf Kebir Plateau. These transect profiles are shown in
Fig. 7 and Fig. 8. We can see from Fig. 7 that the trend
of SRTM-C DEM profile over the main stream and the
east tributary agrees closely with the trend of PALSAR
HH backscatter, but with less agreement along the west
transect denoted as a blue line in Fig. 7. The profiles of
transects (red and green lines) over river like features in
the Gilf Kebir Plateau shows similar trends of SRTM-C
DEM and PALSAR HH backscatter. Moreover, profiles
of a transect across a circular feature show two peaks,
which indicate the rim of the circular feature.

Figure 8. (a) Topographic features analysing, (b) RGB
composite, R: SRTM-C DEM, G: PALSAR-HH, B:
ASTER GDEM, and transects over the Gilf Kebir
Plateau.

5. CONCLUSIONS

This study researches into the extraction of subsurface
features in the eastern Sahara and Ténéré Desert by
using SRTM-C DEM and ALOS/PALSAR HH
backscatter. The circular features and small tributaries
are easier to be detected from the backscatter, which
however is easily affected by similar backscatters from
the background. Due to a short baseline, the relative
accuracy of SRTM-C DEM is not sufficient to measure
the surface expression of penetration depth accurately,
but it shows the potential to map the bedrock elevation
by using InSAR of lower frequency and longer baseline,
such as from ALOS/PALSAR and ALOS-2/PALSAR-2.

Taking ICESat/GLA14 elevations as reference, this
study compared different DEMs at the location of the
ICESat footprints. SRTM-C DEM and ICESat dataset
are shown to be superior to ASTER GDEM in terms of
heighting expressions of subsurface features over
hyperarid regions. Subsurface features, such as crater-
like features and tributaries of Paleo-channels are
apparent in SRTM-C DEM while less recognisable in
ASTER GDEM v2. SRTM-C DEM agrees closely with
ICESat elevation. However, in the study site over Gilf
Kebir Plateau, SRTM-C DEM is higher, which might be

due to its 30 m resolution compared with =70 m of
ICESat. SRTM-X DEM shows a big negative bias
compared with ICESat elevations and SRTM-C DEM
over the eastern Sahara, which may be due to phase
adjustment difficulties [10].

In conclusion, SRTM-C DEM shows the effectiveness
of using the DEM to extract subsurface features and
indicates the potential to map bedrock elevation by
using InSAR-derived DEM of lower frequency. Our
future work focuses on generating InSAR-derived DEM
from ALOS-2/PALSAR-2, producing and assessing the
penetration depth by integrating InSAR-derived DEMs
at different frequencies and radar backscatters, and
finally validating mapping bedrock elevation where
radar penetration is down to bedrock.
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