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Abstract: Space-borne Synthetic Aperture Radar (SAR) has the capability to image subsurface features
down to several meters in arid regions. A first demonstration of this capability was performed in
the Egyptian desert during the early eighties, thanks to the first Shuttle Imaging Radar mission.
Global coverage provided by recent SARs, such as the Japanese ALOS/PALSAR sensor, allowed
the mapping of vast ancient hydrographic systems in Northern Africa. We present a summary of
palaeohydrography results obtained using PALSAR data over large deserts such as the Sahara and
the Gobi. An ancient river system was discovered in eastern Lybia, connecting in the past the Kufrah
oasis to the Mediterranean Sea, and the terminal part of the Tamanrasett river was mapped in western
Mauritania, ending with a large submarine canyon. In southern Mongolia, PALSAR images combined
with topography analysis allowed the mapping of the ancient Ulaan Nuur lake. We finally show
the potentials of future low frequency SAR sensors by comparing L-band (1.25 GHz) and P-band
(435 MHz) airborne SAR acquisitions over a desert site in southern Tunisia.
Keywords: SAR; radar; deserts; palaeohydrography; Sahara; Gobi

1. Introduction
Space-borne Synthetic Aperture Radar (SAR) allows the mapping of continental surfaces at
centimetre-scale wavelengths. It is an active remote sensing technique, producing high resolution
images sensitive to surface topography and roughness, and to soil water content [1]. In very dry soils,
SAR is able to probe the subsurface down to several meters: it was shown that L-band (1.25 GHz) radar
is able to penetrate meters of low electrical loss material such as sand [2,3]. Thanks to the first Shuttle
Imaging Radar SIR-A mission, McCauley et al. [4] demonstrated radar subsurface imaging capabilities
for a site located in the Selima Sand Sheet, in southern Egypt. Radar images revealed buried and
previously unknown palaeodrainage channels (see Figure 1), which afterwards were confirmed by
field studies [5,6]. Later in 1995, SIR-C radar was used to map the subsurface basement structures that
control the Nile’s course in northeastern Sudan [7]. More recent studies have shown that combining
Shuttle Radar Topography Mission (SRTM) data [8] with SAR images better reveals subsurface features
that still present a topographic signature. New palaeodrainage flow directions have thus been mapped
in eastern Sahara [9], allowing better definition of drainage lines leading to oases and valleys, as well
as a better mapping of the past aquifers [10,11].
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Figure 1. (Top left) SPOT (Satellite Pour l’Observation de la Terre) image of part of the Selima
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While the geographical coverage of the Shuttle Imaging Radar missions was limited, a more complete LWhile the geographical coverage of the Shuttle Imaging Radar missions was limited, a more
band radar coverage of the eastern Sahara was acquired by the JERS-1 satellite of the Japanese space agency
complete L-band radar coverage of the eastern Sahara was acquired by the JERS-1 satellite of the
(JAXA). It was used to produce the first regional-scale radar mosaic covering Egypt, northern Sudan, eastern
Japanese space agency (JAXA). It was used to produce the first regional-scale radar mosaic covering
Libya, and northern Chad. This data set helped discover numerous unknown crater structures in eastern
Egypt, northern Sudan, eastern Libya, and northern Chad. This data set helped discover numerous
Sahara [12]. Later in 2006, JAXA successfully launched the Advanced Land Observing Satellite (ALOS),
unknown crater structures in eastern Sahara [12]. Later in 2006, JAXA successfully launched the
carrying a full polarimetric L-band SAR, named PALSAR, which offered higher resolution imagery and a much
Advanced Land Observing Satellite (ALOS), carrying a full polarimetric L-band SAR, named PALSAR,
improved signal to noise ratio as compared to JERS-1 [13]. Full coverage of the Sahara and Arabia was acquired
which offered higher resolution imagery and a much improved signal to noise ratio as compared to
during June and July 2007, delivering more than 400 PALSAR strips at a resolution of 50 m (see Figure 2). A
JERS-1 [13]. Full coverage of the Sahara and Arabia was acquired during June and July 2007, delivering
fully automated data processing chain allowed to produce geocoded 1° × 1° SAR scenes that can be superposed
more than 400 PALSAR strips at a resolution of 50 m (see Figure 2). A fully automated data processing
to the corresponding 1° × 1° SRTM squares,◦covering
latitudes between 17° N and 37° N and longitudes between
chain allowed to produce geocoded 1 × 1◦ SAR scenes that can be superposed to the corresponding
17° W◦ and ◦60° E. The whole dataset is managed with the help
of a web map server, allowing the import and
1 × 1 SRTM squares, covering latitudes between 17◦ N and 37◦ N and longitudes between 17◦ W
display of PALSAR
data using Google Earth. It is freely accessible through a dedicated web site [14]. This
and 60◦ E. The whole dataset is managed with the help of a web map server, allowing the import
PALSAR dataset constitutes a unique tool for the scientific community to study the palaeo-environment and
and display of PALSAR data using Google Earth. It is freely accessible through a dedicated web
palaeoclimate of North Africa and Arabia. It also helps in the building of more complete geological maps and
site [14]. This PALSAR dataset constitutes a unique tool for the scientific community to study the
in support of future water prospecting in arid and semi-arid regions [15]. Recently, the PALSAR dataset was
palaeo-environment and palaeoclimate of North Africa and Arabia. It also helps in the building of
extended to the Gobi Desert in Central Asia, covering latitudes between 34° N and 52° N and longitudes
more complete geological maps and in support of future water prospecting in arid and semi-arid
between 73° E and 120° E.
regions [15]. Recently, the PALSAR dataset was extended to the Gobi Desert in Central Asia, covering
latitudes between 34◦ N and 52◦ N and longitudes between 73◦ E and 120◦ E.
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Figure 2. PALSAR strips acquired by the Japanese space agency (JAXA) over the Sahara and Arabia during the

Figure 2. PALSAR strips acquired by the Japanese space agency (JAXA) over the Sahara and Arabia
summer of 2017.
during the summer of 2017.
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Sea and southward to the Chad Basin. While this region is now hyperarid, remains of past river systems have
incision. In central Sahara, extensive drainage systems originating in the Tibesti mountains were
been detected using remote sensing imagery, leading some authors to propose palaeodrainage pathways
flowing northward to the Mediterranean Sea and southward to the Chad Basin. While this region is now
between south Libya and the Mediterranean Sea [9,16].
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palaeodrainage system, named the Kufrah River (see Figure 3). Its headwaters are mainly in southern Libya
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because the large and thick sand dunes of the Calanscio Sand Sea preclude radar mapping of the subsurface.
The end of the Kufrah River disperses as a network of small shallow channels across the surface of the
However, about 300 km away to the northwest and emerging from beneath the Calanscio Sand Sea, lies the
broad Sarir Dalmah alluvial fan, that covers more than 15,000 km2 , possibly constituting an inland
major, 2 to 4 km-wide, alluvium-filled Wadi Sahabi palaeochannel that incised more than 300 m into bedrock.
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that supplied water and sediment to the main palaeodrainage system. SRTM topography also revealed
and connected to the Mediterranean Sea in the Sirt Basin through the Wadi Sahabi palaeochannel, possibly
local depressions which allow to connect the western palaeochannels and the terminal alluvial fan of
discharging a comparable amount of water as does the present-day Nile. Despite the fact we have no direct
the Kufrah River to the Wadi Sahabi palaeochannel, through a 400 km-long palaeocorridor [18].
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Earlier (Pleistocene) phases of activity are also likely: Osborne et al. [20] proposes a “humid corridor”
that was connecting the Kufrah Basin to the Mediterranean coast 120,000 years ago. The Kufrah River
system is then clearly a major palaeohydrological feature to take into account when studying the
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past environments and climates of northern Africa, from the middle Miocene to the Holocene. It also
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4 of 10
represents a likely corridor for fauna and human dispersal in the eastern Sahara, and thus indicates
locations
further
palae-ontological,
palaeo-anthropological,
and archaeological
field exploration
indicates where
locations
where
further palae-ontological,
palaeo-anthropological,
and archaeological
field
exploration
should be conducted.
should
be conducted.

Figure 3. The Kufrah palaeoriver system (in blue) on top of Shuttle Radar Topography Mission (SRTM)
Figure 3. The Kufrah palaeoriver system (in blue) on top of Shuttle Radar Topography Mission (SRTM)
topography (left) and on top of the PALSAR mosaic (right). The red dash line indicates a possible corridor
topography (left) and on top of the PALSAR mosaic (right). The red dash line indicates a possible
connecting the terminal fan of the Kufrah River to the Mediterranean coast, through the Wadi Sahabi
corridor connecting the terminal fan of the Kufrah River to the Mediterranean coast, through the Wadi
palaeochannel.

Sahabi palaeochannel.
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Timiris (see Figure 4). This newly identified palaeodrainage system is about 500 km-long and overlaps
very well with the coastal section of the course of the Tamanrasett River inferred from topography.
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of thick sand dunes. However, the branch of the palaeodrainage network identified using radar
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5 of 10
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proximal tributaries of the submarine Cap Timiris Canyon system [24].

Figure 4. (Top) Topographic map of Mauritanian coast, showing locations of the Timiris Canyon (black square),

Figure 4. (Top) Topographic map of Mauritanian coast, showing locations of the Timiris Canyon
palaeochannels detected in PALSAR data (blue lines) and Tamanrasett River valley (dark brown area), after
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interplay between aeolian and fluvial supplies in the making of the terrigenous signal off western
Africa. This finding also provides valuable constraints for numerical simulations of Saharan climate
throughout the late Quaternary.
2.3. The Ulaan Nuur Palaeolake in Central Asia
Arid Inner Asia has experienced dramatic climate fluctuations over the last millennia [25] and
remains highly sensitive to ongoing climatic change. As a consequence, lakes in the Gobi Desert
underwent major level changes during the Late Quaternary, with high stages being associated
with wetter climates. The early Holocene in Mongolia is characterized by increasing temperature
and humidity, followed by a humid early-mid Holocene stage, when lakes were at high volume.
Enhanced aridity occurred during the mid-Holocene, but the beginning and end of the dry interval
differs from location to location. In the late Holocene the humidity increased due to decreased
evaporation when temperatures dropped in Mongolia. Due to its location, Mongolia is influenced
by both the North Atlantic Oscillation and the East Asian Monsoon, associated with El Nino effect,
making the region an important source for establishing Holocene climatic signals [26].
Remains of past wetter climates can be found in today’s topography in the form of palaeochannels
and palaeoshorelines, in particular in the desert of southern Mongolia [27,28]. We studied the Ulaan
Nuur depression (44.53◦ N–103.73◦ E), located in a large and flat expanse in the Omnogov province,
which was in the recent past the southern terminus for the Ongi River. We conducted the analysis of
present-day topography provided by SRTM data, coupled with PALSAR imaging. PALSAR allowed
the mapping of palaeochannels and palaeofans of ancient rivers feeding the Ulaan Nuur depression,
while SRTM topography was used to simulate various palaeolake levels and map the location of
possible palaeoshorelines [29]. We actually identified ten potential palaeochannels, strongly indicative
of watercourses feeding Ulaan Nuur in the past. Two main streams are represented by the Ongi
River (Figure 5A) and a southeastern channel (Figure 5C) that correspond to strong incision in the
bedrock. They appear as bright linear structures in PALSAR images, because coarse alluvial gravel
filling the channel bed increase the surface roughness and volume scattering effects, leading to
a strong radar return. Secondary tributes also appear to have fed the Ulaan Nuur depression from the
northwest, but with a somewhat less important water flow, creating numerous alluvial fans (Figure 5B).
Palaeoshoreline morphologies can be clearly observed in present day topography: the Ulaan Nuur
depression is bordered by wave-cut terraces in the north (Figure 5D) and in the south (Figure 5E,F).
The observed terraces actually form sequences that can be accounted for by varying lake levels.
Figure 5 shows three main lake levels that we reconstructed by artificially flooding the present-day
topography, choosing water levels in order to match the observed palaeoshorelines and channel
fans. The bigger outer lake covers an area of 19,500 km2 and is limited in the south by a sharp
west-east trending palaeoshoreline. It also corresponds in the north to the limit where the Ongi River
flows out of higher relief, and shows a bed transition from narrow to wide, indicating that the flow
competence has declined markedly downstream. A medium-size lake, corresponding to a surface of
about 6900 km2 , can then be defined and limited by northwestern and southeastern alluvial fans and
shorter palaeoshorelines. The intermediate-size lake is likely to have been fed by low competence
flows from the northwest and from the southeast, which left numerous, and wide alluvial fan remnants.
It is coherent with a decrease in water level, since the Ongi River also becomes less competent between
the large and medium lake limits, as shown by a wider and shallower bed morphology. Finally,
a small-size lake, probably the most recent one, occupied an area close to 1700 km2 and was limited
in the north by a plateau and by being the termination of all mapped palaeochannels, including the
present day Ongi River. This is likely to have been the final stage of the Ulaan Nuur, by the end of the
progressive drying Holocene phase, before the present-day dry and desiccated depression.
Considering the surface area covered by the bigger extent of Ulaan Nuur lake, and taking
the present day topography as lake floor, we estimated that an amount of more than 3000 km3 of
fresh water was present in the past, filling the Ulaan Nuur depression. Considering the Holocene
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palaeoclimatology of southern Mongolia, this lake is likely to have last several thousands of years,
7 of 10
leading to significant amount of water infiltrating in the shallow subsurface. This suggests that shallow
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Figure 5. Ulaan Nuur depression on top of SRTM topography, showing the three past lake levels (dotted white
Figure 5. Ulaan Nuur depression on top of SRTM topography, showing the three past lake levels
lines) and the ten palaeochannels (solid white lines). Ulaan Nuur’s main streams are the Ongi River (A) and a
(dotted white lines) and the ten palaeochannels (solid white lines). Ulaan Nuur’s main streams are
southeastern channel (C). Terminal fans of secondary tributaries (B) and palaeoshoreline morphologies (D–F)
the Ongi River (A) and a southeastern channel (C). Terminal fans of secondary tributaries (B) and
remain visible in the present day topography.
palaeoshoreline morphologies (D–F) remain visible in the present day topography.
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3. The Future of Space-Borne Imaging Radar: Low Frequency Sensors
Previous cases have shown the benefit of using L-band space-borne imaging radar for mapping
the shallow subsurface in arid environments: even a shallow investigation depth of a couple of meters
is enough to obtain significant and new information about palaeohydrography. An easy way to probe
the subsurface deeper is to go for longer radar wavelengths: while a L-band (1.25 GHz) radar can
penetrate 1–2 m of dry sand, a P-band system (435 MHz) should be able to probe the subsurface down
Water 2017, 9, 194
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