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Abstract: Soil moisture reanalysis products can provide soil water information for the surface and root
zone soil layers, which are significant for understanding the water cycle and climate change. However,
the accuracy of multi-layer soil moisture datasets obtained from reanalysis products remains unclear
in some areas. In this study, we evaluated the root zone soil moisture of the ERA-Interim soil
moisture product, as well as the surface soil moisture based on in situ measurements from the
OzNet hydrological measurement network over southeast Australia. In general, the ERA-Interim
soil moisture product presents good agreement with in situ soil moisture values and can nicely
reflect time variations, with correlation coefficient (R) values in the range of 0.73 to 0.84 and unbiased
root mean square difference (ubRMSD) values from 0.035 m3·m−3 to 0.060 m3·m−3. Although the
ERA-Interim soil moisture also can reflect temporal dynamics of soil moisture at root zone layer
at depths of 28–100 cm, low correlations were found in winter. In addition, the ERA-Interim soil
moisture product overestimates in situ measurements at depths of 0–7 cm and 7–28 cm, whereas
the product shows underestimated values compared with in situ soil moisture at the root zone
of 28–100 cm. Consequently, the ERA-Interim soil moisture product has both high absolute and
temporal accuracy at depths of 7–28 cm, and the ERA-Interim soil moisture product can nicely capture
temporal dynamics at all the evaluated soil level depths, except for the depth of 28–100 cm during
the winter months. The contributions of terrain, vegetation cover, and soil texture to the model error
were addressed by feature importance estimations using the random forest (RF) algorithm. Results
indicate that terrain features may have an impact on the model errors. It is clear that the accuracy
of the ERA-Interim soil moisture can be improved by adjusting the assimilation scheme, and the
results of this study are expected to provide a comprehensive understanding of the model errors and
references for optimizing the model.

Keywords: soil moisture; ERA-Interim; OzNet; validation

1. Introduction

Soil acts as an important container for water on Earth [1]. Soil water plays a significant role in the
water cycle, and is a key medium between precipitation, vegetation water, and underground water [2].
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The measurement of soil water content is helpful for our understanding of the global water cycle,
as well as the occurrence and development of flooding and drought disasters [3–5]. In addition, the soil
water is a key variable in various hydrological and surface runoff models. Therefore, soil moisture
datasets are urgently needed in multiple hydrological applications and climatic studies [6].

In recent decades, satellite remote sensing has provided innovation in observational approaches of
soil moisture, making global observations of soil moisture possible at high temporal resolutions [7–12].
Microwave sensors onboard satellites have been the main sources for the retrieval of soil moisture
because of the penetration capacity of microwave signals and the sensitivity of backscatter to the
soil dielectric constant [13,14]. However, because of the effects of radio frequency interference and
the influence of vegetation signals, great uncertainties and data gaps exist in some areas [15–17].
Additionally, microwave sensors can only provide information about the surface soil layer, while the
root zone soil moisture is the main variable of interest for applications such as meteorological modelling
and hydrological studies [18–20].

The ERA-Interim is the latest global atmospheric reanalysis product, and was produced using a
sequential data assimilation scheme by the European Centre for Medium-Range Weather Forecasts
(ECMWF), and ERA stands for ‘ECMWF Re-Analysis’ and refers to a series of research projects at
ECMWF [21]. In the data assimilation system of ERA-Interim, available observations are combined
with prior information from a forecast model to estimate the evolving state of the global atmosphere
and its underlying surface [22]. The model estimates a wide variety of physical parameters such
as precipitation, turbulent fluxes, radiation fields, soil moisture, etc. The ERA-Interim reanalysis
product provides soil moisture information at four different soil level depths (0–7 cm, 7–28 cm,
28–100 cm, and 100–289 cm). Thus, spatially continuous root zone soil moisture can be obtained from
the ERA-Interim reanalysis product, as well as the surface layer soil moisture.

Validation and evaluation for the satellite-based and reanalysis soil moisture products have been
widely carried out [23–30]. The results showed the ERA-Interim reanalysis soil moisture product
not only captured the variation of in situ surface soil moisture well but also provided close absolute
values of the soil moisture observations of surface soil [26,31,32]. Therefore, the reanalysis products are
usually regarded as equivalent to observations because reanalysis represents available observations.
However, this is not always justifiable because there are large uncertainties which are always very
difficult to quantify in the empirical approach and interpolation schemes to analyze observations in the
assimilation system [21]. In addition, current evaluations were conducted mainly for the soil moisture
products at the surface layer; the performance of root zone ERA-Interim soil moisture is still unclear
in some areas. Although validations of the ECWMF soil moisture reanalysis have been conducted at
different soil depths [33], further in-depth discussions on the impacts of topography, vegetation cover,
and soil types are still urgently needed. Considering the water content and the temporal varies in
different soil layers [34,35], the evaluation of soil moisture in deeper soil layers, combined with the
influencing factors analysis, are significant for the comprehensive understating of the performance of
reanalysis soil moisture at different root-zone soil layer.

The objective of this paper is to investigate the ERA-Interim soil moisture product at different soil
layers based on the in situ monitoring network. The ERA-Interim soil moisture at depths of 0–7 cm,
7–28 cm, and 28–100 cm were validated against the in situ soil moisture from the OzNet hydrological
network in Australia. Consequently, this comprehensive comparison of different soil layers aims to
provide an understanding of how well the ERA-Interim soil moisture product performs at different
soil level depths, and try to identify the capacity of the ERA-Interim soil moisture for capturing the
soil moisture time variations under the conditions of the OzNet hydrological network.
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2. Data Resources and Method

2.1. Study Area and in Situ Measurements

We used in situ soil moisture measurements from OzNet hydrological network over southeast
Australia. The network is located in Murrumbidgee River Catchment in southern New South Wales,
Australia [36]. The Murrumbidgee Catchment represents a range of conditions typical of much of
temperate Australia, with a climate ranging from semiarid to humid. We used three subareas in the
OzNet network for validation. These three subareas are at different scales: the Adelong subarea is
at a scale of about 0.25◦ and includes five in situ sites; the Kyeamba subarea is at a scale of 0.5◦ and
there are 12 in situ sites in the network; and the Yanco subarea is at a scale fo 0.75◦ and includes 13 in
situ sites. The spatial distribution of the three subareas is shown in Figure 1. The OzNet hydrological
measurement network measures soil moisture at four different soil layer depths: 0–5 cm or 0–8 cm,
0–30 cm, 30–60 cm, and 60–90 cm. The original measurements were provided at 20- or 30-minute
intervals; daily soil moisture data were calculated by resampling the sub-hourly data to daily using
the average method.
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Figure 1. Spatial distribution of OzNet hydrological network sites. (The dashed grid in the figure
illustrates the pixel size of the ERA soil moisture of 0.25◦ × 0.25◦)

2.2. Soil Moisture Data from ERA-Iterim

The ERA-Interim is a global atmospheric reanalysis product produced by the European Centre
for Medium-Range Weather Forecasts (ECMWF). The product is based on a data assimilation system
that includes a four-dimensional variational analysis (4D-Var) with a 12-h analysis window [21,37,38].
The ERA-Interim soil moisture product uses soil depths at four levels (0–7 cm, 7–28 cm, 28–100 cm,
and 100–289 cm). In this study, we evaluated layers 1–3 of daily averaged ERA-Interim soil moisture
product from 2008 to 2012. The products were acquired at spatial resolution of 0.25◦ × 0.25◦ from the
data access website of the ECMWF (http://apps.ecmwf.int/datasets/data/interim-full-daily).

2.3. Method

The ERA-Interim (ERA) soil moisture dataset includes four soil depths. Although the OzNet
network also measures in soil water content at four depths, there exist inconsistencies between the
soil layer depths of the two datasets. The in situ soil moisture measures at 0–5 cm or 0–8 cm were
used to validate the top layer of ERA soil moisture (0–7 cm), and the soil moisture values at 0–30
cm were used to validate the second layer of ERA soil moisture (7–28 cm). The in situ observed soil
moisture values at depths of 30–60 cm and 60–90 cm were averaged to obtain average soil moisture at a
depth of 30–90 cm, which is basically consistent with the third layer of ERA soil moisture (28–100 cm).
The fourth layer of ERA soil moisture was not validated because of the lack of in situ measurements in
the corresponding depth. The corresponding relationship of the two datasets is shown in Table 1.

http://apps.ecmwf.int/datasets/data/interim-full-daily
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Table 1. The corresponding relationship of ERA soil moisture and OzNet in situ soil moisture.

Layers of ERA Soil Moisture Depths of OzNet Soil Moisture

Layer 1 (0–7 cm) 0–5 cm or 0–8 cm
Layer 2 (7–28 cm) 0–30 cm

Layer 3 (28–100 cm) Average of 30–60 cm and 60–90 cm

The validation was conducted at both the individual site and the subarea-average scale. The ERA
soil moisture was directly validated against the in situ soil moisture at each site. In addition, the in
situ soil moisture values at each subarea (Adelong, Kyeamba, and Yancon) were averaged for each
layer. The average in situ soil moisture were implemented to validate the average soil moisture in
the corresponding subarea. Four error metrics were utilized for validation of the ERA soil moisture,
which are the correlation coefficient (R), root mean square error (RMSE), unbiased root mean square
difference (ubRMSD), and bias. The expressions of these error metrics are shown as follows:

R =
∑n

i=1 [
(
Oi −O

)(
Pi − P

)
]√

[∑n
i=1
(
Oi −O

)2
]
√
[∑n

i=1
(

Pi − P
)2
]
, (1)

RMSE =
√

∑n
i=1(Oi − Pi)

2/n, (2)

ubRMSD =

√
∑n

i=1 [
(
Oi −O

)
−
(

Pi − P
)
]
2

n
, (3)

Bias =
∑n

i=1 Oi

∑n
i=1 Pi

− 1, (4)

where Oi is the in situ soil moisture measured by site i, Pi is the soil moisture estimated by the ERA
product at the location of site i; O is the mean value of all sites’ observations, and P is the mean
value of the estimated soil moisture at all the locations of sites. The seasonal performance of the
ERA soil moisture were also evaluated according to the local season division over the study area,
where September to November belongs to spring, March to May is autumn, the winter is from June to
August, and the summer includes December, January, and February.

3. Results and Discussion

3.1. Performance of ERA-Iterim Soil Moisure at Each Network

3.1.1. Adelong

The Adelong subarea includes five sites. The land cover type and latitude/longitude for each
individual site are shown in Table 2. Figure 2 shows comparison of the R, RMSE, ubRMSD, and bias
of different layers at each site. As can be seen from Figure 2, the ERA soil moisture has comparable
correlations at three layers, except for the A1 and A4 site. Layer 1 of the ERA (ERA/LYR1) soil
moisture generally produces higher RMSE and bias than layer 2 (ERA/LYR2) and layer 3 (ERA/LYR3)
against the in situ soil moisture at each individual site. However, the ubRMSD value of ERA layer
1 soil moisture is in general lower than for the other two layers at each site, ranging from 0.02 to
0.04 m3·m−3. Additionally, ERA/LYR1 apparently overestimates in situ soil moisture at individual
sites in Adelong, whereas ERA/LYR3 underestimates in situ soil moisture, with negative bias values
at each site. ERA/LYR3 also overestimates in situ measurements but with lower bias values than those
of ERA/LYR1.

Table 3 shows the error metrics of subarea average for different seasons at three soil layers. As can
be seen from Table 3, ERA/LYR1 and ERA/LYR2 have higher correlations with in situ soil moisture.
ERA/LYR2 soil moisture shows the best performance compared with the soil moisture data of other
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layers, with the highest R value (0.816) and the lowest RMSE (0.04 m3·m−3), ubRMSD (0.035 m3·m−3),
and bias (0.081). ERA/LYR1 soil moisture also has high correlations with in situ measurements
(R = 0.727), but the bias is also the highest among three layers (bias = 0.627). This indicates that
ERA/LYR1 soil moisture highly overestimates soil moisture at the top soil layer at Adelong subarea.
In addition, ERA/LYR3 performs more poorly than the ERA/LYR1 and ERA/LYR2 for soil moisture,
and tends to underestimate the in situ soil moisture.

Comparing the seasonal performance, the ERA soil moisture produces best correlations with in
situ soil moisture in summer at layer 1 and layer 2, but also produces higher bias values. The ERA soil
moisture in autumn at layer 1 and layer 2 performs the most poorly when compared with other seasons.
In winter, the ERA soil moisture produces the lowest RMSE, ubRMSD, and bias values. In addition,
the ubRMSDs of ERA/LYR1 and ERA/LYR2 range between 0.022 and 0.039 m3·m−3, and ERA/LYR2
tends to underestimate in situ soil moisture, with negative bias values. In other seasons, the ERA/LYR1
and ERA/LYR2 all overestimate in situ moisture. For ERA/LYR3, the correlation coefficients of spring,
summer, autumn, and winter are 0.623, 0.76, 0.749, and 0.045, respectively. The ERA/LYR3 soil
moisture shows the worst correlation with in situ measurements in winter.

The temporal behavior of the ERA soil moisture and in situ measurements were examined at
the three different layers. As can be seen from Figure 3, the ERA soil moisture at three layers can all
reflect the temporal trends of in situ soil moisture; ERA/LYR2 soil moisture performs the best and
nicely captures the in situ soil moisture dynamics. In general, ERA/LYR1 evidently overestimates in
situ top layer soil moisture and ERA/LYR3 underestimates in situ root zone soil moisture at depths
of 30–90 cm.

Table 2. The land cover types and latitudes/longitudes for sites of Adelong.

Site Number Latitude Longitude Land Cover Type

A1 −35.4975 148.106488 Savannas
A2 −35.4283 148.131626 Grasslands
A3 −35.3997 148.101076 Grasslands
A4 −35.3731 148.066082 Grasslands
A5 −35.3602 148.085427 Croplands
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Figure 2. Error metrics at each individual site in Adelong for different layers.

Table 3. The error metrics of three layers for Adelong area-averaged soil moisture. RMSE: root mean
square error; ubRMSD: unbiased root mean square difference; R: correlation coefficient.

Soil Layers Seasons R RMSE (m3·m−3) ubRMSD (m3·m−3) Bias

Layer 1

All seasons 0.727 0.104 0.037 0.627
Spring 0.685 0.104 0.039 0.558

Summer 0.839 0.118 0.025 0.976
Autumn 0.521 0.113 0.036 0.819
Winter 0.725 0.066 0.022 0.293
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Table 3. Cont.

Soil Layers Seasons R RMSE (m3·m−3) ubRMSD (m3·m−3) Bias

Layer 2

All seasons 0.816 0.040 0.035 0.081
Spring 0.853 0.033 0.030 0.055

Summer 0.881 0.049 0.024 0.214
Autumn 0.590 0.047 0.033 0.170
Winter 0.753 0.026 0.022 −0.048

Layer 3

All seasons 0.575 0.078 0.043 −0.202
Spring 0.623 0.070 0.040 −0.173

Summer 0.760 0.068 0.040 −0.177
Autumn 0.749 0.084 0.035 −0.244
Winter 0.045 0.089 0.052 −0.216
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Figure 3. Comparison of area-averaged soil moisture temporal behaviors between the ERA product
and in situ soil moisture at (a) layer 1, (b) layer 2, and (c) layer 3 in Adelong.

3.1.2. Kyeamba

The in situ soil moisture dataset from 12 sites in Kyeamba was used to validated the ERA soil
moisture. K1 and K9 were excluded because their measurements were unavailable in the acquired
in situ moisture datasets. Table 4 shows the land cover type and geolocation for each site. Figure 4
presents comparisons of error metrics of different layers at each individual site. ERA/LYR3 soil
moisture has negative correlation with in situ measurements at the K12 site, and it produces the
highest RMSE at K12. At other sites in of Kyeamba, ERA/LYR3 generally has the lowest R value as
compared to ERA/LYR1 and ERA/LYR2. However, ERA/LYR3 has the lowest ubRMSD values in
terms of in situ soil moisture at each site except for K12, and ERA/LYR1 has the highest ubRMSD
values. Negative bias values occur in most sites at the layer 3, indicating the underestimation of the
ERA/LYR3 soil moisture against the in situ measurements.

Table 5 summarizes the error metrics of the three soil layers at Kyeamba subarea. ERA/LYR1
shows the best correlation with in situ soil moisture (R = 0.839), and the R values of ERA/LYR2 and
ERA/LYR3 against the in situ measurements are 0.792 and 0.682. However, the RMSE, ubRMSD,
and bias values of the ERA/LYR1 are higher than those of other two layers. Similar to Adelong,
ERA/LYR1 and ERA/LYR2 overestimate the in situ soil moisture, while ERA/LYR3 produces
underestimations. Comparing the seasonal performance, the soil moisture datasets have lowest
correlation coefficients with in situ moisture in winter compared with other seasons. However, at layer
1 and layer 2, it also produces the lowest bias values. For ERA/LYR1, the modeled soil moisture has
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the highest correlations with in situ soil moisture in summer (R = 0.884); the ubRMSD values for the
four seasons are in 0.036–0.060 m3·m−3, with the lowest value in autumn and the highest value in
winter. For the ERA/LYR2, the R values of different seasons range from 0.761 to 0.819 m3·m−3, and the
summer data has the outstanding consistency to in situ data, while the winter data performs poorly.
At layer 3, modeled soil moisture in summer performs better than other seasons, with the highest R
and lowest ubRMSD and bias.

Figure 5 illustrates the comparison of soil moisture temporal variations of different soil layers.
It can be found that the ERA soil moisture can capture soil moisture temporal dynamics at three layers
during the entire period. At layer 1 and layer 2, the ERA soil moisture generally overestimates the in
situ value. On the contrary, the modeled soil moisture underestimates in situ measurements at layer 3.
In addition, as can be seen from Figure 5, the root zone (layer 3) soil moisture values are more stable
over time, and the surface soil moisture shows higher temporal variability.

Table 4. The land cover types and latitudes/longitudes for sites in Kyeamba.

Site
Number Latitude Longitude Land Cover

Type
Site

Number Latitude Longitude Land Cover
Type

K2 −35.4353 147.531 Croplands K8 −35.3163 147.344 Grasslands
K3 −35.4341 147.569 Grasslands K10 −35.324 147.535 Croplands
K4 −35.4269 147.6 Croplands K11 −35.272 147.429 Grasslands
K5 −35.4193 147.604 Croplands K12 −35.2275 147.485 Croplands
K6 −35.3898 147.457 Grasslands K13 −35.2389 147.533 Grasslands
K7 −35.3939 147.566 Grasslands K14 −35.1249 147.497 Croplands
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Table 5. The error metrics of three layers for Kyeamba area-averaged soil moisture.

Soil Layers Seasons R RMSE (m3·m−3) ubRMSD (m3·m−3) Bias

Layer 1

All seasons 0.839 0.079 0.060 0.319
Spring 0.840 0.086 0.059 0.379

Summer 0.884 0.080 0.049 0.472
Autumn 0.843 0.086 0.036 0.632
Winter 0.671 0.060 0.060 −0.023

Layer 2

All seasons 0.792 0.064 0.038 0.310
Spring 0.781 0.078 0.042 0.392

Summer 0.819 0.065 0.030 0.406
Autumn 0.794 0.069 0.027 0.468
Winter 0.761 0.035 0.031 0.083

Layer 3

All seasons 0.682 0.066 0.033 −0.210
Spring 0.830 0.048 0.023 −0.149

Summer 0.689 0.059 0.029 −0.201
Autumn 0.702 0.066 0.035 −0.224
Winter 0.617 0.083 0.031 −0.264
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and in situ soil moisture at (a) layer 1, (b) layer 2, and (c) layer 3 at Kyeamba.

3.1.3. Yanco

The Yanco subarea includes 13 sites, which are evenly distributed in an area at a scale of about
0.75◦ × 0.75◦. The geolocation and land cover type of each site in Yanco subarea are shown in Table 6.
The error metrics of different layers at individual sites are shown in Figure 6. In general, ERA/LYR1
has good correlation with in situ measurements at the site scale, however, it also has higher RMSE
and bias values. Evident overestimations occur at surface soil moisture. Table 7 summarizes the error
metrics for subarea-averaged soil moisture. Comparisons of temporal variations between ERA and in
situ moisture are displayed in Figure 7.

As is shown in Table 7 and Figure 7, the ERA surface soil moisture shows high correlations with
in situ soil moisture and perfectly captures the temporal dynamics of in situ measurements, with an R
value of 0.84. However, it overestimates soil moisture, especially in summer and autumn. The bias
for surface soil moisture in autumn is more than 1.0. For the ERA/LYR2, it produces lower RMSE,
ubRMSD, and bias than the other two layers. According to Figure 7, ERA/LYR2 precisely reflects the
temporal trends of in situ moisture and also has good agreement with the in situ values. In addition,
ERA/LYR2 in autumn has a higher bias value than those of other seasons. ERA/LYR3 has a poor
correlation with in situ soil moisture (R = 0.559), but this is mainly caused by the great discrepancy in
winter (R = 0.220).

In general, at the Yanco subarea, ERA/LYR2 soil moisture is in greater accordance with the
in situ measurements compared to the other layers, and the ERA/LYR1 soil moisture does well in
capturing the temporal variations of in situ soil moisture. In addition, the above two layers of soil
moisture generally overestimate the in situ soil moisture, whereas layer 3 of ERA soil moisture has
underestimations compared with the in situ values.

Table 6. The land cover types and latitudes/longitudes for sites of Yanco.

Site
Number Latitude Longitude Land Cover Type Site

Number Latitude Longitude Land Cover
Type

Y1 −34.6289 145.849 Croplands Y8 −34.847 146.414 Croplands
Y2 −34.6548 146.11 Grasslands Y9 −34.9678 146.016 Grasslands
Y3 −34.6208 146.424 Croplands Y10 −35.0054 146.31 Grasslands
Y4 −34.7194 146.02 Croplands Y11 −35.1098 145.936 Grasslands
Y5 −34.7284 146.293 Grasslands Y12 −35.0696 146.169 Croplands
Y6 −34.8426 145.867 Grasslands Y13 −35.0903 146.306 Grasslands
Y7 −34.8518 146.115 Open shrublands
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Table 7. The error metrics of three layers for Yanco area-averaged soil moisture.

Soil Layers Seasons R RMSE (m3·m−3) ubRMSD (m3·m−3) Bias

Layer 1

All seasons 0.840 0.103 0.047 0.741
Spring 0.847 0.106 0.053 0.726

Summer 0.832 0.106 0.050 0.921
Autumn 0.755 0.111 0.041 1.024
Winter 0.798 0.083 0.038 0.420

Layer 2

All seasons 0.738 0.045 0.044 0.022
Spring 0.768 0.039 0.039 0.013

Summer 0.742 0.047 0.047 −0.010
Autumn 0.700 0.042 0.037 0.105
Winter 0.665 0.050 0.050 −0.006

Layer 3

All seasons 0.559 0.076 0.043 −0.231
Spring 0.821 0.072 0.040 −0.211

Summer 0.716 0.083 0.038 −0.276
Autumn 0.812 0.085 0.035 −0.281
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3.2. Inter-Comparison of Different Layers

To have a comprehensive perspective of the performance of ERA multi-layer soil moisture
product over the OzNet network, we plotted Taylor diagrams for illustrating the normalized bias,
the normalized standard deviation, and the correlations. The in situ soil moisture at layer 1 was
considered as the reference data (Figure 8). The Taylor diagram indicates the relative bias and standard
deviations of the investigated data from the reference data. The temporal variations of the standard
deviation among three soil layers for ERA and in situ soil moisture are plotted in Figure 9.

Comparing the performance of ERA soil moisture at different depths, the surface soil moisture of
ERA (0–7 cm) generally has the best correlations with in situ soil moisture, but also has the highest
ubRMSD and bias values. The positive bias values between ERA surface soil moisture and in situ
measurements indicate the overestimations of the ERA product to the in situ soil moisture at the
surface soil layer. According to the evaluation results over Tibetan Plateau and southwest China
by Peng et al. and Zeng et al. [26,31], the ERA surface soil moisture also has overestimated trends
over those areas; however, the degree of bias deviations are smaller than their results in the above
studies. Moreover, the ubRMSD and correlation coefficients in the above two studies are similar to the
evaluated results in this study, indicating that the capacity of the ERA-Interim product for revealing
temporal dynamics of surface soil moisture is reliable across different regions. However, the absolute
magnitudes differ among different networks.

The ERA soil moisture at depths of 7–28 cm has lower correlation coefficients than the depth
of 0–7 cm, but also lower ubRMSD and bias. The ERA soil moisture at layer 2 is generally closer to
the absolute magnitudes of in situ soil moisture. According to the examinations of the soil moisture
temporal behavior, the top two layers of soil moisture present similar temporal characteristics. This is
true for both the ERA and in situ soil moisture. However, according the Figure 8, the in situ soil
moisture of layer 1 and layer 2 show varied correlations and different standard deviations, whereas the
ERA soil moisture of layer 1 and layer 2 present very close correlations and similar standard deviations.
This is also can be inferred from Figure 9: the standard deviations of soil moisture of three depths for
ERA product are almost constant values between 0.0 and 0.01.

The ERA soil moisture of root zone depth (28–100 cm) has the lowest correlations and
underestimates the in situ soil moisture, while layer 1 and layer 2 of ERA soil moisture overestimate in
situ soil moisture. The ERA soil moisture prevalently has higher correlations with in situ values in local
spring and summer months than those in autumn and winter. The ERA soil moisture in winter months
shows the lowest correlation coefficients. However, the bias values in winter are lower than other
seasons. In general, the ubRMSD of different layers and subareas are all smaller than 0.06 m3·m−3.

In addition, as can be inferred from Figures 3, 5, 7 and 8, in situ root zone soil moisture values
increase with the increasing soil depth and the temporal variations decrease gradually with increasing
soil depth. The decreasing temporal variations indicate time stability improves with increasing depth
and the in situ surface soil moisture is more variable than the root zone soil moisture. This difference
between surface and root zone soil moisture can be explained by the fact that surface soil moisture is
more affected by atmospheric conditions than root zone soil moisture [39–41]. However, according to
Figure 9, the standard deviations between the three depths of the ERA soil moisture are much smaller
than those of in situ soil moisture. This implies that the ERA soil moisture values of different layers
have much fewer differences and smaller inter-deviations compared with the in situ soil moisture of
different soil layers. Therefore, the ERA soil moisture product may fail to reflect the internal differences
between different layers of in situ soil moisture.

The ERA soil moisture at three layers, in general, can be recommended if only the temporal
accuracy is needed, while the ERA soil moisture at depths of 7–28 cm has higher absolute accuracy as
compared to the soil moisture at depths of 0–7 cm and 28–100 cm.
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3.3. Relationship between Model Error and Local Environmental Factors

It is a difficult task to quantify the source of the land surface model error. In this section,
we statistically analyzed the feature importance of some local factors to the errors of the ERA-interim
soil moisture, including altitude, terrain slope, land cover types, and soil texture, to address the possible
influencing features. An ensemble learning algorithm, the random forest (RF), was implemented to
analyze the impacts of local environmental factors. The RF algorithm can measure feature importance
by using a cross-validation strategy based on out-of-bag data (OOB) predictions. The sum of the
feature importance values is 1.0, and greater feature importance value indicates a higher impact of the
independent variable on the target dependent variable. Details of the algorithms can be read from
relative publications [42,43]. In practice, the error metrics were considered as the dependent variables
and the elevation, terrain slope, land cover types, and soil texture at each station were considered
as independent variables. The feature importance of each independent variable was measured by
running the algorithm over each metric.

Figure 10 shows the feature importance values at different soil depths. As is shown in Figure 10,
the elevation and terrain slope have close relations with the error metrics at different soil depths.
However, the feature importance values for elevation and terrain slopes vary at different soil layers.
Specifically, elevation and slope have similar feature importance values, but at layer 2 and layer 3,
the feature importance value of elevation is higher than that of slope. A possible reason for this is
the terrain slope may have more impacts on the surface soil moisture than deep layers. In theory,
a steeper slope leads to drier biases of the surface soil moisture from satellite-based soil moisture
retrievals [44–46]. These errors may have impacts on the assimilation systems that use remote
sensing datasets.Water 2018, 10, x FOR PEER REVIEW  13 of 18 
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Figure 10. The feature importance values of four factors at different soil depths.

Land cover type and soil texture, according to Figure 10, have low importance feature values.
Figure 11 illustrates the land cover map and soil texture map of the study area, which are derived
from the GlobCover 2009 obtained from the European Space Agency (ESA) GlobCover project [47]
and the Harmonized World Soil Database (HWSD) v1.2 [48]. The land cover types and soil textures
in the region are homogeneous; most of the region is covered by grasslands and croplands. Tables 8
and 9 summarize average error metrics for each different land cover types and soil textures. It can
be seen that averaged R2, RMSE, ubRMSD, and bias values for croplands and grasslands have small
differences. This is consistent with the feature importance analyzing results. In addition, the latest data
assimilation system of ECMWF considered the soil texture in the interpolation to the model grid [21],
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instead of using the constant soil texture in previous version [49]. Thus, this scheme is able to decrease
the model biases over different soil types.
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Table 8. The average error metrics of three layers for different land cover types.

Soil Layers Land Cover Type R RMSE
(m3·m−3)

UbRMSD
(m3·m−3) Bias Number of

Stations

Soil layer 1

Croplands 0.78 0.11 0.06 0.73 12
Grasslands 0.77 0.11 0.06 0.77 16

Open shrublands 0.79 0.13 0.04 1.38 1
Savannas 0.79 0.08 0.04 0.38 1

Soil layer 2

Croplands 0.74 0.08 0.05 0.34 12
Grasslands 0.72 0.08 0.05 0.28 16

Open shrublands 0.60 0.06 0.05 0.17 1
Savannas 0.75 0.05 0.05 −0.08 1

Soil layer 3

Croplands 0.60 0.10 0.04 −0.14 12
Grasslands 0.61 0.08 0.04 −0.12 16

Open shrublands 0.59 0.04 0.03 −0.15 1
Savannas 0.21 0.12 0.06 −0.30 1

Table 9. The average error metrics of three layers for different soil textures.

Soil Layers Land Cover Type R RMSE
(m3·m−3)

UbRMSD
(m3·m−3) Bias Number of

Stations

Soil layer 1

Loamy sand 0.76 0.11 0.06 0.77 9
Sandy clay loam 0.73 0.13 0.04 1.07 2

Silty loam 0.76 0.12 0.07 0.81 11
Sandy loam 0.82 0.10 0.05 0.59 8

Soil layer 2

Loamy sand 0.64 0.09 0.07 0.06 9
Sandy clay loam 0.79 0.07 0.05 0.18 2

Silty loam 0.73 0.07 0.05 0.31 11
Sandy loam 0.81 0.08 0.04 0.55 8

Soil layer 3

Loamy sand 0.50 0.09 0.04 -0.22 9
Sandy clay loam 0.52 0.10 0.05 -0.25 2

Silty loam 0.58 0.11 0.04 −0.20 11
Sandy loam 0.72 0.06 0.03 0.07 8
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To furtherly address the relationship between terrain factors and the model errors, we plotted the
R and ubRMSD and the altitude and slopes as scattered plots (Figure 12). As is shown in Figure 12,
the model errors at individual stations have an evident negative relation with the terrain factors.
Specifically, the R values tend to increase with the increasing of slopes and elevation, and the
ubRMSD values are greater at stations at higher altitude and slopes. A possible explanation is
that the observations at higher altitudes may have a greater contribution to the given model grid.
This indicates that the model results have the potential to be improved by adjusting the assimilation
scheme. However, it should be noted that results in this study are within the confines of the given
model grid, and further analysis and validation over broader area need to be conducted by introducing
more observations.Water 2018, 10, x FOR PEER REVIEW  15 of 18 
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4. Conclusions

Root zone soil moisture is as important as surface soil moisture in various hydrological models.
Limited by the penetration depth of microwave signals, satellite-based soil moisture data can only
provide quantitative information about the water content of a shallow near surface layer. Root zone
soil moisture can be estimated by using assimilation algorithms that combine observations and model
trajectory. Soil water content information in deeper layers can then be propagated from surface
observations. However, few systemic evaluations on the multi-layer reanalysis soil moisture from
surface to root zone have been carried out currently. In this study, we evaluated the ERA-Interim
reanalysis soil moisture at soil level depths of 0–7 cm, 7–28 cm, and 28–100 cm based on in situ
measurements of the OzNet hydrological network over southeast Australia. A corresponding
relationship between the soil layer depths of ERA-Interim and the measured depths of in situ sites of
the OzNet network was established.

Generally, the ERA soil moisture product at depths of 0–7 cm and 7–28 cm show good agreement
with in situ measurements and nicely capture the time variations of in situ soil moisture. The R value
of the ERA soil moisture at the top two layers ranges from 0.73 to 0.84, and the ubRMSD of these
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two layers ranges from 0.035 m3·m−3 to 0.060 m3·m−3. At the root zone of 28–100 cm, the ERA soil
moisture product shows poorer performance than other two layers. The R value at layer 3 ranges
from 0.56 to 0.68; these are lower values than for layer 1 and layer 2. This relative poorer correlation is
mainly caused by the discrepancy in winter months. Additionally, The ubRMSD for layer 3 ranges
between 0.031 m3·m-3 and 0.052 m3·m−3. In general, the ERA soil moisture also can reflect temporal
dynamics of soil moisture at root zone layer, but low correlations can be found in winter. At the top two
layers, the ERA soil moisture product overestimates in situ measurements, whereas the product shows
underestimations comparing with in situ soil moisture at root zone of 28–100 cm. The performance
of ERA soil moisture product varied remarkably during different seasons, especially for soil depths
of 28–100 cm in winter. The R values at Adelong and Yanco for ERA layer 3 soil moisture in the
winter are 0.045 and 0.22, much lower than those in other seasons. Moreover, the ERA soil moisture
of different layers shows much fewer differences and smaller inter-deviations compared with the
in situ soil moisture of different soil layers, indicating the ERA soil moisture does not well reflect
inter-variations through soil layers.

Although a corresponding relationship between the soil layer depths of ERA and the measured
depths of in situ sites of the OzNet network was established in this study, the deepest depth researched
by the OzNet network in situ sites is 90 cm, shallower than for the ERA soil moisture product. Therefore,
it should be noted that the layer depths of the two datasets did not strictly correspond. This study
focused on the OzNet hydrological network in southeast Australia, and the land cover types of those
implemented sites are mainly grasslands and croplands. Thus, the conclusions in this study may not
reflect the product’s accuracy in other areas and other landscapes. A comprehensive understanding
of the ERA-Interim soil moisture product at different soil level depths would require more systemic
analysis with a greater number of networks across the globe in the future.
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