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Abstract—Radiometric observations from the Soil Moisture and
Ocean Salinity (SMOS) mission are processed to Level 1 bright-
ness temperature (7}) with ~42-km spatial resolution and re-
ported on a 15-km hexagonal Discrete Global Grid (DGG). While
these data should be used at the 42-km resolution which the over-
sampled DGG represents, this paper poses the question of whether
they can be used directly at 15-km resolution without undertaking
downscaling or implementing multiscale-type procedures when
used in data assimilation. To assess the error associated with using
the 42-km SMOS T}, data at 15-km resolution, this study employs
1-km T} data from the Australian Airborne Cal/Val Experiment
for SMOS (AACES). The study compares SMOS-like data derived
from AACES at 42-km resolution with 7}, values actually observed
on the 15-km DGG. These 15-km DGG data are subsequently
interpolated to a regular 12-km model grid and compared with
actual observations at that resolution. The results show that the
average root mean square differences in 7} between the 15- and
42-km footprints are 4.5 K and 3.9 K for horizontal (H) and
vertical (V) polarizations, respectively, with a maximum difference
of 12.9 K. The errors when interpolating the 42-km data onto the
12-km model grid were estimated to be 3.3 K for H polarization
and 2.9 K for V polarization under the assumption of indepen-
dence or 4.5 K and 3.9 K for H and V polarizations, respectively,
with 4.0 K in H polarization and 3.6 K in V polarization from
the 15- to 12-km interpolation process alone. An evaluation of
the T}, differences for 42-km data assumed on the 15-km DGG
found no correlation with vegetation based on leaf area index and
only slight correlation with the spatial variance of SMOS data and
topographic roughness. Given these differences and the noise that
currently exists in SMOS T}, at 42 km, the 15-km DGG data can be
used directly on the hexagonal grid or interpolated onto a regular
grid of equivalent spatial resolution without further degrading the
data quality.

Index Terms—Brightness temperature, Soil Moisture and
Ocean Salinity (SMOS), soil moisture retrieval.

I. INTRODUCTION

HE Soil Moisture and Ocean Salinity (SMOS) mission

is providing continuous L-band (1.4-GHz) radiometric
measurements over the Earth surface at ~42-km resolution
with a repeat cycle of two to three days [1]. The brightness
temperature (7}) measurements are made at a range of inci-
dence angles from 0° to 55° at vertical (V) and horizontal
(H) polarizations. The synthetic aperture capability of SMOS
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means that the 7} observations are processed and reported
on the Icosahedral Snyder Equal Area projection (ISEA 4H9)
which is a hexagonal grid called the Discrete Global Grid
(DGG), with a spacing (spatial resolution) of about 15-km.
This difference in spatial resolutions, 42-km for the actual 7T;
observation and 15-km for the reported 73, pose soil moisture
retrieval and data assimilation opportunities for land surface
models that have spatial resolutions smaller than 42-km.

Ideally, the spatial resolution of retrieved soil moisture and
the T}, values used in assimilation should be the same as
the actual 42-km SMOS observation. However, a recurring
question is whether the actual 42-km SMOS 7T} observation
can be used directly on the 15-km SMOS DGG, which has not
yet been examined. Being able to use the SMOS data directly
at the higher spatial resolution will circumvent the need for
downscaling approaches such as those from [2] and [3], the
need for a multiscale assimilation procedure such as [4], or data
thinning to a regular 42-km grid. Otherwise, the overlapping
characteristics of the DGG representation may need to be fully
accounted for through a 3-D data assimilation scheme [5], [6].
These challenges add an extra layer of complexity and a source
of uncertainty to the data assimilation procedure.

This study investigates whether the 42-km SMOS 7T}, ob-
servations may be used directly on the 15-km DGG that they
are reported on and what the uncertainty implications would
be due to differences in the two spatial resolutions. The esti-
mated uncertainty resulting from the two spatial resolutions can
facilitate the decision-making process of whether the 42-km
resolution 73 can be used directly on the 15-km DGG for
a particular application or not. The effect of interpolating to
a chosen model grid with smaller spatial resolution is also
assessed. These questions are addressed through the use of
high-resolution 7}, observations from the Australian Airborne
Cal/Val Experiment for SMOS (AACES) [7]. The AACES data
cover the Murrumbidgee Catchment in southeastern Australia
with diverse climatic and varying physiographic conditions.
The high-resolution AACES data offer the capability to explore
the representativeness of 7} at a variety of spatial resolutions
and thus determine the level of uncertainty associated with
using T3, observations made at one resolution and applied at
another. Specifically, the results quantify the level of uncer-
tainty expected when applying the following: 1) 42-km SMOS
T, observations on the 15-km DGG and 2) the subsequent
interpolation of this 15-km 7}, representation to a 12-km model
grid. The possibility to flag times and/or locations when larger
than acceptable errors are expected is also examined using three
factors: 1) spatial variance of SMOS Level 1 observations;
2) density of vegetation cover; and 3) topography.
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Fig. 1. Murrumbidgee Catchment study area showing the AACES flight
patches, the SMOS 15-km DGG, and 42-km footprints (circles) that they repre-
sent. The bottom panel also shows the 12-km ACCESS model grid. Flight patch
numbering starts with 1 at the left to 10 at the right. The DGG is labeled accord-
ing to the flight patch number and alphabetic character starting with “A” at the
top grid to “D” at the bottom grid except for patch 6 whose bottom grid is “E.”

II. MATERIALS AND METHODS
A. Study Area and Ty, Data

The 80000-km? Murrumbidgee Catchment shown in Fig. 1
has varied climatic, topographic, and land-cover characteris-
tics with semi-arid conditions in the west to alpine condi-
tions (including wintertime snow) in the east. The AACES
campaign was undertaken in 2010 across the Murrumbidgee
Catchment including AACES-1 in the summer and AACES-2
in the winter [7]. AACES-1 commenced on January 18 and was
completed on February 21, whereas AACES-2 was undertaken
from September 8 to 26. The airborne radiometer data cover a
500 x 100 km? area which is composed of the ten flight patches
shown in Fig. 1, each being 50 x 100 km?. The flight patches
are aligned with the SMOS 15-km DGG; each patch contains
a minimum of four overlapping SMOS pixels of about 42-km
resolution. The microwave radiometer used is the Polarimetric
L-band Multibeam Radiometer (PLMR) at 1.413-GHz fre-
quency (the same frequency as in SMOS), which was mounted
such that it scanned the surface at three incidence angles of
+7°, £21.5°, and £38.5° to each side of the aircraft. The
PLMR used to make the 1-km 73 observations has an accuracy
better than 2 K with sensitivity better than 1 K [8]. As a result,
the uncertainty associated with the 1-km AACES T}, is taken
to be 2 K.

The AACES data used in this study include the 1-km
L-band 7}, data normalized to a common 38° incidence angle
to simulate a single incidence angle of SMOS Level 1 T
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Fig. 2. Topographic information and density of vegetation cover in
the Murrumbidgee Catchment during AACES observations (data source:
DEM—Geoscience Australia; MODIS LAI-NASA LP DAAC at https://lpdaac.
usgs.gov/get_data). (a) Terrain elevation showing smooth topographic rough-
ness in the west to high topographic roughness in the east. (b) MODIS LAI in
square meters per square meter during AACES-1 from January 18 to February
21. (c) MODIS LAI in square meters per square meter during AACES-2 from
September 8 to 26.

data. The actual SMOS Level 1 1} observations at about 38°
incidence angle are only used in this study to examine the
spatial variability of 7} as represented by SMOS data on the
DGG within a single SMOS footprint. The reason for this
reliance on the AACES data is the high resolution that it affords,
allowing the questions of spatial resolution and interpolation to
be fully addressed.

B. Topography and Vegetation Cover

The topography and the density of vegetation cover in the
Murrumbidgee Catchment are shown in Fig. 2. The topography
is represented through digital elevation model (DEM) data,
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obtained from Geoscience Australia through the GEODATA 9
Second DEM (DEM-9S) Version 3 in 2008. The DEM has a
spatial resolution of 250 m with a positional accuracy (in nom-
inal scale) of 1:250000. The topography in AACES patches
1-5 is flat, indicating low topographic roughness with patch 6
having gently sloping terrain and patches 7-10 have undulating
terrain indicative of high topographic roughness. The density
of vegetation cover is approximated using leaf area index
(LAI) data in square meters per square meter from the 1-km
Moderate-Resolution Imaging Spectroradiometer (MODIS)
data. The LAI information on January 25 and September 13,
2010 are used to represent the density of vegetation cover
during the AACES-1 and AACES-2 observation periods, re-
spectively. Generally, the density of vegetation cover is less
during AACES-1 compared with that during the AACES-2
observation period. The density of vegetation cover is highest
at the eastern portion of the catchment, which comprises con-
servation areas and state forests, whereas the western areas are
characterized mainly with grassland. It is noteworthy that the
moderate densities of vegetation cover during AACES-1 around
patches 3—4 in the central portion of the catchment are cropping
irrigation areas.

C. Application Methods

The evaluation of 7} observations for the two spatial resolu-
tions and interpolation onto a model grid is divided into three
parts: A, B, and C. Part A examines the differences in 73 when
1-km AACES data are aggregated according to the 15-km DGG
as compared with the 1-km AACES data aggregated for the
actual 42-km footprint that it represents. Hereafter, the 1-km
AACES data are denoted as 7} km “the aggregations to 15-km
DGG as T}!° k™, the aggregations to 42 km as 7,22, and

the use of T2 ™ data as if they were the true 7)'° ¥™ values

as Tb4 /15 dan ppe aggregations are performed by finding the

average of all T} km orids that are contained within each of the
15-km DGG using (1) and in the actual 42-km SMOS footprint
according to (2). The associated uncertainties for 7}}° ™ and
T2 km are estimated using (3) and (4), respectively, derived
according to the standard error propagation procedure [9] under
the assumption that the error of each measurement is indepen-
dent. This assumption is appropriate, given the nature of the
errors in individual PLMR measurements and the application
of the T}, data herein

k 1 km
T
Tbl5 km _ szlk b,i (1)

where k is the number of 1-km grids within the 15-km grid

. Z;ﬂ: Tbl km
TP = = )

where 7 is the number of 1-km grids within the 42-km grid

3

15 km =
b

where o1 ke is the uncertainty from the 1-km 7} (=2 K)

“4)

Using T)}5 *™ for the 15-km DGG and 7} ¥™ for the actual
42-km SMOS footprint, the differences in 7} between the two
spatial resolutions provide an estimate of the uncertainty when
applying the 42-km SMOS data directly on the 15-km DGG as
T,ju/ 15k “The absolute difference in T, between the 15-km
DGG and the actual 42-km SMOS footprint, referred to here-
after as T;12715, is estimated in (5) and the associated uncer-
tainty of this difference, denoted as Opa2-15, is determined

according to (6)

Tgl2715 _ |Tl§12 km Tb15 km’ (5)

2 2
O’T:2715 = \/<0'sz km) + (O’Tbls km) . (6)

The rationale of this evaluation is to determine the level of un-
certainty in 73 when the actual 42-km SMOS observations are
approximated to the 15-km DGG. Knowledge of the uncertainty

in T} 2/15km Wil potentially allow practitioners to use the
42-km SMOS Tj, observations directly at the 15-km DGG.

Part B assesses the uncertainty when interpolating the 15-km
DGG T; to model grids with geometry and resolution that
are different to the DGG or the data-thinned original 42-km
resolution. The model grid used in this study is a 12-km square
grid which represents the numerical weather prediction grid
from the Australian Community Climate and Earth-System
Simulator (ACCESS). Consequently, two estimates of 7} are
required for the 12-km model grid: one as a direct aggregation
of the 1-km AACES data onto the 12-km resolution, hereafter
referred to as 7)}2 ™, and the other as a weighted sum of the
15-km DGG T}, according to the areal overlaps with the 12-km
resolution, hereafter referred to as 7;*'? km The aggregated
estimate Tb12 km js determined by finding the average of the
1-km AACES data that are contained within the 12-km grid
according to (7) with its associated uncertainty o2 km in (8)
under the assumption of independence

D iy Tbl,ikm

where m is the number of 1-km grids within the 12-km grid

5 ®)

012 km =
b

where o1 is the uncertainty from the 1-km 75.

Since the PLMR coverage is not sufficiently large to provide

the T; 2/150m o lues required by the 15-km DGG represented

in the bottom panel of Fig. 1, only the actual 15-km DGG
observations 7;1° ¥™ could be used for explicit representation
of the DGG and thus provide an estimate of 7)}2 ¥™ (denoted
as *T12 km) when using (9). While the difference between
these two values (Tb12 km and Ty’ 12 km) provides an estimate
of the error from interpolation itself and not the scaling error



that comes from using SMOS data directly on the DGG; error
propagation on the interpolation equation in (9) will provide the
theoretical error estimate.

The weighted 12-km estimate *7;*12 ¥ is calculated accord-
ing to (9) as a weighted sum by area (in terms of fractional
coverage) for each 12-km grid using the 42-km observation
on the 15-km grid [TI;1 25 am gom (2)]. The corresponding
uncertainty estimate for *7125™ denoted as *Jwau Kkm 1S
estimated according to (10) from the standard error propagation
procedure [9]. The estimate of the error from applying 42-km

observations at 15-km DGG resolution, denoted as 0,742/15 km,y

is taken as the root mean square difference (RMSD)b for the
difference calculated in (5)

p
*wal2 km _ Z (wi % T:?/lfx km) 9)

i=1

where p is the number of 15-km grids which overlap the 12-km
grid, w = A% 1 /A12 km, A5 1oy 18 the area of the 15-km grid
which overlaps with the 12-km grid, and A1 k., is the total area
of the 12-km grid

(10)

m
* _ § 2 2
JTb'wIZ km = (w’L * JT4?£/15 km) .

i=1 b

The weighted 12-km estimate and its error estimate from the
actual 15-km data, denoted as *Tb“’12 km " can be calculated
from(9) and (10) by using 7;}® ¥ in place of T;2/15 kmand
O35 km from (3) in place of UT:g/15 km -

Part C is an attempt to identifjj when and/or where it is more
appropriate to approximate the 42-km SMOS 7T;, data on the
15-km DGG. This includes an evaluation of the differences in
Ty, between the observed 15-km resolution and the actual obser-
vation at 42 km in comparison with three factors: 1) the spatial
variance of SMOS Level 1 data, 2) the density of vegetation
cover, and 3) topographic roughness. The spatial variance of
SMOS data is determined for each 15-km DGG by using its
Ty value and the values from neighboring DGGs which fall
within the 42-km SMOS footprint. The computed variance of
T} provides a measure of variability for the overlapping SMOS
observations. The density of vegetation cover is represented
using MODIS LAI by finding the average of all the 1-km LAI
within each of the 42-km SMOS pixels.

The topographic roughness for each of the 42-km SMOS
pixels is estimated using the DEM data. The derived terrain
slope angles from the DEM were used to estimate a topographic
indicator as an absolute value of the product of spatial variance
and skewness of the slope angle. This topographical indicator is
denoted as sV ar and provides an index of both the heterogene-
ity (variance) and uniformity (skewness) of the landscape [10].
It is noteworthy that sV ar is a relative measure that is mean-
ingful only for a particular defined area. High values of sV ar
indicate that the terrain is nonuniformly heterogeneous, low
values mean a uniformly homogeneous terrain, and moderate
values mean that the terrain is either uniformly heterogeneous
or nonuniformly homogeneous. These comparisons are aimed
to determine whether the pattern of uncertainty found between
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Fig. 3. Brightness temperature in kelvin; observed 1-km AACES 7} aggre-
gated to the 15-km DGG and to the actual 42-km SMOS footprint that is
represented on the 15-km DGG. (a) AACES-1: Patch numbering starts from
1 at far left to 10 at far right. (b) AACES-2: Patch numbering starts from 4 at
far left to 8 at far right.

the 15-km DGG representation and the actual 42-km SMOS
footprint corresponds to the spatial variability in the SMOS
data, vegetation cover, or topographic roughness.

III. RESULTS AND DISCUSSION

A. Variability of Aggregated Ty, for Actual 42-km SMOS
Footprint and 15-km DGG

The aggregated 1}, values for the 15- and 42-km resolu-
tions are presented in Fig. 3 for AACES-1 and AACES-2. In
AACES-1, larger differences between the two resolutions can
be seen in patches 8—10 (relatively wet conditions) whereas the
remaining patches show little discernible differences for H and
V polarizations. In AACES-2, the T}, differences for the two
resolutions are minimal and limited to a few DGG pixels in
both polarizations. It is noteworthy that in AACES-1, surface
soil moisture obtained from in situ point observations varied
considerably from dry conditions of 0.05-0.10 m?/m? for the
left patches (1-4) to wet conditions of 0.25-0.35 m3/m? for
the right patches (5-10), whereas consistent wet conditions
of 0.2-0.4 m®/m? persisted for all patches observed during
AACES-2 [7].

The overall quantitative comparison between the two reso-
lutions is shown in Fig. 4. Note that 7}, values are generally
low for AACES-2, reflecting the wetter conditions and lower
surface temperatures prevailing during this winter campaign,
whereas AACES-1 has values spread over the entire interval, re-
flecting the more varied soil moisture conditions. However, the
pattern of differences in 7} between the two resolutions is
similar for AACES-1 and AACES-2, as evidenced by their
RMSD and R?. The RMSD between the two T}, estimates is
4.5 K in the H polarization and 3.9 K in the V polarization.
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Fig. 4. Comparison between the aggregated 73 at 15- and 42-km resolutions,
as shown in Fig. 3. The estimated T} errors according to (3) and (4) are 0.2 K
for Tb15 km and 0.1 K for Tgm km ynder the assumption of independence. If
dependence was assumed, then these would each increase to the original 2-K
uncertainty of PLMR.

While the results show that the highest 7}, values, indicative of
extreme dry locations, have an almost perfect match between
the two resolutions in both polarizations, the 7} comparison
between the two resolutions does not significantly degrade
for 1;, values. Thus, the T} differences shown here do not
seem to be strongly correlated with soil moisture (dry or wet).
Rather, the closer agreement at the extreme dry locations is, in
general, due to the homogeneous nature (e.g., vegetation cover
and physiographic heterogeneity) of the landscape, together
with uniform soil moisture conditions over large areas. The
terrain and vegetation density are much more heterogeneous
in the eastern portion of the catchment, indicating that these
locations are likely to have more dynamic and nonuniform
moisture conditions. As will be shown later, the lowest absolute
differences in 1}, between the two resolutions are all located in
patches 1-4, being the western portion of the catchment.

B. Variability of Ty, Between Aggregated 12-km and Weighted
12-km Model Grids

The aggregated 12-km 7}, and its weighted estimate using
the observed 15-km 7} are shown in Fig. 5, with very little
difference between the two T, estimates for both polarizations
across AACES-1 and AACES-2. The quantitative comparison
for the two 12-km estimates is shown in Fig. 6. This confirms
the similarity in pattern with a coefficient of determination (R?)
of about 0.98 in both polarizations. The RMSD value between
the two T, estimates is 4.0 K in the H polarization and 3.6 K in
the V polarization. However, as noted earlier, this comparison
only represents the error introduced by interpolating from the
15-km DGG to the 12-km grid and does not account for the er-
ror of SMOS data representation on the 15-km DGG. Due to the
limitations of the available data set, this can only be estimated
from error prorogation calculation and not by direct deduction.

By using the RMSD values from Part A as estimates of
uncertainty in the 73 data on the 15-km DGG (i.e., (7Tb42/15),

the overall uncertainty in 7}, associated with interpolating the
42-km SMOS data to the 12-km model grid can be calculated
from (10) as 3.3 K in the H polarization and 2.9 K in the V
polarization under the assumption of independence. However,
under the assumption of dependence, the uncertainty estimates
would remain as 4.5 K in the H polarization and 3.9 K in the V
polarization. Alternatively, assuming additive errors, the error
in interpolating the 42-km SMOS data onto the 12-km grid can
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be estimated as /(4.5)2 + (4.0)? = 6.0 K in the H polarization

and 1/(3.9)? + (3.6)2 = 5.3 K in the V polarization.
C. Indicators for Estimating Ty, Differences Between 15- and
42-km Resolutions

This section presents the differences in 73, between the 15-km
DGG and the 42-km SMOS footprint in comparison with
the three indicators: spatial variance of SMOS Level 1 data,
vegetation cover, and topography. Using T}, differences between
the 15- and 42-km resolutions, the spatial variance of actual
SMOS observations are compared with the absolute differences
from Part A. The variance for each SMOS DGG is computed
by finding the standard deviation of 7} using values from the
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footprint in question and the six other neighboring DGG values
that fall within it. This comparison of the actual 7} standard
deviation with the absolute difference provides a mechanism
to determine if any relationship exists to identify places and/or
times when the difference in 7T} is expected to exceed a given
tolerance. The absolute difference of 7}, between the 42- and
15-km resolutions is shown in Fig. 7.

Generally, the smaller absolute differences occur in patches
1-4 in the western portion of the catchment, as shown pre-
viously to have smooth topographical roughness. The figure
identifies (by deep brown shading) grids with absolute dif-
ferences greater than the overall RMSD values of 4.6 K for
H polarization and 3.9 K for V polarization in Part A; note
that the grid labels have been defined earlier in Fig. 1. These
grids (in patches 5-10) are generally located in the eastern
portion having heterogeneous physiographic conditions of the
catchment. The grids in patches 7 and 8 (e.g., 7B and 8A) have
consistently high absolute differences for both V and H polar-
izations in AACES-1 and AACES-2. Patches 9 and 10 also have
high absolute differences in V and H polarizations in AACES-
1. The persistent pattern in these grids suggests that they are
associated with unique physiographic/observation features.

The computed standard deviation using actual SMOS Level 1
T}, for the grids are compared with the 73 absolute difference in
Fig. 8 for both H and V polarizations. The estimated standard
deviation values are generally below 10 K, but four isolated
grids have high variance values ranging from above 10 K to
30 K. These high standard deviation values are generally found
in patch 4, which has extensive but scattered crop irrigation ar-
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Fig. 9. Comparison between topographical roughness sV ar and the absolute
difference of T3 shown in Fig. 7.

eas. The overall pattern of the T}, standard deviation is unrelated
to dry or wet locations in the Murrumbidgee Catchment. Based
on the R? values, there is only a weak relationship between
the standard deviation of SMOS Level 1 1} and the absolute
difference computed using 42- and 15-km resolutions.

The absolute difference of 1}, for the two resolutions was also
examined in relation to topographic roughness and vegetation
cover using LAIL It was found from the LAI data that there
are different densities of vegetation cover during the two field
campaigns, yet the absolute differences of 7}, are similar for
the two seasons. As a result, the absolute differences in 7}
between the 15-km DGG and actual 42-km SMOS footprint do
not correlate to the density of vegetation cover.

For topography, the varied terrain pattern indicative of
high topographic roughness at the eastern portion of the
Murrumbidgee Catchment is consistent with the high absolute
differences of T in patches 5—10. The impact of topography is
examined by comparing the topographical index sV ar with the
absolute differences of 73 in Fig. 9. The sV ar pattern shows
a weak relationship (based on the R? values) with the absolute
differences of 7}, in both H and V polarizations.

Overall, the topography, vegetation, and spatial variance of
SMOS Level 1 data show weak relationships to the absolute
differences in 73. Given these findings, none of the three
indicators evaluated was able to identify where (i.e., spatial
locations) and when (e.g., days or seasons) the differences in
T}, for 15- and 42-km resolutions will be large or small.

IV. CONCLUSION

This study has applied 1-km 73 data from AACES to ex-
amine the potential error from using the 15-km DGG to repre-
sent T}, observations at the actual 42-km SMOS footprint and
subsequent interpolation to a 12-km model grid. The evalua-
tion shows that the overall differences in 7} based on RMSD
between the 15-km DGG and the actual 42-km footprint are
about 4.5 K and 3.9 K for H and V polarizations, respectively.
The pattern of differences in 7}, show that larger absolute
differences were associated with heterogeneous physiograhic
areas whereas smaller differences were related to homogeneous
areas with low topographic roughness of the catchment. As a
result, the differences in T}, were further examined in relation to
three features: the spatial variance of SMOS Level 1 data, veg-
etation cover, and topographic roughness. However, only poor
relationships were found with these three indicator variables.
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When interpolating SMOS T, data from the 15-km DGG
to a 12-km regular grid, results showed that the overall dif-
ferences in 7}, between aggregated 12-km and weighted 12-
km from the 15-km observation were 4.0 K and 3.6 K for H
and V polarizations, respectively. By taking into account the
Ty error in representing the 42-km SMOS footprint directly
on the 15-km DGG, together with the interpolation from the
12-km resolution, the overall error from 42- to 12-km reso-
Iution was estimated to be between 3.3 K and 4.5 K in the
H polarization and between 2.9 K and 3.9 K in the V po-
larization according to the assumption made in relation to
dependence. The independent combination of the 7} errors
associated with the two interpolations shows 7} uncertainties
of 6 K and 5.3 K in the H and V polarizations, respectively.

This evaluation of differences in 7}, between the actual 42-km
footprint and the 15-km DGG provides an estimate of the un-
certainty to be expected for similar physiographic regions when
applying SMOS data directly on the DGG. Given the estimated
errors, the SMOS T, observations at 42 km can be used directly
on the DGG without downscaling procedures, as the expected
RMSD is not worse than the noise that currently exists in
SMOS T; measurements. That is, soil moisture retrieval and
data assimilation applications can use the 42-km SMOS T},
observations on the 15-km DGG without downscaling since the
estimated errors in 7} between the two resolutions are smaller
than the standard error of the current SMOS 7T, data.
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Can SMOS Data be Used Directly on the
15-km Discrete Global Grid?

Gift Dumedah, Jeffrey P. Walker, and Christoph Riidiger, Member, IEEE

Abstract—Radiometric observations from the Soil Moisture and
Ocean Salinity (SMOS) mission are processed to Level 1 bright-
ness temperature (7}) with ~42-km spatial resolution and re-
ported on a 15-km hexagonal Discrete Global Grid (DGG). While
these data should be used at the 42-km resolution which the over-
sampled DGG represents, this paper poses the question of whether
they can be used directly at 15-km resolution without undertaking
downscaling or implementing multiscale-type procedures when
used in data assimilation. To assess the error associated with using
the 42-km SMOS T}, data at 15-km resolution, this study employs
1-km T} data from the Australian Airborne Cal/Val Experiment
for SMOS (AACES). The study compares SMOS-like data derived
from AACES at 42-km resolution with 7}, values actually observed
on the 15-km DGG. These 15-km DGG data are subsequently
interpolated to a regular 12-km model grid and compared with
actual observations at that resolution. The results show that the
average root mean square differences in 7} between the 15- and
42-km footprints are 4.5 K and 3.9 K for horizontal (H) and
vertical (V) polarizations, respectively, with a maximum difference
of 12.9 K. The errors when interpolating the 42-km data onto the
12-km model grid were estimated to be 3.3 K for H polarization
and 2.9 K for V polarization under the assumption of indepen-
dence or 4.5 K and 3.9 K for H and V polarizations, respectively,
with 4.0 K in H polarization and 3.6 K in V polarization from
the 15- to 12-km interpolation process alone. An evaluation of
the T}, differences for 42-km data assumed on the 15-km DGG
found no correlation with vegetation based on leaf area index and
only slight correlation with the spatial variance of SMOS data and
topographic roughness. Given these differences and the noise that
currently exists in SMOS T}, at 42 km, the 15-km DGG data can be
used directly on the hexagonal grid or interpolated onto a regular
grid of equivalent spatial resolution without further degrading the
data quality.

Index Terms—Brightness temperature, Soil Moisture and
Ocean Salinity (SMOS), soil moisture retrieval.

I. INTRODUCTION

HE Soil Moisture and Ocean Salinity (SMOS) mission

is providing continuous L-band (1.4-GHz) radiometric
measurements over the Earth surface at ~42-km resolution
with a repeat cycle of two to three days [1]. The brightness
temperature (7}) measurements are made at a range of inci-
dence angles from 0° to 55° at vertical (V) and horizontal
(H) polarizations. The synthetic aperture capability of SMOS
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means that the 7} observations are processed and reported
on the Icosahedral Snyder Equal Area projection (ISEA 4H9)
which is a hexagonal grid called the Discrete Global Grid
(DGG), with a spacing (spatial resolution) of about 15-km.
This difference in spatial resolutions, 42-km for the actual 7T;
observation and 15-km for the reported 73, pose soil moisture
retrieval and data assimilation opportunities for land surface
models that have spatial resolutions smaller than 42-km.

Ideally, the spatial resolution of retrieved soil moisture and
the T}, values used in assimilation should be the same as
the actual 42-km SMOS observation. However, a recurring
question is whether the actual 42-km SMOS 7T} observation
can be used directly on the 15-km SMOS DGG, which has not
yet been examined. Being able to use the SMOS data directly
at the higher spatial resolution will circumvent the need for
downscaling approaches such as those from [2] and [3], the
need for a multiscale assimilation procedure such as [4], or data
thinning to a regular 42-km grid. Otherwise, the overlapping
characteristics of the DGG representation may need to be fully
accounted for through a 3-D data assimilation scheme [5], [6].
These challenges add an extra layer of complexity and a source
of uncertainty to the data assimilation procedure.

This study investigates whether the 42-km SMOS 7T}, ob-
servations may be used directly on the 15-km DGG that they
are reported on and what the uncertainty implications would
be due to differences in the two spatial resolutions. The esti-
mated uncertainty resulting from the two spatial resolutions can
facilitate the decision-making process of whether the 42-km
resolution 73 can be used directly on the 15-km DGG for
a particular application or not. The effect of interpolating to
a chosen model grid with smaller spatial resolution is also
assessed. These questions are addressed through the use of
high-resolution 7}, observations from the Australian Airborne
Cal/Val Experiment for SMOS (AACES) [7]. The AACES data
cover the Murrumbidgee Catchment in southeastern Australia
with diverse climatic and varying physiographic conditions.
The high-resolution AACES data offer the capability to explore
the representativeness of 7} at a variety of spatial resolutions
and thus determine the level of uncertainty associated with
using T3, observations made at one resolution and applied at
another. Specifically, the results quantify the level of uncer-
tainty expected when applying the following: 1) 42-km SMOS
T, observations on the 15-km DGG and 2) the subsequent
interpolation of this 15-km 7}, representation to a 12-km model
grid. The possibility to flag times and/or locations when larger
than acceptable errors are expected is also examined using three
factors: 1) spatial variance of SMOS Level 1 observations;
2) density of vegetation cover; and 3) topography.

0196-2892/$31.00 © 2013 IEEE



144°E 145°E 146°F 147°€ 148°E 149°€
N L h L L L

[34es

3505+ [-ases

Legend
* DGG Centroid
[CJsMOs 15km DGG
[_1SMOS 42km Circle
| tz3Aaces patches
[_JMurrumbidgee Catchment

[-3s°s

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING

144°€ 145°€ 146°€ 147°E 148°€ 149°E
N i h 1 ! 1

3505+

3605

Elevation (m) i ) Fsses

High : 2228 Low :40

0 50 100 200 300 400

37!

[-34es

3505 [-ases

"% ACCESS 12km Grid

SMOS 15km DGG
o-J AACES Patches

[]Murrumbidgee Catchment

[-3s°s

0 50 100 200 300 400

T T T T T
144°€ 145°E 146°E 147°E 148°€ 149°E

Fig. 1. Murrumbidgee Catchment study area showing the AACES flight
patches, the SMOS 15-km DGG, and 42-km footprints (circles) that they repre-
sent. The bottom panel also shows the 12-km ACCESS model grid. Flight patch
numbering starts with 1 at the left to 10 at the right. The DGG is labeled accord-
ing to the flight patch number and alphabetic character starting with “A” at the
top grid to “D” at the bottom grid except for patch 6 whose bottom grid is “E.”

II. MATERIALS AND METHODS
A. Study Area and Ty, Data

The 80000-km? Murrumbidgee Catchment shown in Fig. 1
has varied climatic, topographic, and land-cover characteris-
tics with semi-arid conditions in the west to alpine condi-
tions (including wintertime snow) in the east. The AACES
campaign was undertaken in 2010 across the Murrumbidgee
Catchment including AACES-1 in the summer and AACES-2
in the winter [7]. AACES-1 commenced on January 18 and was
completed on February 21, whereas AACES-2 was undertaken
from September 8 to 26. The airborne radiometer data cover a
500 x 100 km? area which is composed of the ten flight patches
shown in Fig. 1, each being 50 x 100 km?. The flight patches
are aligned with the SMOS 15-km DGG; each patch contains
a minimum of four overlapping SMOS pixels of about 42-km
resolution. The microwave radiometer used is the Polarimetric
L-band Multibeam Radiometer (PLMR) at 1.413-GHz fre-
quency (the same frequency as in SMOS), which was mounted
such that it scanned the surface at three incidence angles of
+7°, +£21.5°, and £38.5° to each side of the aircraft. The
PLMR used to make the 1-km 73 observations has an accuracy
better than 2 K with sensitivity better than 1 K [8]. As a result,
the uncertainty associated with the 1-km AACES Tj, is taken
to be 2 K.

The AACES data used in this study include the 1-km
L-band 7}, data normalized to a common 38° incidence angle
to simulate a single incidence angle of SMOS Level 1 T

T T T T T T
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(a)

Fig. 2. Topographic information and density of vegetation cover in
the Murrumbidgee Catchment during AACES observations (data source:
DEM—Geoscience Australia; MODIS LAI-NASA LP DAAC at https://Ipdaac.
usgs.gov/get_data). (a) Terrain elevation showing smooth topographic rough-
ness in the west to high topographic roughness in the east. (b) MODIS LAI in
square meters per square meter during AACES-1 from January 18 to February
21. (c) MODIS LAI in square meters per square meter during AACES-2 from
September 8 to 26.

data. The actual SMOS Level 1 1} observations at about 38°
incidence angle are only used in this study to examine the
spatial variability of 7} as represented by SMOS data on the
DGG within a single SMOS footprint. The reason for this
reliance on the AACES data is the high resolution that it affords,
allowing the questions of spatial resolution and interpolation to
be fully addressed.

B. Topography and Vegetation Cover

The topography and the density of vegetation cover in the
Murrumbidgee Catchment are shown in Fig. 2. The topography
is represented through digital elevation model (DEM) data,
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obtained from Geoscience Australia through the GEODATA 9
Second DEM (DEM-9S) Version 3 in 2008. The DEM has a
spatial resolution of 250 m with a positional accuracy (in nom-
inal scale) of 1:250000. The topography in AACES patches
1-5 is flat, indicating low topographic roughness with patch 6
having gently sloping terrain and patches 7-10 have undulating
terrain indicative of high topographic roughness. The density
of vegetation cover is approximated using leaf area index
(LAI) data in square meters per square meter from the 1-km
Moderate-Resolution Imaging Spectroradiometer (MODIS)
data. The LAI information on January 25 and September 13,
2010 are used to represent the density of vegetation cover
during the AACES-1 and AACES-2 observation periods, re-
spectively. Generally, the density of vegetation cover is less
during AACES-1 compared with that during the AACES-2
observation period. The density of vegetation cover is highest
at the eastern portion of the catchment, which comprises con-
servation areas and state forests, whereas the western areas are
characterized mainly with grassland. It is noteworthy that the
moderate densities of vegetation cover during AACES-1 around
patches 3—4 in the central portion of the catchment are cropping
irrigation areas.

C. Application Methods

The evaluation of 7} observations for the two spatial resolu-
tions and interpolation onto a model grid is divided into three
parts: A, B, and C. Part A examines the differences in 73 when
1-km AACES data are aggregated according to the 15-km DGG
as compared with the 1-km AACES data aggregated for the
actual 42-km footprint that it represents. Hereafter, the 1-km
AACES data are denoted as 7} km “the aggregations to 15-km
DGG as T}!° k™, the aggregations to 42 km as 7,22, and

the use of T2 ™ data as if they were the true 7)'° ¥™ values

as Tb4 /15 dan ppe aggregations are performed by finding the

average of all T} km orids that are contained within each of the
15-km DGG using (1) and in the actual 42-km SMOS footprint
according to (2). The associated uncertainties for 7}}° ™ and
T2 km are estimated using (3) and (4), respectively, derived
according to the standard error propagation procedure [9] under
the assumption that the error of each measurement is indepen-
dent. This assumption is appropriate, given the nature of the
errors in individual PLMR measurements and the application
of the T}, data herein

k 1 km
T
Tbl5 km _ szlk b,i (1)

where k is the number of 1-km grids within the 15-km grid

. Z;ﬂ: Tbl km
TP = = )

where 7 is the number of 1-km grids within the 42-km grid

3

15 km =
b

where o1 ke is the uncertainty from the 1-km 7} (=2 K)

“4)

Using T)}5 *™ for the 15-km DGG and 7} ¥™ for the actual
42-km SMOS footprint, the differences in 7} between the two
spatial resolutions provide an estimate of the uncertainty when
applying the 42-km SMOS data directly on the 15-km DGG as
T,ju/ 15k “The absolute difference in T, between the 15-km
DGG and the actual 42-km SMOS footprint, referred to here-
after as T;12715, is estimated in (5) and the associated uncer-
tainty of this difference, denoted as Opa2-15, is determined

according to (6)

Tgl2715 _ |Tl§12 km Tb15 km’ (5)

2 2
O’T:2715 = \/<0'sz km) + (O’Tbls km) . (6)

The rationale of this evaluation is to determine the level of un-
certainty in 73 when the actual 42-km SMOS observations are
approximated to the 15-km DGG. Knowledge of the uncertainty

in T} 2/15km Wil potentially allow practitioners to use the
42-km SMOS Tj, observations directly at the 15-km DGG.

Part B assesses the uncertainty when interpolating the 15-km
DGG T; to model grids with geometry and resolution that
are different to the DGG or the data-thinned original 42-km
resolution. The model grid used in this study is a 12-km square
grid which represents the numerical weather prediction grid
from the Australian Community Climate and Earth-System
Simulator (ACCESS). Consequently, two estimates of 7} are
required for the 12-km model grid: one as a direct aggregation
of the 1-km AACES data onto the 12-km resolution, hereafter
referred to as 7)}2 ™, and the other as a weighted sum of the
15-km DGG T}, according to the areal overlaps with the 12-km
resolution, hereafter referred to as 7;*'? km The aggregated
estimate Tb12 km js determined by finding the average of the
1-km AACES data that are contained within the 12-km grid
according to (7) with its associated uncertainty o2 km in (8)
under the assumption of independence

D iy Tbl,ikm

where m is the number of 1-km grids within the 12-km grid

5 ®)

012 km =
b

where o1 is the uncertainty from the 1-km 75.

Since the PLMR coverage is not sufficiently large to provide

the T; 2/150m o lues required by the 15-km DGG represented

in the bottom panel of Fig. 1, only the actual 15-km DGG
observations 7;1° ¥™ could be used for explicit representation
of the DGG and thus provide an estimate of 7)}2 ¥™ (denoted
as *T12 km) when using (9). While the difference between
these two values (Tb12 km and Ty’ 12 km) provides an estimate
of the error from interpolation itself and not the scaling error



that comes from using SMOS data directly on the DGG; error
propagation on the interpolation equation in (9) will provide the
theoretical error estimate.

The weighted 12-km estimate *7;*12 ¥ is calculated accord-
ing to (9) as a weighted sum by area (in terms of fractional
coverage) for each 12-km grid using the 42-km observation
on the 15-km grid [TI;1 25k fom (2)]. The corresponding
uncertainty estimate for *712%™ denoted as *awau Kkm 1S
estimated according to (10) from the standard error propagation
procedure [9]. The estimate of the error from applying 42-km

observations at 15-km DGG resolution, denoted as 0,742/15 km,y

is taken as the root mean square difference (RMSD)b for the
difference calculated in (5)

p
*wa12 km _ Z (wi % T:f/ls km) 9)

i=1

where p is the number of 15-km grids which overlap the 12-km
grid, w = A% 1 /A12 km, A5 1oy 18 the area of the 15-km grid
which overlaps with the 12-km grid, and A1 k., is the total area
of the 12-km grid

(10)

m
* _ § 2 2
UTb'wIZ km = (wl * JT4?£/15 km) .

i=1 b

The weighted 12-km estimate and its error estimate from the
actual 15-km data, denoted as *Tb“’12 km " can be calculated
from(9) and (10) by using 7;}® ¥ in place of T;Q/IS kmand
Ogs o from (3) in place of aT:g/m km -

Part C is an attempt to identifjj when and/or where it is more
appropriate to approximate the 42-km SMOS 7T;, data on the
15-km DGG. This includes an evaluation of the differences in
Ty, between the observed 15-km resolution and the actual obser-
vation at 42 km in comparison with three factors: 1) the spatial
variance of SMOS Level 1 data, 2) the density of vegetation
cover, and 3) topographic roughness. The spatial variance of
SMOS data is determined for each 15-km DGG by using its
Ty value and the values from neighboring DGGs which fall
within the 42-km SMOS footprint. The computed variance of
T} provides a measure of variability for the overlapping SMOS
observations. The density of vegetation cover is represented
using MODIS LAI by finding the average of all the 1-km LAI
within each of the 42-km SMOS pixels.

The topographic roughness for each of the 42-km SMOS
pixels is estimated using the DEM data. The derived terrain
slope angles from the DEM were used to estimate a topographic
indicator as an absolute value of the product of spatial variance
and skewness of the slope angle. This topographical indicator is
denoted as sV ar and provides an index of both the heterogene-
ity (variance) and uniformity (skewness) of the landscape [10].
It is noteworthy that sV ar is a relative measure that is mean-
ingful only for a particular defined area. High values of sV ar
indicate that the terrain is nonuniformly heterogeneous, low
values mean a uniformly homogeneous terrain, and moderate
values mean that the terrain is either uniformly heterogeneous
or nonuniformly homogeneous. These comparisons are aimed
to determine whether the pattern of uncertainty found between
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Fig. 3. Brightness temperature in kelvin; observed 1-km AACES 7} aggre-
gated to the 15-km DGG and to the actual 42-km SMOS footprint that is
represented on the 15-km DGG. (a) AACES-1: Patch numbering starts from
1 at far left to 10 at far right. (b) AACES-2: Patch numbering starts from 4 at
far left to 8 at far right.

the 15-km DGG representation and the actual 42-km SMOS

footprint corresponds to the spatial variability in the SMOS
data, vegetation cover, or topographic roughness.

III. RESULTS AND DISCUSSION

A. Variability of Aggregated Ty, for Actual 42-km SMOS
Footprint and 15-km DGG

The aggregated 1}, values for the 15- and 42-km resolu-
tions are presented in Fig. 3 for AACES-1 and AACES-2. In
AACES-1, larger differences between the two resolutions can
be seen in patches 8—10 (relatively wet conditions) whereas the
remaining patches show little discernible differences for H and
V polarizations. In AACES-2, the T}, differences for the two
resolutions are minimal and limited to a few DGG pixels in
both polarizations. It is noteworthy that in AACES-1, surface
soil moisture obtained from in situ point observations varied
considerably from dry conditions of 0.05-0.10 m?/m? for the
left patches (1-4) to wet conditions of 0.25-0.35 m3/m? for
the right patches (5-10), whereas consistent wet conditions
of 0.2-0.4 m®/m? persisted for all patches observed during
AACES-2 [7].

The overall quantitative comparison between the two reso-
lutions is shown in Fig. 4. Note that 7} values are generally
low for AACES-2, reflecting the wetter conditions and lower
surface temperatures prevailing during this winter campaign,
whereas AACES-1 has values spread over the entire interval, re-
flecting the more varied soil moisture conditions. However, the
pattern of differences in 7} between the two resolutions is
similar for AACES-1 and AACES-2, as evidenced by their
RMSD and R?. The RMSD between the two T}, estimates is
4.5 K in the H polarization and 3.9 K in the V polarization.
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Fig. 4. Comparison between the aggregated 73 at 15- and 42-km resolutions,
as shown in Fig. 3. The estimated T} errors according to (3) and (4) are 0.2 K
for Tb15 km and 0.1 K for Tgm km ynder the assumption of independence. If
dependence was assumed, then these would each increase to the original 2-K
uncertainty of PLMR.

While the results show that the highest 7}, values, indicative of
extreme dry locations, have an almost perfect match between
the two resolutions in both polarizations, the 7} comparison
between the two resolutions does not significantly degrade
for 1;, values. Thus, the T} differences shown here do not
seem to be strongly correlated with soil moisture (dry or wet).
Rather, the closer agreement at the extreme dry locations is, in
general, due to the homogeneous nature (e.g., vegetation cover
and physiographic heterogeneity) of the landscape, together
with uniform soil moisture conditions over large areas. The
terrain and vegetation density are much more heterogeneous
in the eastern portion of the catchment, indicating that these
locations are likely to have more dynamic and nonuniform
moisture conditions. As will be shown later, the lowest absolute
differences in 1}, between the two resolutions are all located in
patches 1-4, being the western portion of the catchment.

B. Variability of Ty, Between Aggregated 12-km and Weighted
12-km Model Grids

The aggregated 12-km 7}, and its weighted estimate using
the observed 15-km 7} are shown in Fig. 5, with very little
difference between the two T, estimates for both polarizations
across AACES-1 and AACES-2. The quantitative comparison
for the two 12-km estimates is shown in Fig. 6. This confirms
the similarity in pattern with a coefficient of determination (R?)
of about 0.98 in both polarizations. The RMSD value between
the two T, estimates is 4.0 K in the H polarization and 3.6 K in
the V polarization. However, as noted earlier, this comparison
only represents the error introduced by interpolating from the
15-km DGG to the 12-km grid and does not account for the er-
ror of SMOS data representation on the 15-km DGG. Due to the
limitations of the available data set, this can only be estimated
from error prorogation calculation and not by direct deduction.

By using the RMSD values from Part A as estimates of
uncertainty in the 73 data on the 15-km DGG (i.e., UT;m/ls),

the overall uncertainty in 7}, associated with interpolating the
42-km SMOS data to the 12-km model grid can be calculated
from (10) as 3.3 K in the H polarization and 2.9 K in the V
polarization under the assumption of independence. However,
under the assumption of dependence, the uncertainty estimates
would remain as 4.5 K in the H polarization and 3.9 K in the V
polarization. Alternatively, assuming additive errors, the error
in interpolating the 42-km SMOS data onto the 12-km grid can
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Fig. 5. Brightness temperature in kelvin; observed 1-km AACES T;, aggre-
gated to the 12-km model grid and the weighted 12-km 7} estimated as the
weighted sum of 15-km 7} as in Fig. 3. (a) AACES-1: Patch numbering starts
from 1 at far left to 10 at far right. (b) AACES-2: Patch numbering starts from
4 at far left to 8 at far right.
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Fig. 6. Comparison between observed 1-km AACES T} aggregated to the
12-km T} and the weighted 12-km 7} estimated as the weighted sum of
aggregated 15-km T3, as shown in Fig. 5. The associated 73, errors according
to (8) and (10) (using T}° ™) are 0.2 K for )12 k™ and 1.8 K for *Tw12 km
under the assumption of independence. If dependence was assumed, then these
would each increase to the original 2-K uncertainty of PLMR.

be estimated as 1/ (4.5)2 + (4.0)? = 6.0 K in the H polarization

and 1/(3.9)? + (3.6)2 = 5.3 K in the V polarization.
C. Indicators for Estimating Ty, Differences Between 15- and
42-km Resolutions

This section presents the differences in 73, between the 15-km
DGG and the 42-km SMOS footprint in comparison with
the three indicators: spatial variance of SMOS Level 1 data,
vegetation cover, and topography. Using 7}, differences between
the 15- and 42-km resolutions, the spatial variance of actual
SMOS observations are compared with the absolute differences
from Part A. The variance for each SMOS DGG is computed
by finding the standard deviation of 7} using values from the
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vations within a given footprint and the absolute difference of 73 shown in
Fig. 7. The R? values are computed after removing SMOS standard deviation
and AACES absolute values greater than 10 K.

footprint in question and the six other neighboring DGG values
that fall within it. This comparison of the actual 7} standard
deviation with the absolute difference provides a mechanism
to determine if any relationship exists to identify places and/or
times when the difference in 7T} is expected to exceed a given
tolerance. The absolute difference of 7}, between the 42- and
15-km resolutions is shown in Fig. 7.

Generally, the smaller absolute differences occur in patches
1-4 in the western portion of the catchment, as shown pre-
viously to have smooth topographical roughness. The figure
identifies (by deep brown shading) grids with absolute dif-
ferences greater than the overall RMSD values of 4.6 K for
H polarization and 3.9 K for V polarization in Part A; note
that the grid labels have been defined earlier in Fig. 1. These
grids (in patches 5-10) are generally located in the eastern
portion having heterogeneous physiographic conditions of the
catchment. The grids in patches 7 and 8 (e.g., 7B and 8A) have
consistently high absolute differences for both V and H polar-
izations in AACES-1 and AACES-2. Patches 9 and 10 also have
high absolute differences in V and H polarizations in AACES-
1. The persistent pattern in these grids suggests that they are
associated with unique physiographic/observation features.

The computed standard deviation using actual SMOS Level 1
T}, for the grids are compared with the 73 absolute difference in
Fig. 8 for both H and V polarizations. The estimated standard
deviation values are generally below 10 K, but four isolated
grids have high variance values ranging from above 10 K to
30 K. These high standard deviation values are generally found
in patch 4, which has extensive but scattered crop irrigation ar-
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Fig. 9. Comparison between topographical roughness sV ar and the absolute
difference of T3 shown in Fig. 7.

eas. The overall pattern of the T}, standard deviation is unrelated
to dry or wet locations in the Murrumbidgee Catchment. Based
on the R? values, there is only a weak relationship between
the standard deviation of SMOS Level 1 1} and the absolute
difference computed using 42- and 15-km resolutions.

The absolute difference of 1}, for the two resolutions was also
examined in relation to topographic roughness and vegetation
cover using LAL It was found from the LAI data that there
are different densities of vegetation cover during the two field
campaigns, yet the absolute differences of 7}, are similar for
the two seasons. As a result, the absolute differences in 7}
between the 15-km DGG and actual 42-km SMOS footprint do
not correlate to the density of vegetation cover.

For topography, the varied terrain pattern indicative of
high topographic roughness at the eastern portion of the
Murrumbidgee Catchment is consistent with the high absolute
differences of T in patches 5—10. The impact of topography is
examined by comparing the topographical index sV ar with the
absolute differences of 73 in Fig. 9. The sV ar pattern shows
a weak relationship (based on the R? values) with the absolute
differences of 7}, in both H and V polarizations.

Overall, the topography, vegetation, and spatial variance of
SMOS Level 1 data show weak relationships to the absolute
differences in 73. Given these findings, none of the three
indicators evaluated was able to identify where (i.e., spatial
locations) and when (e.g., days or seasons) the differences in
T}, for 15- and 42-km resolutions will be large or small.

IV. CONCLUSION

This study has applied 1-km 73 data from AACES to ex-
amine the potential error from using the 15-km DGG to repre-
sent T}, observations at the actual 42-km SMOS footprint and
subsequent interpolation to a 12-km model grid. The evalua-
tion shows that the overall differences in 7} based on RMSD
between the 15-km DGG and the actual 42-km footprint are
about 4.5 K and 3.9 K for H and V polarizations, respectively.
The pattern of differences in 7}, show that larger absolute
differences were associated with heterogeneous physiograhic
areas whereas smaller differences were related to homogeneous
areas with low topographic roughness of the catchment. As a
result, the differences in T}, were further examined in relation to
three features: the spatial variance of SMOS Level 1 data, veg-
etation cover, and topographic roughness. However, only poor
relationships were found with these three indicator variables.
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When interpolating SMOS T, data from the 15-km DGG
to a 12-km regular grid, results showed that the overall dif-
ferences in 7}, between aggregated 12-km and weighted 12-
km from the 15-km observation were 4.0 K and 3.6 K for H
and V polarizations, respectively. By taking into account the
Ty error in representing the 42-km SMOS footprint directly
on the 15-km DGG, together with the interpolation from the
12-km resolution, the overall error from 42- to 12-km reso-
Iution was estimated to be between 3.3 K and 4.5 K in the
H polarization and between 2.9 K and 3.9 K in the V po-
larization according to the assumption made in relation to
dependence. The independent combination of the 7} errors
associated with the two interpolations shows 7} uncertainties
of 6 K and 5.3 K in the H and V polarizations, respectively.

This evaluation of differences in 7}, between the actual 42-km
footprint and the 15-km DGG provides an estimate of the un-
certainty to be expected for similar physiographic regions when
applying SMOS data directly on the DGG. Given the estimated
errors, the SMOS T, observations at 42 km can be used directly
on the DGG without downscaling procedures, as the expected
RMSD is not worse than the noise that currently exists in
SMOS T; measurements. That is, soil moisture retrieval and
data assimilation applications can use the 42-km SMOS T},
observations on the 15-km DGG without downscaling since the
estimated errors in 7} between the two resolutions are smaller
than the standard error of the current SMOS 7T, data.
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