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Abstract

Targeting nationwide automatic soil moisture real-time hourly observation data,
and combining instrument calibration methods, soil hydrophysical constants,
and other factors, this study investigates the inherent variation characteristics
of soil moisture, analyzes the error sources of anomalous data and threshold de-
termination, and conducts quality control experiments and tests on soil moisture
observation data using five methods: frequency detection, limit value detection,
no-precipitation mutation detection, anomalous peak detection, and constant
value detection. The results show that: (1) Automatic soil moisture anomalous
data are mainly categorized into gross values, mutations, anomalous peaks, and
frozen values, primarily caused by instrument failure, inaccurate determination
of soil hydrophysical constants, unreasonable sensor calibration, and other such
reasons. (2) Frequency detection can effectively detect erroneous data caused by
instrument failure. Currently, this method has been applied to the integrated
meteorological observation data quality control operational system for conduct-
ing quality control and quality assessment of nationwide real-time automatic
soil moisture hourly data.
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Abstract: Soil moisture serves as a critical parameter in climate models, hy-
drological models, ecological models, and land surface process models, and rep-
resents an important indicator for studying soil erosion, crop drought monitor-
ing, and yield prediction. Frequency domain reflectometry (FDR) technology
has become one of the most promising ground-based soil moisture monitoring
techniques due to its high precision, high spatiotemporal resolution, real-time
capability, and all-weather operation. The meteorological department in China
has established an automatic soil moisture observation network based on this
method. However, multiple factors affect the accuracy of FDR sensor mea-
surements during observation, including temperature, soil texture, calibration
methods, and equipment stability and maintenance, which in turn impact the
operational application of soil moisture data. To fully leverage the network
data for drought monitoring and early warning, satellite product validation, and
model simulation evaluation, research on quality impact factors and processing
algorithms for soil moisture data is essential.

Unlike conventional meteorological observation data, soil moisture observation
data exhibit extremely uneven spatial distribution and are significantly influ-
enced by soil texture and structure, calibration equations, and other factors.
Currently, no standardized operational real-time data quality control system
exists. In recent years, scholars have dedicated efforts to developing automatic
quality control techniques for soil moisture data. Zhang Zhifu [1] developed a
quality control scheme applicable to hourly data from national automatic soil
moisture stations through statistical analysis of extreme values in long-term
manually observed soil moisture data. Wang Xiaodong et al. [2] explored the
primary causes of errors in automatic soil moisture data through analysis of abso-
lute errors and correlations between manual and automatic observations, prelim-
inarily establishing an operational quality control method for Anhui Province.
Wang Liangyu et al. [3] proposed a quality control early warning method for
soil moisture data by analyzing relationships among automatic soil moisture
data and considering soil water redistribution patterns. Wu Dongli et al. [4]
examined soil moisture data using range checks, temporal variation checks, and
persistence checks. Wang Jiagiang et al. [5] introduced relationships between
ground temperature and precipitation, proposing a set of quality control meth-
ods for national automatic soil moisture observation data from perspectives of
threshold checks, internal consistency checks, and temporal consistency checks.
While these methods predominantly employ threshold-setting approaches that
are relatively simple yet effective at identifying anomalies within thresholds,
Dorigo et al. [6] adopted spectral analysis methods to systematically establish
new approaches for screening and eliminating abnormal values from European
International Soil Moisture Network data, which subsequent scholars have ex-
tensively applied. These research achievements provide the foundation for the
preprocessing and quality control scheme design for soil moisture data in this
study.

This research focuses on real-time hourly observation data from national auto-
matic soil moisture stations in China. By integrating instrument calibration
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methods and soil hydrophysical constants, we investigate the inherent variation
characteristics of soil moisture, analyze error sources and threshold determina-
tion for abnormal data, and conduct quality control experiments and verification
using five methods: frequency detection, threshold detection, no-precipitation
sudden change detection, abnormal peak detection, and constant value detec-
tion. Results demonstrate that: (1) Automatic soil moisture abnormal data
primarily consist of gross errors, mutations, abnormal peaks, and frozen val-
ues, mainly caused by instrument malfunction, inaccurate determination of soil
hydrophysical constants, and unreasonable sensor calibration. (2) Frequency
detection can effectively identify erroneous data caused by instrument failure.
Currently, this method has been applied in the Integrated Meteorological Obser-
vation Data Quality Control Business System for quality control and assessment
of national real-time automatic soil moisture hourly data.

Keywords: automatic soil moisture; quality control; abnormal data; instru-
ment principle

2.1 Variation Characteristics of Soil Volumetric Water Con-
tent

Precipitation constitutes a crucial factor affecting soil volumetric water content.
Following precipitation events, soil volumetric water content increases (using 30
cm as an example). As precipitation infiltrates and replenishes soil moisture, the
content rapidly decreases after reaching its peak, with soil transitioning from
wet to dry and eventually stabilizing (Figure 1). Since the dielectric constant
of ice is significantly lower than that of water, soil volumetric water content
during freezing periods is noticeably lower than normal values. Soil volumetric
water content is also notably influenced by temperature [7]; during freeze-thaw
processes, it decreases with falling temperature and increases with rising tem-
perature (Figure 2). The soil surface layer (0-10 ¢cm) represents the interface
between the entire soil profile and the external natural environment, directly af-
fected by external factors such as precipitation and evaporation. Consequently,
the coefficient of variation for soil volumetric water content is greater in surface
layers compared to deeper soils [8]. Beyond the surface layer, soil volumetric wa-
ter content across various depths exhibits high correlation, with adjacent layers
showing extremely significant correlations and obvious interactions [9].

2.2 Analysis of Abnormal Data Error Sources

Automatic soil moisture sensors employ the frequency domain reflectometry
method, utilizing high-frequency electronic oscillation circuits to measure the
dielectric constant of media based on electromagnetic wave propagation veloc-
ity, thereby obtaining soil moisture. Observation data are categorized into mea-
sured values and derived values. Measured values represent the frequency or
voltage directly measured by the sensor. Volumetric water content constitutes
primary data calculated from measured values using parameter equations from
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laboratory and field calibrations. Soil weight water content, relative humidity,
and effective water storage capacity represent secondary data converted from
primary data through soil hydrophysical constants determined via manual mea-
surement.

Automatic soil moisture observation depths comprise eight layers: 0-10 cm,
10-20 c¢m, 20-30 cm, 3040 cm, 40-50 cm, 50—60 cm, 60-70 c¢m, and 70-80
cm. In practice, observation depths can be adjusted according to requirements,
combined with soil texture, groundwater level, and parent material layer depth
[10].

Due to sensor failure, sudden changes in soil moisture between adjacent time
intervals may occur without precipitation or when precipitation is below a cer-
tain threshold (Figure 2a). During soil cracking, observed soil moisture values
continuously decrease over time until approaching or reaching 0, a phenomenon
that frequently occurs in clay soils [11] (Figure 2b). During continuous precip-
itation events, soil volumetric water content may remain unchanged or change
minimally for extended periods (Figure 2c¢). Unreasonable sensor calibration or
non-representative observation site values can cause systematic errors between
measured and actual soil moisture values. Appropriate sensor recalibration can
restore normal soil moisture values (Figure 2d, dashed line).

2.3 Abnormal Data Detection Methods
2.3.1 Frequency-Based Instrument Failure Detection Method (FD)

According to the observation principle of soil moisture sensors, frequencies mea-
sured in soil should fall between those measured in air and water. By investigat-
ing and analyzing these variation characteristics to determine threshold values,
instrument failure-induced data errors can be detected. This study establishes
the following criteria:

D : D D D D D
ft < mln(ft,air’ ft,water) or ft > max(ft,air’ ft,water)

where fP represents the frequency value measured by the sensor at depth D at
time ¢; f,f’air and f,f’water represent frequency values measured by the sensor in
water and air, respectively; and fP is the measured value of the soil sensor at
depth D at time t.

2.3.2 Threshold Detection for Volumetric Water Content and Relative
Humidity (VD & RHD)

Based on the measurement range of soil moisture sensors and considering wa-
ter retention characteristics of soil texture, thresholds are established using the
volumetric water content achievable when clay (with the best water retention)
is oversaturated (Equation 2). However, oversaturation caused by irrigation
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or heavy precipitation, along with potentially underestimated field capacity pa-
rameters, may result in short-term relative humidity values exceeding 100%.
Therefore, thresholds are set using three times the standard deviation [12], with
values beyond this range considered gross errors indicating erroneous data.

XP <60 or VP <180

where X represents the volumetric water content at depth D at time ¢; Y,
represents the relative humidity at depth D at time t.

For example, at Saihan District in Inner Mongolia during August 2018, the
second-layer soil volumetric water content showed anomalies (marked in red in
Figure 3a). Verification with the station confirmed that the issue stemmed from
inappropriate instrument calibration. After recalibration, the volumetric water
content observations returned to normal (dashed line in Figure 3a). At Qinghai
Biantan during November 2018, the first-layer soil relative humidity was ab-
normal (Figure 3b), fluctuating between 150%-350%. Both parameters showed
obvious positive responses to precipitation, leading to a preliminary diagnosis
of inaccurate soil hydrophysical constant determination. After parameter ad-
justment, relative humidity recovered from abnormal levels to the normal range

of 39.8%.

2.3.3 No-Precipitation Sudden Change Detection (SBD)

Precipitation serves as an important variable affecting soil moisture variation.
No-precipitation sudden change detection identifies abnormal values based on
the consistency relationship between precipitation and soil moisture. At time
t, if the cumulative precipitation is less than or equal to a critical value and
satisfies Equation (3), the value is considered abnormal.

XtD > Xt[il + 20’)? and Pcum S Pcrit
where X7 is the soil volumetric water content at depth D at time ¢; X is
the soil volumetric water content at depth D at the previous time; o& is the
standard deviation of soil volumetric water content at depth D over the past 48
hours; P.,,, is the cumulative precipitation; and P, is the critical cumulative

cum

precipitation threshold.

The critical cumulative precipitation threshold is related to observation depth
and sensor precision, calculated using Equation (4):

P..=AxDxp

where D is the sensor observation depth (m); A is the sensor precision, typically
valued at 0.05 m3/m?3; and p is soil porosity. A and p typically use empirical
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values. Precipitation-based detection of abnormal soil volumetric water content
values is more suitable for surface layers (0-10 cm).

2.3.4 Abnormal Peak Detection (PD)

This method addresses the issue of erroneously marking increases in soil water
content caused by precipitation as errors. An algorithm based on the time series
variation of soil volumetric water content and its second derivative identifies
abnormal peaks. If the observation value at time t at depth D increases or
decreases by at least 15% compared to the previous moment, it is considered a
potential abnormal peak (Equation 5).

XP>115x XP, or XP <085 x XP,

A second derivative is added for further detection of these potential abnormal
peaks. If the ratio of the second derivative of soil volumetric water content at
time t to that at time ¢ —1 falls between 0.8-1.2, the value is considered normal;
otherwise, it is abnormal (Equation 6).

nD

X
08 < Lo <12
xrb

The second derivative is obtained using Savitzky-Golay filtering with a 3-hour
window and quadratic polynomial fitting:

Xt”D = X£1 - 2XtD + Xgl
Since the second derivative is not suitable for random noise, the relationship
between the mean (m) and variance (S2) of soil volumetric water content within
48 hours before and after time ¢ is added as a detection condition (Equation 8).
If the observation value simultaneously satisfies Equations (5), (6), and (8), it
is considered an abnormal peak.

For example, at Hubei Jingshan Station during July 2019, the first-layer soil
volumetric water content was abnormal (marked in red in Figure 3c), remain-
ing at 39.8% for an extended period, which is inconsistent with soil moisture
variation characteristics.

2.3.5 Constant Value Detection (CD)

Constant value detection, also called minimum variation detection, addresses un-
realistic observation records caused by instrument failure, frost, or other factors
resulting in unchanged or minimally changed values over time. To distinguish
normal oversaturation caused by precipitation, the condition must persist for
a specified duration with soil volumetric water content variation smaller than
sensor precision.
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For 10-20 c¢m depth: max(48h) — min(48h) < 0.0005
For 30-50 cm depth: max(15d) — min(15d) < 0.0005

For example, at Guangdong Zijin Station during July 2019, the first-layer soil
volumetric water content was abnormal (marked in red in Figure 3d), showing
no obvious positive response to precipitation and fluctuating between 26.5%—
36.5%, which is inconsistent with soil moisture variation characteristics.

2.4 Detection Process

Following the spectral analysis approach proposed by Dorigo et al. [6], we estab-
lished a soil moisture data quality control and comprehensive analysis process.
Referencing surface meteorological observation data quality control flags [13],
we designed quality flags for soil moisture observation data. The abnormal data
detection process is shown in Figure 4.

If data are missing or not reported, quality control codes for all elements in the
missing layer are marked as 2, and no further checks are performed. If frequency
checks are not passed, the sensor is deemed faulty for that layer, all elements
are judged erroneous, and quality control codes are marked as 2, with no further
checks performed. If volumetric water content and relative humidity threshold
checks are not passed, quality control codes are marked as 1, and no further
checks are performed.

Among the three checks—mno-precipitation sudden change detection, abnormal
peak detection, and constant value detection—if any check is not passed, the
data are judged erroneous or suspicious, and the volumetric water content qual-
ity is marked as 1. If all three checks are passed, the quality is marked as 0.
Other elements use the same quality control codes as volumetric water content.

3.1 Sensor Failure Detection Based on Frequency Charac-
teristics

Using data from 2,012 automatic soil moisture stations nationwide in 2015, we
analyzed the distribution characteristics of sensor frequencies in air and water
(Figure 5). Water frequency values were mainly concentrated between 67-72
MHz, with 71.90% of sensors in water falling within the 67-72 MHz range. Air
frequency values were mainly concentrated between 41-44 MHz, with 72.31%
of sensors in air falling within the 41-44 MHz range. Due to differences in
soil organic matter content and pH across regions, frequency boundaries vary
slightly.

Table 1 compares the abnormal value detection results between frequency de-
tection and volumetric water content detection for 101 automatic soil moisture
stations in Xinjiang Uygur Autonomous Region during June—September 2015.
The FD method detected 1,248 abnormal values, all confirmed to be caused by
sensor failure at stations including Fuhai, demonstrating that FD can better
locate the source of data quality problems.
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The spatial distribution of abnormal values detected by the two methods shows
that FD-detected abnormal values are more numerous in northern and central
Xinjiang, while western Xinjiang stations generally have fewer abnormal values.
Therefore, stations with higher FD detection rates generally have lower effective
data quality, while those with fewer FD-detected abnormal values have higher
quality. VD-detected abnormal values are generally fewer than FD-detected
ones, except at Paotai Station where VD detection reached 1,248 abnormal
values.

Figure 6 shows the spatial distribution of abnormal values detected by frequency
and volumetric water content in Xinjiang Uygur Autonomous Region in 2015.
The spatial distribution of abnormal data quality detected by the three meth-
ods is presented in Figure 7. FD-detected abnormal values are relatively high,
primarily characterized by long-term quality problems at a small number of
stations. Among these, SBD-detected abnormal values reach up to 48 x 10°,
accounting for 10.5% of the network, with Qinghai showing the most prominent
issues. This type of quality problem is mainly caused by inaccurate manual
determination of soil hydrophysical constants. Yuepuhu also shows relatively
high SBD-detected abnormal values.

3.2 Abnormal Value Verification Analysis Based on Volu-
metric Water Content

Applying the abnormal data detection scheme and process described in Section
2.4 to hourly data from 2,012 automatic soil moisture stations nationwide, the
data accuracy rate is 93.8%, the suspicious/erroneous rate is 1.7%, and the miss-
ing rate is 4.5%. Abnormal data are mainly distributed in Qinghai, Sichuan,
Shandong, Hebei, and Guangdong provinces. The soil surface layer (0-20 cm)
has a higher suspicious/erroneous rate than other layers, and only a few stations
exhibit anomalies across the entire observation layer. Most automatic soil mois-
ture stations nationwide exhibit data quality anomalies, primarily characterized
by long-term quality problems at a small number of stations caused by sensor
calibration or inaccurate determination of soil hydrophysical constants.

Figure 8 shows the vertical distribution of abnormal data across layers. Soil
moisture abnormal values are mainly concentrated in shallow and middle lay-
ers (0-50 cm). The number of stations detecting abnormal values is relatively
stable across layers, fluctuating between 80-126, but the suspicious/erroneous
rate shows a trend of first increasing, then decreasing, then increasing again
with observation depth. The SBD suspicious/erroneous rate peaks at 0.44%,
mainly occurring in Sichuan and Guangdong provinces, possibly related to un-
derlying surface conditions or groundwater levels (Figure 8a). The number of
stations detecting abnormal values shows a decreasing trend with depth, with
large fluctuations ranging 40146, while the suspicious/erroneous rate remains
stable, basically fluctuating between 1.28%-1.43% (Figure 8b). The PD sus-
picious/erroneous rate shows a clear decreasing trend with observation depth,
peaking at 0.19% in the surface 10 cm layer, which is easily affected by external
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environments (precipitation, evaporation, etc.) (Figure 8c).

Figure 9 shows the spatial distribution of stations with abnormal values de-
tected across the entire observation layer by the three methods. Spatially, these
are mainly concentrated in Xinjiang, Qinghai, Sichuan, Henan, and Guizhou,
alerting equipment maintenance personnel to perform timely calibration and
maintenance.

4 Conclusions

To eliminate abnormal data from automatic soil moisture observation records,
this paper proposes a set of anomaly detection methods applicable to automatic
soil moisture observations. Using historical data from automatic soil moisture
stations, we investigated the inherent variation characteristics of automatic soil
moisture observations. Combined with instrument observation principles, data
characteristics, and error sources of abnormal data, we designed five detection
methods: FD, VD & RHD, SBD, PD, and CD. Using data from June—September
2019 from national automatic soil moisture observation stations, we verified the
application effect of these detection methods. The results indicate:

1) The frequency-based instrument failure detection method, by introducing
variation characteristics of sensor direct measurement values in air and
water, can effectively detect erroneous data caused by instrument failure,
with an accuracy rate reaching 100%.

2) Addressing prominent quality problems in soil moisture observation, the
four detection methods based on inherent characteristics of soil moisture
observation data and error sources of abnormal data can effectively detect
anomalies in soil moisture observations, helping users quickly identify and
resolve quality problems at the observation end.

3) The evaluation results from hourly data of national automatic soil moisture
stations from June-September 2019 show a data accuracy rate of 93.8%,
suspicious/erroneous rate of 1.7%, and missing rate of 4.5%. Abnormal
data are mainly distributed in Qinghai, Sichuan, Shandong, Hebei, and
Guangdong provinces. The soil surface layer (0-20 cm) shows a higher
suspicious/erroneous rate than other layers, with only a few stations ex-
hibiting anomalies across the entire observation layer. Although most
national automatic soil moisture stations exhibit data quality anomalies,
the primary issue involves long-term quality problems at a small number of
stations, mainly caused by sensor calibration or inaccurate determination
of soil hydrophysical constants.

4) This method has been preliminarily applied to the national Integrated
Meteorology Observation Data Quality Control Business System (Tian-
heng). To further improve the applicability and accuracy of this method,
future research should focus on automatic detection methods for various
abnormal data in actual soil moisture observations, particularly persistent
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abnormal peaks and sudden drops, to further enhance soil moisture data
quality.
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