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Abstract—The Soil Moisture and Ocean Salinity (SMOS)
satellite marks the commencement of dedicated global surface
soil moisture missions, and the first mission to make passive
microwave observations at L-band. On-orbit calibration is an
essential part of the instrument calibration strategy, but on-board
beam-filling targets are not practical for such large apertures.
Therefore, areas to serve as vicarious calibration targets need
to be identified. Such sites can only be identified through field
experiments including both ir situ and airborne measurements.
For this purpose, two field experiments were performed in central
Australia. Three areas are studied as follows: 1) Lake Eyre, a
typically dry salt lake; 2) Wirrangula Hill, with sparse vegetation
and a dense cover of surface rock; and 3) Simpson Desert,
characterized by dry sand dunes. Of those sites, only Wirran-
gula Hill and the Simpson Desert are found to be potentially
suitable targets, as they have a spatial variation in brightness
temperatures of <4 K under normal conditions. However, some
limitations are observed for the Simpson Desert, where a bias
of 15 K in vertical and 20 K in horizontal polarization exists
between model predictions and observations, suggesting a lack
of understanding of the underlying physics in this environment.
Subsequent comparison with model predictions indicates a SMOS
bias of 5 K in vertical and 11 K in horizontal polarization,
and an unbiased root mean square difference of 10 K in both
polarizations for Wirrangula Hill. Most importantly, the SMOS
observations show that the brightness temperature evolution is
dominated by regular seasonal patterns and that precipitation
events have only little impact.

Index Terms— Calibration, environmental monitoring, passive
microwave remote sensing, soil moisture.
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I. INTRODUCTION

HE European Space Agency-led Soil Moisture and

Ocean Salinity (SMOS) mission [1], [2] was successfully
launched on November 2, 2009. This satellite is designed
to provide global L-band brightness temperature observa-
tions at a resolution of ~40 km with an equatorial repeat
overpass approximately every three days. Unlike other pas-
sive microwave remote-sensing satellites that are used to
give soil moisture information from observations at nonideal
wavelengths, such as the Scanning Multichannel Microwave
Radiometer [3], the Advanced Microwave Scanning Radiome-
ter for the Earth Observing System (AMSR-E) [4], or WindSat
[5], SMOS is dedicated to soil moisture observation from
the space at an optimal wavelength (L-band; 1.413 GHz). In
addition, to circumvent the passive microwave remote-sensing
requirement for a single large aperture dish antenna, SMOS
uses a new satellite design that is similar to the synthetic
aperture techniques used in radio astronomy (such as the
Very Larger Array in New Mexico, USA), which synthesize a
large antenna size using a large number of individual sensors
arranged in a specific pattern.

One advantage of this technique is that it provides obser-
vations for a range of incidence angles for each pixel in
the swath. However, a total of 69 individual receivers are
used to derive a single observation means that the knowledge
of the in-flight characteristics of each receiver is critically
important for the technique to work. Therefore, a postlaunch
commissioning phase of several months is required for valida-
tion and calibration purposes, and vicarious calibration targets
play a critical role in this process. Vicarious calibration is
also shown to be important following the launch of AMSR-E
(which used a traditional microwave antenna), where data
distribution is delayed by several months because of physical
temperature drifts (caused by solar heating and the subsequent
cooling in the Earth’s shadow) of the on-board hot calibration
target resulting in large errors [6]. This problem was eventually
overcome by using thermal information of the Earth’s surface
from other microwave radiometers in orbit at roughly the
same time [7]. Although SMOS similarly relies on cold
sky and on-board reference noise injector radiometers for its
on-orbit calibrations, it is explicitly stated in the algorithm
theoretical basis document that the ultimate calibration can
only be obtained using vicarious methods [8]. To achieve this,
surface targets with stable, or at least predictable, radiometric
conditions are required.
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Because of the difficulties with on-board calibration tar-
gets, a number of studies have been undertaken to identify
vicarious calibration targets for passive microwave radiome-
ters. Such targets may include the deep sky (~2.7 K;
[9]), Antarctica (~190 K at C-band; [10]), stable parts
of the ocean (~115 K; [11]), tropical forests (~290 K;
[12]), and arid regions (assumed to be temporally variable
but spatially stable), providing a range of on-orbit cali-
bration targets from cold to hot. This vicarious calibration
approach requires targets with spatially stable conditions of
known or predictable surface emissions. Along with the
ground-based calibration targets, SMOS makes a deep space
observation during one orbit every two weeks for its cold
reference. As an example of the low-temperature ground
calibration targets, Dome-C in the Antarctic is shown to have
an almost constant brightness temperature of ~190 K at
L-Band [10] at 42° incidence angle. Similarly, the Amazonian
forest is found to have only little variation at C-band with a
brightness temperature of 290 K [12], suggesting that dense
tropical forests might also be a suitable calibration target
at L-band provided we can assume a total opacity of the
canopy. Other calibration targets include ice-free sea surfaces,
for which the salinity effect is minimal and their physical
temperature is well known and very stable with low or well-
described wind conditions. Finally, a further warm load cali-
bration target, the Taklamakan Desert in China, is suggested as
a potential candidate; however, radio-frequency interferences
in China are significant, introducing a large uncertainty on
the space-borne measurements [13]. Therefore, other desert
calibration sites must be identified.

This paper uses prelaunch airborne field campaign data from
the SMOS Arid Zone Experiments in Australia, and SMOS
brightness temperature observations along with European
Centre for Medium Range Weather Forecasting (ECMWF)
Reanalysis (ERA-Interim) land surface model predictions. The
field campaigns were undertaken in November 2008 and
August 2009 to test the suitability of three potential on-orbit
warm calibration targets for passive microwave satellites at L-
band. The sites tested were chosen for their assumed spatial
homogeneity in terms of surface conditions (soil moisture and
temperature, vegetation, soil type, and so on), and therefore
their expected homogeneous microwave response. The extent
of each study site is ~50 km x 50 km, approximately the
size of a SMOS footprint at 3 dB.

II. STUDY SITES AND DATA SOURCES

In this paper, the three sites tested for their microwave
response reside within the Australian arid zone (Fig. 1), which
is typically subjected to <60-mm annual precipitation [14],
and therefore display little short-term temporal and spatial
variation from the climatological mean in terms of surface
soil moisture and temperature. In addition, they each contain
only sparse vegetation cover. These environmental conditions
are expected to make those sites suitable warm calibration
targets for space-borne microwave sensors. Two different
types of data were collected for each site 1) airborne and
2) in situ. The airborne data consist of brightness temperatures
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Fig. 1.
sites (dashed-line squares), and reconnaissance flight track (solid black line),
overlain on a Landsat image. The dominant surface conditions are indicated
and the corresponding regions are separated by the white lines along with
example images of the ground views (below).

Location of the study area within Australia (inset), the focus

obtained with the airborne Polarimetric L-band Multibeam
Radiometer (PLMR; observation frequency of 1.413 GHz) at
a resolution of 1 km. Coincident broadband thermal infrared
(TIR) measurements were made at the same resolution, with
data sets fully covering all three study areas. The in situ
data include soil profile temperatures and soil moisture content
from fixed base stations and soil cores, and spatially distributed
measurements of surface soil moisture variation using the
Hydraprobe Data Acquisition System (HDAS) developed for
collecting point measurements of soil moisture and ancil-
lary data across local scales [15]. The study sites and the
instrumentation used are described in detail in the following
sections.

The low-resolution flights cover a complete SMOS footprint
of ~50 km x 50 km at 1-km resolution supplemented by high-
resolution flights in localized areas along predefined flight
paths at 50-m resolution (Fig. 1 for the general overview of
the high-resolution flight paths). An overview of the flight
dates and data collected is presented in Table I. The flights
were timed such that regional coverage would be centered
on the 6 A.M. SMOS overpass time (with the observation
window of the flights generally ranging from 4 to 8§ A.M.).
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TABLE I
OVERVIEW OF DATES AND DATA COLLECTED FOR THE FIVE FLIGHTS. THE LAST COLUMN

SHOWS THE SPATIAL VARIABILITY OF THE LOW-RESOLUTION (1 km) PLMR DATA

Site Surface Type

Measurements—Airborne/Ground based

Flight Dates Tb Standard Deviation (K)

Dry salt lake (LE)
Sandy desert (SD)
Gibber (WH)

Reconnaissance .
moisture, and temperature

PLMR, thermal IR/thermal IR, profile soil

November 9, 2008 Only high resolution: 12.6/10.4 (LE

— wet/dry) 5.2 (WH) 10.1 (SD)

Lake Eyre Dry salt lake

and surface soil moisture

PLMR, thermal IR/profile soil temperature,

November 10, 2008 | High resolution (wet/dry): 16.1/15.6

Low resolution (wet/dry): 13.2/19.6

Simpson Desert | Sandy desert

PLMR, thermal IR, photography/thermal IR,
profile soil moisture and temperature, surface
soil moisture, and deep core samples

November 15, 2008 | High resolution (wet/dry): 8.6/9.8

Low resolution (wet/dry): 9.5/8.7

August 11, 2009 Low resolution: 1.5

Wirrangula Gibber

Hill

November 12, 2008 | High resolution: 4.1

Low resolution: 3.3

August 12, 2009 Low resolution: 3.5

An exception to this was a reconnaissance flight, undertaken
to obtain information about the spatial conditions across the
field sites for the identification of focus areas to be used later
for the local ground-sampling activities. This flight took place
in the afternoon because of logistical reasons and covered
only the high-resolution area across the three focus sites
(Fig. 1), conducted once only at the start of the first campaign
(November 9, 2008). The coverage included only single-
transect high-resolution (50 m) flights over ground accessible
areas of the three study sites, with the intent of characterizing
spatial anomalies in the data before the intensive ground
sampling.

The study sites have contrasting surface conditions typical
of the Australian arid zone and include: 1) Lake Eyre, a
typically dry salt lake that is characterized by a predominantly
moist sandy material under a layer of salt crust; 2) Wirrangula
Hill, located within a large cattle station to the northeast of
Coober Pedy and characterized by a dense cover of surface
rock with almost no vegetation; and 3) the Simpson Desert,
characterized by typically very dry sand dunes oriented in a
north—south direction with low levels of vegetation.

It is important to note that a rain event had passed through
the northern part of Wirrangula Hill and the Simpson Desert
a few days before the field campaign in November 2008. In
addition, another significant storm front passed through the
northern part of the Simpson Desert in the early hours of the
morning of November 15, 2008 (the night that the flight took
place). In contrast, no or only very little rain fell over any
of the three sites throughout the nine-month period before
the second campaign, resulting in the typical extremely dry
conditions also expected in the first campaign.

A. Lake Eyre

Lake Eyre is a typically dry salt lake located between 27.8°—
29.1° S and 136.7°-137.8° E in the northern part of South
Australia (Fig. 1). It includes the lowest inland elevation in
Australia at 15 m below sea level. The Lake Eyre drainage
basin totals an area of 1.1 million km? with floods of varying
quantities occurring irregularly every 3—5 years (in the recent
past, this lake had been flooded in three successive years since
2009, reaching a water depth of 1.5 m in August 2009). Those
floods generally originate in the tropical areas of northern
Australia and reach the lake after several months of travel

time [16], carrying with them large amounts of water and
sediments. During the extensive interflow periods, a thin salt
crust covers the lake’s sandy soil, under which the soil is often
close to saturation at the surface, even during high-temperature
summer periods. Because of these environmental conditions,
the microwave response from Lake Eyre is expected to be
representative of a spatially homogeneous highly saline water
saturated area because of the high ground water, with temporal
variability caused by thermal cooling and warming of the soil
surface layer.

Direct access to Lake Eyre is only possible via a public
road to the southwest of the lake. Entering the lake proper,
it was found that the ground water level was just below the
surface as expected. Installation of the profile soil moisture and
temperature sensors was done ~ 2 km from the shore into the
lake, but all ground-based soil moisture instruments suffered
from the high level of salinity in the soil with measurements
outside of the physical range. Therefore, quantitative analysis
relies on a number of core samples to determine the soil
moisture content.

B. Wirrangula Hill

The area around Wirrangula Hill forms a large plain
west of Lake Eyre and northeast of Coober Pedy (Fig. 1;
28.1°-28.7° S and 135.0°-135.8° E) with its highest elevation
in the southwest (~120 m) and lowest elevation in the
northeast (~80 m). The area is slightly undulating, with no
sharp rises in the study area. The majority of the area is
covered by a surface rock pavement over sandy clay soil. The
surface rock (called gibber) covers the soil in its entirety in
most places, with rock diameters ranging from 15 to 200 mm.
The larger sized rocks are generally found toward the southern
part of the area. An ephemeral stream crosses the area in
the northwest containing the only (sparse) woody vegetation
of the region. The herbaceous vegetation consists of sparse
grasslands, which are often bare, because of the limited precip-
itation events in this part of Australia. When occurring, those
events are generally large-scale systems, evenly depositing
the precipitation across the study site. The annual average
precipitation is in the order of 100 mm, with the ten-month
period between the two experiments only receiving 5 mm.
The soil consists predominantly of a compacted clay loam
(on average, 18% sand and 35% clay). The annual average
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temperature across the field site is ~29 °C with the lowest
daily mean temperature of 19 °C in July and a maximum
of 38 °C in January. Because of the amount of surface rock
cover and the generally homogeneous precipitation events, the
microwave response is expected to be homogeneous, as spatial
effects caused by soil moisture and/or soil type variability
should be reduced.

C. Simpson Desert

The Simpson Desert is located 150 km north of Lake Eyre
with the field site found between 26.0°-26.7° S and 136.7°—
137.3° E (Fig. 1). It is a typical sandy desert with the southern
area having a more compact surface soil than the northern
part. The dunes are generally oriented north—south, spaced
anywhere up to 400 m apart and reaching heights of 10-20 m.
The vegetation consists mainly of shrubs (mostly spinnefex)
grouped in small patches of up to 2 m in diameter, and a
negligible amount of small woody vegetation. The annual
average precipitation is in the order of 60 mm. The soil
consists predominantly of sand (on average 73% sand and
7% clay). The annual average temperature across the field
site is ~30 °C with the lowest daily mean temperature of
21 °C in July and a maximum of 41 °C in January, with daily
temperature extremes exceeding 50 °C at times. Although the
microroughness of the surface is very low, it is expected that
the large-scale roughness may have a significant impact on
the brightness temperature response because of natural erosion
processes around the vegetation and the size of the dunes,
which result in an increased surface area. Any variability in
the microwave emission across the Simpson Desert is expected
to be due to the varying surface soil composition (windblown
sand on the crests of the dunes and sandy loams in the valley)
and the geometry of the dunes (because of a high incidence
angle variation and increased surface area). Weather systems
are infrequent and generally derived from synoptic events,
hence are not expected to influence the spatial variability. In
addition, the sparse dry vegetation should have a negligible
effect at the spatial resolutions of interest.

D. Instrumentation

1) Airborne Instruments: The airborne instruments oper-
ated during the two field campaigns include the PLMR [17]
and broadband TIR sensors. PLMR consists of a passive
microwave antenna array operating at 1.413 GHz with a band-
width of 25 MHz. It includes six beams with view angles of
+7.0°, £21.5° and £ 38.5° from nadir, constantly measuring
the surface emissions at alternating V and H polarizations. The
field of view (FOV) of each beam is ~ 15°. The broadband
TIR instrument covers the 8—14-um band, and is purpose-
built to operate with the same view angles from nadir and
the same FOV as PLMR, resulting in identical footprints
for both instruments. During the two field campaigns, the
aircraft was flown at altitudes of 150 and 3000 m above
ground level with the instruments mounted in a push-broom
configuration, resulting in a swath of six pixels across track
having resolutions of ~50 and 1000 m, for the two different
flight altitudes, as outlined above.
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Fig. 2. Schematic representation of the ground station layout (not to scale),
with TIR (2 m), soil temperature (2.5, 5, 15, 25, and 40 cm), soil moisture
(0-6 and at 25 cm), and leaf wetness (10 cm) sensors.

2) Ground-Based Instruments: The ground-based instru-
mentation included base stations to continuously monitor the
soil profile and handheld soil moisture measuring equipment
to observe the spatial surface soil moisture variation across
local scales. The ground stations (Fig. 2) consisted of two
soil moisture sensors (Delta-T Devices Thetaprobes), five soil
temperature sensors (Campbell Scientific T107), a tipping
bucket rain gage, dew sensor (Measurement Engineering, Aus-
tralia LW), and a TIR sensor (Raytek Thermalert). Although
the soil moisture measurements were taken vertically at
0-6 cm and horizontally at 25 cm, the temperature sensors
were installed horizontally at 2.5, 5, 15, 25, and 40 cm. The
above-ground instruments were installed at heights of 10 cm
(dew sensor), 50 cm (rain gage), and 2 m (TIR). Apart from
the rain gage, all the instruments are set to measure every
2 min and store an average of those values every 20 min.
The data from the tipping bucket rain gage are set to record
the cumulative rainfall over the same 20-min period. Finally,
volumetric soil samples and surface roughness measurements
were collected near the temporary monitoring stations for
instrument calibration and surface characterization purposes,
along with deep soil core samples in the Simpson Desert
and at Wirrangula Hill (only during the first campaign) for
the purpose of deep soil temperature and moisture profiles.
The roughness measurements were undertaken along two
intersecting 2-m long transects in east—west and north—south
orientations.

To study the spatial variability of the temperature profiles
throughout Wirrangula Hill, five (rather than one) ground
stations were installed during the second campaign in August
2009 at different locations. These included the location of
the first campaign, with the additional sites located in the
vegetation belt of the ephemeral stream in the northwest, the
center of the area, and two sites in the south (Fig. 1). Soil
moisture and temperature sensors were installed at all sites,
with the ground-based TIR located at the central site only.

The handheld equipment to monitor the surface soil mois-
ture across local scales is the HDAS, developed for spatial
soil moisture data collection during the National Airborne
Field Experiments undertaken in 2005 [17] and 2006 [18].
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It consists of a Stevens Water Hydraprobe attached to a
pole and connected to a GPS enabled hand-held computer
running a GIS software to navigate and store the measurement
locations, Hydraprobe measurements, and ancillary data. The
calibration is undertaken with the extensive data sets collected
during the campaigns. A more detailed description of the
HDAS and its calibration can be obtained from [15]. The
HDAS measurements were taken every 50 m along the two
inner PLMR beam locations for high-resolution flight lines.
Measurements were made over a transect length of up to
2 km. Three measurements were taken at each point to reduce
observational errors with an expected observation error of
0.03 m* m~3 [15].

3) Satellite Data: The SMOS data used in the last section of
this analysis are the Level lc projected and gridded brightness
temperatures (version 3.46). The brightness temperatures are
corrected for the Faraday rotation effects and transferred from
the top of the atmosphere to the ground level rotation. The
data are also filtered to include only observations within an
incidence range of £2° from 38° to coincide with the PLMR
data, and all data outside of the alias-free zone are excluded.
All remaining SMOS data falling within this selection are
linearly aggregated to obtain an average value.

III. METHODOLOGY

The brightness temperature data presented in the following
sections are corrected to a reference effective soil temper-
ature observed at 6 A.M. at the base station following the
parameterization of [19], and to a reference incidence angle
of 38° using a methodology similar to [20]. The correction
for diurnal changes in the effective soil temperature uses the
6 A.M. soil temperatures observed at 2.5 and 40 cm at the local
ground station to calculate a reference effective temperature,
and the ratio between the effective temperature at 6 A.M.
to that at other times (in kelvin) as a scaling factor. The
angular correction assumes a spatially constant ratio between
the brightness temperature means of the different beams.
Therefore, the multiplication of the observation at any one
location with this ratio transfers the mean of the brightness
temperature of the original beam to that of the reference beam.
Additionally, the brightness temperature data are filtered to
remove the data associated with an aircraft roll of >2.5° before
the above processing to remove effects of turns and excessive
rolling of the aircraft. The data are then binned onto a regular
grid with a resolution of 1 km and averaging all available
observations within each 1-km pixel. Similarly, the airborne
TIR data are corrected for diurnal variation and outliers in
the data, though the temperature correction is done using
the ground-based TIR measurements rather than an effective
temperature.

IV. RESULTS
A. Lake Eyre
The hypothesis for Lake Eyre is that it represents a flat,
smooth, wet target, covered by a homogeneous salt crust,

with a generally midrange brightness temperature response.
The northern part of Lake Eyre peninsula is included in the
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Fig. 3. (a) Map and (b) histogram of the spatial variability in the brightness
temperature (horizontal polarization) across Lake Eyre on November 10, 2008.
Gaps are data points removed because of excessive aircraft roll.

southern part of the study area to provide a land contrast
and dry reference. Although the roughness and soil moisture
measurements support the smooth and wet surface assumption
[root mean square (RMS) roughness of 1.35 mm and saturated
soil moisture conditions], the brightness temperature data show
unexpected results [Fig. 3(a)].

The data suggest that the surface conditions of Lake Eyre
are characterized according to two main types of response,
with brightness temperatures similar to: 1) those over dry soil
and 2) a very low brightness temperature response akin to
very wet and saline conditions. In addition, the variability of
the brightness temperature response across this low brightness
temperature area is ~ 13 K. Therefore, despite the wet part of
Lake Eyre hypothesized as a potential SMOS calibration target
turning out to be much smaller than a SMOS pixel, the spatial
variability of this area is also much higher than expected, and
too high for vicarious calibration purposes.

The reason for the two distinct responses from Lake Eyre
is not entirely clear, as access to most parts of Lake Eyre
is impossible without the use of a helicopter. However, the
high brightness temperatures in the western and northern
parts of the study region coincide with the areas receiving
flood waters from the Warburton and Cooper Creeks, and the
Diamantina River. The elongated radiometrically warm spatial
structure in the north and west of Fig. 3(a) is the Warburton
Groove, which receives the first flood waters when any arrive.
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aircraft roll.

Upon entering Lake Eyre, sediments are carried with the flood
waters and are deposited in this area, whereas the remaining
flood waters continue to flow south. Finally, the warmer areas
correspond with higher elevation than the surrounding lake
surfaces, suggesting that they are also above the groundwater
level. These differences in the surface soil constituency explain
the contrast in brightness temperature response, with dry silt
deposits in the north and moist hyper-saline conditions with a
salt crust in the south.

B. Wirrangula Hill

For both campaigns, the brightness temperature data
obtained over the gibber areas of Wirrangula Hill display a
low spatial variability (standard deviation) in their response
(3.3 and 3.5 K, respectively; Fig. 4), which is almost identical
to that observed during the reconnaissance flight (4.1 K).
Such low spatial variability suggests that a single in situ
measurement could be used to estimate the SMOS pixel
response within the requirements for a SMOS cal/val site,
being equivalent to the 4-K design accuracy [2]. A small gradi-
ent in the brightness temperature and airborne TIR is observed
with slightly warmer conditions in the southwest. A number
of reasons may contribute to this gradient, but most likely is
the fact that the surface soil in the south-west was drier than
in the north-east (0.02 and 0.08 m® m~3, respectively, during
both campaigns). Although it is possible that the rain event

passing through the area to the north of the study site before
November 8, 2008 may have contributed to this gradient, the
same gradient was observed in the August 2009 data [Fig. 4(c)]
making this unlikely. It is important to note that the brightness
temperature patterns over this field site are essentially the
same for measurements made 10 months apart, suggesting that
this pattern is persistent. If this is indeed the case, temporal
evolution of the brightness temperature can be estimated using
a limited number of in sifu stations measuring soil moisture
and soil temperature, providing that these data can be used to
accurately predict the soil’s microwave response.

Fig. 5 shows the soil temperature evolution for the observa-
tions taken at 2.5 and 40 cm, respectively, at the five stations
used during the second campaign. These data support the
airborne observations, with soil temperatures at 2.5 cm being
consistently 5-10 K higher in the south than in the north, apart
from during the night time where all the stations are very
similar. Overall, the soil temperatures observed at 40 cm are,
with the exception of the north-western site, all within 2 K of
each other at any time. With the airborne observations showing
the same spatial patterns for both campaigns, it is expected that
the spatial variation in soil temperature throughout the area
is typically temporally consistent, and therefore the spatial
variation in brightness temperature in the PLMR data may
be mostly attributed to the soil temperature gradient. The
remainder of the gradient is likely to be caused by the slight
soil moisture gradient and the change in surface conditions
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from very loose and almost powdery (southwest) to more
compacted conditions (northeast).

C. Simpson Desert

A significant rain event passed through the region during
the November 2008 campaign. This frontal system deposited
several millimeters of rain across the north-eastern part of
the focus area in the Simpson Desert in the early morn-
ing of November 15, 2008 (the closest weather station at
a distance of ~170 km indicates 7 mm). Therefore, the
brightness temperature response is found to be bimodal with
a significant spatial variability (Fig. 6). For the purpose of
testing the hypothesis of a spatially homogeneous brightness
temperature response under dry conditions, it is assumed no
rainfall occurred in the south-western part of the study site that
indicates a dry response, by dividing the area into two parts
[black line: Fig. 6(a)]. However, the variability in brightness
temperature for this area is still 9.5 K, being substantially
higher than that obtained for Wirrangula Hill, and well beyond
the SMOS target requirement of 4 K. Although this might
suggest there is some lighter rainfall across this area, the
amount of spatial variability is consistent with the standard
deviation from the reconnaissance flight before the rainfall
event (10.1 K), suggesting that the southern area is not affected
by this rain event. However, there may still have been some
residual effects from an earlier rain event on November 8§,
2008, which deposited ~ 15 mm at the nearest rainfall station.
In contrast to the flights undertaken in 2008, the repeat flight
coverage on August 11, 2009 displays a standard deviation
across the entire region of ~1 K [Fig. 6(c) and (d)], which

Surface (2.5 cm) and deep (40 cm) soil temperatures as observed at the five monitoring stations in August 2009.

affirms the initially expected conditions, and suggests that
the Simpson Desert may be suitable for vicarious calibrations
providing the wetting history is understood and accounted for,
on the basis of its low spatial variability.

V. BRIGHTNESS TEMPERATURE ESTIMATION
A. Airborne Campaign

For the calibration of space-borne passive microwave sen-
sors from vicarious ground targets, it is necessary to be able
to have an accurate value for the microwave emission. Given
that these targets will have a temporally variable emission
in response to temporal variation in physical temperature, it
is necessary to be able to model the land surface emissions
using physically based microwave emission models. Therefore,
brightness temperatures are estimated for the Simpson Desert
and Wirrangula Hill sites, using the in situ data collected at
the ground stations. This is not done for the Lake Eyre site,
because it is already being excluded as a potential calibration
site on the basis of its size and brightness temperature variation
of 13 K in the wet portion. Similarly, the rain event coincident
with the first field campaign over the Simpson Desert means
that no coinciding in situ data are collected, and therefore
no modeling is conducted for that first campaign. Modeling
of brightness temperatures for the two Wirrangula Hill cam-
paigns and the second Simpson Desert campaign is undertaken
using the ground station data and the default parameters of
the operational radiative transfer model L-band Microwave
Emission Model of the Biosphere (L-MEB) [21] (see Table II).
Predictions are then compared with PLMR observations as
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Fig. 6.
15, 2008 (top row) and August 11, 2009 (bottom row).

TABLE II
SOIL AND STANDARD MODEL PARAMETERS OF L-MEB [21] USED FOR
THE FORWARD MODELING OF THE BRIGHTNESS TEMPERATURES
OVER WIRRANGULA HILL AND THE SIMPSON DESERT

Parameter Wirrangula Hill | Simpson Desert
Sand (%) 18 73
Clay (%) 35 7
Density (g cm*3) 1.3 1.5
T 0

tth 1

rtt 1

wv & wh 0

Hpg 0.2 (0.5)

Npgy —1

Npgh 0

ORr 0

0 [m> m3] 0.06

a demonstration of the ability to use ground soil moisture
and temperature measurements in these locations to calibrate
SMOS.

The brightness temperature forward simulations for Wirran-
gula Hill results in values with a deviation from the mean
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(a)—(d) Maps and histograms of the spatial variability in the brightness temperature (horizontal polarization) across the Simpson Desert on November

of the airborne brightness temperatures of 2.3 K for both
campaigns. This suggests that Wirrangula Hill is a very good
candidate for L-band passive microwave satellite calibration
efforts. In contrast, the simulations for the Simpson Desert
show a bias of 15 K in vertical and 20 K in horizontal
polarization model estimates as compared with observations.
On the basis of a single snapshot in time, this bias cannot
be explained. However, it suggests a lack of understanding
in the underlying physics that are occurring in this location,
or in the physical representation of those conditions within
the dielectric constant model used within the radiative transfer
model.

Calibration errors of PLMR may be discarded as a signif-
icant source because of the 2-K accuracy achieved with the
cold (sky) and warm (control reference) calibration procedure
undertaken for each flight [17]. One unaccounted effect may
be the increased surface area of the desert because of the
dunes, increasing the microwave emission, but assuming a
200-m dune spacing and an average height of 15 m increases
the surface area by only 2% (or ~5-7 K). Other possible
explanations include increased volume scattering in the dry
soil and larger effects of the warmer (in the early morning)
deeper soil layers, as the level of compaction increases with



RUDIGER et al.: TOWARD VICARIOUS CALIBRATION OF MICROWAVE REMOTE-SENSING SATELLITES

1 1
01/07/10 01/10/10

Date

L
01/04/10

01/01/10 01/01/11

Fig. 7. Vertically (blue crosses) and horizontally (green crosses) polarized
SMOS level 1c brightness temperatures observed in 2010 over the Wirrangula
Hill field site, together with forward modeled values (lines; polarizations in the

same colors as the crosses) using the ERA-Interim soil temperature predictions

(red line) and a constant soil moisture content of 0.06 m" m™3.

depth. Although dunes have a dominant orientation, i.e., one
side is steeper than its counterpart because of dominant wind
directions, a bias in the incidence angle is not expected
to be the reason for the bias in the brightness temperature
data, as it would have opposing effects in the horizontally
(decreasing Tb) and vertically (increasing Tb) polarized obser-
vations. However, in both cases, the model underestimates the
observations by a similar amount. Without an improvement
of the radiative transfer model for the prevailing conditions
in sandy desert areas, it will remain difficult to accurately
model the microwave emission from this area. Therefore,
the Simpson Desert cannot be recommended as a vicarious
calibration site for passive microwave satellite missions. Thus,
either the models need to be improved to account for unique
conditions of the Simpson Desert, or the persistency of this
difference understood, if the Simpson Desert is to be used as
a vicarious calibration target. Therefore, the Simpson Desert
is not considered further as a suitable vicarious target in this

paper.

B. Satellite

The above results are for two instants in time only, therefore,
a further study covering an extensive time is required to
verify that the data collected on those two days are repre-
sentative of typical conditions. Therefore, SMOS Level lc
brightness temperatures are compared with L-MEB predictions
using soil temperature data from ECMWF ERA-Interim [22].
To facilitate the comparison with PLMR data and to be
consistent with earlier figures, only averaged SMOS data from
38 £ 2° incidence angle observations are shown. Fig. 7
shows the observed and modeled brightness temperatures for
Wirrangula Hill, with model predictions based on the same
standard L-MEB parameterization used in the PLMR compar-
ison. For simplicity and to avoid further assumptions that could
introduce more uncertainties, the effective soil temperature is
taken to be the surface layer temperature of the model output
and the soil moisture is assumed a constant 0.06 m®> m~3. Sub-
sequently, SMOS is found to be warmer in comparison with
the model predicted brightness temperatures by 4.6 and 11.1 K
(vertical and horizontal polarizations, respectively), excluding
rainy periods. However, it is clear that the temporal variation
is well matched with a near-constant offset, when smoothing
the orbit-to-orbit noise in SMOS brightness temperatures and
ignoring precipitation events. When removing the constant bias

1757

amount, the RMS difference (RMSD) between the modeled
predictions and the SMOS observations reduces to 10 K.

It is important to note that while these differences may
be in part because of the assumptions of constant soil mois-
ture and a modeled soil temperature, the temporal evolution
of the brightness temperature emissions is well reproduced.
The ERA-Interim soil temperatures, as well as the observed
brightness temperature data show an intra-annual variability
of 20 K. Given that both brightness and physical temperatures
track this temporal variation gives some confidence in the
results and suggests that the temporal evolution of brightness
temperature can be predicted from ground observations, with
precipitation events having only a short-term influence on
the microwave emission. In addition, the rainfall produces
radiometrically distinctive events that can be easily filtered out
for the purpose of calibration. This suggests that ERA-Interim
data may be used as a substitute for the ground observations
of soil temperature required to account for the large variability
throughout the year, if in sifru measurements are not available.
In addition, the difference in brightness temperatures may in
part be explained by the assumption of a given soil moisture
(measured at one point in time) and the ERA-Interim soil
temperatures, e.g., a wet bias in the representation of soil
moisture within the land surface model would result in lower
physical temperatures of the soil and lead to potential biases
in the L-MEB predictions. This has to be further investigated,
but will require long-term in situ soil moisture and temperature
observations for the validation of the model.

VI. CONCLUSION

This paper explored the suitability of three sites within the
Australian arid zone that were hypothesized to be appropriate
vicarious calibration sites for space-borne passive microwave
instruments at L-band. The assumptions for those sites were
that the microwave response would be spatially uniform and
temporally predictable, because of their homogeneous surface
conditions (sandy desert, gibber, and dry salt lake). The sites
were visited on two occasions, under different environmental
conditions.

It was shown that Lake Eyre had a cool target response
for only a portion of the lake, being much smaller than a
SMOS footprint. In addition, even this cool target area had a
spatial variability of 15-20 K that is much greater than the
requirement for calibration purposes. Although the Simpson
Desert was initially found to have a spatial variability of
~10 K, the second campaign showed a spatial variability of
only 1 K. This means that the Simpson Desert could make
an ideal calibration target under the right conditions; i.e.,
after a long sustained period of dry weather. However, there
was a discrepancy between modeled and observed brightness
temperature that needs to be resolved before a calibration
procedure relying on in situ point measurements can be imple-
mented for this site. In addition, there are logistical difficulties
with installing and maintaining monitoring stations in this
area, meaning that it is best suited to vicarious calibration
through coincident airborne coverage of the area. However,
the more easily accessed gibber site of Wirrangula Hill showed



1758

potential as a vicarious calibration site. It was found to have
a ~4-K spatial variability for all flights, which was within
the design calibration accuracy of SMOS. In addition, model
predictions of brightness temperature from Wirrangula Hill
in situ monitoring data agreed with coincident aircraft data
to within 5-10 K. Comparison of SMOS observations and
model predicted brightness temperatures for the Wirrangula
Hill site also showed a good temporal coherence, but with
a warm bias in SMOS of 5 K at vertical polarization and
11 K at horizontal polarization, when using model rather
than in situ soil moisture and temperature data. In addi-
tion, when removing this bias, the RMSD between SMOS
observations and model predictions was ~10 K for both
polarizations.

This persistent difference between model predictions and
SMOS observations suggests some limitations either in the
observations or the model. As the same differences were seen
in the higher resolution airborne data, it was concluded that the
majority of the error lies within the model representation par-
ticularly of the Simpson Desert, suggesting a need to improve
our understanding of the emission from a sandy desert area.
In this paper, version 3.46 of the SMOS soil moisture product
was used. The change of the dielectric constant model within
the radiative transfer model may show a better correspon-
dence. However, this assessment will be discussed in a future
study.
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