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hallow aquifers are the largest freshwater bodies in

the North African Sahara and the Arabian Peninsula.
Their groundwater dynamics and response to climatic
variability and anthropogenic discharge remain largely
unquantified due to the absence of large-scale monitor-
ing methods. Currently, the assessment of groundwater
dynamics in these aquifer systems is made primarily
from sporadic well logs that barely cover a few percent
of the geographical extent of these water bodies. To ad-
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dress this deficiency, we develop the use of an ultra-
wideband (UWB) very high frequency (VHF) interfero-
metric airborne sounding radar, under a collaboration
between NASA and the Qatar Foundation, to character-
ize the depth and geometry of the shallowest water table
in large hyperarid hydrological basins in North Africa
and the Arabian Peninsula. Herein, we describe the sci-
ence objectives, measurement requirements, instrument
design, expected performance, flight implementation sce-
narios, primary targets for investigation, and the first tech-
nology demonstration of the concept. Our performance
analyses suggest that an airborne, nadir-looking sounding
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radar system operating at a 70-MHz center frequency with a
linearly polarized folded-dipole antenna array—enabling a
bandwidth (BW) of 50 MHz—and a surface signal-to-noise
ratio (SNR) of 85 dB flyingat an altitude of 500-2,000 m can
map the uppermost water table depths of aquifer systems
spanning tens of kilometers at a vertical resolution of 3 m in
desiccated terrains to an average penetration depth of 50 m,
with a spatial resolution of 200 m. For the first time, this
airborne concept will allow time-coherent high-resolution
mapping of the uppermost water tables of major aqui-
fer systems in hyperarid areas, providing unique insights
into their dynamics and responses to increasing climatic
and anthropogenic stressors, which remain largely un-
characterized. The aforementioned significantly surpasses
the existing capabilities for mapping shallow aquifers in
these harsh and remote environments, which relies today
on data collected on different timescales from sparse well
logs that do not cover their geographic extents. A list of key
abbreviations for this article can be found in “The Key Ab-
breviations Used in This Article.”

INTRODUCTION

Understanding the impact of climate change on sea-level
and groundwater resources directly affects the sustainabil-
ity and socioeconomic stability of arid and hyperarid areas
where groundwater is the primary source of irrigation and
potable water. Consequently, the science associated with

understanding the impacts of climate change on ground-
water evolution is of paramount importance [1], yet, to this
day, there are no developed experiments that allow large-
scale mapping of aquifers in hyperarid areas such as North
Africa and the Arabian Peninsula to understand their re-
sponse to changing climatic and anthropogenic stressors.

Today, hyperarid environments, including cold/polar
and warm deserts, represent ~10% of Earth’s surface and
continue to change in size under globally increasing arid-
ity (e.g., [2]). Although polar ice sheets are continuously
shrinking in size in response to global warming, hyperarid
deserts are expanding by desertification [3].

In North Africa and the Arabian Peninsula, the drastic
changes observed in water scarcity, quality, rainfall, flash
floods, aquifer depletion, and accelerated desertification
[4], [5] are all signs of substantial large-scale climatic vari-
ability in these areas resulting from global warming [6], [7],
[8], [9], [10]. However, the aquifer systems in these areas are
poorly characterized with regard to the impacts of climate
change on their hydrological properties. The relationships
between hydroclimatic variables—such as precipitation and
evaporation rates from natural discharges, and transmission
losses to aquifers—and the hydrological connections be-
tween surface water bodies and aquifers are poorly observed
and modeled at the aquifer-system scale [11], [12], [13]. Fur-
thermore, localized studies are often aimed at understand-
ing small-scale or localized water resources, such that the

The Key Abbreviations Used in This Article
ADC: analog-to-digital converter
APIS: Aircraft power input system
ASTER: Advanced Spaceborne Thermal Emission and Reflection Radiometer
BW: bandwidth
CAD: computer-aided design
CCD: charge-coupled device
DAC: digital-to-analog converter
DC: direct current
DEM: digital elevation model
Desert-SEA: Desert Subsurface Exploration of Aquifers
DLR: German Aerospace Center
DNN: deep neural network
EM: electromagnetic
EMC: electromagnetic compatibility
EMI: electromagnetic interference
ESA: European Space Agency
FDEM: frequency-domain electromagnetic sounding
FM: frequency modulated
FPGA: field-programmable gate array
FZ: Fresnel zone
GPR: ground-penetrating radar
GPS: Global Positioning System
GRACE: Gravity Recovery and Climate Experiment

¢ INS: inertial navigation subsystem

. Lidar: light detection and ranging method

LNA: low-noise amplifier

MARSIS: Mars Advanced Radar for Subsurface and lonospheric Sounding
PA: power amplifier

POC: proof of concept

PRF: pulse repetition frequency

PRI: pulse repetition interval

RAID: redundant array of independent disks
RF: radio frequency

RFES: RF Electronics Suite

RFI: radio-frequency interference

RMS: root-mean square

Rx: receiver/receive

SAR: synthetic aperture radar

SHARAD: Mars SHAllow RADar Sounder
SNR: signal-to-noise ratio

SRTM: Shuttle Radar Topography Mission
SSD: solid-state drive

STOL: short takeoff and landing

TRL: technology readiness level

Tx: transmitter/transmit

UHF: ultra high frequency

UWB: ultra-wideband

VHEF: very high frequency

WGS: waveform generating subsystem
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link to global or regional climate change is rarely addressed
[8], [14] due to the absence of high-resolution, large-scale
mapping techniques of the water tables in aquifer systems,
which we address with this airborne mission concept.

The distribution and dynamics of groundwater in these
areas are poorly known due to the paucity of subsurface
measurements (i.e., well logs and geophysical prospect-
ing) [12]. This lack of data limits the current understanding
of the dynamic relationship between climate and ground-
water and thus impedes the development of sustainable
groundwater management in climate adaptation strate-
gies [11]. Although ground-penetrating radars (GPRs)
and drone-mounted radars are well suited for subsurface
aquifer probing through desiccated desert sediments, they
offer insufficient spatial coverage and limited penetra-
tion capabilities due to constraints on mass and power.
Moreover, their deployment in the vast and harsh deserts
of North Africa and the Arabian Peninsula is unfeasible
from a logistical and operational point of view.

To address the aforementioned deficiencies, herein we
propose an airborne desert subsurface exploration of aquifers
(Desert-SEA) system using a high-power VHF sounding radar
to map and characterize the top of the water table in shal-
low aquifer systems (i.e., <50 m deep). The proposed system
will be able to perform mapping at the aquifer scale (i.e., a
few tens to hundreds of kilometers), with meter-scale spatial
and vertical resolutions in desert environments to improve
the current understanding of Earth’s paleoenvironment (i.e.,
previous wet periods that established aquifers that are today
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FIGURE 1. A conceptual graphlc (not to scale) of the types of
subsurface groundwater features detectable with Desert-SEA
radar, along with their appearance on a radargram, including a
flat water table, a cone of depression formed by extraction, and
groundwater mounding caused by artesian upwelling from a
deeper confined aquifer.

deep fossil ones) in terms of geographic variations in precipi-
tation over extended epochs, groundwater inventories, and
improved models of the evolution of Earth’s water cycle.

The measurements by Desert-SEA (see Figure 1) will
characterize key desert areas to inform on the discharge
and recharge processes in fossil aquifer systems and estab-
lish critical constraints for understanding both present and
past hydrological cycles and the impacts of paleoclimatic
changes (i.e., precipitation) on these systems. In particular,
Desert-SEA will provide crucial insight into the ground-
water resources in hyperarid deserts, which account for
the largest fossil aquifer systems worldwide and where
techniques used to explore groundwater on a large scale
remain underdeveloped [15]. Furthermore, the application
of Desert-SEA’s data to water resource management aligns
well with the leading socioeconomic priorities of arid and
hyperarid areas [5], [16], [17], [18].

MAPPING SHALLOW AQUIFERS
Today, deserts in North Africa and the Arabian Peninsula
are some of the harshest and most arid climates on Earth
[2], with almost half of their surfaces receiving less than
100 mm of annual precipitation [19], [20]. However, dur-
ing the last 1 million years, these deserts have experienced
multiple periods of enhanced precipitation and aquifer
recharge, leading to the occurrence of deep aquifers that
are no longer recharged (i.e., fossil aquifers), with sub-
stantial water storage [21]. These deep aquifers (formed
during wetter paleoclimatic conditions) recharge shallow
aquifers through artesian upwelling along geological dis-
continuities [22], leading to the formation of groundwater
mounds near the desert surface [12]. Examples of these ma-
jor transboundary aquifers include the Nubian Sandstone
Aquifer System (2.6 million km?2) between Egypt, Libya,
Sudan, and Chad; Northwestern Saharan Aquifer system
(2.1 million km?) between Libya, Algeria, and Tunisia; and
Upper Mega-Aquifer System (1.6 million km?2) between
Saudi Arabia, Qatar, the United Arab Emirates, Jordan,
Bahrain, and Kuwait (see Figure 2) [12], [16]. These aquifers
have a striking similarity in their lithological composition
(i.e., deep sandstone aquifers underlying shallow carbonate
ones, with thick shale aquitards between them), climatic
conditions (i.e., very limited precipitation), high structural
control, and abundant features of surface/near-surface dis-
charge of deep fossil groundwater [22], [24], [25].
Desert-SEA will explore climate change signatures
in the subsurface of hyperarid regions by leveraging its
unique airborne radar-sounding capabilities to address long-
standing science questions about groundwater dynamics
in remote deserts.

UNCERTAINTIES WITH AQUIFERS’

SPATIAL CHARACTERISTICS

Desert-SEA’s overall science goal is to construct detailed
maps of the spatial distribution of shallow aquifers
in Earth’s hyperarid areas to better understand desert
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hydrology and enhance flow models to provide new in-
sights into recent and past changes in these aquifers and
their implications for groundwater sustainability. The ur-
gent need to quantify the distribution and dynamics of
fossil aquifers in hyperarid areas is summarized by the
following open science questions.

HOW DO DEEP AND SHALLOW AQUIFERS

CONNECT IN HYPERARID AREAS?

Given the hyperarid conditions that prevail in core deserts
(i.e., theinland part, not along coastlines) like the Saharan-
Arabian Desert, modern recharge to its aquifers is limited
to coastal areas, where a relatively consistent pattern of
precipitation replenishes fossil water storage in these mega
aquifers [7], [26]. In desert core regions (i.e., the overwhelm-
ing majority of the area occupied by the Saharan-Arabian
Desert), the sole source of recharge to the shallow aquifers is
the artesian upward leakage from deep aquifers along verti-
cal/subvertical faults [22], [27]. The specific characteristics
of the faults along which deep water is channeled vertically
are still to be identified due to the lack of hydrological da-
tasets and the difficulty of conducting large-scale geophysi-
cal measurements under such remote, harsh, and hyperarid
conditions. Recently, the groundwater mounding phenom-
enon was proposed as a diagnostic feature to delineate the
locations of aquifer connectivity between deep and shallow
ones [12]. Detecting these features helps define the char-
acteristics of the fault systems that control the recharge to
shallow aquifers from deeper ones in
the desert core. Integrating isotopic,
hydrological, and geoelectrical data-
sets has proven to be a valuable tool
for delineating groundwater mounds
in hyperarid deserts [12], yet, the lim-
ited spatial capabilities of geophysi-
cal measurements and limited well
distribution impede large-scale map-
ping of these features.

Desert-SEA and similar VHF
sounding radar missions can probe
shallow aquifers (<50 m deep) under
arid conditions, e.g., using a 45-MHz
center-frequency radar sounder with
a 10-MHz BW [15], and thus, they
provide the unique opportunity to
perform large-scale and time-coher-
ent geophysical measurements to
delineate the groundwater mound
geometry as well as assess their origin
and dynamics and ultimately provide
large-scale mapping of the shallow
fossil aquifers in the desert core that
cannot be achieved using sporadi-
cally distributed well logs that are
concentrated near urban areas. The
change in depth of the water table or
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the vadose zone due to high moisture over areas spanning a
few kilometers should be able to generate sufficient dielec-
tric contrast in the first few tens of meters [28], [29] to be
measured from both airborne or orbital sounding radars us-
ing radiometric analysis of the surface reflected signals or
analysis of returned echoes from subsurface interfaces.

WHAT ARE THE DEPTHS AND SPATIAL

ATTRIBUTES OF SHALLOW FRESHWATER

AQUIFERS IN HYPERARID AREAS?

In many hyperarid areas worldwide, sporadic precipitation
occurs over mountainous areas and is channeled through
expansive watersheds as surface runoff and groundwater flow.
Because some watersheds collect precipitation over large
areas that are channeled through a few main valleys,
substantial amounts of freshwater can either form or re-
charge aquifers beneath these valleys, with flow prefer-
entially channeled (or obstructed) by faults, shear zones,
and dikes. Given natural variations in local geology and
meteorology, large variations are expected in the amount
of local surface runoff, infiltration, and groundwater
recharge from one valley to another [30]. These factors
cause substantial uncertainties in the occurrence and ex-
tent of modern shallow aquifers throughout hyperarid
areas. The penetration capabilities of Desert-SEA can help
map the distribution of shallow aquifers in the Saharan-
Arabian Desert, where the water table is typically less than
50 m deep in most of these alluvial aquifers [26], [31], [32].

Transboundary aquifers

=wr/

[ Political boundaries

FIGURE 2. The notional distribution of transboundary fossil aquifers in North Africa and the
Arabian Peninsula. Notional locations are based on data from Abotalib et al. [22] and the Interna-
tional Groundwater Resources Assessment Centre [23]. Boundaries of the aquifers and the occur-
rence of shallow water are poorly constrained due to the limited number of well logs available.
Desert-SEA addresses this problem by providing an unprecedented dense subsurface mapping
of shallow aquifers, especially near recharge and discharge areas. Small domestic aquifers not
crossing country boundaries are not shown. The aquifers include @ the Nubian Sandstone aqui-
fer, @ North Western Saharan aquifer, ® Lake Chad basin aquifer, ® Taoudeni basin aquifer, ®
Tindouf aquifer, ® Senegalo-Mauretanian basin aquifer, @ Irhazer-llluemeden basin, ® Wajid
aquifer, @ Saq-Ram Aquifer System, and @ Umm er Radhuma-Dammam aquifer.
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WHERE ARE THE STREAMS OF MAJOR PALEO RIVERS

IN THE SAHARAN—-ARABIAN DESERT?

During previous geological times, the Saharan-Arabian
Desert witnessed numerous pluvial episodes when an-
nual precipitation exceeded 1,500 mm during the Oligo-
cene and Miocene time, forming widespread forests that
are indicated by the vast distribution of petrified woods
and extensive river sediments [33], [34]. Even during the
Quaternary Period (i.e., tens to hundreds of thousands
of years ago), the Saharan-Arabian Desert witnessed al-
ternation between wet and dry climatic episodes [7], and,
during the wet episodes, a vast river network flowed over
the then-steppe or savanna-covered terrains [35]. Numer-
ous efforts have been exerted to map the distribution of
these paleo rivers using satellite radar imaging, which
have been referred to as radar rivers, such as in North Af-
rica [36], [37], Western Sahara [38], and the Arabian Pen-
insula [39]. However, most of the areas once covered by
rivers are currently obscured by thick, wind-blown sand
dunes and sand sheets with thicknesses exceeding the
maximum (max) penetration capabilities of current or-
bital radar missions. These paleo rivers represent ideal con-
ditions for the occurrence of shallow aquifers as they can
retain meteoritic freshwater atop a bed of highly imper-
meable material much closer to the surface. They are typi-
cally distinguished by two hydrogeological units: channel
fills and floodplains, where channel-fill sediments typi-
cally contain fewer clays and usually transport lower-sa-
linity water compared to the floodplain sediments [40].
The facies change among channel-fill deposits (i.e., domi-
nated by sand and gravels), and floodplain sediments
(dominated by a mixture of sands and clays) can be used to
distinguish between the two units using geoelectrical mea-
surements [41] as well as radar-sounding techniques [29],
[42]. Mapping the distribution of these paleo rivers with

FIGURE 3. Airborne 40-MHz VHF radar subsurface mapping of the
thickness of the dunes (~15 m) in the Kuwait desert. Desert-SEA
provides similar data from an airborne platform for large regions
that exceed the coverage capabilities of ground surveys. This full
profile is about 200 m in length.

an emphasis on the channel-fill sediments has substantial
value for understanding the aquifer distribution in these
systems, even for those residing beneath the penetration
limit of radar-sounding techniques.

DESERT-SEA OBJECTIVES

Desert-SEA is a scientific investigation and a technology
development project with four well-defined objectives
that address the aforementioned science questions, and
will thereby directly improve our understanding of aquifer
dynamics and signatures of climate change in hyperarid
regions—one of Earth’s least understood environments
due to the lack of large-scale mapping investigations:

MEASURE THE DEPTH OF THE WATER TABLE IN
SHALLOW AQUIFERS AND ITS SPATIAL VARIABILITY

The current delineation of aquifer systems and water table
depths is based on sporadic well logs from widely spaced
wells (see Figure 2). We will use the reflected amplitude
and time delay associated with subsurface radar reflec-
tions to determine the local depth of the water table. At
the top of the water table (the capillary zone), the dielec-
tric contrast among sediments in dry and saturated condi-
tions is capable of producing strong returns (e.g., [29] and
[43]). Therefore, GPRs have been widely used for shallow
(<50 m deep) and local hydrogeophysical studies [44].
2D radargrams (2D cross sections of subsurface energy
reflections) allow measurement of the depth to the wa-
ter table (e.g., [45]), distribution of faults that control
groundwater flow [7], and delineation of the recharge and
discharge areas [46], [47]. Figure 3 shows 40-MHz air-
borne radar-sounding data (not corrected to topography)
in the northern desert of Kuwait performed by NASA's Jet
Propulsion Laboratory during May 2011 [48]. Here, the
base of the dunes at ~15 m in depth, overlaying partially
saturated sand, appears as strong subsurface reflectors
along the flight track of the investigated area. An example
of these sand deposits is visible in the central part of the
radargram. Multiples of the surface reflection (i.e., clut-
ter due to multiple bounces between the bottom of the
helicopter and the ground) are also present, but easily
distinguished from true subsurface reflectors in this case
due to the flat surveyed topography, since their pattern
is identical to the surface one. Desert-SEA, with its dense
coverage over targeted areas in the Sahara and Arabian
Peninsula, will extend the scale of these experiments to
construct regional maps showing the spatial variations of
water levels over large aquifer systems as well as along
the main ephemeral valleys (normally dry but episodi-
cally active riverbeds). It will also allow the delineation
of potential buried large paleochannels that represent
paleo-recharge areas [37], [49], [50], [51], [52]. Such large
coverage, required to explore the hydrogeology of this ex-
tensive area, is unachievable using GPRs and other tradi-
tional methods [i.e., drilling or vertical electrical survey,
or transient electromagnetic (EM) methods].
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IDENTIFY HYDRAULIC GRADIENTS AND GEOLOGIC
STRUCTURES CONDUCIVE TO OR HINDERING
GROUNDWATER RECHARGE, FLOW, AND DISCHARGE

In areas that experience frequent precipitation, the wa-
ter table’s shape and the groundwater flow pattern are
strongly influenced by the local topography, making any
evidence of regional or interbasin flow challenging to
recognize. However, in arid regions, the long intervals
between rain events often provide sufficient time for cor-
relation of the shape of the water table with topography
to decay, making evidence of large-scale hydraulic conti-
nuity considerably easier to identify [53]. For this reason,
the best-recognized examples of regional groundwater
flow on Earth are all found in arid environments.

The flow of underground water generated by the hydrau-
lic gradient is the most fundamental element used to char-
acterize a groundwater system. Desert-SEA’s 2D radargrams,
with a minimum of 100-m ground-track spacing, will pro-
vide unprecedented spatial coverage (closer spacing would
be redundant considering that these features span multiple
kilometers) for mapping the distribution of water levels in
shallow aquifers at 3-m-scale vertical resolution (to observe
the gradual variations in water table depth associated with
mounding). This will result in the first comprehensive pic-
ture of spatial variations in the hydraulic head for the world’s
largest, but least understood, hyperarid aquifer systems.

Using hydraulic gradient data measured by Desert-
SEA, integrated with local currently available in situ geo-
physical data, we can map 1) regional and local recharge
and discharge spatial domains, 2) spatial variation of wa-
ter table depth on the regional scale, and 3) the geologic
features associated with abrupt gradient changes serving
as hydraulic conduits or barriers. This knowledge gained
from Desert-SEA’s data considerably surpasses traditional
in situ geophysical methods.

COMBINE RADAR-SOUNDING OBSERVATIONS WITH
THE AVAILABLE IN SITU GEOPHYSICAL DATASETS OF
FOSSIL AQUIFERS TO PROVIDE INSIGHTS INTO THEIR
HYDROGEOLOGIC EVOLUTION
Desert-SEA’s observations will be integrated with geo-
logic, hydrologic, topographic, geochemical, and isotopic
datasets to understand past (paleo) recharge regimes
through the examination of water table depth and flow re-
gimes (e.g., [12]). Specifically, with Desert-SEA’s measure-
ments, we will be able to identify areas that have received
local precipitation or were fed by paleochannel networks
during previous more humid climate conditions. These
are known as paleo-recharge domains. Coupled with our
new knowledge of the areas contributing to present-day
recharge, groundwater flow models can be significantly
enhanced, enabling more accurate simulations of the
hydrologic evolution of the regional aquifer system from
more humid paleoclimatic conditions to the present day [54].
These results will help us 1) estimate spatial and tem-
poral paleoclimatic changes, 2) evaluate how modern
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surface-water features and human activities affect the fossil
groundwater system, and 3) more accurately project the po-
tential impact of future climatic changes on the depletion
of these aquifers due to excessive man-induced exploitation
and natural discharge [16], [55]. In addition, Desert-SEA
examination of the hydrogeology of present-day Saharan
and Arabian hyperarid environments can have direct rel-
evance to our understanding of groundwater dynamics in
regions that may change from semiarid to arid or hyperarid
regimes in response to climate change, such as the South-
western United States [56], [57].

DETERMINE SHALLOW GROUNDWATER SALINITY BY
COMBINING SOUNDING RADAR AND FREQUENCY-
DOMAIN EM INDUCTION SOUNDING DATA

Desert-SEA’s sounding radar data will also be used to es-
timate propagation losses to the top of the water table to
identify anomalous subsurface radar absorption, which can
be attributed to the presence of brackish water-saturated
zones. Additional observations by a towed-bird fre-
quency-domain EM (FDEM) induction sounder can yield
vertical resistivity data and hence assess groundwater
salinity with a vertical resolution of a few meters to tens of
meters to a depth of 100 m to support the interpretation of
radar observations (e.g., [58], [59], and [60]).

The expected outcome of the Desert-SEA project is to
provide the first large-scale, high-resolution, hydrogeologi-
cal maps of specific areas witnessing heightened groundwa-
ter dynamics (i.e., recharge or discharge) in the North Afri-
can Sahara and the Arabian Peninsula, hence exploring one
of the least characterized water budgets of our planet.

SCIENCE MEASUREMENT AND

INSTRUMENT REQUIREMENTS

Desert-SEA's science goals can be achieved using a single
airborne VHF sounding radar to penetrate dry desert sedi-
ments and explore the spatial and structural characteristics
of shallow aquifers in the first 50 m [12], [42].

Four main interrelated factors drive the instrument re-
quirements for Desert-SEA: 1) maximize the penetration
depth, 2) probe the subsurface with a vertical resolution
of ~3 m, 3) reduce the radar’s vertical blind zone, and 4)
reduce the size of the radar’s footprint to mitigate surface
clutter. Combined, these factors enable an accurate as-
sessment of the depth of the water table, aquifer delinea-
tion, the overlying sediment lithology, and the identifica-
tion of groundwater conduits.

To achieve the science goal (G1) and objectives (S1-S4)
detailed in the “Desert-SEA Objectives” section and laid
out in the first two columns of the science traceability
matrix in Table 1, Desert-SEA needs to measure the sur-
face and subsurface dielectric contrasts (PP1) and the as-
sociated two-way subsurface attenuation (PP2) in the
radar signal to assess water saturation associated with the
top of the water table and structural discontinuities as
potential groundwater conduits. The latter are determined
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To achieve the above, the Desert-SEA’s radar
system needs to employ a frequency BW of 50

from the return signal timing (Obs1) and return
MHz centered at 70 MHz (IR1) with a 3-dB direc

signal strength (Obs2) in the 2D radargrams

generated by Desert-SEA (e.g., in Figure 1).
tive antenna, an effective SNR at the surface of at

least 80 dB (post-processing) (IR2) [42], and a ra-

diometric accuracy of 3 dB (IR3). Together, these
yield an optimal tradeoff of penetration depth
(Pf1), vertical blind zone (Pf2), vertical resolu-
mum spatial resolution of 300 x 300 m (Pf4) [12].

The full characteristics of a radar system that can
meet these science measurement requirements are
summarized in the right-most columns of Table 1

tion (Pf3), and radar footprint size with a mini-

and fully detailed in Table 2. It is important to note
that Desert-SEA will only operate over smooth, flat
basins—where shallow aquifers are formed—with
root-mean-square height variation (h;n) of less
than 2 m within the radar’s footprint to maximize
the signal-to-clutter ratio (MR5) [42].

INITIAL SCIENCE MISSION

The initial Desert-SEA deployment will pro-

The initial deployment of the Desert-SEA airborne
project will consist of only the radar sounder, while
enhanced mission options include off-the-shelf opti-
vide the first time-coherent maps of specific ar-

cal charge-coupled device (CCD) and thermal cam-

eras, lidar, and a towed-bird FDEM.

and climatic drivers. Its 200-m horizontal resolu-

eas witnessing heightened aquifer dynamics, i.e.,
recharge or discharge sites, due to anthropogenic
tion will provide a substantial improvement in de-
lineating aquifers over the orbital gravimeter Grav-
ity Recovery and Climate Experiment’s (GRACE’s)
horizontal resolution of a few hundred kilometers
[61], and over water table depth measurements
from sporadic well logs (see Figure 2). In addition,

first dataset that addresses the hydrogeological cy-
cle of such expansive deserts. The “Targeted Study
Sites” section details the initial targets of interest

Desert-SEA’s initial deployment will provide the
for this investigation.

DESERT-SEA INSTRUMENT

The Desert-SEA’s radar system is a VHF low-band
radar sounder intended to initially operate on a ro-
tary wing aircraft between 500 and 2,000 m above
ground level. A functional block diagram of the
radar system is presented in Figure 4. The princi-
pal characteristics that guide the radar design and

RADAR SYSTEM DESIGN
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its implementation are presented in Table 2, and
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the measurement geometry is depicted in Figure 5. Here,
we briefly overview the underlying parameters of each de-
sign requirement.

) Centerfrequency:Wechoseacenterfrequencyof70 MHzwith
achirp BW of 50 MHz (45-95 MHz). These parameters offer
a balanced tradeoff between meeting science requirements
and implementation and flight constraints, i.e., between
antenna size and nominal penetration depths. A lower
frequency provides less subsurface
attenuation and deeper penetration, but an antenna with
a required 3-dB directivity to minimize surface clutter
may be too large for the aircraft. On the other hand, a
higher frequency would permit a reasonable antenna size,
but the higher subsurface attenuation limits penetration
depth. It is important to note that the system is deployed
in remote, nonurban areas away from frequency-modu-
lated transmissions, and therefore will not interfere
with the 88-95-MHz frequency band utilized by public
radio services.

b Vertical and spatial resolutions: To meet the vertical reso-
lution requirement of 3 m in dry sand, we designed the
radar electronics subsystems to have a 50-MHz chirp
BW. Along-track and cross-track resolution of the subsur-
face return is commensurate with the scale over which
the nadir signal is coherent, i.e., the Fresnel zone (FZ)
radius of y/ A1 /2, where A is the wavelength and h is the
altitude. For example, for an altitude of 1,000 m and
a frequency of 45 MHz (A = 6.66 m) and 95 MHz
(A =3.15 m), the FZ radii, corresponding to the half-
power spatial resolutions for a surface that is smooth
with respect to the wavelength, are approximately 58
and 40 m, respectively. Synthetic aperture radar (SAR)
processing provides finer along-track resolution of the
surface returns (of the order of 10-15 m) for rejecting
off-nadir surface clutter. Cross-track resolution of the
surface returns, assuming a surface that is rough with
respect to the wavelength, is approximately twice the
range-resolution-limited patch radius, which is V2ho:,
where o, is the range resolution in air.

) Antenna polarization: Desert-SEA will use horizontal linear-
ly polarized folded-dipole array antennas mounted along
the track (i.e., colinear with the helicopter’s fuselage) to
minimize its impact on the aircraft’s aerodynamics.

To meet the aforementioned design requirements,
Desert-SEA’s radar is composed of the following seven
subsystems.

POWER DISTRIBUTION SUBSYSTEM

The power distribution system has an aircraft power in-
put system (APIS). The APIS system filters and protects the
aircraft’s 24-V dc power supply from Desert-SEA’'s power
faults. It also isolates the Desert-SEA radar from aircraft
EMI and over-voltage conditions. The internal radar
power system consists of primary and redundant systems
intended to nominally operate in high temperature envi-
ronments for extended periods. The radar is expected to
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TABLE 2. SUMMARY OF DESERT-SEA RADAR CHARACTERISTICS.

PARAMETER VALUE UNITS
Scenario: - -
Radar height above terrain 500-2,000 m
Diameter of nearest illuminated patch at 200 m
1,000-m altitude, range-resolution limited

(for noncoherent scatter)

Diameter of nearest illuminated patch at 47 m
1,000-m altitude, Fresnel reflection zone

limited (for coherent reflection)

Radar tangential velocity (helicopter) 80 kn
Radar waveform: — -
Operating frequency range, nominal 45-95 MHz
Waveform BW <50 MHz
Waveform center frequency (BW dependent) 50-70 MHz
Pulsewidth (variable; altitude dependent)  1-5 us
Intrapulse modulation linear FM —
Pulse repetition frequency 10-20 kHz
Antenna: = =
Gain per antenna (dipole + reflector) —2-0 dBi
(nominal)

Beamwidth, along track, half-power, one ~90 -
way (nominal)

Beamwidth, across track, half-power, one ~90 -
way (nominal)

x: = =
Power amplifier RF output power (peak) 200-500 w
Tx RF duty factor (waveform dependent) <10 %
Total Tx RF loss (T/R switches, cables, and 4.5 dB
so on)

Rx: = =
Total Rx RF loss (T/R switches, cables, and 5.5 dB
so on)

LNA noise figure (for a high dynamicrange LNA) 1.5 dB
Rx system noise figure 7 dB
Rx system effective noise temperature 1,163 K
(excluding external noise)

Range processing:

Range resolution in air without weighting 3 m
(for a 50-MHz BW)

Range resolution in air including Txand Rx 5 m
weighting for range sidelobe control

Depth resolution in subsurface medium 2.9 m
with e,= 3 (velocity factor = 0.58)

Along-track processing:

Along-track SAR resolution 13-26 m
Synthetic aperture integration angle 5.3-10.6 degrees
Synthetic aperture length (at height=1,000 m) 93-185 m
Synthetic aperture time (at 80 kn; 2.25-4.5 s
height = 1,000 m)

Presum ratio (coherent integration per 200 pulses

along-track sample, typical)

FM: frequency modulated; LNA: low-noise amplifier.
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require about 1 kW of prime power

Tx Chain from the aircraft.
Waveform Power Final Power Tx
Generator | 7| Amplifier =y Amplifier =, onna > TRANSMITTER CHAIN
Exciter System . . .
The transmitter (Tx) chain consists

A
o ) of six core components (see Figure 6).
Timing Chain .
In general, a field-programmable

Internal
Timing System{€— Reference [€— INS/GPS

gate array (FPGA) and digital-to-

Clock analog converter (DAC) generate

Data Link Chain T I the shaped Tx waveform signal,

¢ nl7 ¢ Bx Chain Whid"l .is amplified. by the power

Analog-to- . amplifier (PA) and filtered to reduce

Processor |€— Digital — Rx | Ante)r(ma <-- spectrum interference. The flight

Converter PA will be a suite of lower PAs that

A t provide increased reliability and ef-

v ficiency. The following is a brief de-
RAID Data UHF Air-to- Tx/Bx scription of each component:

Storage »| Ground Duplex[€» ) Waveform generating subsystem

System Data Link (WGS): The WGS is an FPGA-

based arbitrary waveform gen-
erator that provides multiple
shaped waveforms used for ra-
dar emission and internal cali-
bration. Figure 7 provides an
example of the type of weighted
waveform before and after pulse

FIGURE 4. The Desert-SEA radar functional block diagram. INS/GPS: inertial navigation
system/GPS; UHF: ultrahigh frequency; RAID: redundant array of independent disks.

PP compression, which is used for
........ Folded Dipole subsurface penetration and range
"""""" Cross-Sectioned ZY sidelobe suppression.
A= 7 Radiated Pattern b PA driver: The low-level WGS sig-

nal at 1 mW (0 dBm) is amplified
to a 40-dBm level anddivided
into four equal 2-W (33-dBm) sig-

SAR Along-Track
. Surface Resolution, r,

i\
\\)&\0(\‘ nals, which then drive the Desert-
o 7,
S _ il SEA's 500-W peak PA assembly.
T ’ b 500-W peak PA: For redundancy
—_—l -7~ Uneven L 1 ,
Ny - Surface and reliability, the sounder’s PA
B N T— T o uses four independent 125-W
S Range-Resolution-Limited Patch e . e
~~~._, _ forRoughSuriace | -~ Level peak amplifiers. Each amplifier
| ' = \ T Water Table is individually controlled and
Fresnel Reflection Zone monitored. In the event of an
for Smooth Surface amplifier failure, the remaining
amplifier complement will allow
FIGURE 5. The Desert-SEA radar measurement geometry. SAR: synthetic aperture radar. mission completion.
Waveform POV\I_gr Power Tx Harr_nonic Transmit/ Antenna
Generating —»{ Amplifier —» Amblifi —» Filtering [—»| Receive [
: plifier ) Subsystem
Subsystem Driver Subsystem Switch
a A a
Tx Timing
Subsystem
FIGURE 6. The Tx chain block diagram.
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) Tx timing subsystem: Parallel operation of individual PAs
requires a precision timing subsystem to synchronously
control each amplifier. This will be done with a high-
speed FPGA from Xilinx. A rubidium clock disciplined
to a one-pulse-per-second GPS clock is used to produce
the fundamental radar clock.

) Tx harmonic filtering subsystem: The harmonic filter sub-
stantially attenuates Tx harmonics above 100 MHz. It is
required to minimize EM interference (EMI) in the VHF
and ultrahigh-frequency (UHF) aviation bands and pro-
vides EM compatibility with the host aircraft.

b Transmit/receive (T/R) switch: The Desert-SEA’s radar op-
erates at a relatively high power (500 W), high pulse
repetition frequency (PRF), and 5-ps Tx pulse duration.
Custom T/R switch solutions will be designed, built,
and tested to provide 500-ns switching times and con-
trolled insertion loss of <1.25 dB.

RECEIVER CHAIN

Powered by an industry-standard Xilinx FPGA and
synchronized by high-precision GPS signals, the FPGA
provides the fundamental system cadence to initialize
the string of events required to generate the specialized Tx
waveform, amplify it to a level sufficient to deeply pen-
etrate Earth’s surface, and start a process to accurately mea-
sure the time delay to the surface and subsurface reflectors.

INERTIAL NAVIGATION SUBSYSTEM/GPS

SUBSYSTEM

Desert-SEA's inertial navigation system (INS)/GPS sys-
tem, mounted on the antenna support structure, provides
location, velocity, and timing information, which are
time-stamped alongside the radar’s return and telemetry
data. This information is used for motion compensation in
the SAR's processing and is also applied to the processed
radargrams to provide depth and along-track metrics.

| Tx RF Pulse Envelope

! | | |

n {
e e e e T et ey p—ym—

1 2 8 4 5) 6
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| TX Waveform Spectrum

B
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Point Scatterer Response
- After Pulse Compression

The Desert-SEA Receiver Chain con- §
sists of the following two major sub- é 18
systems, as depicted in Figure 8: g 13
b Rx limiter and timing subsystem: ® os5i
The limiter attenuates Tx signal =
leakage into the sensitive Desert- % 0 0 '
SEA’s receiver (Rx) and controls z
the overall Rx chain while listen- .
ing for signal returns. % 20
b Multistage Rx gain stages: Three g 0
cascaded, switchable gain stages ot
provide 20-60-dB gain over the g
45-95-MHz fixed-gain band. The % _150
high and low gain stages precede the foe
analog-to-digital converter (ADC)
and embedded FPGA processor. @ 0
TIMING SUBSYSTEM % —50
The Desert-SEA Timing System (see %‘, —100
Figure 9) orchestrates in precise de- ‘%
tail the collective performance of z 150 5 6

Desert-SEA's internal subsystems, as
first introduced in the “Transmitter
Chain” section.

7 8 9 10 11 12 13 14 15
Range Delay (us)

FIGURE 7. Desert-SEA waveform characteristics in the time and frequency domains.

ADC
Subsystem

Pre-ADC
Filtering

Gain
Stage

Gain
Stage

Gain Limiter < Rx -
Stage

A f A

Antenna
f

4

Rx Gate and Clock

b Gain Control Bus

Rx Timing

Tx Reference Waveform

FIGURE 8. The Rx chain block diagram (one of two channels shown).
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FIGURE 9. T/R signal timing. PRI: pulse repetition interval.

The INS/GPS provides measurements of position, ve-
locity, and altitude at an update rate of 400 Hz. The INS/
GPS also provides a primary timing signal, which disci-
plines Desert-SEA’s master clock to an accuracy of 30 ns
(root-mean square).

SYSTEM PROCESSOR AND DATA CHAIN

Desert-SEA utilizes a multicore embedded processing system
that operates with a Linux operating system. Secondary pro-
cessing units communicate over internal USB 3.0 fiber and
Ethernet interfaces to transport control, monitoring calibra-
tion and ground data link information. The components of
the system processor and data chain are listed as follows:

PARAMETER VALUE UNITS

ADC sample rate 300 Msps

Bits per ADC sample (max) 16 bits/ADC sample

PRF (max) 20,000 Hz

PRI (min) 50 us

ADC sampling window for sounding 8 s

ADC sampling window for RFI sensing 8 ys

ADC sampling window for calibration 4 us

Total sampling time per PRI 20 us

Total ADC samples per PRI 6,000 ADC samples/PRI
Presum ratio 100 pulses/along-track sample
Effective along-track sample rate 200 along-track samples/s
Presummed samples per second per Rx 1,200,000 samples/s/channel
channel

Bits per second per Rx channel 19,200,000 bits/s/channel
Number of Rx channels 2 —

Total bits per second to storage device 38,400,000 Dbits/s

Total bytes per second to storage device 4,800,000 bytes/s

min: minimum; PRF: pulse repetition frequency; PRI: pulse repetition interval; RFI: RF interference.

» Multichannel ADC: The ADC transforms the wide-dynamic
antenna range return signals into 14-bit digital words that
are filtered and stored for postflight processing.

) Redundant array of independent (RAID) solid-state drive
(SSD) subsystem: Radar return data [level 0 (L0)], along
with telemetry data, will be encoded on a minimum of
two physical terabyte RAID SSDs. The radar data rate to
the SSD subsystem is calculated in Table 3.

b Telemetry subsystem: A telemetry monitoring and reac
tion system consisting of multiple power, current,
voltage, temperature, and strain gauge sensors will
be located within the RF Electronics Suite (RFES) and
antenna support platform to continuously sample

and evaluate the status of critical Desert-SEA
subsystems (e.g., Tx power output, voltages,
temperatures, and so on) to maintain nomi-
nal operation and aircraft and personnel
safety. Telemetry data will be continuously
logged on the RAID subsystem for postmis-
sion analysis.
b Broadband air-to-ground link: A two-way UHF
broadband radio provides Desert-SEA ground
operators with a full-duplex 40-60-Mbit/s link
to monitor unprocessed radar data for qual-
ity control, and reconfigure radar parameters
that are scenario dependent (e.g., altitude- and
speed-dependent ones).

Calibration subsystem: Desert-SEA’s system

processor and data chain employs the follow-

ing three calibration modes:

1) Premission all system calibration: This mode
automatically injects test signal vectors
into key subsystem components, such
as the Rx, and subsequently measures,
compares, and adjusts the system under
test to meet a predetermined metric.
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2) In-flight calibration: A subset of premission mea-
surements will be carried out periodically on ev-
ery mission. Vernier adjustments will be made to
meet mission requirements.

3) Post flight/mission: For each mission, a full before
and after calibration and parameter scan provides
the science data analytics group with the correct
information needed for radargram processing.

ANTENNA SUBSYSTEM

Desert-SEA uses broadband correlation interferometry
to estimate the off-nadir angle of surface returns in the
cross-track direction. This will aid in discriminating the
desired subsurface returns from undesired cross-track sur-
face clutter.

Desert-SEA uses two separate mission-designed VHF,
horizontally polarized, two-element folded-dipole array
antennas that operate in the 45-95-MHz band to create sub-
surface images. To implement the interferometer capability,
one antenna will be used as an Rx only and the other an-
tenna will be switched between transmitting and receiving.

The antenna is one of the most critical Desert-SEA sys-
tem elements. Analytical prototypes will be built and test-
ed. The directivity of a single antenna (a two-element Yagi
consisting of a folded dipole and a passive reflector) is ex-
pected to be a little higher than that of a dipole without a re-
flector, although the directivity is expected to vary over the
broad operating band. The net gain per antenna (includ-
ing RF loss) could be several decibels fewer than that of a
resonant two-element Yagi due to the broadband matching
network required for octave-band operation. The max di-
rectivity for interferometric operation would ideally be 3 dB
higher than that of a single antenna. Including processing
losses, interferometric processing should provide an SNR
improvement of ~1.5 dB over single-antenna reception.

PROJECTED INSTRUMENT PERFORMANCE

The frequency and BW of the Desert-SEA’'s sounding radar

are driven by the penetration depth requirements and the ac

curacy requirement for the water table depth measurement.
For a VHF sounding radar, four factors will affect the sci-

ence return and influence the mission and instrument design.

PENETRATION DEPTH VARIABILITY

The science return from Desert-SEA is mainly driven by
the ability of the radar wave to penetrate the subsurface,
which is primarily governed by geoelectrical properties
(i.e., dielectric properties and conductivity), and second-
arily by the structural complexity of the explored ground.
Geoelectrical properties define the dielectric attenuation
in the radar signal, which is a function of soil composition,
moisture content, and presence of clays and evaporites
[28], [29], [63], [64], [65], [66], [67]. Hyperarid environ-
ments are widely known to be favorable geophysical envi-
ronments for radar penetration (e.g., [42], [62], [68], [69],
[70], and [71]). Scattering losses are small compared to the
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dielectric ones at the Desert-SEA’s 45-95-MHz frequency
[62], [72], [73]. The majority of the Sahara and the Arabian
Peninsula is covered with erosional sediments that are
mainly composed of desiccated, silica-rich materials that
have low, one-way dielectric and scattering losses ranging
from ~0.5 to 0.9 dB/m [28], [42], [62] [68], [71], [72], [74].
The latter yields average penetration depths of 50-100 m
at 70 MHz under nominal conditions (i.e., lacking con-
ductive minerals). Higher losses that can significantly
constrain the penetration depth are located mainly near
coastal areas and rivers [75]. These regions are not a part of
Desert-SEA’s science objectives.

RESOLVING SUBSURFACE
FEATURES FROM CLUTTER

In hyperarid areas, shallow DESERT-SEA'S OVERALL

SCIENCE GOAL IS TO
CONSTRUCT DETAILED
MAPS OF THE SPATIAL

aquifers are located, by defi-
nition, in the flat, low-lying
parts of basins, which are of-
ten filled with smooth sedi-
mentary deposits, with
less than 2 m within the ra-
dar’s footprint [42]. Surface
clutter, or echoes arising from
surface features farther in the
cross-track direction than the
primary surface echo, can be
confused with true subsur-
face returns, notably, ones
from aquifers or their con-
duits, and therefore imposes
a constraint on interpreting
radar data from areas with
significant surface topog-
raphy (e.g., with hills adja-
cent to flat terrain) (see Figure 10). Moreover, to resolve
the ambiguities arising from surface clutter, proven data
processing methods that rely on digital elevation models
(DEMs) and the geometry of radar propagation to predict
the location of surface clutter in radargrams will be used
[76], [77], [78], [79], [80]. Surface clutter, or echoes that
arise from surface features farther in the cross-track di-
rection than the primary surface echo, can be confused
with true subsurface returns and therefore poses a con-
straint on interpreting radar data from areas with signifi-
cant surface topography (e.g., hills adjacent to flat terrain)
(Figure 10). By comparing clutter simulation results to the
corresponding Desert-SEA radargrams, surface clutter can
be distinguished from actual subsurface reflectors. DEMs
with 90-m postings that are sufficient to calculate clut-
ter for Desert-SEA are readily available for the targeted
regions of interest; they are obtained from multiple mis-
sions, including the Advanced Spaceborne Thermal Emis-
sion and Reflection Radiometer (ASTER), Shuttle Radar
Topography Mission (SRTM), and TanDEM-X. Resolving
subsurface features from surface clutter was successfully

AQUIFERS IN EARTH’S
HYPERARID AREAS TO
BETTER UNDERSTAND
DESERT HYDROLOGY AND

PROVIDE INSIGHTS INTO

IN THESE AQUIFERS AND
THEIR IMPLICATIONS FOR
GROUNDWATER
SUSTAINABILITY.

DISTRIBUTION OF SHALLOW

ENHANCE FLOW MODELS TO

RECENT AND PAST CHANGES
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addressed for Earth and planetary sounding radars [28],
[76], [77], [78], [81], [82], [83], [84], [85], [86].

OPTIMIZING THE RADAR’S BLIND ZONE

The blind zone of radar sounders is the region of the shal-
low subsurface washed out by very strong near-nadir sur-
face returns. The blind zone gets deeper and brighter (in-
creasingly cluttered with echoes from near-nadir surface
reflections) as the altitude of the sensor increases due to a
widening footprint. For a given depth, the depth-equivalent
surface clutter point 1) moves farther away from nadir and
2) has steeper incident angles. These mean that 1) the iso-
range line of a target at depth at nadir overlaps with more
volume and surface points and 2) any assumptions made
about the surface scattering properties in analysis must be
maintained over ever-increasing cross-track distances. For
example, an airborne radar sounder at 1,000-m altitude
that observes reflections from the water table interface
located 20 m below a layer of desiccated, nonmagnetic,

low-loss sand (&} =3) will observe overlapping reflections
arriving at the same time (same range) from surface targets
30 m from nadir.

Depth resolution is inversely proportional to the trans-
mitted waveform BW. Because the BW is limited, the
depth resolution attainable in an airborne or spaceborne
sounder is coarser than that achievable in a ground-level
impulse GPR. The depth (range) resolution is given by
or=k:c/ (2Bn), where k; is a range-resolution-broadening
factor (whose value is approximately two) due to amplitude
weighting for range sidelobe control, ¢ is the speed of light,
B is the waveform BW, and n is the refractive index in the
subsurface medium. As the nadir surface return is strong,
its mainlobe response can mask shallow subsurface returns
within ~0.750; from the surface (the aforementioned blind
zone). For a 10-MHz waveform BW and a refractive index
n of 1.73 (a conservative estimate of the relative permittiv-
ity in the subsurface medium of &;=3), this blind region
extends to a depth of roughly 13 m. The blind region can

Surface Clutter and Subsurface Signal Versus Depth
(Smooth Surface + Smooth/Flat Water Table at Meter Scales)
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FIGURE 10. (a) The predicted nadir surface clutter response from a relatively smooth surface and the specular subsurface return power
(from the water table) versus depth for &," =3 (dry sand) with two-way subsurface losses of 1 dB/m and 2 dB/m. (b) The difference (in
decibels) of the curves in (a), i.e., the signal-to-clutter residue ratio of the subsurface water table reflections. The water table is detectable
at depths where the subsurface return exceeds the surface clutter response. Adapted from Heggy et al. [42].
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be reduced by increasing the waveform BW. For example,
the blind region for systems with a 30-MHz BW waveform
would be roughly 4.3 m deep, while that of a 50-MHz BW
waveform would be approximately 2.6 m deep. In addition
to minimizing the blind zone for deeper water table detec-
tion, the blind zone can also mask important information
about dielectric variability in the shallowest 10-20 m of the
subsurface, such as those from shallow, paleohydrological
features, including remnant soil moisture.

Another significant factor affecting the extent of the
blind zone for VHF sounders is surface roughness at the me-
ter scale. The water table is, by definition, flat due to leveling
of the fluid in the subsurface and does not follow the surface
roughness. Hence, the desired subsurface returns are expect-
ed to be specular at the observation wavelength but must
compete with the returns from surface clutter occurring at
the same time delay. Near-specular nadir surface clutter
returns (i.e., from a relatively smooth surface) are stronger
than subsurface returns but are of limited time or range ex-
tent, enabling visibility of subsurface returns deeper than
this blind zone, i.e., those occurring at later range delays.
Clutter return signals (off-nadir surface returns) from a
rough surface can be spread further in time, occupying
ranges that can span the depths of interest.

If the surface clutter is near specular, as is the case for
hyms of 1 m in a 100 x 100-m footprint, it will mask sub-
surface returns only at shallow depths of ~5 m. Hence, the
water table is detectable at depths between 5 and 34 m
for a conservative, two-way subsurface attenuation rate of
2 dB/m, as shown in Figure 10. However, for average two-
way subsurface losses as small as 0.5 dB/m (e.g., [42]), the
water table is detectable between depths of ~5 and 83 m. Fly-
ing lower and decreasing the footprint size can improve the
blind zone over areas with slightly higher h;,5 (e.g., 2 m).
We assume an h s below 1 or 2 m for Desert-SEA, which is
achieved by operational altitudes of 500-2,000 m (yielding
a surface footprint <20 m along track x 400 m across track)
over the flat, smooth hydrological basins of interest [42].
Altogether, reliable observations of the subsurface returns
therefore require some form of clutter mitigation that can
be improved with altitude control and forward modeling of
the clutter using existing DEMs of the surface.

EFFECTS OF EMI ON SURFACE SNR

Desert-SEA will operate over sparsely inhabited areas with
few commercial radio or TV Txs. EMI from such sourc-
es (e.g., VHF-band television broadcasting towers) is a
well-studied phenomenon in radar remote sensing. The
successful mitigation of any EMI the Desert-SEA expe-
riences imposes the following requirements: 1) that the
radar operates with a wide dynamic range to avoid satu-
ration and 2) that notch and/or adaptive filtering be ap-
plied during processing. To meet the first requirement, a
> 12-bit ADC will be used, with a > 24-dB higher dynamic
range than those previously used on orbital planetary
radars [85].
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Taken together, the aforementioned four factors strongly
influence the requirements of the radar instrument’s de-
sign, its operations, and its data processing.

SCIENCE ENHANCEMENT OPTIONS

The addition of three supporting off-the-shelf instruments
provides an enhancement to the scientific return of the data
acquired by the primary instrument, which is the sounding
radar. These instruments are optical CCD/thermal camer-
as, a lidar, and a towed-bird FDEM induction sounder. The
role and characteristics of each supporting instrument are
briefly summarized as follows.

OPTICAL CCD/THERMAL CAMERAS

Three high-precision optical cameras (~10-cm-per-pixel
resolution at 1,000-m altitude), mounted forward, reverse,
and downward looking, will enable the stacking of sur-
face and subsurface images to provide a 3D cross-sectional
view. These views can be used
together with GPS data to ac-
curately survey the probed
surface and subsurface, land
cover, and topography at the
time of the survey. In addi-
tion, high-resolution images
will be used to character-

THE INITIAL DEPLOYMENT
OF THE DESERT-SEA
AIRBORNE PROJECT WILL
CONSIST OF ONLY THE
RADAR SOUNDER, WHILE

ENHANCED MISSION
ize surface conditions at the

OPTIONS INCLUDE OFF-THE-

sounded sites (e.g., dunes,
vegetation coverage, rough
surfaces, and other features).
Thermal CCDs can support
the assessment of residual

SHELF OPTICAL CHARGE-
COUPLED DEVICE AND

soil moisture.

LIDAR

The second auxiliary instrument is the lidar, which allows
precise measurement of surface topography in several types
of terrains, and is capable of measuring the intensity of the
signal scattered by the surface, which depends on its optical
(refractive index) and physical (roughness) properties. Li-
dar data will provide the 2 x 2-m topographic model neces-
sary for accurately modeling and mitigating surface clutter
in the radar-sounding data.

TOWED-BIRD FDEM

An airborne FDEM induction sounder towed in a pod
(“bird”) behind the aircraft ~30 m above ground level
can perform EM sounding for each site to determine the
ground'’s vertical resistivity, a parameter crucial for under-
standing the salinity and radar response on site, as well as
the interpretation of data in the postprocessing phase [87],
[88]. Airborne FDEMs have a vertical resolution of a few
meters to tens of meters, penetrate to depths of 100-150 m
depending on soil resistivity, and are considerably more
compact than time-domain EM systems, which require tow-

THERMAL CAMERAS, LIDAR,
AND A TOWED-BIRD FDEM.

ingalarge loop behind the aircraft (e.g., [58], [59], and [60]).
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PROJECTED RESULTS AND DATA PLAN

Desert-SEA mission main data products will include a raw
data archive (level 0 (LO) data); unprocessed position-reg-
istered time-domain radargrams (L1a); processed and cali-
brated position-registered depth-domain radargrams (L1b);
processed, calibrated, and position-registered radargrams
overlain with clutter simulations (L2); topography-correct-
ed radargrams with identified water tables and topographic
correction (L3); and 3D maps of the water table made from
individual L3 profiles (L4).

L1 data will consist of pulse-compressed time-domain
radar amplitude traces processed using signal summa-
tion to improve surface SNR. Clutter simulations for each
track will be provided as part of the L1b data products. L2
data will consist of parameters extracted along each track,
including surface topography and aquifer depth. Maps of
shallow aquifer delineation and water table depth will be
generated as well as examples of regional hydrogeologi-
cal maps for the Nubian and Dammam aquifers (the larg-
est fossil aquifers), which will be obtained by combining
Desert-SEA’s data with in situ geophysical datasets. The
L0, L1 and L2 data product deliveries to the mission’s data
archive will begin within six months of downlink receipt
and finish by the end of operations.

IMPLEMENTATION OPTIONS

The airborne VHF radar campaign is the main milestone
of the Desert-SEA mission, where an aerial platform will
be utilized to carry the new radar system and perform
aquifer prospecting. Two implementation options are
being considered: 1) helicopter based and 2) fixed-wing
aircraft based.

FIGURE 11. CAD renderings of the Desert-SEA radar antenna pro-
totypes mounted on an AS350 helicopter. (a) A 200-MHz proof of
concept (stowed configuration). (b) A full experiment with 70 MHz
(deployed configuration).

HELICOPTER ROTORCRAFT

The baseline Desert-SEA radar flight vehicle will be

the Aero Spatial 350 Utility Helicopter (Figure 11).

The AS350 is readily available globally and supports

the Desert-SEA’s payload and power requirements and

operation in areas spanning tens of kilometers. The
sounder’s flight kit consists of the following four major
components:

1) Antenna-mounting platform structure: This provides a fixed
platform for dual-directional VHF antennas and the
integrated INS and GPS timing system. This modular
system is designed for easy shipping, installation, and
maintenance.

2) Radar equipment support package: This includes a Tx, an
Rx, data processing, and storage components.

3) Thermal design and management: The nominal high-end
operating temperature of Desert-SEA’s sounding radar
is 60 °C (140 °F). An integrated, systemwide thermal
model of Desert-SEA’'s hardware package has been de-
veloped and will be used to guide subsystem component
placement.

Lightweight, quick-disconnect cable and harness system:

This is used for power, RF, digital, and flight safety

4

~—

systems.

The AS350 is widely used in radar-testing and survey-
ing campaigns [89], [90] and has a successful heritage in
airborne research experiments in various environments. It
has the following performance characteristics:

Empty weight: 1,174 kg (2,588 1b)

Max takeoff weight: 2,250 kg (4,960 1b)

Engine power: 632 kW (848 hp)

Cruise speed: 245 km/h (152 mi/h, 132 kn)

Never-exceed speed: 287 km/h (178 mi/h, 155 kn)

Range: 662 km (411 mi, 357 nmi)

Endurance: 4 h

Service ceiling: 4,600 m (15,100 ft)

Rate of climb: 8.5 m/s (1,670 ft/min).

The AS350 helicopter was successfully utilized for a li-
dar data campaign in Cambodia for deforestation obser-
vation. The flights were at altitudes of 800-1,000 m above
ground level at a speed of 80 kn [89]. The AS350 was also
utilized in NASA’s Operation IceBridge [90], which in-
tended to survey land and sea ice across the Arctic, Ant-
arctic, and Alaska.

FIXED-WING AIRCRAFT

The alternative platform for Desert-SEA when consid-
ering coverage over larger areas (spanning a few hun-
dred kilometers) is a fixed-wing aircraft that can be uti-
lized to mount new radar systems and perform low-/
high-altitude, long-range data acquisition campaigns.
Fixed-wing aircrafts have the advantage of providing
long-range flights in which vast amounts of data can
be captured in one flight. Their longer range and alti-
tude flexibility come with cost increases compared to
the rotorcraft.
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For the fixed-wing aircraft, the Dornier 228 model is
considered for Desert-SEA flights. The Dornier 228 is a
twin-engine, general-purpose aircraft capable of trans-
porting up to 19 passengers or various cargo. It is pow-
ered by a pair of Garrett TPE331 turboprop engines. The
Dornier 228 is commonly classified as a short takeoff
and landing (STOL)-capable aircraft capable of operating
from rough runways and in hot climates, which makes it
suitable for Desert-SEA flights. This capability has been
largely attributed to the type’s supercritical wing, which
generates large amounts of lift at slow speeds.

The Dornier 228 aircraft possesses the following speci-
fications:

b Empty weight: 3,900 kg (8,598 Ib)

Max takeoff weight: 6,575 kg (14,495 1b)

Fuel capacity: 1,885 kg

Powerplant: 2 x TPE331-10 turboprop, 579 kW each
Cruise speed: 413 km/h (257 mi/h, 223 kn)

Stall speed: 137 km/h (85 mi/h, 74 kn)

Range: 396 km (246 mi, 214 nmi), with a 1,960-kg payload
Ferryrange: 2,363 km (1,468 mi, 1,276 nmi), with a 547-kg
payload

» Endurance: 10 h

b Service ceiling: 7,620 m (25,000 ft).

The Dornier 228 can provide more resources than
rotorcrafts in terms of range, altitude, and speed for
Desert-SEA flights. There are various possible installation
locations of the radar prototype on the aircraft fuselage,
one of which is on the bottom of the fuselage for nadir
operation.

The Dornier 228 is typically promoted for its versatil-
ity, low operational costs, and high level of reliability. The
Dornier 228 has been utilized for radar systems’ testing
experiments at various research institutions. The German
Aerospace Center (DLR) has utilized two Dornier 228 air-
craft to perform radar campaigns at both hot and arctic
environment conditions [91]. The AfriSAR airborne SAR
campaign in Gabon was executed to support develop-
ment of the European Space Agency’s Biomass P-band SAR
satellite mission [91].

TARGETED STUDY SITES

High-resolution maps of the groundwater table can ad-
vance our understanding of the hydrogeology, paleo-
hydrology, and paleoclimate in arid/hyperarid regions
on Earth (e.g., the Saharan-Arabian Desert belt, Mojave
Desert, Kalahari Desert, and Great Victoria Desert). Con-
tinuous data of groundwater table elevation, which will
be obtained from Desert-SEA’s radar sounding of shallow
aquifers in the Arabian Peninsula, will certainly improve
the present-day potentiometric maps that are interpolated
from sparse-monitoring well data. These data, together
with airborne topography data, will foster the develop-
ment of integrated surface-groundwater flow model-
ing. Additionally, multitemporal flights over the same
aquifer will provide a comprehensive understanding of the
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groundwater table fluctuation in response to groundwater
abstraction and climate variability.

Here, we propose the preliminary candidate sites for
conducting the airborne radar-sounding survey in the
Arabian Peninsula (see Figure 12 and Table 4). The sites are
distributed as follows:

» Two sites in Kuwait covering the Miocene-Pleistocene
Kuwait Group aquifer in northern Kuwait (KW1) and
the hydrologically connected Lower Kuwait unit and
Dammam aquifer in southern Kuwait (KW2).

) Seven sites in Saudi Arabia covering the Cambrian Saq
aquifer (SQ1, SQ2, SQ3, and SQ4), the Paleozoic Wajid
aquifer (WJ1), and the Paleogene Umm er Radhuma
aquifer (UER1 and UER2).

b A single site in eastern Oman covering the Tertiary-
Quaternary Ash Shargiyah Aquifer System (OM1).

b A single site in southern Qatar covering the Middle
Eocene Dammam aquifer (QT1).

b A single site in the United Arab Emirates covering the
Quaternary Sand Dunes (Liwa) aquifer (UAE1).

The selection of these sites considers:

) predefined aquifer areas with potential fresh or brack-
ish water reserves and relevant aquifer materials (e.g.,
we did not consider fractured crystalline aquifer sys-
tems in Saudi Arabia and in Oman)

» shallow, unconfined, or semiconfined aquifer condi-
tions (e.g., outcrop areas of deep aquifer systems and
shallow, geologically recent aquifers)

» minimal soil-moisture conditions that minimize ra-
dar signal attenuation and maximize subsurface pen-
etration (see Figure 10)

» low-conductive aquifer materials (i.e., areas were ex-
cluded where thick evaporites or other conductive mate-
rial are encountered at shallow depths)

» validity for flight operation

b areas that will provide key insights into the regional
aquifers’ dynamics and connectivity.

PROOF OF CONCEPT AND FUTURE WORK

To identify high-risk subsystem areas that require specific
attention in terms of design and potential adjustments to
science requirements, we develop a 200-MHz “high-band”
VHF sounder system as a proof of concept (POC) for the
full-scale, high-power, VHF “low-band” (45-95-MHz)
sounder. Implementing a POC system at 200 MHz reduces
the risk in the antenna (e.g., design, fabrication, and instal-
lation) and allows the development effort to focus on other
aspects of the system, including postflight signal process-
ing algorithms and software. This phase will also refine
cost and scheduling estimates of the mission concept.

In the following, we show how the 200-MHz POC is
able to meet the key minimum requirements that achieve
Desert-SEA's scientific objectives (see Table 1). The require-
ments for the 200-MHz POC radar sounder system are

» aminimum BW of 50 MHz or more (to achieve a vertical
resolution of 3 m or better)
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» aminimum 50-dB SNR or better at the surface (to achieve
a max penetration depth of 20 m or more through arid
desert sediments)

) aradiometric accuracy of 3 dB or better (to ascertain
the physical characteristics of weakly backscattering
subsurface reflectors at the aforementioned depths,

4000|r0//E

including the top of the water table and stratigraph-

ic features).

The 200-MHz POC radar sounder provides empirical
evidence that the aforementioned minimum requirements
are technically achievable in terms of concepts, hardware,
algorithms, and calibration plans, and that the operational
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FIGURE 12. A distribution of the proposed flight zones in the Arabian Peninsula. SQ: Cambrian Saq aquifer; WJ: Paleozoic Wajid aquifer;

UER: Umm er Radhuma aquifer; KW: Kuwait; QT: Qatar; OM: Oman.

TABLE 4. AQUIFER CHARACTERISTICS OF THE PROPOSED FLIGHT ZONES.

AQUIFER COUNTRY
kﬁ\ﬁéi&ﬁmup aquifer Kuwait (KW)
Kuwait Group and Dammam aquifers Kuwait
Saq aquifer (SQ) Saudi Arabia
Sagq aquifer Saudi Arabia
Saq aquifer Saudi Arabia
Sagq aquifer Saudi Arabia
Wajid (WJ) aquifer Saudi Arabia
Umm er Radhuma (UER) aquifer Saudi Arabia
Umm er Radhuma aquifer Saudi Arabia
Ash Shargiyah Aquifer System Oman (OM)
. Dammam aquifer Qatar (QT)
Quaternary Sand Dunes (Liwa) aquifer United Arab Emirates (UAE)
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AGE ZONE ZONE AREA (KM2)
Mio-Pleistocene Kwi' 4550
Eocene to Pleistocene KW2 4,964

Cambrian SQ4 12,027

Cambrian SQ2 12,220

Cambrian SQ3 7,575

Cambrian SQ1 8,855

Paleozoic wWi1 35,921

Paleogene UER1 5,467

Paleogene UER2 2,041
Tertiary-Quaternary OoM1 2,300

Eocene QT1 4,472

Quaternary UAE1 17,444
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TABLE 5. THE POC SUMMARY.

CHALLENGE

Use of software-defined radio (SDR)
technology

» Employed direct conversion (homodyne) multichannel SDR approach to provide necessary sensitivity
and dynamic range

+ Allows quick adaptation to varying RF emission requirements and national/local spectrum regulations

» Conducted low-level, end-to-end testing of Desert-SEA Tx/Rx chain.

Operating high-power, high-repetition, « Tailored Tx/Rx chain, focusing on waveform design and implementing automatic gain control for
near-ground radar systems a high instantaneous dynamic range
+ Mitigates Rx overload, prevents Tx/Rx switches products from saturating the ADC, and reduces blind
zone.

Modeling and development of suitable
antenna

High-band antenna:

« ldentified off-the-shelf folded-dipole array antenna operating at 200 MHz that meets size, weight,
and radiation pattern requirements

* Provides the necessary BW with a 0—2-dB gain, and suitable for deployment on fixed and
rotary-wing aircraft.

Low-band VHF antenna (70 MHz):

+ Identified off-the-shelf 50-MHz BW folded-dipole array.

Mitigation of Tx waveform sidelobes » Modeled and bench tested various techniques including waveform windowing, chirp pulse compres-
sion, Tx and matched digital Rx filtering, and system calibration algorithms
» Aimed to improve target detection and enhance clutter rejection
+ Analyzed clutter rejection requirements and initial Tx power spectrum.

Efficient high-power pulse VHF * Modeled, designed, and tested modular approach to generate required 500-W Tx waveform
signal PA + Provides necessary prelaunch power, enabling a minimum of 200-W EIRP
* Ensures future upgradability for low-band radar use for Desert-SEA.

EIRP: effective isotropic radiated power.

procedures planned for the low-band Desert-SEA radar will
work as intended. The POC also allows for various ground
and airborne evaluation scenarios to reveal and resolve
functionality, durability, and reliability issues.

The key POC sounder hardware and software character-
istics are driven by the science requirements, as shown in
Table 1). Specifically,

b surface SNR, which is an indirect metric of max pen-
etration depth, is achieved through high Tx power
(500 W), high antenna efficiency, and minimization
of system losses.

b radiometric accuracy is attained by accurate antenna pat-
tern characterization, accurate measurement of the Tx
output power, and measurement of the system noise us-
ing a calibrated noise source. Optionally, in-flight cali-
bration could be done by collecting data over a smooth
water surface if one is available.

b vertical resolution and blind-zone depth requirements are
met through the proper selection of the waveform BW
and pulse-compression weighting functions. A subsur-
face vertical resolution requirement of 3 m drives the
waveform BW to approximately 50 MHz.

The primary challenges addressed thus far during
the POC phase are summarized in Table 5. One of these
is the antenna system design and its electrical and me-
chanical implementation on the aircraft. To overcome
this challenge, our design utilizes compact, high-effi-
ciency, wideband folded-dipole structures that can be
securely mounted and resist vibrational and environ-
mental damage.
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Another challenge addressed in the POC is efficient
high-power operation, which requires an airborne-com-
pliant, lightweight, wideband pulse amplifier design op-
erating with a moderate-to-high PRF ranging from 5 to
15 kHz and pulsewidths from 1 to 5 ps. Recent advances
in commercial semiconductor development make this re-
quirement feasible.

Moreover, to minimize interference with national, in-
ternational, and commercial wireless systems, out-of-band
RF signal components must be highly suppressed per na-
tional government requirements. This requires highly lin-
ear RF subsystems to minimize harmonic distortion and
spectral regrowth components, i.e., that the Desert-SEA
Tx's out-of-band energy is attenuated to a noninterfering
level, and in-band products are minimized to preserve
coherency and Rx signal feature visibility. Herein, we
demonstrate the capability of the PA exciter to success-
fully address these constraints for the 200-MHz sounder
in Figures 13-15.

Signal processing for the Desert-SEA high-band
POC uses a high-speed programmable FPGA to gen-
erate both the required Tx wave for the suite, along
with precision system test and calibration waveforms.
Rx signal processing consists of sampling and storing
high-definition samples of the transmitted and re-
ceived signal for coherent postflight processing into
human- and machine-interpretable radargrams. Prior
to storage, received raw data streams are processed to
maximize SNR in an expected high-clutter and inter-
ference environment.
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In the future, during planned flight tests with the
Desert-SEA 200-MHz sounder, deep machine learning
deep neural network (DNN) techniques will be applied
to the quick-look interpretation of the collected radar-
grams for visualization during acquisition. The data vol-
ume generated for a single flight zone during airborne
operations (referring to Figure 12 and Table 4) is ex-
pected to be on the order of a few terabytes. This DNN
process simplifies and improves the overall accuracy, ef-
ficacy, and speed of identifying potentially water-satu-
rated zones and groundwater conduits in the subsurface
in real time for further detailed postacquisition radar-
gram processing.

FIGURE 13. Testing of the Desert-SEA Tx chain PA driver in the
170-230-MHz band before integration into the bench model.

Training the DNN model will involve integrating
various data sets, such as existing remote sensing
data, flight data, meteorological data, geospatial
data, DEMs, and land-use images. Mission planning,
including site selection, flight planning, premission,
ground and airborne equipment checkout, calibration
protocols, data collection mission scheme, postmission
data processing and analysis, and reporting of mission
results, will also be critical.

In summary, we have shown that Desert-SEA’s mini-
mum requirements are readily achievable with current
off-the-shelf subsystem components. As radar subsystem
technologies continue to develop, we will therefore be
able to exceed these minimum requirements. For example,
advances in software-defined radios that decrease noise and
increase sampling improve the overall SNR, which is the key
challenge for such systems.

CONCLUSIONS AND OUTLOOK
Herein, we provided the concept for an airborne, wide-
band VHF sounding radar operating at a central frequen-
cy of 70 MHz that will perform large-scale mapping and
characterization of the water table of shallow aquifers
in hyperarid environments at meter-scale resolution:
Desert-SEA. We defined the concept’s science and instru-
ment requirements, designed the system that meets these
requirements, and tested its subsystems to demonstrate
feasibility. Through discrete, multiday airborne sounding
radar campaigns, surveying areas of the Sahara and Arabi-
an deserts where shallow aquifers are being recharged or
discharging—i.e., probing the shallow subsurface while
tracing grids with lines extending
tens of kilometers long and sepa-

rated by a few hundred meters—
Desert-SEA is expected to provide
crucial knowledge in these key loca-
tions that constrain the uncertainty
on the dynamics of larger aquifer

systems that remain poorly under-
stood. Expanding the coverage of
these campaigns in the upcoming

, decades will ultimately yield high-

resolution maps of the depths and
extents of the water table in most

of today’s shallow aquifers in these

hyperarid areas, surpassing the ex-
isting maps derived from sparse,

unevenly distributed well logs. By
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FIGURE 14. The frequency- and time-domain responses of the Desert-SEA PA driver (2-us
pulse at —30 dBm or 1 yW) demonstrating the relatively fast rise and fall times and the
symmetrical spectral response centered on 200 MHz. (a) Power spectrum of Tx waveform.

(b) T/R switch gating pulse. (c) Outgoing RF pulse.

achieving these objectives, Desert-
SEA can significantly improve our
current understanding of how these
large water bodies respond to cli-
matic and anthropogenic stressors.
This gained knowledge will provide
a more sustainable water manage-
ment strategy for these globally
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FIGURE 15. A Tx output power profile demonstrating the ability to
produce a shorter pulsewidth (100 ns at 10 dBm or 10 mW), which
is required for the operational goal of flying at lower altitudes to
enhance surface SNR.

depleting aquifers and provide crucial insights to better
model their future response to increasing water demand
and hydroclimatic fluctuations in arid areas [92], [93].

The aforementioned requirements can be met using the
VHEF sounding radar described herein, which consists of two
linearly polarized folded-dipole array antennas—enabling
a BW of 50 MHz—and a surface SNR of 85 dB (postpro-
cessing) that surveys from an altitude ranging from 500 to
2,000 m, depending on the surface topography and rough-
ness. We show that these requirements can be met using
the radar design and subsystems presented herein, pri-
marily utilizing off-the-shelf components with moderate
customized programming of the digital part of the radar.
Hence, the feasibility of such a system is high and cost-
effective, enabling the replication of such an experiment
in several areas where large-scale subsurface mapping is
needed. The system’s expected performance is its ability to
map the uppermost water table depths of aquifer systems
that span tens of kilometers, at a vertical resolution of 3 m
in desiccated terrains to an average penetration depth of
50 m, and with a spatial resolution of 200 m. These expect-
ed water table depth maps exceed the resolution of existing
ones by one or two orders of magnitude, allowing a more
accurate understanding and modeling of groundwater dy-
namics in hyperarid areas.

The continuation of the POC phase in future work
will bring Desert-SEA from a technology readiness level
(TRL) of four to six (comprising flight tests and testing the
200-MHz POC sounder in the United States, including the
Sleeping Bear Dunes in Michigan or other dune fields), af-
ter which the full flight model will be developed to bring it
from a TRL of seven to nine.

The data produced from Desert-SEA’s survey campaigns
will be archived and made publicly available with multiple
product levels (L1-L4), providing new knowledge to assess
and model shallow aquifer dynamics and groundwater re-
sources in hyperarid deserts.
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