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Abstract

This study evaluated the Advanced Microwave Scanning Radiometer 2 (AMSR2) L2 soil moisture product (ver. 3) using
in situ hydrological observational data, acquired over 7 years (2012-2018), from a 50 X 50 km flat area of the Mongolian
Plateau covered with bare soil, pasture and shrubs. Although AMSR2 slightly underestimated soil moisture content
at 3-cm depth, satisfactory timing was observed in both the response patterns and the in situ soil moisture data, and
the differences between these factors were not large. In terms of the relationship between AMSR2 soil moisture from
descending orbits and in situ measured soil moisture at 3-cm depth, the values of the RMSE (m3/m?3) and the bias (m3/m?3)
varied from 0.028 to 0.063 and from 0.011 to —0.001 m3/m?, respectively. The values of the RMSE and bias depended on
rainfall condition. The mean value of the RMSE for the 7-year period was 0.042 m3/m3, i.e., lower than the target accuracy
0.050 m3/m?>. The validation results for descending orbits were found slightly better than for ascending orbits. Comparison
of the Soil Moisture and Ocean Salinity (SMOS) soil moisture product with the AMSR2 L2 soil moisture product showed
that AMSR2 could observe surface soil moisture with nearly same accuracy and stability. However, the bias of the AMSR2
soil moisture measurement was slightly negative and poorer than that of SMOS with deeper soil moisture measurement.
It means that AMSR2 cannot effectively measure soil moisture at 3-cm depth. In situ soil temperature at 3-cm depth
and surface vegetation (normalized difference vegetation index) did not influence the underestimation of AMSR2 soil
moisture measurements. These results suggest that a possible cause of the underestimation of AMSR2 soil moisture
measurements is the difference between the depth of the AMSR2 observations and in situ soil moisture measurements.
Overall, this study proved the AMSR2 L2 soil moisture product has been useful for monitoring daily surface soil moisture
over large grassland areas and it clearly demonstrated the high-performance capability of AMSR2 since 2012.
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1 Introduction rainfall both spatially and temporally. However, it is not

easy to determine clear mechanisms of soil moisture

It is exceedingly important to study soil moisture behav-
ior within the context of the hydrological cycle, and with
respect to climate change and global warming [1]. In
particular, this behavior influences surface natural envi-
ronments in semiarid and arid areas with highly variable

change in such areas over large scales using traditional
in situ observation methods; thus, satisfactory scientific
information regarding soil moisture behavior has not
yet been obtained. The primary difficulty in using tradi-
tional in situ observation techniques is the impracticality
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of conducting reliable large-scale long-term monitoring.
Potentially, satellite-derived observations of soil moisture
offer an effective alternative, and a number of satellites
such as the Aqua and Soil Moisture and Ocean Salinity
(SMOS) satellites have actually succeeded in monitoring
surface soil moisture [2, 3].

The Global Change Observation Mission (GCOM) of the
Japan Aerospace Exploration Agency (JAXA) is a project
designed for global long-term observation of the environ-
ment in relation to the meteorology and the hydrology of
the Earth [4]. GCOM consists of two satellites: GCOM-C that
is intended for monitoring the climate and GCOM-W that
is intended for monitoring the global water cycle. JAXA
launched GCOM-W1 (GCOM 1st-Water: renamed later as
GCOM-W) on May 18, 2012. GCOM-W1 is equipped with
the Advanced Microwave Scanning Radiometer 2 (AMSR2),
which globally observes surface soil moisture (soil mois-
ture from the surface to several cm depth), as well as other
water-related parameters such as precipitation, water vapor
and snow depth. Theoretically, AMSR2 is able to acquire a
set of daytime and nighttime data with >99% coverage of
the Earth every 2 days [5]. The basic concept of the instru-
mentation of AMSR2 is very similar to that of the Advanced
Microwave Scanning Radiometer for the Earth Observing
System (AMSR-E), observing at frequency bands of 6.925,
7.3,10.65,18.7,23.8, 36.5 and 89.0 GHz [4]. The AMSR-E soil
moisture data have been proven highly useful for stud-
ies of drought and global-regional water cycle change [6,
7]. AMSR2 is the successor to the AMSR on ADEOS Il and
the AMSR-E on Aqua [8]. Since its launch, GCOM-W1 has
remained in orbit at an altitude of approximately 700 km,
during which time it has measured daily global soil moisture
on the surface of the Earth with target accuracy of 0.05 m?/
m?3 [5] giving spatial resolution better than 50 km. This
orbit was adopted to maintain consistency with AMSR-E,
and thus GCOM-W1 has been participating in the A-Train
satellite constellation [9]. This enhances the synchronous
measurement capability with other satellite instruments
available within the constellation. AMSR2 has been suc-
cessful in monitoring soil moisture globally on a daily basis
since its launch and data from the AMSR2 L2 soil moisture
products are available from the JAXA GCOM-W Web site [5].

It is necessary to assess the reliability and accuracy of
AMSR2 soil moisture data to enable precise validation and/
or evaluation in as many different areas as possible. To
determine the measurement accuracy of AMSR2 soil mois-
ture, further evaluation should be conducted using the lat-
est version of the AMSR2 soil moisture product at various
sites with different surface conditions and sizes. One previ-
ous study evaluated the AMSR2 L2 soil moisture products
(ver. 0) over a 60x 60 km area around Yanco in the Murrum-
bidgee River catchment in New South Wales (Australia) [10].
The Yanco area is generally flat with irrigation and cropping
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areas [11]. The results of that study showed that the aver-
aged value of the root mean square deviation for both 10-
and 25-km products was 0.05 m3/m?>. Subsequently, other
studies have conducted validation of the AMSR2 soil mois-
ture products in many sites in Asia, Europe, Australia and
the USA [12-18]. These studies showed that AMSR2 has
certain characteristics such as negative bias and variation
of the RMSE that have not been discussed fully. Moreover,
the sampling depth of in situ soil moisture measurements
should also be investigated because in situ soil moisture
data at 5-cm depth and cosmic-ray soil moisture observing
system (COSMOS) network data with changeable measure-
ment depth depending on the moisture condition of the
soils [14] have generally been used for validation since 2012.
Furthermore, validation of long-term ASMR2 measurements
over periods longer than 3 years has not been conducted.

As the AMSR2 frequencies used for soil moisture meas-
urements are higher than the L-band (1.4 GHz), their pen-
etration depths are relatively shallower than SMOS and
SMAP [19, pp. 136-139]. In particular, Escorihuela et al.
[20] highlighted that the effective soil moisture sampling
depth of L-band radiometry is 0-2 cm. However, at least,
validation studies of AMSR2 and SMOS using the long-
term data of in situ soil moisture measurement in the sur-
face soil layer of 0-2-cm depth have not been published
since 2009. Therefore, it is important to evaluate the
potential for using long-term monitoring data of in situ
soil moisture at depths shallower than 5 cm.

As part of the Mongol AMSR-E/AMSR?2 validation experi-
ment, which is a joint operation between Hiroshima Uni-
versity and/or The University of Tsukuba and JAXA, inten-
sive field observations have been undertaken annually,
together with in situ monitoring, over a 1.1°x 1.1° (about
120 x 120 km) validation site on the Mongolian Plateau
for both AMSR-E and AMSR2 soil moisture algorithms.
Soil moisture measurements at 3-cm depth have been
conducted at many points within this site since 2000 [21].
Evaluations of the L2 soil moisture products of the SMOS
and Soil Moisture Active Passive (SMAP) satellites have also
been performed using this site, which is considered repre-
sentative of pastoral areas in central Asia [17, 21]. As men-
tioned above, AMSR2 has been observing daily global sur-
face soil moisture since 2012. However, as the observation
period has now reached 8 years (well beyond the original
design life of 5 years), determining the recent performance
of AMSR2 soil moisture measurements could be consid-
ered indispensable both for studies of the inland effects
of climate change and hydrological change and for sup-
porting the development of the forthcoming Advanced
Microwave Scanning Radiometer 3 [22].

The purpose of the current study was to evaluate the
AMSR2 L2 soil moisture product (ver. 3: the latest version
as of December 2018), obtained from both ascending and
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descending orbits, using in situ soil moisture measure-
ments at 3-cm depth and meteorological data collected
during 2012-2018 in a study area on the Mongolian Pla-
teau. The results were then compared with the SMOS L2
soil moisture products (ver. 650) in terms of observational
stability, measurement accuracy and bias and effective
sampling depth.

2 Data and method
2.1 Study area

Evaluation of the AMSR2 soil moisture products was con-
ducted using a 50 x50 km (one AMSR2 pixel) target area
(M1) of a 1.1°x 1.1° study area on the Mongolian Plateau.
Seven water cycle stations set in M1 (Table 1, Fig. 1) for
the purpose of validation have been monitoring mete-
orological and hydrological elements since August 2000.
The M1 area is geomorphologically flat, and it is mostly
covered with bare soil, pasture and shrubs. Each station
was installed with consideration of the representative-
ness of the surrounding geomorphologic and vegetation
conditions. Further details of the surface and hydrological
conditions of the M1 area can be found in [23].

As can be seen in Table 1, this study used two automatic
weather stations (AWSs) and five automatic stations for soil
hydrology (ASSH) for evaluation of the AMSR2 soil mois-
ture measurements. Fundamental elements of meteorol-
ogy and soil moisture were monitored by the AWSs with a
time interval of 30 min. The ASSH monitored soil moisture
and soil temperatures bi-hourly at depths of 3 and 10 cm.
All of the water cycle station sensors were calibrated and
checked relative to a base marker and/or to the Japanese
Meteorological Agency standard in the laboratory prior
to installation [21].

2.2 Insitu soil moisture measurements

Time domain reflectometry (TDR) soil moisture probes
(TRIME-IT/PICO-32, IMKO) were employed to measure

horizontally the in situ volumetric soil moisture content at
depths of 3 and 10 cm at all stations. Although the meas-
urement volume of the TDR probe is shown to correspond
to an elliptical column of 0.25 | with 11 cm of the rod
length and 2 cm the rod spacing [24, p. 8], a minor axis of
cross section (ellipse) of the elliptical column is unknown
(according to IMKO, it is about 2.0 cm and it depends on
the moisture conditions of the soil: personal communica-
tions). Therefore, laboratory calibration tests of a TDR soil
moisture probe (TRIME-IT 9141, IMKO) placed horizon-
tally at 3-cm depth in a PVC container filled with soil from
the study area were conducted before field installation.
The tests showed the TDR probe at 3-cm depth correctly
measured soil moisture without atmospheric influence.
The in situ soil moisture conditions have been checked
by researchers involved in this study at the time of data
collection and station maintenance every August or Sep-
tember since 2000.
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Fig. 1 Study area (M1: target area), automatic weather stations
(AWSs) and automatic stations for soil hydrology (ASSH)

Table 1 Automatic weather

. . Station ID Measurement  Lat. (N) Long. (E) Alt. (m) Station type
stat!ons (AWS§) and automatic point
stations for soil hydrology
(ASSH) used for the validation MGS MGS 45°44'34.9" 106°15'52.2" 1393 AWS
in M1 DRS DRS 46°12'31.2" 106°42'53.0" 1297 AWS
811 F2 45°55'22.5" 106°54'30.2" 1450 ASSH
813 E4 46°06'10.0" 106°46'47.2" 1318 ASSH
817 D1 45°49'58.6" 106°39'04.5" 1402 ASSH
820 C2 45°55'22.5" 106°31'21.2" 1422 ASSH
815 ca 46°06'10.0” 106°31'21.2" 1383 ASSH
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The acquisition of data of both soil moisture at 3-cm
depth and rainfall by the ASSH and AWSs, respectively,
was obtained successfully and almost continuously dur-
ing the evaluation period of 2012-2018, which permitted
evaluation of the soil moisture data obtained by AMSR2
observations from both ascending and descending orbits.
Figure 2 shows that soil moisture at 3-cm depth varied
widely and frequently with rainfall events. Specifically, soil
moisture values ranged from 0.022 to 0.371 m3>/m? dur-
ing the observation period, which extended from April
to October in each year except 2018. Unfortunately, soil
moisture data at C2 from April to September 2 in 2016
were unavailable because of problems with the ASSH bat-
tery. The data shown for 2018 are from April to September
6.The parameter P, . is presented as the mean rainfall of
the two AWSs.

Table 2 presents the area-averaged mean total rainfall
(Total rainfall), area-averaged mean air temperature (Mean
air temperature) and area-averaged mean soil moisture
at 3-cm depth for the observation period of April-Octo-
ber (July 3 to October in 2012 and April to September 6
in 2018) in each year. According to the AWS observation
data, the M1 air temperature varied between +40.3 and
—37.6 °C during the observation period (2012-2018). The
surface soil started to freeze by mid- and late October, and
it was frozen completely until March each year. Melting
of the frozen surface soil began in early April of each year
except 2017. Sometimes, repeated freezing and thawing of
the soil occurred in mid-or late April. These values together
with those of Table 2 are characteristic of semiarid land.

The annual area-averaged precipitation in M1 from
2001 to 2017 except for 2007 and 2008 (because of insuf-
ficient data in both years) was 112.8 mm/year. In this study,
a year with annual precipitation of >112.8 (< 112.8) mm/
year was defined as a wet (dry) year. Thus, it can be seen

area

Table 2 Meteorological conditions in each observation period
(April-October except for 2018: April-September 6) from 2012 to
2018in M1 SM,,.,: area-averaged soil moisture

Year Total rainfall Mean air tempera- Mean
(mm) ture (°C) SM, e, (M3/
m?)
2012 161.5 13.0 0.093
2013 185.3 12.7 0.131
2014 103.6 13.8 0.086
2015 82.0 13.8 0.075
2016 103.6 13.2 0.073
2017 110.7 14.2 0.051
2018 1384 16.4 0.073

from Table 2 that 2012, 2013 and 2018 were wet years
and that 2014, 2015 and 2016 were dry years, whereas
the annual area-averaged precipitation of 2017 was close
to the threshold value. The wettest (driest) year was 2013
(2015).

The temporal change of the unbiased variance value
of in situ soil moisture content at all stations during the
observation period was investigated to determine the
amount of change of scatter in the observed values. As
shown in Fig. 3, the unbiased variance varied between
0.0086 and 1.32E-5 m3/m3; the higher values were
observed in rainfall event cases and in early April (except
for 2017). In early April, melting of the frozen soil occurs,
which probably increases surface soil moisture. The value
of the scatter was considered sufficiently near zero dur-
ing periods without rainfall. The mean values of the unbi-
ased variance of each year were 0.00117 m3/m3 (2012),
0.00266 m*/m? (2013),0.00092 m3/m? (2014), 0.00095 m>/
m? (2015), 0.00086 m3/m? (2016), 0.00041 m*/m> (2017),
and 0.00086 m3/m3 (2018). Lower values indicate
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Fig.2 A time series of soil moisture (SM) of each station, area-averaged soil moisture (SM,,: mean value of soil moisture of all the stations)
and area-averaged rainfall (P,,.,: mean value of rainfall of two AWS) from April 2012 to September 6, 2018
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Fig.3 Time change of the value of the unbiased variance (s?) of the in situ soil moisture contents of all the stations

improvement in the homogeneity of the distribution of
in situ surface soil moisture at 3-cm depth.

Although linear correlation between the amount of
daily rainfall recorded by the AWSs at DRS and MGS is
evident in Fig. 4, it is not strong. Consequently, because
there is certain difference between the observations of the
AWSs at DRS and MGS, it could be conjectured that local
rainfall of different amounts occurs frequently at the other

stations in M1. The results of Figs. 3 and 4 suggest that
local rainfall amounts have an effect on the inhomogene-
ity of the distribution of in situ soil moisture.

2.3 AMSR2 L2 soil moisture product for evaluation

AMSR2 observations of soil moisture in M1 on a daily basis
are not perfect because the flight overpass path shifts
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Re. equa.: Y =0.745 X + 0.154
N: 2438, R: 0.655

P(mm/d) at DRS

0 10 20 30
P(mm/d) at MGS

Fig.4 Relationship of daily rainfall amount (P) between MGS and
DRS from 2012 to 2018 (N: the number of data, R: the correlation
coefficient of the linear regression line)

slightly. However, although soil moisture data were not
obtained on every day of the observation period, the rate
of acquisition of AMSR2 soil moisture data on days when
data were obtained was nearly 100% and the number of
days of acquisition during the observation period was
>82%. AMSR2 observations were largely unaffected by
radio frequency interference (RFI) during the observation
period despite SMOS having known RFI problems [23].

The obtained soil moisture data of all the stations were
averaged arithmetically from the available sampling points
within M1, and actual data from the AMSR2 L2 soil mois-
ture product were used for the evaluation. In principle,
the AMSR2 soil moisture measurement algorithm of [25]
is based on Koike's algorithm [26], and it uses the Polar
Index (P/) and the Index of Soil Wetness (ISW):

Tb_v - Tb_h
Pl= =" (1)

%(Tb,v + Tb,h)

Tb_high - Tb_/ow

ISW =
%(Tb_high + Tb_low)

()

where T, ,and T, , are the microwave radiative brightness
temperatures of the vertical and horizontal polarizations,
respectively. The subscripts high and low in Eq. (2) indicate
the frequencies of 36 and 10 GHz, respectively. The values
of Pl and ISW depend primarily on soil moisture and vege-
tation water content, respectively, rather than on the phys-
ical temperature. This is because the effects of the physi-
cal temperature can be minimized when dividing by the
average brightness temperature. The surface temperature
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is assumed constant at 293 K. Moreover, this algorithm
can also consider the effects of vegetation cover [27]. The
use of the 10-GHz frequency means that the size of one
pixel of the AMSR2 soil moisture measurement algorithm
is approximately 50 km [4]. According to the relationship
between penetration depth as a function of soil moisture
content and the three frequencies of 1.3, 4.0 and 10.0 GHz
[19, pp. 136-139], the soil moisture measurement depth
is not constant but depends on the total amount of water
within the soil layer (soil moisture content) and the meas-
urement frequency. Consequently, AMSR2 might not
detect in situ soil moisture for depth >~4 cm if using the
10-GHz frequency, as indicated in Eq. (2).

3 Results and discussion

3.1 Comparison of AMSR2 with in situ soil moisture
in M1

Figure 5 presents comparisons of the AMSR2 L2 soil
moisture products, obtained from both ascending and
descending orbits, together with in situ area-averaged soil
moisture at 3-cm depth in M1. The AMSR2 measured soil
moisture on ascending orbits between 13:00 and 15:00
local time and on descending orbits between 02:00 and
04:00 local time. Satisfactory timing is evident in both the
response patterns and the in situ soil moisture data, and
the differences between these factors are not large. Close
inspection of the AMSR2 soil moisture reveals less good
response to rainfall events in September 2012 (Fig. 5a),
late July to September 2013 (Fig. 5b), and mid-August to
early September 2018 (Fig. 5g). In addition, the AMSR2 soil
moisture also shows a rapid decrease after reaching a peak
in summer. For example, the reductions are particularly
rapid in early and mid-September 2012 (Fig. 5a), late July
2013 (Fig. 5b) and late May to early June 2014 (Fig. 5c¢).
Generally, the response of the AMSR2 soil moisture from
descending orbits is marginally better than from ascend-
ing orbits. In situ soil moisture has an influence on evapo-
ration from the soil surface. Therefore, the correspondence
of data from descending orbits is slightly better than from
ascending orbits because the measurements were per-
formed overnight.

The poor response of AMSR2 soil moisture during rain-
fall events, as mentioned above, especially in late July to
September 2013 (Fig. 5b) and in mid-August to early Sep-
tember 2018 (Fig. 5g), can be considered attributable to
the influence of temporary high soil moisture content and/
or pools of water on the soil surface during rainfall events.
Moreover, the AMSR?2 soil moisture algorithm cannot elim-
inate the influence of free water (intercepted rainwater)
on plants [28]. Therefore, the effect of free water on plants
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Fig.5 Comparison of AMSR2
L2 soil moisture product from
ascending (A) and descend-
ing (D) orbits with in situ
area-averaged soil moisture
(SM, ) at 3-cm depth and
area-averaged rainfall (P,
in M1 (2012-2018) red solid
line: in situ area-averaged soil
moisture, blue open circle:
AMSR2 soil moisture from
ascending orbits, green solid
circle: AMSR2 soil moisture
from descending orbits
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could result in a decrease in the accuracy of AMSR2 soil
moisture measurements.

Overall, satisfactory correspondence has been observed
in the response pattern, and the difference between the
AMSR?2 soil moisture data and the in situ soil moisture
content at 3-cm depth has not been particularly large for
7 years, implying that AMSR2 could measure soil moisture
as accurately and reliably as AMSR-E [21].

3.2 Measurement accuracy of AMSR2

Figure 6 illustrates the relationship between AMSR2 soil
moisture from descending orbits and in situ soil mois-
ture at 3-cm depth. This figure was drawn using data only
from the period with unfrozen soil (May-September) to
eliminate AMSR2 soil moisture measurements affected by
freezing and thawing of the soil [29]. As mentioned earlier,
AMSR2 soil moisture measurement from descending orbits
is better than from ascending orbits. Therefore, the AMSR2
soil moisture measurements from descending orbits were
considered in further discussion of measurement accuracy.

The data plotted in Fig. 6 are scattered mostly around
the 1:1 line, and the AMSR2 soil moisture data vary with
in situ soil moisture content. Careful inspection of Fig. 6
reveals the greatest amount of scatter illustrated is in
relation to 2018 (Fig. 6g), especially in the higher range
of in situ soil moisture, which is an indication of the poor
accuracy of AMSR2 soil moisture measurements. Figure 6
presents obvious underestimation of the AMSR2 soil mois-
ture measurements except for 2017 (Fig. 6f). The causes of
this underestimation are discussed later.
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To discuss more precise measurement accuracy and
performance capability, it is informative to compare
AMSR2 L2 and SMOS L2 soil moisture products. Some
earlier studies have evaluated the SMOS L2 soil moisture
product in Spain [30] and North America [31], reporting
high-measurement accuracy with RMSEs of < 0.05 m3/m?.
To obtain more reliable data from the SMOS soil moisture
products (ver. 650: the latest version as of December 2018),
this evaluation was made on the condition that the data
existence rate of successfully retrieved sampling points
was >60% in M1. The used data were checked based on
the value of the parameter RFI_Prob [32] and those for
which then value of RFI_Prob was > 0.6 were removed.

Figure 7 shows the temporal changes of AMSR2
(descending: around 03:00 local time) and SMOS (ascend-
ing: around 06:00 local time) soil moisture in 2013, 2015,
2017 and 2018, when the climatic conditions were impor-
tant and/or representative. Unfortunately, there were
insufficient SMOS data for full comparison with AMSR2
because of an inappropriate revisit time (i.e., not daily)
over M1 [23]. However, difference between AMSR2 and
SMOS is evident in terms of the pattern of change and the
magnitude of the values. Although the difference between
both satellites in 2015 and 2017 is unremarkable, the val-
ues of SMOS soil moisture vary more widely than AMSR2
in both 2013 and 2018. If anything, SMOS performed bet-
ter than AMSR2 in reflecting the hydrological decrease in
soil moisture after the peak. SMOS detected physical soil
moisture both during and after rainfall in mid-July to early
August 2013 (Fig. 7a), mid-August to early September 2018
(Fig. 7d), and during soil freezing/melting in mid-April/
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Fig. 6 Relationship between

in situ area-averaged soil mois-
ture (SM,,,) and AMSR2(D) soil
moisture (SM) in M1 from 2012
to 2018 (D: descending)
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October 2013 (Fig. 7a) and late October 2015 (Fig. 7b),
whereas reasonable measurements were not obtained by
AMSR2.

The poor response of AMSR2 on the descending orbit
during and after periods of soil freezing is because soil
moisture is measured after midnight, i.e., when the soil is
frozen in M1. As can be seen in Fig. 5b, f, g, AMSR2 on the
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ascending orbit (i.e., daytime overflight) was mostly rea-
sonable in measuring in situ soil moisture in cases of soil
freezing/melting. This reflects the advantage of AMSR2 in
acquiring soil moisture measurements, which is afforded
by its daily observational schedule [5].

The measurement accuracy of the AMSR2 L2 soil
moisture products was investigated systematically using
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statistical analyses, as represented by the comparative
results for AMSR2 and SMOS listed in Table 3, as well
as the data acquired in the months with unfrozen soil
(May-September) shown in Fig. 6. According to the bias
values in Table 3, the soil moisture content from AMSR2 is
underestimated slightly; however, these values are nearly
equal to those obtained during a validation case study in
Australia [10]. At 3-cm depth, the RMSE of AMSR2 varies
with year; the values range from 0.028 to 0.071 m3/m?3on
the ascending orbits and from 0.028 to 0.063 m3/m? on
the descending orbits. The mean value of the RMSE on
the descending orbit of AMSR2 is 0.042 m3/m?3. The sig-
nificant R (correlation coefficient of the linear regression
line) values suggest the data are mostly well correlated.
The RMSEs of AMSR?2 are slightly smaller than obtained
for AMSR-E [21]. Although the RMSE values of SMOS are
approximately the same as AMSR2, they vary obviously
with year and the differences are slightly smaller than
those of AMSR2 (Table 3).

The values for both satellites in 2013 (Table 3) are not
as good as in other years. It is shown in Table 2 that the
amount of rainfall in 2013 was the greatest of all the stud-
ied years. The RMSE of AMSR2 on the descending orbit
is best in 2015, the year with least rainfall. The RMSEs of
AMSR2 on the descending orbit in the wet years (2012,
2013 and 2018) are greater than in the dry years (2014 and
2015). Conversely, the values of bias in the dry years are
obviously smaller than in the wet years. Abundant rainfall
promotes wet conditions of a thin surface layer of soil and
temporary pooling on the soil surface, as well as active
development of vegetation that increases the possibility of
free water on plants [28] as mentioned above. These condi-
tions could potentially influence AMSR2 measurements of

surface soil moisture because in situ soil moisture change
can be considered driven by rainfall conditions. However,
Table 3 indicates that SMOS does not depend remarkably
on such rainfall conditions because it uses a single lower
frequency (1.4 GHz) that can measure deeper than AMSR2.
The rainfall effects are probably associated with the use of
the 10- and 36-GHz frequencies (see Eq. 2). In particular,
the shallower detection depth of the 36-GHz frequency
of AMSR2 can be supposed easily affected by such rainfall
conditions. These factors lead to the annual variation of
the RMSE and bias of AMSR2. More insightful discussion
could not be based on the findings of this study because
of insufficient data concerning the conditions of the upper
thin (0-5 cm) layer of soil in M1. However, it is established
that the RMSE is improved under conditions of low rainfall.

The values of bias of AMSR2 in Table 3 are negative
(except for 2017), which means AMSR2 generally under-
estimates soil moisture. Although, as shown in 2.3, the
AMSR?2 algorithm eliminates the effects by the frequency
difference, the values of brightness temperature and the
normalized difference vegetation index (NDVI) themselves
are affected directly by surface soil temperature and veg-
etation development, respectively. Thus, the effects of soil
temperature and vegetation [18, 33, 34] should be consid-
ered possible causes of the underestimation.

Figure 8 shows the relationship between the area-aver-
aged in situ soil temperature at 3-cm depth at the time
of AMSR2 soil moisture measurement and the AMSR2 soil
moisture during periods of no rainfall in 2013 (wet year)
and 2015 (dry year). The area-averaged in situ soil tem-
perature data, measured horizontally using a platinum
resistance temperature sensor (Climatec C-PTWP), are
obtained from all the stations listed in Table 1. There is no

Table 3 Evaluation results of

. ' Sensor_Year RMSE  BIAS R N Sensor_Year RMSE  BIAS R N

L2 soil moisture products of

AMSR2 and SMOS at 3-cm AMSR2(A) 2012 0058 -0.049 068 72 SMOS(A)2012 0064 0004 078 72

R’Azzt?odsu‘;gg;ﬁfa'::cﬁ‘;r:ar AMSR2(A)_2013 0071 -0.061 03 123 SMOS(A).2013 0063 —002 066 72

(2012-2018) AMSR2(A)_2014 0.034 -0016 054 132 SMOS(A)_2014 0.043 -0.008 054 76
AMSR2(A)_2015 0.028 —-0.012 039 130 SMOS(A)_2015 0.058 -0.002 037 70
AMSR2(A)_2016 0.041 —-001 041 126 SMOS(A)_2016 0032 -0.002 084 81
AMSR2(A)_2017 0.032 0004 053 124 SMOS(A)_2017 0.044 001 068 76
AMSR2(A)_2018  0.065 —0.014 0.13 106 SMOS(A)_2018 0.27 -0.012 093 64
AMSR2(D)_2012 0.05  -0.041 079 73 SMOS(D)_2012 - - - 2
AMSR2(D)_2013 0.058 —0.051 064 126 SMOS(D)_2013 0.069 -0.015 058 39
AMSR2(D)_2014 0.031 -0012 038 133 SMOS(D)_2014 005 -0.014 051 53
AMSR2(D)_2015 0.028 —-0.005 056 133 SMOS(D)_2015 0.042 -0.011 072 46
AMSR2(D)_2016 0.036 —0.001 059 128 SMOS(D)_2016 0.039 -0.005 076 50
AMSR2(D)_2017  0.031 0011 072 123 SMOS(D)_2017 0.033 0001 081 49
AMSR2(D)_2018 0.063 -0.012 038 105 SMOS(D)_2018 0.039 -0.007 081 55

Unit of RMSE and Bias: m3/m?; R: the correlation coefficient of the linear regression line; N: the number
of data; (A) ascending; (D) descending
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Fig.8 Relationship between the area-averaged situ soil tempera-
ture at 3-cm depth (ST,,.,) and AMSR2 soil moisture (SM) in M1: red
line shows the linear regression line

remarkable decrease or increase in AMSR2 soil moisture
with the increase in soil temperature within the range of
0-40 °C at 3-cm depth. Although these two factors are not
correlated, Fu et al. [18] highlighted the potential effect of
soil temperature based on analysis of the surface soil tem-
perature. The same results were obtained in other years.
The monthly averaged value change of the NDVI from
2012 to 2018 in M1 is illustrated in Fig. 9 using the NDVI
product data (MOD13A3, 0.05 deg, ver. 6) of the Terra
MODIS (Moderate Resolution Imaging Spectroradiom-
eter) [35]. This figure indicates poor plant development
in April and May, commencement of plant development
in June, and well-developed plants in August. According
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Fig.9 A time series of monthly averaged NDVI change in every
year from 2012 to 2018 in M1

to observers of the National Agency for Meteorology and
Environment (NAMEN) at the MGS and DRS monitoring
stations, the ground surface in M1 since 2000 tends to
be characterized by an almost complete cover of bare
soil in April-May and by mixed bare soil, short glass and
sporadic shrubs in summer (personal communications).
Figure 10 illustrates the relation of monthly averaged NDVI
to AMSR2 soil moisture on descending orbits in 2013 and
2015. As AMSR2 soil moisture change at a constant value
of NDVI is evident in this figure, no specific relationship
could be discerned between the two (analysis of other
years showed the same result). Therefore, soil temperature
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Fig. 10 Relationship between monthly averaged NDVI and
monthly averaged AMSR2 soil moisture (SM) in 2013 and 2015 in
M1
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change and vegetation development can be considered
not to influence the underestimation of AMSR2 soil mois-
ture measurement.

Similar to AMSR2, the bias values of SMOS (Table 3) are
mostly negative, which means the SMOS measurements
of soil moisture are generally underestimated. However, as
the values are relatively smaller and vary within a smaller
range in comparison with those of AMSR2, it appears that
SMOS is able to measure soil moisture more effectively
than AMSR2, which measures soil moisture at a shallower
depth. Fu et al. [18] attempted to validate AMSR2 soil
moisture measurements using in situ soil moisture at the
depth of 2.5 cm in a crop field. Their results produced a
value of negative bias (—0.094 m3/m>) slightly larger than
determined in this study (Table 3). In reality, as the value
of bias depends on rainfall conditions, it could be consid-
ered that there is difference between the depth of AMSR2
observations and in situ soil moisture measurements,
as highlighted by [17, 20]. Thus, a possible cause of the
underestimation of AMSR2 measurements could be the
sampling depth that is shallower than 3 cm.

The results in this section indicate best agreement
between in situ soil moisture content at 3-cm depth and
AMSR2 soil moisture measured on descending orbits.
Accordingly, although the RMSE value is affected by rain-
fall conditions and the AMSR2 soil moisture measure-
ments are underestimates because of the difference in soil
moisture sampling depths, it is likely that AMSR2 could
measure surface soil moisture in steppe areas with high-
measurement accuracy of <0.05 m3/m>.

4 Conclusions

The AMSR2 L2 soil moisture product (ver. 3) has provided
a reasonable match in terms of the response pattern of
in situ soil moisture and its value since 2012. The values
of RMSE and bias on the descending orbits varied from
0.028 to 0.063 m3/m? (mean value: 0.042 m3/m?3) and from
0.011 to —0.001 m3/m?3, respectively, with regard to the
relationship between AMSR2 L2 soil moisture and in situ
soil moisture at 3-cm depth. The values of RMSE and bias
of AMSR2 soil moisture measurements in M1 were found
better in cases of low rainfall, and they were unaffected
either by change of soil temperature at 3-cm depth or
by surface vegetation. Thus, AMSR2 could be considered
capable of estimation of average surface soil moisture con-
tent with high accuracy (< 0.05 m®/m3) and observation of
surface soil moisture with accuracy and stability equiva-
lent to SMOS. Although AMSR2 has been underestimating
soil moisture because of the non-optimal measurement
depth of in situ soil moisture, the AMSR2 L2 soil moisture
product has been shown to have high quality, and it has

proven useful for large-scale monitoring of surface soil
moisture in grassland areas. For improved measurement
of soil moisture, evaluations will be required using ade-
quate datasets of in situ soil moisture measurements at an
effective measurement depth, from other validation sites
with different surface conditions [36], and using other soil
moisture products such as the LPRM [17, 18].
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