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Abstract—A downscaling approach to improve the spatial res-
olution of Soil Moisture and Ocean Salinity (SMOS) soil mois-
ture estimates with the use of higher resolution visible/infrared
(VIS/IR) satellite data is presented. The algorithm is based on
the so-called “‘universal triangle” concept that relates VIS/IR
parameters, such as the Normalized Difference Vegetation Index
(NDVI), and Land Surface Temperature (7’ ), to the soil moisture
status. It combines the accuracy of SMOS observations with the
high spatial resolution of VIS/IR satellite data into accurate soil
moisture estimates at high spatial resolution. In preparation for
the SMOS launch, the algorithm was tested using observations of
the UPC Airborne RadlomEter at L-band (ARIEL) over the Soil
Moisture Measurement Network of the University of Salamanca
(REMEDHUS) in Zamora (Spain), and LANDSAT imagery. Re-
sults showed fairly good agreement with ground-based soil mois-
ture measurements and illustrated the strength of the link between
VIS/IR satellite data and soil moisture status. Following the SMOS
launch, a downscaling strategy for the estimation of soil moisture
at high resolution from SMOS using MODIS VIS/IR data has
been developed. The method has been applied to some of the first
SMOS images acquired during the commissioning phase and is
validated against in situ soil moisture data from the OZnet soil
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moisture monitoring network, in South-Eastern Australia. Results
show that the soil moisture variability is effectively captured at
10 and 1 km spatial scales without a significant degradation of the
root mean square error.

Index Terms—Downscaling algorithm, MODIS, passive mi-
crowave remote sensing, SMOS, soil moisture, spatial resolution.

I. INTRODUCTION

HEORETICAL, ground-based, and airborne experimental

studies have proven that L-band passive remote sensing
is optimal for soil moisture sensing due to its all-weather
capabilities and the high sensitivity of the land emission to soil
moisture under most vegetation covers [1]-[3]. The ESA Soil
Moisture and Ocean Salinity (SMOS) mission, in orbit since
November the 2nd 2009, and the NASA Soil Moisture Active
Passive (SMAP) mission, to be launched in 2014, are the first
ever L-band satellites dedicated to the global measurement of
the Earth’s near-surface soil moisture. The SMOS payload is
a novel L-band 2-D interferometric radiometer that provides
accurate brightness temperature measurements of the Earth
at different polarizations and incidence angles, with a spatial
resolution of ~50 km [4]. The spatial resolution of SMOS
observations is adequate for many global applications, but
restricts the use of the data in regional studies over land, where
aresolution of 1-10 km is needed [5], [6]. The SMAP payload,
in turn, consists on a L-band radiometer and a high-resolution
radar to improve the spatial resolution of the soil moisture
retrievals up to 10 km [7]-[9].

In this context, the combination of SMOS data with higher
resolution data coming from other sensors offers a potential
solution to decompose or disaggregate global soil moisture esti-
mates to the higher resolution required. The possibility of using
visible/infrared (VIS/IR) sensors for soil moisture sensing has
been widely studied in the past, since VIS/IR sensors onboard
satellites provide good spatial resolution, and controlled ex-
periments have shown their potential to sense soil moisture
[10]-[13]. However, they are equally sensitive to soil types,
and it is difficult to decouple the two signatures. In addition,
soil moisture estimates from VIS/IR sensors usually require
surface micro-meteorological and atmospheric information that
is not routinely available [14], [15]. Hence, VIS/IR sensors
are commonly used to provide an indirect measurement of soil
moisture, but not to retrieve it.

To achieve accuracy and high spatial resolution, it seems
natural to try to combine the strength of the microwave and
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VIS/IR approaches for soil moisture estimation. Recently, a
number of studies have documented the emergence of a tri-
angular or trapezoidal shape when remotely sensed surface
radiant temperature (7) over heterogeneous areas are plotted
versus vegetation index (V') measurements; an analysis of
this “universal triangle” has led to different methods relating
the T, /VI space to land surface energy fluxes and surface
soil moisture. A comprehensive review of these methods can
be found in [16] and [17]. Particularly, an algorithm for the
operational retrieval of high-resolution surface soil moisture
from future Visible Infrared Imager Radiometer Suite (VIIRS)
and Microwave Imager Sounder (MIS) data, under the National
Polar-Orbiting Operational Environmental Satellite System
(NPOESS), is underway [18]. It has a definite theoretical basis
that links soil moisture to the 7,/V I space [19], and was
demonstrated using 1 km AVHRR and 25 km SSM/T in [20]. A
variant of this method for SMOS using 1 km MODerate resolu-
tion Imaging Spectroradiometer (MODIS) data, soil dependent
parameters, and wind speed data is presented in [21]. As an
alternative to these empirically-based approaches, a physically-
based algorithm that includes a complex surface process model
and high resolution multispectral data and surface variables
involved in a land-surface-atmosphere model is presented in
[22]. This method is simplified using an energy balance model
in [23]. However, the applicability of these algorithms to the
upcoming space-borne observations is limited to the avail-
ability of the soil and vegetation parameters they need at
global scale.

An algorithm to synergistically combine SMOS soil moisture
estimates and MODIS VIS/IR data into high resolution soil
moisture is presented in this paper. As part of the downscaling
activities conducted at the REMEDHUS Calibration/Validation
(Cal/Val) site, the possibility of improving the spatial resolution
of passive L-band airborne observations using VIS/IR data
from LANDSAT was explored. Results showed reasonable
agreement with ground-based soil moisture observations, and
illustrated the strength of the link between VIS/IR satellite data
and soil moisture status [24]. Following these first experiments,
a downscaling strategy to improve the spatial resolution of
SMOS soil moisture estimates using MODIS-derived NDVI
and T data has been developed. MODIS has been selected
among other operational VIS/IR satellites for its suitable char-
acteristics, mainly, its temporal resolution (1-2 days), data
availability (near real time), spatial resolution (1 km), and
overpass time (10:30 A.M. for MODIS/Terra, 1:30 P.M. for
MODIS/Aqua). Alternatives present severe incompatibilities to
be used in combination with SMOS measurements such as the
16-days repeat cycle of ASTER and LANDSAT. Still, it is
important to outline the limitations of using MODIS VIS/IR
for downscaling SMOS soil moisture data. First, the sensing
depth of SMOS L-band for bare soil is ~5 cm, whereas for
the MODIS thermal infrared band is ~1 mm. Note that the
thermal regime of 0-5 cm and of 0—1 mm (skin) are likely
to be quite different, since the skin temperature is subject to
rapid fluctuations and more correlated to ambient temperature
as compared to 0-5 cm integrated soil temperature. The usage
of skin temperature in the algorithm could then lead to mis-
representation of spatial and temporal variability of underlying
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soil temperature for 0-5 cm depth. Also, note that L-band can
penetrate moderately vegetated regions (up to 5 kg/m?) but ther-
mal infrared cannot sense through a vegetation layer. Second,
the thermal regime of top 0-5 cm soil profile is almost the
same at 6:00 A.M. (SMOS overpass), but may digress at 10.30
(MODIS/Terra overpass), and soil moisture status may change
within these two acquisition times depending upon soil type,
terrain, vegetation and meteorological conditions. Nonetheless,
as it will be presented later in this paper, the use of MODIS
data in this study provides valuable information for improving
the spatial resolution of SMOS soil moisture estimates.

The downscaling approach builds on the VIIRS concept in
[18]: it consists of aggregating high resolution VIS/IR land
surface parameters to the scale of the microwave observations
for the purpose of building a linking model that is afterwards
applied at fine scale to disaggregate the passive soil moisture
observations into high-resolution soil moisture. This approach
has been specifically adapted to SMOS, and uses a novel
linking model to strengthen the relationship between land sur-
face parameters and soil moisture, which is needed to capture
soil moisture variability at fine scale. Details of the SMOS,
MODIS, and ground-based data used in this study are presented
in Section II. The downscaling method is fully described in
Section III. Results of its application to some of the first
SMOS images acquired over the Murrumbidgee catchment,
in South-Eastern Australia, during the commissioning phase
(January 17 to February 22, 2010) are provided in Section IV.
The spatial variability of SMOS-derived soil moisture obser-
vations is effectively captured at the spatial resolutions of 40,
10, and 1 km, and soil moisture estimations are compared
to in situ soil moisture data to evaluate the accuracy of the
observations at the different spatial scales. Further studies with
airborne data at an intermediate resolution are ongoing to
fully assess the radiometric accuracy of the observations and
to establish a downscaling limit, which could be given either
by the resolution of the optical sensor (which in the case of
MODIS is 1 km), or by the presence of noise affecting the
accuracy of the soil moisture estimates. In Section V, the main
findings and contributions of this work are summarized, and the
operational applicability of this downscaling strategy to SMOS
is discussed.

II. DATA DESCRIPTION
A. Ground-Based Soil Moisture

Ground-based measurements of 0-5 cm volumetric soil
moisture from the OzNet permanent soil moisture monitoring
network (www.oznet.unimelb.edu.au), in the Murrumbidgee
catchment (—33 to —37 S, 143 to 150 E), South-Eastern
Australia [Fig. 1(a)], are used to evaluate the algorithm per-
formance. The chosen study period is from January 17 to
February 22, 2010, so that airborne and intensive soil
moisture measurements from the Australian Airborne Cal/
Val Experiments for SMOS (AACES) are available for future
studies [25]. The comparison of SMOS-derived soil moisture
estimates to ground-truth data is focused on a subset of those
stations, located within the Coleambally Irrigation Area, South
of Yanco (referred hereafter as the Yanco region). It is a
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Fig. 1.
moisture stations within the Yanco intensive monitoring region.

semi-arid agricultural area of approximately 60 km by 60 km
(~ a SMOS pixel), characterized by flat topography; its land
use is mainly grazing dry lands with occasional winter crops
(wheat, barley, oats, and canola) [26]. The Yanco intensive
study area hosts a network of 13 permanent soil moisture
stations deployed all over the region and 24 additional semi-
permanent stations focused in two 9 x 9 km areas [YA and
YB in Fig. 1(b)]. Semi-permanent stations are a recent upgrade
to the OzNet monitoring network for the specific purpose of
SMAP algorithm development and Cal/Val studies (SMAPEx
project http://smap.jpl.nasa.gov/science/Validation/SMAPEX/).

B. SMOS Data

SMOS soil moisture images derived from preliminary bright-
ness temperatures obtained during the commissioning phase
and a pre-operational prototype of the L2 processor are used
in the present study. These soil moisture maps do include
biases and errors, which are due to the lack of maturity of the
processor at the time of the campaign. However, the values
should be seen as indicative, not as absolute, and the results
of the study are not compromised by these errors. Soil moisture
maps are from January 17, 19, 25, 27, and 29, and February 3,
6, 9, 14, 16, 17, 19, and 21, 2010, which are the days
with overlapping SMOS and cloud-free MODIS data in the
Murrumbidgee catchment (see Table I). Only ascending SMOS
data has been used in this study, since the thermal equilibrium
and near uniform conditions in surface soil layers and overlying
vegetation needed for soil moisture retrieval are more likely to
be true at 6 A.M. than at 6 P.M.; this can be critical in the early-
stage of the SMOS mission in which we are now. SMOS Llc
browse products, which contain observations acquired at a con-
stant incidence angle of 42.5° [27], are also used in this study as
auxiliary information. For an initial validation of the algorithm,
only horizontally polarized Llc brightness temperatures are
considered, since horizontal polarization is more sensitive to
soil moisture variations than vertical polarization [28].

Note that the resolution of SMOS observations varies from
30 km at nadir to ~90 km at the upper borders of the FOV. In
this paper, SMOS observations are combined on a regular grid

(b)

(a) Murrumbidgee catchment showing elevation and permanent soil moisture monitoring network. (b) Layout of the permanent and semi-permanent soil

TABLE I
LIST OF THE 16-DAY MODIS NDVI COMPOSITES AND THE OVERLAPPING
SMOS SoIL MOISTURE MAPS AND CLOUD FREE MODIS T
DATA USED IN THIS STUDY. DATES ARE IN UTC

SMOS
(6 am)

MODIS/Terra
T5(10.30 am)

Day of
year 2010

Jan 17
Jan 19
Jan 25
Jan 27
Jan 29
Feb 2

Feb 3

Feb 6

Feb 9

Feb 14
Feb 16
Feb 17
Feb 18
Feb 19
Feb 21

MODIS/Aqua MODIS
Ts(1.30 pm)  NDVI

v

RN

N

N N

AN NN RSN

NN ECCE N

NSNS
N

of 40 x 40 km and are downscaled to grids of 10 and 1 km
spatial resolution.

C. MODIS Data

The MODIS instrument operates on both the Terra
(10:30 A.M./10:30 P.M.) and Aqua (1:30 A.M./1:30 P.M.) space-
crafts. The MODIS data used in this work are the version 5
MODIS/Terra and MODIS/Aqua 1 km resolution daily day-
time 75, and MODIS/Terra 1 km resolution 16-day NDVI
product (data sets MODI11A1, MYDI11A1, and MOD13A2,
respectively). The NDVI composite is cloud free, whereas the
T, is not. The option of using the 8-day 75 composite was
discarded, since it is not as representative as the actual T
and it is not cloud free in all cases. MODIS products are
freely distributed by the U.S. Land Processes Distributed Active
Archive Center (Ipdaac.usgs.gov). Table I lists the days with
overlapping SMOS soil moisture successful retrievals and cloud
free MODIS T data during the AACES field experiment.

III. METHOD

The downscaling method for the estimation of soil mois-
ture at high resolution from SMOS soil moisture data using
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MODIS-derived T and NDVI data consists of two main steps,
which are described in the following sections.

A. Step 1: Linking Model

A linking model based on the triangle concept has been
developed to relate SMOS soil moisture maps to MODIS-
derived NDVI and 7T; (aggregated to 40 km).

Theoretical and experimental studies have demonstrated that
there can be a unique relationship between soil moisture (s,,),
NDVI, and T for a given region under specific climatic condi-
tions and land surface types. This relationship can be expressed
through a regression formula such as [19]

S = 0¥ a;;NDVI* T (D)
PIPILT ;

i=0 j=0

where n should be chosen so as to give a reasonable represen-
tation of the data.

In [24], the following approximation of (1) was effectively
used to define the linking model between the LANDSAT
T, /NDVI space and airborne soil moisture estimates

Sm = ago + a1 Ty + a10F + annTnFy 4 ap2Tx + azoF?
2)

where Tn stands for normalized LANDSAT surface radiant
temperature and F,. is the fractional vegetation cover [29],
defined as
Ts - Tmzn
Ty=—r——— 3
N Tmaw - Tmin ( )
NDVI — NDVL,,;n,

= “4)
NDVI, 0z — NDVLin

T

with T}, 4. and 7},,;, being the maximum and minimum 7’5 val-
ues for a particular day and region under study, and, similarly,
NDVI, 4, and NDVIL,,;,, being the maximum and minimum
NDVI values for a particular day and scene. Normalization
is needed to reduce the dependence of T/NDVI on ambi-
ent conditions, and to allow further comparison of different
experiments.

In the context of SMOS, SMOS brightness temperatures
T have been added to the right side of (1) to strengthen the
relationship between land surface parameters and soil moisture.
Thus, (1) is modified to

n n

Sm = Z > ) i NDVITITE. (5)

i=0 j=0 k=0

SMOS T include information on all parameters that domi-
nate the Earth’s emission at L-band, in addition to soil moisture,
e.g., soil roughness, soil texture, soil temperature, vegetation
opacity and vegetation scattering albedo. As it will be shown
later in the paper, the use of brightness temperatures in the
linking model is needed to capture soil moisture variability at
high resolution, and to reproduce changes in soil moisture due
to rain events being detected by SMOS at 6 A.M. but not by
MODIS/TERRA at 10:30 A.M. or MODIS/AQUA at 1:30 P.M.
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Using (3) and (4), the following approximation of (5) has
been defined as linking model between SMOS observations and
MODIS-derived NDVI and 7% data

Sm = aooo + aoo1TBN + ap10TN + aro0F;
2 2 2
+ apo2TzN + ao20Ty + a200F ) + ao1InTBN

+ a101F- Ty + aroF Ty (6)

where T'p are the normalized SMOS brightness temperatures

T - T min
Tpy = —2——2min_ 7

with T'Bymas and Ty, being the maximum and the minimum
T values for a particular day and region under study.

Three main semi-empirical relationships can be found in
literature to derive vegetation fraction from NDVI: [29]-[31].
No significant differences have been found on the algorithm
performance when using these three alternatives, and [29] has
been adopted for simplicity.

The linking model in (6) is used to set up a system of linear
equations for all the pixels in the image. This system is solved
to obtain the regression coefficients a;;,—which are specific of
the day and scene being analyzed.

B. Step 2: High Resolution Soil Moisture

SMOS-derived soil moisture maps at 10 km are obtained by
applying (6) with the regression coefficients a;;;, (from step 1),
T'n and F). aggregated to 10 km, and SMOS Tz resampled
to a 10 x 10 km grid. Similarly, soil moisture maps at 1 km
are obtained by applying (6) with the regression coefficients
aijk, v and Fj. at 1 km, and SMOS Ty resampled to a
1 x 1 km grid.

It is important to note that T, F}. and Ty at low (40 km)
and high (1-10 km) spatial resolution should be computed so
as to have the same mean value within every 40 km pixel. This
ensures that the downscaled soil moisture has the same mean
value that the 40 km SMOS L2 soil moisture product.

IV. RESULTS

The downscaling algorithm described in Section III has
been applied to all the SMOS soil moisture and cloud-free
MODIS AQUA/TERRA T overlapping images during AACES
field experiment (20 images in total, see SMOS—MODIS T
combinations in Table I). In this section, soil moisture maps
at 10 and 1 km spatial resolution, resulting from the appli-
cation of the downscaling algorithm proposed, are analyzed.
Results of using (2) instead of (6) have been included so as to
compare the effect of adding or not SMOS Ts to the linking
model. An insight of the coupling between MODIS VIS/IR
parameters and SMOS-derived soil moisture is given. Finally,
soil moisture estimates at 40, 10, and 1 km are compared to
in situ soil moisture data from the Yanco region [see Fig. 1(b)],
to validate the accuracy of the observations at the different
spatial scales.
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Fig. 2. Results of the application of the algorithm to a SMOS image over the Murrumbidgee catchment, from January 19, 2010 (6 A.M.). (a) SMOS soil
moisture [m3 /m3] on a 40 x 40 grid. SMOS-derived soil moisture maps [m3/m?3] at (b) 10 km, and (c) 1 km, using the linking model in (2). SMOS-derived soil
moisture maps [m? /m?] at (d) 10 km, and (e) 1 km, using the linking model in (6). Dots indicate the location of the soil moisture permanent stations within the
Murrumbidgee catchment. (f) SMOS T'gj, image [K] on a 40 x 40 km grid. (g) 1 km MODIS/AQUA T [K]. (h) 1 km MODIS/TERRA NDVI. Empty areas in
the images correspond to unsuccessful SMOS soil moisture retrievals, or clouds masking MODIS 75 measurements.

Note that the date on the SMOS and MODIS images used
in this Section are expressed in UTC, whereas the satellite
overpass is expressed in local time.

A. Soil Moisture Maps

Sample results of the application of the downscaling algo-
rithm to a SMOS soil moisture image over the Murrumbidgee
catchment, from January 19, 2010, are shown in Fig. 2. It can
be observed that the downscaling method using (2) or (6) nicely
captures the spatial patterns in soil moisture at both 10 and 1 km
spatial resolutions. Note for instance how spatial details such
as the Murrumbidgee river basin can clearly be distinguished,
specially when adding the SMOS Tp to the linking model
[Fig. 2(d) and (e)].

Fig. 3 shows the results of applying the downscaling algo-
rithm to a SMOS soil moisture image over the Murrumbidgee
catchment, from February 21, 2010, when a significant rain-
fall event occurred over the western part of the catchment,
between 4 and 9 A.M. local time (www.oznet.unimelb.edu.au).
The significant gradient in soil moisture that can be seen in
the SMOS soil moisture map [Fig. 3(a)] and in SMOS T
[Fig. 3(f)] evidences that this rainfall was effectively captured
by SMOS. This gradient is reproduced at the higher spatial
resolutions of 10 and 1 km when using the linking model
in (6) [see Fig. 3(d) and (e)], but it is not when using the
linking model in (2) [see Fig. 3(b) and (c)]. This may be due
to the different acquisition times of SMOS and MODIS, i.e.,

the rainfall being captured by SMOS at 6 A.M., but not being
captured either by MODIS/TERRA at 10:30 A.M. Hence, these
results clearly show that adding SMOS T to the linking model
strengthens the coupling between MODIS VIS/IR parameters
and SMOS data, which could be critical to effectively reproduce
soil moisture dynamics at higher spatial resolutions.

B. T,/NDVI Space

T, and NDVI are proven indicators of the vegetative and ther-
mal state of the land surface. Fig. 4 illustrates the polygonal cor-
relation between MODIS 7 and NDVI observations on Fig. 2
[Fig. 4(a)], and Fig. 3 [Fig. 4(b)]. The polygon’s edges can be
interpreted as the minimum/maximum reached by vegetation
cover (NDVI) and soil moisture: bare soil, maximum biomass,
completely dry, and fully wet soil surface. The warm edge of
the triangle is generally interpreted as representing limiting
conditions of soil moisture or evapotranspiration, in contrast to
the cold edge, which represents maximum evapotranspiration
and thereby unlimited water access. Therefore, the warmest and
coldest pixels are usually referred to as the dry and wet edges of
the triangle, respectively. Note that this approach is valid under
the assumption that changes in evapotranspiration are primarily
caused by variations in water availability, and not by differences
in atmospheric conditions.

In Fig. 4(a), there is a higher number of pixels along the
maximum biomass edge, if compared to the image on Fig. 4(b).
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Fig. 4. Scatter plots of MODIS surface radiant temperature versus MODIS NDVI, from (a) Fig. 2 and (b) Fig. 3.

This is because the Eastern part of the catchment—which con-
tains the highest vegetated areas—is not covered by SMOS on
February 21, 2010, and therefore is not used to build the linking
model in Fig. 4(b). Also, note that the maximum biomass edge
is shorter than the bare soil edge in the two scatter plots,
which evidences the low sensitivity of vegetation temperature
to changes in soil moisture and the higher sensitivity of bare soil
to changes in soil moisture content; the range of 7 decreases
as the vegetation cover increases. Another salient aspect of the
polygons is that the dry edges slope toward lower tempera-
tures with increasing NDVI, which can be explained by the
fact that sunlit vegetation is generally cooler than sunlit bare
soil.

The theory behind the triangle concept states that a large
number of points (NDVI, T pairs) reflecting a full range of
soil surface wetness and fractional vegetation cover is needed
to identify a triangular shape in the pixel distribution. Hence,
the perfect triangle can only be achieved by collecting a timely
record of data over the region under study, or by selecting a
particular scene with a wide range of 75 and NDVI. This is
the most severe limitation of the triangle concept, since some
subjectivity may be needed in identifying the dry edge (or warm
edge) and the bare soil and maximum biomass extremes when
there is not a triangle populated with points [16]. In this paper,
however, the edges of the polygon have been detected automat-
ically from MODIS data, and results show that the fact of not
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Fig.5. Temporal evolution of 0—5 cm continuous soil moisture measurements
(6 A.M.) and mean daily rainfall observed at 13 Yanco monitoring stations. YA*
is the mean of the 13 semi-permanent soil moisture stations within region YA,
and YB* is the mean of the 11 semi-permanent soil moisture stations within
region YB.

having a clearly defined triangular Ts—NDVT pixel distribution
in the region under study is not affecting the performance of
the algorithm. Nevertheless, this should be certainly taken into
account when selecting the extent of the scene under study.

C. Comparison With In Situ Measurements

During the AACES field experiment, soil moisture condi-
tions ranged from extremely hot dry (0 m®/m?) to cool wet
(0.4 m®/m?). Results of applying the downscaling algorithm
to the 20 SMOS soil moisture—MODIS 7 combinations in
Table I are compared to in situ soil moisture measurements
within the Yanco region [Fig. 1(b)], so that the performance
of the algorithm is assessed in a wide range of moisture
conditions.

It is important to remark that validating soil moisture estima-
tion results is not straight-forward, since there are some unre-
solved issues concerning the comparison of spatially distributed
in situ measurements with soil moisture maps. The difficulty
lies not only in the estimation process, but also in the represen-
tativeness of the in situ soil moisture measurements. Note that
the penetration depth of the microwave signal depends on the
soil moisture content itself. Therefore, the thickness of the soil
layer contributing to the emitted radiation can significantly vary
with moisture conditions. This fact could affect the representa-
tiveness of the soil moisture samples taken at a specific depth
regardless of the surface conditions. In addition to this, the
spatial distribution of soil moisture depends on soil parameters
that are not distributed homogeneously in the area (e.g., soil
texture, vegetation, and topography). And also, it should be
taken into account that soil moisture could change very rapidly
in the top layer. In view of these uncertainties, a study of the
temporal and spatial variability of the 37 Yanco soil moisture
stations has been performed to analyze the consistency of the
in situ data and, to some extent, of the validation approach.

The temporal variability of soil moisture measurements and
the mean daily rainfall at Yanco stations from January 17 to
February 21, 2010, is shown in Fig. 5. It can be seen how the
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Fig. 6. Spatial variability of 0-5 cm soil moisture measurements (6 A.M.) of
the 13 Yanco stations on days (a) January 20-24, 2010, and on (b) February 5-9,
2010.
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Fig. 7. SMOS soil moisture data over the Yanco region versus 40 km
aggregated in situ measurements, for the 20 SMOS-MODIS Ts combinations
in Table I. Vertical errorbars represent the standard deviation of ground mea-
surements within each 40 km pixel.
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(a) Downscaled SMOS re-scaled soil moisture data at 10 km versus 10 km aggregated in situ measurements, for the 20 SMOS-MODIS 7T's combinations

in Table I. Vertical errorbars represent the standard deviation of ground measurements within each 10 km pixel. Histograms of the difference between 10 km
downscaled soil moisture and in situ measurements (b) using the linking model in (2), and (c) using the linking model in (6). (d) Downscaled SMOS L2 calibrated
soil moisture data at 1 km versus 1 km aggregated in situ measurements, for the 20 SMOS-MODIS T’s combinations in Table I. Vertical errorbars represent the
standard deviation of ground measurements within each 1 km pixel. Histograms of the difference between 1 km downscaled soil moisture and in sifu measurements

(e) using the linking model in (2), and (f) using the linking model in (6).

soil moisture network nicely captures the three rainfall events
occurred during these days. Fig. 6 shows the measured soil
moisture variability at Yanco stations under dry [January 20—
24 (a)] and wet [February 5-9 (b)] soil conditions. It can be
observed that there is a definite pattern in the spatial variability
of soil moisture that repeats itself on all Yanco stations on these
two different periods studied. This variability could be the result
of changing soil properties of the area. Note that this pattern
is common for the case of extremely dry and moderately dry
conditions of Fig. 6(a) and (b), respectively, on all the stations
except for numbers 8, 9, and 12. Still, the spatial variability
appears to be consistent.

SMOS soil moisture retrievals over the Yanco region are
plotted against 40 km aggregated in situ soil moisture, for
all SMOS-MODIS combinations in Table I, in Fig. 7. These
results indicate that this prototype of the SMOS soil moisture
processor was particularly underestimating soil moisture within
the region under study. Hence, to proceed with the validation
exercise, the SMOS soil moisture maps were re-scaled fol-
lowing the regression in Fig. 7, to remove the apparent dry
bias. After re-scaling, the SMOS soil moisture data over Yanco
has a coefficient of correlation R? with in situ data of 0.33
and root-mean-square-error (RMSE) of 0.16 m®/m? (0 bias,
0.16 m*/m? standard deviation).

Fig. 8 illustrates the performance of the downscaling al-
gorithm using re-scaled SMOS soil moisture data over the

Yanco region. Disaggregated soil moisture at 10 km is plotted
against 10 km aggregated in situ soil moisture in Fig. 8(a). The
histogram of the difference between 10 km downscaled and
10 km aggregated in situ soil moisture using the linking model
in (2) and the linking model in (6) are presented in Fig. 8(b)
and (c), respectively. Similarly, downscaling results at 1 km
spatial resolution are presented in Fig. 8(d)—(f). From the
regression plots, it can be seen that the sensitivity of the L2
product to soil moisture is reproduced at the scale of 10 km
(R? ~ 0.26-0.30), but only partially reproduced at 1 km (R? ~
0.14-0.21). The downscaled soil moisture maps when using (2)
present a high bias, which is significantly reduced when using
(6). The bias obtained when using the linking model in (2) is
due to gradients in soil moisture captured by SMOS but not cap-
tured by MODIS, as shown in Fig. 3. The bias still present when
using (6) is due to low resolution pixels that only have partial
coverage of VIS/IR data at high resolution; it is controlled
and does not appear when only pixels with full 7 coverage
are employed. From these results, the RMSE when going into
higher spatial resolutions is improved when adding SMOS Tz
to the linking model, and is moderate when not adding them.

V. CONCLUSION

An algorithm for improving the spatial resolution of SMOS
soil moisture estimates using MODIS-derived NDVI and T
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data has been presented. Results of its application to SMOS
imagery over Australia acquired during the commissioning
phase indicate that with this technique it is feasible to improve
the spatial resolution of SMOS accurate soil moisture retrievals.
SMOS-derived soil moisture maps at 10 and 1 km have been
obtained and results show that the soil moisture variability is
nicely captured at the different spatial scales. Results from com-
parison with ground-based soil moisture measurements indicate
that there is no a significant degradation of the RMSE when
going into higher spatial resolutions; soil moisture sensitivity is
preserved at 10 km and moderately decreased at 1 km. Further
research using 1 km L-band passive airborne data collected
during AACES is needed to fully validate the accuracy of the
retrievals at every spatial resolution and establish the down-
scaling limit.

Now that SMOS has been successfully deployed in orbit, and
its capabilities have been demonstrated during the commission-
ing phase, this work could potentially contribute to enhance
the spatial resolution of SMOS soil moisture estimates, which
will be a new and highly relevant research development. Also,
these results suggest the prospect use of a VIS/IR sensor as
a secondary payload in follow-on space-borne missions dedi-
cated to soil moisture monitoring; the VIS/IR sensor could be
highly useful in both the estimation of collocated land surface
temperatures to be used in the soil moisture retrievals, and the
improvement of the spatial resolution of the estimates using the
universal triangle concept.
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