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ARTICLE INFO ABSTRACT

This paper evaluates the performance of different soil moisture products from AMSR2 and SMOS against
the most representative stations within the Yanco study area in the Murrumbidgee catchment, in southeast
Australia. AMSR2 Level 3 (L3) soil moisture products retrieved from two versions of brightness temper-
atures using the Japanese Aerospace eXploration Agency (JAXA) and the Land Parameter Retrieval Model
(LPRM) algorithm were included. For the LPRM algorithm, two different parameterization methods were
applied. Furthermore, two versions of SMOS L3 soil moisture product were assessed. The results are con-
trasted against the use of “random” stations. Accounting for all versions, frequencies and overpasses, the
latest versions of the JAXA (JX2) and LPRM (LP3) products were found to surpass the earlier versions (JX1,
LP1 and LP2). Soil moisture retrieval based on the latter version of brightness temperature and parameteri-
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AMSR2

SMOS zation scheme improved when C-band observations were used but not X-band. However, X-band retrievals
JAXA (r:0.71, MAE: 0.07, RMSD: 0.08 m3/m3) were found to perform better than C-band (r: 0.68-0.70, MAE: 0.07-
LPRM 0.09 m3/m3, RMSD: 0.09-0.10 m3/m?3). Moreover, an intercomparison between different acquisition times

(morning and evening) of AMSR2 X-band products found a better performance from evening overpasses
(1:30 pm; r: 0.69-0.77) as opposed to morning overpasses (1:30 am; r: 0.47-0.66). In the case of SMOS,
morning (6:00 am; r: 0.77) retrievals were found to be superior over evening (6:00 pm; r: 0.69) retrievals.
Overall, both versions of JAXA products, the second and third versions of LPRM X-band products, and two
versions of SMOS products were found to meet the mean average error (MAE) goal accuracy of the AMSR2
mission (MAE < 0.08 m3/m?) but none of the products achieved the SMOS goal of RMSD < 0.04 m3/m3.
Furthermore, performance of the products differed depending on the statistic used to evaluate them. Conse-
quently, considering the results in this study, JX2 products are recommended if both absolute and temporal
accuracy of the soil moisture product is of importance, whereas LP3x products from evening observations
and SMOS version 3.00 (SMOS2) products from morning overpasses are recommended if temporal accuracy
is of greater importance.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Soil moisture plays a key role in the Earth’s water cycle by influ-
encing how rainfall is partitioned into runoff, infiltration and ground
water recharge; and the rate in which plants transpire. Therefore,
incorporating soil moisture observations into models can improve
weather forecasting (e.g. Draper, 2011, Drusch, 2007), climate mod-
elling (e.g. Dirmeyer, 2000; Seneviratne, 2010), drought and flood
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predictions (e.g. Bindlish et al., 2009, Cai et al., 2009), and agriculture
and water resource management. Whilst soil moisture information
can be obtained through in situ or remote sensing methods, only
remote sensing can provide observations at regional to global scales.

Recent advances in the remote sensing of soil moisture has
increased the availability of soil moisture observations. The stark
contrast between the dielectric constant of soil and water at
microwave bands enables active and/or passive remote sensing
observations to provide information on soil moisture content (Owe
et al., 2008). Current space-borne soil moisture sensors operating at
X-(e.g.10.7 GHz) and/or C-band (e.g. 6.9 GHz)include the Advanced
Microwave Scanning Radiometer (AMSR2) aboard the Global Change
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Observation Mission-Water(GCOM-W1), and Advanced Scatterome-
ter (ASCAT) on-board the Meteorological Operational (MetOp) series
of satellites (Wagner et al., 2013). Operating at L-band (e.g. 1.4 GHz)
are the Soil Moisture and Ocean Salinity (SMOS) (Kerr et al., 2012)
and Soil Moisture Active Passive (SMAP) (Entekhabi et al., 2010)
satellites.

The depth of soil sensed by these space-borne sensors is depen-
dent on the wavelength of the emitted or reflected microwaves.
Consequently, L-band observations correspond to a deeper layer of
soil (=~ 3-5 cm) compared to shorter wavelengths such as X- and
C-band (~ 1-2 cm), and are less affected by the overlying layer of
vegetation (Naeimi et al., 2009). This makes L-band the theoretically
more optimal frequency for soil moisture estimation (Escorihuela
et al, 2010; Kerr et al, 2012). In addition to frequency choice,
microwave sensors can also operate as an active or passive system.
Nevertheless, this study concentrates on the latter due to the reduced
effects of surface roughness on vegetation signal interpretation.

Microwave emission from the land surface, commonly referred
to as brightness temperature, is proportional to the product of effec-
tive temperature from the emitting layer and surface emissivity
(Schmugge et al., 2002). Measurements of brightness temperature
from space-borne sensors are converted into soil moisture prod-
ucts through radiative transfer models (e.g. Mo et al., 1982; Njoku
and Li, 1999; Owe et al., 2001; Wen and Su, 2003). Consequently,
the accuracy of these products are not only prone to errors from
the sensors themselves, including the frequency of observation, but
also the parameters and assumptions applied in these models. More-
over, satellite missions such as AMSR2 and SMOS have defined a
specific set of performance requirements. In the case of AMSR2 soil
moisture products, the performance requirement is defined as the
mean absolute error (MAE) of instantaneous observations with the
research product (Level 3; 25 km) having a goal accuracy of < +
0.08 m3/m3 (JAXA, n.d.; Maeda et al., 2011). For SMOS, the goal is
a maximum root mean square error (RMSE) < 0.04 m3/m? in the
top 5 cm soil layers without accounting for long-term bias correction
(Kerr et al., 2010). However, the evaluation of these soil moisture
products is complicated by errors in both data sets and differences
between the horizontal (spatial) and vertical (depth) scales detected
by remotely sensed and ground-based soil moisture (e.g. Crow et al.,
2012). Still, evaluation of remote sensing soil moisture products has
often been based on arbitrarily selected stations or the average of
stations which fall within the satellite pixel (e.g Albergel et al., 2012;
Brocca et al., 2012; Cho et al., 2015; Choi, 2012; Dente et al., 2012b;
Draper et al., 2009; Jackson et al., 2012; Kim et al., 2015; Su et al,,
2013; Wu et al., 2015), and by assuming these measurements are
representative of the satellite’s sensor resolution.

In some studies, in situ measurements have been up-scaled based
on geostatistical methods such as block-kriging or triangulation
interpolation methods, or even land surface model simulations (e.g.
Brocca et al., 2011; Dall’Amico et al., 2012; Rotzer et al., 2014). The
downside of depending on a number of stations is that measure-
ments are not always available from all sites. To overcome this, Su
et al. (2013) and van der Schalie et al. (2015) employed a lookup
method whereby the stations were ranked according to their rep-
resentativeness of the mean area average. Yet, this leads to an
inconsistency in the quality of measurements used for evaluation.
Moreover, the uncertainties in land surface model simulations may
emanate from inaccuracies in input forcing used to drive the mod-
els, parameters prescribed within the model physics, and structural
errors within the physical equations of the models (Crow et al., 2005;
Seneviratne, 2010; Zhang et al., 2013).

To address the issue of non-representativeness, and demonstrate
the impact of poorly selected stations, evaluation of remote sensing
soil moisture products herein is based on the careful selection of sta-
tions from an earlier study of Yee et al. (2016) using a combination
of geostatistical analysis of intensive soil moisture measurements

and temporal stability analysis of long-term soil moisture stations.
These most representative stations have been used to evaluate soil
moisture products from AMSR2 and SMOS, with the AMSR2 products
derived from two different algorithms, i.e. the algorithm developed
by Japan Aerospace eXploration Agency (JAXA) and the Land Param-
eter Retrieval Model (LPRM). Of the JAXA algorithm, two different
versions were compared, and of the LPRM algorithm, three versions.
Whilst previous studies have evaluated the AMSR2 soil moisture
products (e.g. Kim et al., 2015; Wu et al., 2015), a calibration mis-
alignment between AMSR-E and AMSR2 led to reprocessed products
from the JAXA (JAXA, 2015) and LPRM algorithms (Parinussa et al.,
2015). This necessitates a comparison between the different versions
from each algorithm. Further development of the LPRM parameteri-
zation scheme following van der Schalie et al. (2015) also led to the
production of another version of AMSR2 LPRM product which has yet
to be evaluated. Moreover, products have been derived based on the
LPRM algorithm for observations at C-band (6.9 GHz and 7.3 GHz,
hereon denoted as C1 and C2 respectively) in addition to X-band
(10.7 GHz, hereon denoted as X).

The occurrence of radio frequency interference (RFI) at C-band
has often prevented the use of C-band observations in North Amer-
ica, Middle East and Japan (Njoku et al., 2005). Similarly, RFI at
X-band has been detected in Italy and Great Britain (e.g. Lacava et al.,
2012), and at L-band in Europe, China and Canada. However, as Aus-
tralia has been found to be largely unaffected by RFI, an opportunity
to compare products from these different frequencies presents itself.
The inclusion of two versions of SMOS products extends the compar-
ison of wavelengths to L-band (1.4 GHz) and highlights the impact
of using stations of poor choice. Consequently, this comprehensive
comparison of different soil moisture products affords 1) an under-
standing of how well each product meets its respective performance
requirements under tightly controlled analysis, and 2) identification
of the best performing product under the conditions of this site.

2. Data and methods
2.1. Study area and in situ soil moisture data

This evaluation study was carried out for the Yanco site, which
is within the Murrumbidgee River catchment in New South Wales,
Australia (Fig. 1). The area has been extensively monitored for
remote sensing research through a soil moisture monitoring net-
work (Oznet; Smith et al., 2012) and a series of field experiments for
the pre- and post-launch algorithm development of missions such
as SMOS and SMAP; National Airborne Field Experiment 2006 (Mer-
lin et al., 2008), Australian Airborne cal/val Experiments for SMOS
(Peischl et al., 2012) and Soil Moisture Active Passive Experiments
(SMAPEX) (Panciera et al., 2014). Generally, the Yanco area is flat with
elevations ranging from 117 m to 150 m. Based on soil texture anal-
ysis at the site, the top layer soil of the region is predominantly silty
loam, loamy sand, sand loams (McKenzie et al., 2000). Mean day-
time temperature of the region falls between 32°C in January and
13°C in July, with a mean annual rainfall of 418 mm which is well-
distributed throughout the year (Bureau of Meteorology station ID.
074037).

The western side of the study area includes the Coleambally Irri-
gation Area (CIA), which consists of farms with a mix of flood irriga-
tion and dryland cropping. Main crops grown during summer include
rice, corn, and soybeans, whereas wheat, oat, barley and canola are
grown during winter. Flood irrigation of rice crops occurs in Novem-
ber (Panciera et al., 2014). Conversely, land use to the eastern side
of the site consists of pastures for grazing. To differentiate these two
areas, YA is used to describe the cropping area, and YB for the graz-
ing area. There are 13 profile soil moisture stations within the study
area (denoted with the prefix ‘Y-") equipped with vertically installed
Stevens Water Hydraprobe (0-5 cm) and Campbell Scientific CS616
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Fig. 1. Map of study area showing locations of soil moisture monitoring stations
and the most representative stations, together with satellite pixels selected for eval-
uation. The top left inset shows the relative location of the study area within the
Murrumbidgee catchment.

water reflectometers (0-30 c¢m, 30-60 cm, and 60-90 cm); and 24
surface soil moisture stations equipped with a Hydraprobe inserted
vertically from the surface (0-5 c¢m) concentrated within the YA and
YB areas (denoted ‘YA-' and ‘YB-’ in Fig. 1). To compare as closely
as possible with the depth sensed by the microwave sensors, only
measurements from 0 to 5 cm have been used herein (Adams et al.,
2015). As AMSR2 more correctly represents a 1 cm or so soil layer, it
is slightly penalized compared to SMOS, which represents a 3-5 cm
soil layer (Table 1).

2.2. Satellite soil moisture data

2.2.1. AMSR2

AMSR2 on-board the GCOM-W1 satellite was launched in May
2012 as a follow-on of AMSR for the EOS (AMSR-E, May 2002 to
Oct 2011). Compared with AMSR-E, AMSR2 has a larger antenna (2.0
m diameter) than AMSR-E (1.6 m diameter), an additional C-band
(7.3 GHz) channel to mitigate RFI (e.g. de Nijs et al., 2015), and

an improvement in calibration accuracy through a change in ther-
mal design (Imaoka et al., 2010; Maeda et al., 2011). Observa-
tions from AMSR2 are available twice daily (ascending/evening and
descending/morning) every one to two days.

The AMSR2 products compared herein are based on the JAXA (Fujii
etal., 2009; Maeda and Taniguchi, 2013) and LPRM (Owe et al., 2001;
Parinussa et al., 2015) algorithms. Due to an improvement in calibra-
tion of brightness temperatures from AMSR2, both JAXA and LPRM
products have been reprocessed. The JAXA AMSR2 Level 3 soil mois-
ture content data products, version 1.11 (herein referred to as JX1)
and version 2.21 (herein referred to as JX2), were obtained from the
GCOM-W1 Data Providing Service (https://gcom-w1.jaxa.jp/). As JX1
was only available until the end of 2014; and to obtain an equal num-
ber of seasons, soil moisture products from July 2012 to July 2014 were
considered herein. This study differs from the evaluation study carried
out by Wu et al. (2015) over the United States in that they did not dif-
ferentiate the two product versions, and Zeng et al. (2015) which only
used JX1. As for the LPRM products, the product based on the former
brightness temperatures (hereinreferred toas LP1)was obtained from
Goddard Earth Sciences Data and Information Services Center (GES
DISC) (http://disc.sci.gsfc.nasa.gov/hydrology/), whereas the updated
version (herein referred to as LP2) was reprocessed following Pari-
nussa et al. (2015). In addition, a third version of the LPRM product
(LP3) was also included in this analysis. The difference between LP2
and LP3 is that LP3 was derived based on the recalibrated bright-
ness temperatures of AMSR2, and a new parameterization scheme
following van der Schalie et al. (2015). In LP2, the single scattering
albedo was based on a best guess whereas that of LP3 was calibrated
through in-situ measurements together with a vegetation correction.
The AMSR2 products are available at 10 km and 25 km grid resolu-
tions although its footprint is approximately 50 km. Hence, products
of 10 km and 25 km were included in the analysis for both evening
(1:30 pm) and morning (1:30 am) overpasses (Table 2).

2.2.2. SMOS

Launched in 2009, the radiometer aboard SMOS measures L-band
emissions at 1.4 GHz every 3 days. While the resolution of SMOS is
approximately 40 km (Kerr et al., 2001), the soil moisture L3 prod-
ucts are provided on a 25 km grid resolution. These products are
derived based on the SMOS L2 Processor, which is based on the L-
band microwave emission of the biosphere (L-MEB) model. The model
involves an iterative algorithm to minimize a cost function computed
from the differences between measured and modelled brightness
temperature from all available incidence angles (Wigneron et al.,
2007). In this case, the data used was obtained from the Centre Aval
de Traitement des Données SMOS (CATDS), operated by the Centre
National d’Etudes Spatiales (CNES, France) by IFREMER (Brest, France)
(Jacquette et al., 2010). The daily 25 km grid resolution SMOS Level 3
products including both ascending/morning (6:00 am) and descend-
ing/evening(6:00 pm)overpassesoftwodifferentversions were used.
The SMOS products compared were the CATDS version 2.72 prod-
uct (SMOS1) and version 3.00 products (SMOS2). As reprocessed soil
moisture products from SMOS1 (EASE grid) were only available for
2012 to 2013, the operational product was used for 2014 (EASE2 grid).
SMOS2 reprocessed products were available from July 2012 to July
2014 and are on the EASE2 grid. For consistency, it is assumed herein
that all products are on the EASE2 grid. Within the study area, this
change in grid version is negligible. Instances when the probability
of RFI was flagged as higher than 0.05 were also removed.

To differentiate the products, AMSR2 and SMOS products have
assigned subscripts denoting the observed frequency used (X, C1
or C2), the overpass (M: morning/AM, E: evening/PM), and product
resolution (10 or 25), whereas superscripts denote the area being
evaluated (YA or YB). For instance, JX1;{(‘(“‘M)‘25 is the 25 km soil mois-
ture product based on the JAXA algorithm (version 1), derived from
observations at X-band during morning overpasses at the YA area.
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Table 1

Overview of passive microwave soil moisture satellites used in this study.
Spacecraft SMOS GCOM-W1
Sensor Microwave Imaging Radiometer using Aperture Synthesis (MIRAS) The Advanced Microwave Scanning Radiometer 2 (AMSR2)
Swath width 1000 km 1445 km

Sensor accuracies 1.8 K (at 180 K)

22K (at 220 K)

Frequency 1.41 GHz (L-band)

Footprint dimensions (km?) 43 km on average over the circle field of view
Sampling interval (km) ~ 15

Product posting (km) ~ 25

Temporal resolution
Launch date
Target accuracy

2-3 days
2nd Nov. 2009
RMSE < 0.04 m3 m—3

Node Ascending Descending
Equator crossing 6:00 AM 6:00 PM
M/E Morning Evening

0.66 K (at 100 K)

0.68 K (at 250 K)

6.9, 7.3 and 10.7 GHz (C-band and X-band)
24-35 km x 42-62 km ellipse
~ 10

~ 10/~ 25

1-2 days

18th May 2012

MAE < 0.08 m®> m—3
Descending Ascending

1:30 AM 1:30 PM

Morning Evening

2.3. Analysis

Based on results in Yee et al. (2016), incorrect conclusions and
biases may have been introduced into the results of earlier studies
that did not have a good understanding of the sites. Therefore, coarse
scale passive microwave remote sensing soil moisture products are
evaluated herein based on a careful understanding of the represen-
tativeness of stations within the YA and YB areas. These stations
were identified in the aforementioned study based on geostatistical
analysis of intensive soil moisture measurements taken from field
campaigns at the study area, and temporal stability analysis of long-
term soil moisture measurements from stations within the OzNet
network. Since stations within the Yanco area are well-distributed,
based on temporal stability methods, YA5 and YB7a were found to
provide a good measure of the areal average of the YA and YB area
(~ 9 km x 9 km), and YA5 for the Yanco region (=~ 36 km x 36 km)
(Fig. 1). It is assumed herein that although results from the previous
analysis focused on SMAP grids, they are transferable to the AMSR2
and SMOS 25 km grids due to relatively high homogeneity of the site.
As the native footprint of the satellites overlaps the adjacent pixels,
measurements from other stations around the pixels were also used
to compute an average for the entire pixel. Pixels with center points
closest to the YA and YB focus areas were selected for evaluation
(Fig. 1) and are summarized in Table 3.

Consistent with mission objectives, the statistical metrics that are
used to evaluate the products include bias, root mean square differ-
ence (RMSD) (similar to RMSE), Pearson correlation coefficient (r),

Table 2
Summary differences between validated products.

Spacecraft Acronym Version update/change

AMSR2 JX1 Version 1.11 based on JAXA algorithm (Fujii et al., 2009;
Maeda et al., 2011) without correction of calibration
misalignment between AMSR-E and AMSR-2.

JX2 Version 2.21 based on JAXA algorithm using
recalibrated brightness temperature calibration.
LP1 Derived using LPRM algorithm with former brightness

temperatures. Obtained from Goddard Earth Sciences
Data and Information Services Center (Owe et al., 2001).

LP2 Reprocessed LPRM products using calibrated brightness
temperature. Single scattering albedo based on a best
guess (Parinussa et al., 2015).

LP3 Reprocessed LPRM products using calibrated brightness
temperature. Single scattering albedo calibrated
through in-situ measurements together with a
vegetation correction (van der Schalie et al., 2015).

SMOS SMOS1 CATDS algorithm (Jacquette et al., 2010) version 2.72
based on EASE1 grid.
SMOS2 CATDS version 3.00 based on EASE2 grid.

MAE and unbiased RMSD (ubRMSD). Bias was computed as the dif-
ference between remotely sensed soil moisture in relation to ground
measurements. MAE is the average of the absolute errors, and differs
from RMSD in that the squaring of the errors in RMSD gives a greater
weight to larger errors.

Taylor diagrams are used to combine measures of r, standardized
centered RMSD (cRMSD) and standardized standard deviation with
ground soil moisture measurements (Taylor, 2001). Taylor diagram
provides a comprehensive visualization of how well two datasets
relate to each other in terms of r, RMSD and their standard devia-
tions. They have also recently been applied for soil moisture evalua-
tion by Champagne et al. (2015). The geometric relationship between
these statistics allows the Taylor diagram to be plotted. For N discrete
points of two variables, f, and g, r is given as

1
O50g

r=

n=1
w—f)gn —8) 1
> fa—fX ) (1)

N

where f and g are their means, and orand 0y are the standard devi-
ations, of f and g respectively. The cRMSD, which is the ubRMSD, is
then given by

1 n=1 -~ 12
cRMSD = |53 [ = Fen 2] )

The maximum soil moisture established in the JAXA algorithm
is 0.60 m3/m3 whereas for the LPRM algorithm is 1.00 m3/m3
(Kim et al., 2015). Therefore, assuming f, is the reference dataset,
these statistics were further standardized by o such that standard-
ized cRMSD, cRMSD = cRMSD/0y, and standardized oy, 0F = 0y/0y
(Albergel et al., 2012). Consequently, G, = 1. Note that although
this procedure was referred to as normalization in Taylor (2001),
the term standardization is used herein. Therefore, the radial dis-
tance of f, from the origin represents Gy, the radial distance from
the reference represents cﬁ/l?D, and finally, the azimuthal position
represents r between f, and f,. A more comprehensive description
regarding the derivation and use of the Taylor diagram can be found
in Taylor (2001).

As the general consensus within the remote sensing commu-
nity is that morning observations are more ideal than those later
in the day (referred to as evening herein), due to the difference in
temperature between vegetation canopy and soil surface being at
a minimum, the analysis herein will firstly concentrate on morning
observations and 25 km products. Comparisons with evening obser-
vations and 10 km products will be introduced in later sections of
this paper.
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Table 3
Pixel centre of soil moisture products, and corresponding stations selected for this validation study.
Grid resolution Pixel centre Focus area

Product (km) Lat Lon YA/YB Stations Rep. station

AMSR2 25 -34.63 14613 YA Y2,Y4,Y7, YA1, YA3, YA4a, YA5

AMSR2 10 -34.75 14615 YA YA4b, YA4c, YA4d, YA4e, YAS,

SMOS 25 -34.70 146.15 YA YA7a, YA7b, YA7d, YA7e, YA9

AMSR2 25 —34.75 146.38 YB Y10, Y12, Y13, YB1, YB3, YB5a, YB7a

AMSR2 10 —-3495 14625 YB YB5b, YB5e, YB7a, YB7b/YB5d,

SMOS 25 —-3493 14641 YB YB7c, YB7d, YB7e, YB9

3. Results and discussion
3.1. Representativeness

To contrast results when random stations or representative sta-
tions are used, Figs. 2 and 3 summarize the statistics from com-
parison of individual stations with selected satellite soil moisture
products for each season (Summer: December-February; Autumn:
March-May; Winter: June-August; Spring: September-November)
within the YA and YB area respectively as Taylor diagrams. The
same comparisons for the remaining products are provided in the
Appendix. The squares indicate the representative stations, dia-
monds the average based on all stations, and circles all other indi-
vidual stations. Generally, the closer a point is to the baseline (black
point), the better its performance.

The scatter of circles within the Taylor diagrams for the YA
area (Fig. 2), particularly during summer and winter, indicates that

statistics differ significantly depending on the stations used for eval-
uation. Some individual stations were found to have an r of < 0.1
(stations with r < 0 are not shown) or a cRMSD > 1.5 m3/m3. Further
investigation (not shown herein) revealed that during summer and
autumn, YA4b and YA4d recorded high soil moisture values (> 0.40
m3/m3) due to irrigation. Individually, using SMOS2 25 km grid
resolution soil moisture products (morning overpasses) as a refer-
ence, comparison against stations YA4b and YA4d had an overall r of
0.03 and —0.34, RMSD of 0.17 m3/m3 and 0.28 m3/m3, and bias of
—0.11 m3*/m? and —0.20 m3/m?> respectively. Other stations had an
r ranging between 0.27 and 0.82, RMSD between 0.05 m3/m3 and
0.11 m3/m3, and bias between 0.01 m?/m3 and 0.10 m?/m?3. Although
these irrigated plots consist only of approximately 0.10% of the entire
25 km pixel, they can have a substantial impact on the average soil
moisture if not weighted appropriately (Yee et al., 2016).

In the case of the YB area, the scatter in data points (Fig. 3) is seen
to be less apparent due to homogeneity of the area. In comparison

Product LP3§(AM),25 LP3\C(?(M),25 LPSEQ(M),% SMOSQEG\D,%
Summer
Autumn
Winter
Spring o cRMSD

Fig. 2. Taylor diagrams for 25 km grid resolution morning products in the YA area. Satellite products are treated as the baseline soil moisture (black dot). (J: Representative
station. o : Average. O: Individual stations. Note the difference in scale for JAXA products.
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Product LP3§?M),25

Lng]Zg(M)JS SI\’IOSQE(%I),%

Summer

Autumn

Winter

Spring cRMSD

Fig. 3. Taylor diagrams for 25 km grid resolution morning products in the YB area. Satellite products are treated as the baseline soil moisture (black dot). (J: Representative

station. o: Average. O: Individual stations. Note the difference in scale for JAXA products.

to the SMOS2 25 km grid resolution soil moisture products (morn-
ing overpasses), r ranged between 0.37 and 0.90, RMSD 0.05 m?/m?3
and 0.11 m3/m3, and bias between 0 m3/m? and 0.08 m3/m?3. The red
and green circles consistently give amongst the best results, and r
and RMSD between the average of all stations and the representative
stations yielded similar results (as identification of the representa-
tive station was in large based on its ability to represent the mean).
Conversely, a big variation can be found if a single station was used
without prior knowledge of its representativeness. This also demon-
strates that, whilst the absolute accuracy of a representative station
is difficult to determine, by directing limited resources to most repre-
sentative sites, similar results can be obtained as having a number of
stations. Results herein have shown the importance of understanding
the representativeness of soil moisture stations prior to using them
for evaluation. Consequently, the satellite soil moisture products will
be evaluated based on the representative stations YA5 and YB7a for
the YA and YB area respectively which were determined based on
SMAP grids (Yee et al., 2016) for the remainder of this paper.

3.2. Overall performance

Based on comparison with the representative stations, there is
a noticeable seasonal impact on the performance of absolute soil
moisture based on JX2 whereby cRMSD decreased sequentially from
summer, autumn, spring and winter ( Figs. 2 and 3). This was more
consistent for the LPRM and SMOS products, where cRMSD was ~ 1
throughout the year. The JAXA algorithm assumes that surface and
canopy temperature is both equal and constant throughout the year
at 295 K. Whilst canopy temperatures are not compared herein, it

is expected that this assumption would be valid only during winter.
Consequently, cRMSD is lowest during winter and highest during
summer.

When compared with measurements from YAS and YB7a, JX1 and
JX2 underestimated soil moisture by < 0.06 m3>/m? and had an r
of approximately 0.5, while LPRM products overestimated (ranging
from 0.04 m3/m3 to 0.23 m3/m3), particularly when soil moisture
conditions were > 0.10 m3/m?3 (Fig. 4 and 5). Moreover, it can be seen
that performance of the JAXA algorithm decreased with increasing
soil moisture values, whereas the opposite is true for LPRM. Kim et al.
(2015) found similar results when comparing AMSR2 soil moisture
products based on the JAXA and LPRM algorithm globally. Further-
more, only a slight improvement was observed in the JX2 version
of the JAXA products with a reduction of MAE from 0.06 m3/m? to
0.05 m3/m? and a slight increase of r.

In the case of LPRM products, while LP1 had a larger RMSD
(0.13-0.26 m3/m3) and MAE (0.10-0.23 m3/m?) than JX1 and JX2,
a substantial improvement was found in LPRM products based on
the recalibrated brightness temperatures, i.e. LP2 whereby RMSD
and MAE decreased to 0.06-0.11 m3/m3 and 0.07-0.13 m3/m?
respectively. Generally, this improvement was most pronounced for
observations at 7.3 GHz followed by 6.9 GHz whereby correlation
increased to > 0.55 for both but did not change much for X-band
observations (Fig. 4 and 5). Further improvements were found with
C-band LP3 products that utilized the new parameterization method
whereby correlation was found to increase by 0.05 at the YA area and
0.07 at the YB area. At X-band, the improvements were more modest
at 0.01 and 0.03 at the YA and YB area respectively. Moreover, whilst
RMSD and MAE decreased for LP3 products at C-band, they increased
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Fig. 4. Scatterplots comparing different morning overpass soil moisture products in the YA area with the most representative station YA5 as the baseline. Summer: [J (Red),
Autumn: ¢ (Orange), Winter: < (Blue), Spring: O (Green). Dotted horizontal and vertical lines indicate the means of the corresponding x- or y-axis variables, whereas the diagonal

line is the 1:1 line.

slightly at X-band. Nevertheless, the suit of LP3 products were found
to be superior over its predecessors with products based on 10.7 GHz
performing the best, followed by 7.3 GHz and 6.9 GHz.

Finally, SMOS products performed better than AMSR2 products
with an r > 0.71 and a bias of < 0.05 m3/m3 for both versions.
The scatter along the fitted line is also well-distributed (Fig. 4 and
5). Generally, the SMOS products slightly underestimate, agreeing
with the findings of previous studies (Al Bitar et al., 2012; Collow
et al,, 2012; Su et al., 2013). Comparing SMOS1 and SM0S2, SMOS2
performed better due to a 0.04 increase in r, whereas accuracy in
absolute soil moisture was similar in both versions. As the latter
products based on the JAXA, LPRM and SMOS algorithm were found
to be superior over the former versions, only JX2, LP3 (‘X-' and
C-band) and SMOS?2 are discussed in detail in the following analyses.

3.3. Performance for different overpass periods, frequencies and
resolutions

The large variation in soil moisture measurements based on
individual stations (grey lines) in Fig. 6 re-emphasizes the need

for evaluation with most representative stations. Generally, it can
be seen that soil moisture retrieved based on JX2 was the dri-
est followed by SMOS2, LP3x, LP2¢; and LP2¢; for both morning
and evening overpasses. The variation in soil moisture was also
observed to be lower during evening overpasses. There was a clear
underestimation by JX2 with a more noticeable difference in morn-
ing retrievals rather than evening when NDVI was high (Fig. 6).
Moreover, as LP3 and SMOS2 did not display this pattern, the
underestimation is most likely due to the algorithm as observed
earlier.

Both JX1 and JX2 showed the lowest variations whereby ojx;
and ojx, ranged between 0.5 and 1 (Fig. 7). Correspondingly, this
led to the underestimation observed earlier and its cRMSD being
the lowest in all cases. Despite this, accounting for r, RMSD and
standard deviation, the JAXA products were found to be closest to
the baseline measurements (black dot) in the YA and YB area, for
morning and evening overpasses, and for both 25 km and 10 km
resolutions.

It was also found that evening overpass (1:30 pm) products
performed better for both the JAXA and LPRM algorithm than the
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on a 10km resolution grid.

morning passes (1:30 am). With the exception of LP1¢; and LP1¢,
which were not shown on the diagrams due to the negative r, the
variation of soil moisture based on the evening overpasses matched
better with that of the stations (07 closer to 1) than morning
overpasses. LP1 C-band observations were previously found to per-
form badly due to model miscalibration which was rectified in LP2
and therefore should not be used (Parinussa et al., 2015). Conversely,
whilst morning overpasses from SMOS1 and SMOS2 were found to
perform well during the morning overpasses, SMOS2 evening over-
passes overestimated the soil moisture (6f > 1.5) and were less
accurate compared with the AMSR2 products. Previous evaluation
studies regarding morning and evening observations have yielded
mixed results for both AMSR-E/-2 (e.g. Brocca et al., 2011; Draper et
al., 2009; Griesfeller et al., 2015) and SMOS (e.g. Dente et al., 2012a;
Djamai et al., 2015; Rowlandson et al., 2012). Du et al. (2012) and
Raju et al. (1995) stipulated issues in inverse modelling of soil mois-
ture at night or early morning for frequencies higher than 5.05 GHz
when dry soil is slightly wetted as a consequence of dew or early
stages of rainfall. This effect should be less on L-band observations
which senses a deeper layer. Other factors such as difference in tem-
peratures between near surface soil and vegetation can also affect
the accuracy of the retrievals at different times of day (Entekhabi et
al., 2010; Kerr et al., 2010). A combination of these different factors
may have led to the mixed results for AMSR2 retrievals and a more
in-depth study will be needed to verify the cause.

In the case of LPRM products, one would expect retrievals based
on observations at 6.9 GHz (C1) to correlate better with the 5 cm
soil moisture measurements since the depth sensed at lower fre-
quencies should correspond more closely with the 5 cm depth of
soil moisture probes and be less affected by the vegetation. How-
ever, results showed 10.7 GHz performed better than 6.9 GHz,
which overestimated and had a larger variance compared with the
station measurements (Fig. 7). Retrievals based on 6.9 GHz and
7.3 GHz were very similar, with 6.9 GHz performing slightly better
than 7.3 GHz. This is consistent with the findings of Owe et al. (2008)
and Draper et al. (2009) who found few differences between X- and
C-band retrievals in Australia.

Overall, based on the Taylor diagrams, JX2 followed by JX1 had
the best agreement with representative stations for both YA and YB
areas during both overpasses. Considering only the morning over-
passes, performance of SMOS1 and SMOS?2 closely resembled that of
the JAXA products. During the evening overpasses, the performance
of LP3x, LP3¢; and LP3¢, followed after JX2 and JX1 in decreasing
order. Similarly, at 10 km resolution, JX2 followed by JX1 agreed the
best for both overpasses, while LP3x products performed the best
among the LPRM products.

Finally, it is to be noted that the ranking of the products’ per-
formances depends on the metrics considered in the ranking. For
instance, although the JAXA products were superior based on the
Taylor diagrams, Figs. 4, 5 and 6 showed otherwise. Table 4 tab-
ulates the bias, RMSD, r and MAE derived from validating 25 km
grid resolution products for both morning and evening overpasses
at the YA and YB area using measurements from representative
stations. Based on these statistics, SMOS2 performed better than
SMOS1, and LP3 performed better than JX2. Overall, SMOS2y
was superior with an r > 0.75 whereas JX2, which was found
to perform the best based on Taylor diagrams was clearly out-
performed by other products in terms of r (0.53 and 0.45 for YA
and YB respectively) with the exception of LP1. As Taylor dia-
gram considers the agreement between the datasets based on a
combination of r, RMSD and standard deviations, the cause for a
low absolute error in the JAXA products is likely a combination of
their lower moisture variation (between 0 and 0.30 m3/m3), and
the low moisture conditions at the site (also between 0 and 0.30
m3/m3 at most times). Nevertheless, compared with the mission
objectives of AMSR2 and SMOS, the JAXA, LPRM X-band and SMOS
products met the AMSR2 objective of and MAE < 0.08 m3/m? but
none of the products met SMOS’s mission objective of having an
RMSD < 0.04 m3/m3. Therefore, depending on the application of
the soil moisture product, if both absolute and temporal accuracy
is of importance, JX2 products are recommended whereas LP3x
products from evening observations and morning retrievals from
SMOS2 products from morning overpasses are recommended if
temporal accuracy only is needed.
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Table 4

Statistics comparing morning and evening 25km grid resolution satellite products with the most representative stations for YA and YB area.

Original Original
Product Area N Bias m3/m?3 RMSD r MAE ubRMSD Area N Bias RMSD r MAE ubRMSD
m3/m3 m3/m3 m3/m?3 m3/m3 m3/m?3 m3/m3 m3/m?3

JX1xm YA 320 -0.06 0.08 0.52 0.06 0.05 YB 319  -0.06 0.08 0.42 0.06 0.05
IX2xm) 320 -0.05 0.07 0.53 0.06 0.05 326 -0.05 0.07 0.45 0.05 0.05
LP1x(m) 102 0.09 0.13 0.62 0.10 0.09 101  0.11 0.15 0.68 0.12 0.10
LP1cy(my 102  0.16 0.18 0.46 0.16 0.07 103 0.20 023 0.34 0.20 0.11
LP1comy 102 0.19 0.21 0.36 0.19 0.09 103  0.23 0.26 0.28 0.23 0.12
LP2xu) 300 0.04 0.08 0.59 0.06 0.07 285  0.05 0.08 0.67 0.06 0.06
LP2¢y(umy 301 0.08 0.11 0.54 0.09 0.08 290 0.10 0.13 0.59 0.11 0.08
LP2cy(my 299  0.07 0.10 0.55 0.08 0.08 280 0.08 0.11 0.58 0.09 0.08
LP3x(u) 302 0.07 0.09 0.61 0.08 0.07 293 0.06 0.09 0.72 0.07 0.06
LP3c¢1om) 302 0.08 0.10 0.60 0.08 0.07 293 0.09 0.11 0.67 0.09 0.07
LP3 ¢y 302 0.06 0.09 0.60 0.07 0.07 293  0.06 0.09 0.69 0.07 0.07
SMOS1m) 211 0.04 0.07 0.71 0.05 0.05 212 0.04 0.07 0.80 0.05 0.05
SMOS2 ) 213 0.05 0.07 0.75 0.06 0.05 213 0.03 0.07 0.84 0.05 0.06
Average 244  0.06 0.11 0.57 0.09 0.07 239 0.07 0.12 0.59 0.10 0.07
IX1xE) YA 318  -0.05 0.06 0.75 0.05 0.04 YB 376  -0.04 0.06 0.63 0.04 0.04
IX2x ) 318  -0.05 0.06 0.75 0.05 0.04 383 -0.03 0.05 0.65 0.04 0.04
LP1x, 100 0.04 0.07 0.77 0.06 0.06 123 0.05 0.08 0.78 0.06 0.06
LP1¢y(g) 100 023 0.25 -0.03 0.23 0.09 125 025 0.28 0.03 0.25 0.11
LP1cyg) 100 0.27 0.29 -0.13  0.27 0.11 125  0.29 0.32 -0.03  0.29 0.13
LP2y() 294 0.03 0.05 0.74 0.04 0.04 357  0.04 0.06 0.75 0.05 0.05
LP2¢y(g) 294  0.09 0.10 0.64 0.09 0.05 357 0.10 0.11 0.66 0.10 0.05
LP2cyE) 294  0.07 0.08 0.66 0.07 0.05 357 0.08 0.09 0.70 0.08 0.05
LP3x(E) 295  0.05 0.07 0.75 0.06 0.04 360 0.06 0.07 0.77 0.06 0.05
LP3¢y(g) 295 0.08 0.09 0.72 0.08 0.05 360 0.09 0.10 0.75 0.09 0.05
LP3cyg) 295 0.06 0.08 0.74 0.07 0.05 360 0.07 0.08 0.77 0.07 0.05
SMOS1yg) 251  0.02 0.07 0.72 0.05 0.06 294 0.02 0.08 0.74 0.06 0.07
SMOS2yg) 252 0.05 0.11 0.59 0.07 0.10 290 0.02 0.10 0.71 0.07 0.10
Average 247  0.07 0.11 0.59 0.09 0.06 297 0.08 0.11 0.61 0.10 0.06

4. Conclusion

This study evaluated AMSR2 soil moisture products of different
versions based on two different algorithms (JAXA and LPRM), and
two versions of the SMOS soil moisture product, using the most
representative stations identified by an earlier study. It was shown
that the use of unrepresentative stations can have a large impact
on evaluation results (r of —0.16 as opposed to 0.61) particularly
for non-homogeneous areas. Therefore, it is paramount that repre-
sentativeness of stations be well understood prior to use for any
evaluation purposes and that studies which have not done this be
dismissed as they only add confusion to product accuracy.

Generally, the latter versions of the JAXA (JX2) and LPRM (LP3)
products were confirmed to be superior to the former ones. Further-
more, JAXA products were found to underestimate the soil moisture
by = 0.05 m3/m3, whereas LPRM products overestimated by between
0.04 and 0.23 m3/m3. Performance of soil moisture products dur-
ing different seasons revealed varying performance of JAXA products,
possibly due to assumptions that the difference in temperature
between the soil surface and canopy is held constant throughout
the year. In the case of LPRM, the poor performance of LP1 C-band
observations due to model miscalibration was rectified in LP2. Fur-
thermore, the new parameterization scheme of LP3 also improved
retrievals based on C-band observations. However, improvements at
X-band were minute.

Comparing the two overpasses, evening retrievals at X-band from
AMSR2 performed better than morning retrievals. Conversely, SMOS
morning retrievals were better than evening. A comparison of LPRM
products from different frequencies showed that X-band retrievals
performed better than C-band. Although JX2 (RMSD: 0.06 m3/m3;
r: 0.70) was found to perform the best based on Taylor diagrams,

SMOS2 morning retrievals (RMSD: 0.07 m3/m3; r: 0.79), and LP3x
evening retrievals (RMSD: 0.07 m3/m?3; r: 0.76) performed better
based on r only. Overall, JX2, LP3, SMOS1 and SMOS2 met the goal
accuracy of MAE < 0.08 m3/m3 but none of the products achieved
SMOS'’s goal of achieving an RMSD < 0.04 m3/m3. SMOS morning
products had an RMSD of 0.07 m3/m3 whereas its evening products
had an RMSD of 0.07 m3/m?3 to 0.11 m3/m?3. While this study focuses
on two carefully selected pixels, they are typical of much of the
cropping and grazing land in southeast Australia. However, they
likely not reflect the product accuracy in other landscapes. However,
they may likely reflect the product accuracy in other landscapes.
Therefore, it is important that such careful analysis can be conducted
at other sites.
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Fig. A1. Taylor diagrams for 25 km grdi resolution morning products in the YA area. Satellite products are treated as the baseline soil moisture (black dot). (J: Representative

station. o: Average. O: Individual stations. Note the difference in scale for JAXA products.
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Fig. A2. Taylor diagrams for 25 km grid resolution morning products in the YA area. Satellite products are treated as the baseline soil moisture (black dot). [J: Representative
station. o: Average. O: Individual stations. Note the difference in scale for JAXA products.
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Fig. A3. Taylor diagrams for 25 km grid resolution morning products in the YA area. Satellite products are treated as the baseline soil moisture (black dot). (J: Representative
station. o: Average. O: Individual stations. Note the difference in scale for JAXA products.
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Fig. A4. As Fig. A4 except for YB area.
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