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Abstract Following the removal of measurement biases from daily observed gauge records for the period
1961–2016 at 2,250 national stations over mainland China, the precipitation trends and causes were
analyzed. Measured annual precipitation trends have been overestimated to varying degrees inmost regions,
with the exceptions of Northwest China and northern Tibet. On average, the annual precipitation trend
over mainland China decreased from 3.98 to 2.04 mm/10 yr after bias adjustment. The dramatically
precipitation‐increasing (wetting) zones in Northeast China and the lower reaches of the Yangtze River were
found to be disappearing at a faster rate than what we observed. Meanwhile, the extent of markedly
precipitation‐decreasing (drying) zones in the Yellow River Basin shrank more slowly than what was
indicated bymeasured records. Adjusted annual light rain amounts exhibited a weaker increasing trend over
mainland China; conversely, adjusted annual rainstorm amounts displayed stronger increasing trends than
reported previously. The changes of trace precipitation days, precipitation days, mean wind speed on
precipitation days, and observed precipitation amount comprehensively affected the trends of bias‐removed
precipitation. The declines in measured wind speed and precipitation amount resulted in accelerated
reductions in adjusted precipitation over Southwest and North China. In Southeast China, the increasing
trend of bias‐adjusted precipitation was smaller than that indicated by original data due to the reduction in
mean wind speed when precipitation occurred. In Northwest China and northern Tibet, however, the
increases in measured precipitation amount and precipitation days mutually led to larger increasing trends
in the adjusted data.

1. Introduction

Gauge measurements of precipitation are always subjected to some negative biases, for example, wind‐
induced undercatch, trace precipitation, and wetting losses, (Folland, 1988; Kurtyka, 1953; Sevruk &
Hamon, 1984), among which wind‐induced undercatch may be the largest. Precipitation undercatch occurs
most commonly when the surrounding winds are strong, due to the deformation of the wind field by the
gauge. Because the equipment cannot measure the very small amounts of precipitation that are recorded
as “trace precipitation,” trace precipitation is usually ignored when calculating the longer‐term total preci-
pitation (Ye et al., 2004). Wetting loss arises when a small amount is left in the gauge during the precipitation
measurement process. In some extreme cases, the precipitation gauge biases can result in a loss of 90% of the
precipitation, which undoubtedly impacts the accurate comprehension of precipitation and its changes.

Several comparative observation experiments have been conducted around the world (Kochendorfer et
al., 2017; Nitu et al., 2018; Rasmussen et al., 2012; Ren et al., 2003; Ren & Li, 2007; Sevruk &
Zahlavova, 1994; Yang et al., 1995, 1998, 2001), and these negative biases have been proven to be true,
although their magnitudes vary in different regions for different precipitation types and observation equip-
ment (Pan et al., 2016; Scaff et al., 2015; Sun et al., 2013). Bias adjustment can definitely increase precipita-
tion amounts and impact climatology (Duchon & Biddle, 2010; Sevruk & Zahlavova, 1994; Ye et al., 2004;
Zhang et al., 2019), corresponding altering climate zoning (Li et al., 2018), and drought situations (Yao et
al., 2018), since the negative biases are eliminated in a discriminative manner. In addition, bias adjustment
also affects long‐term precipitation trends (Ding et al., 2007; FØland & Hanssen‐Bauer, 2000; Yang et
al., 2005). For the period 1951–1998, bias adjustments led to the change of monthly and yearly precipitation
trends from positive to negative over some regions in China (Ding et al., 2007). Li et al. (2018) also found that
the number of sites with significant precipitation trends over China changed due to bias adjustment for the
period 1961–2015. The wind‐induced undercatch apparently affected analyses of winter snowfall trends,
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resulting in a general overestimation of measured long‐term snowfall change in Northeast China (Sun et
al., 2013). Ren et al. (2015) found that the observed annual precipitation amount exhibited no evident trend
by the year 2016 over mainland China, although the influence of negative biases had not been excluded in
their study.

Theoretically, the changes of trace precipitation, wetting losses, and wind‐induced undercatch could have a
comprehensive impact on bias‐adjusted precipitation trends. Accordingly, the occurrence frequencies of pre-
cipitation and trace precipitation, as well as the changes of observed precipitation and wind speed on preci-
pitation days, are the key factors influencing the trend of adjusted precipitation data. Ding et al. (2007)
estimated the impacts of bias adjustment on the precipitation trend from 1951–1998 at 627 meteorological
stations across China. Nevertheless, the trend of adjusted precipitation data after 1998 remains uncertain,
since the near‐surface wind speeds over mainland China significantly reduced in the last decades (Jiang et
al., 2009; Ren et al., 2005). Li et al. (2018) discovered that the trends of bias‐adjusted precipitation in different
climate zones changed from 1961–2015. This change was mainly due to climate zone redivision after bias
adjustment (Li et al., 2018). The effect of specific climate variables on the trend of adjusted precipitation
was not clear, however. Two case studies reported the effect of decreasing wind speed on winter snowfall
change in Northeast China (Sun et al., 2013) and on annual precipitation trends in the Beijing area
(Zheng & Ren, 2017), although the influence of the observed reduction of mean wind speed on estimates
of annual precipitation trends in recent decades across mainland China on the whole remains unclear.
This may influence our understanding of the changes in precipitation and the hydrological cycle, as well
as that of relevant research topics.

The influence of bias adjustment on precipitation climatology over mainland China has been studied in our
previous publication (Zhang et al., 2019). In this study, we mainly investigated the precipitation trend
derived from bias‐adjusted gauge data from 1961–2016 across mainland China by removing the negative
measurement biases and analyzed the relevant causes of these trends. In section 2, the data set and methods
we utilized are briefly introduced. Section 3 presents the trends of bias‐adjusted precipitation. In section 4,
we focus on the possible causes. Discussion and conclusions are provided in sections 5 and 6.

2. Data and Methods
2.1. Data

The observed daily precipitation amount, precipitation type (rainfall/snowfall/mixed), daily snowfall, daily
mean temperature, and daily mean wind speed at 10 m derived from version 3.0 of the basic meteorology
historical data set of a dense national network from 1961–2016 released by the National Meteorological
Information Center (NMIC) of the China Meteorological Administration (CMA) (Ren et al., 2012) were used
in this study, which have been widely applied to climate change studies over mainland China (e.g., Ding et
al., 2016; Jiang et al., 2016; Ren et al., 2005). The total number of national stations is 2,479. All the daily data
used hereafter have been subject to quality control by the NMIC, although homogeneity adjustments have
not been applied. The inhomogeneity introduced by nonclimatic shifts (station relocations, instrument
changes, and so on) can adversely affect differences attributed to climate change. A homogeneity assessment
has been made on monthly precipitation series in China, and 98 inhomogeneous stations were found (Yang
& Li, 2014). In this study, we used outlying linear trends to detect wind speed homogeneity. By comparing
the linear trends of each station, dozens of stations were found to exceed the outlying values (below the
1st or above the 99th percentile of the annual mean wind speed trends of all stations), among which 37 sta-
tions had abrupt changes as determined using RHtest software (Wang et al., 2010). Station historical infor-
mation revealed that the abrupt wind speed breakpoints at these 37 stations were very likely caused by
relocations or changes in observation instruments. All of the stations that exhibited inhomogeneous break-
points in precipitation and wind speed series were excluded from this study, since the inhomogeneity in
observed precipitation and wind speed can directly affect the long‐term trends of bias‐adjusted precipitation.
Moreover, only the stations having at least 30 years of records during the period 1961–2016 were selected.
Ultimately, a total of 2,250 qualified CMA national stations were chosen (Figure 1). The Chinese standard
precipitation gauge (CSPG) is a precipitation gauge utilized for manual observation of various precipitation
types before 2003 (Zhang et al., 2019). Since 2003, tipping bucket sensors (the most commonly used is the
double‐bucket tipping sensor) have been adopted gradually for automatic rainfall observation, and
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snowfall has been observed with weighing precipitation gauges (Zhang et al., 2019). The wind‐induced
undercatch of precipitation observation in China was considered to be substantial due to the gauges
equipped without wind shelters after 1960 (Ding et al., 2007; Zhang et al., 2019).

2.2. Methods

During the World Meteorological Organization (WMO) gauge intercomparison project, the adjustment
method for the CSPG was developed from a field experiment carried out over the period 1985–1991 in the
Urumqi River Basin located in Northwest China (Yang et al., 1991; Ye et al., 2004):

CRs snowð Þ¼exp −0:056Wsð Þ100; (1)

CRr rainð Þ¼exp −0:041Wsð Þ100; (2)

CRm mixedð Þ¼CRs − CRs − CRrð Þ* Td þ 2ð Þ=4; (3)

where CRs, CRr, and CRm are the catch ratios (%) for snow, rainfall, and mixed precipitation, respectively;
Ws (Ws > 0) is the daily 10 m mean wind speed; and Td is the daily mean temperature. Information con-
cerning the precipitation type (rainfall/snowfall/mixed) was available in the metadata before 1980 (Ye et
al., 2004). A daily snowfall data set developed by the NMIC, based on daily precipitation and observed
weather phenomena, was used to identify snowfall after 1980. If precipitation but no snowfall was
recorded after 1980, we had to distinguish mixed precipitation from rainfall based on the temperature.
According to Yang et al. (1991) and Ye et al. (2004), if the daily mean temperature was between −2°C
and 2°C, it was mixed precipitation; if daily mean temperature was higher than 2°C, it was precipitation.
The adjusted daily precipitation was then defined as follows (Ye et al., 2004):

Pc¼
Pg þ ΔPw
� �

=CR for measurable precipitation events

ΔPt for trace precipitation events;

(
(4)

where Pc is the adjusted precipitation; Pg is the gauge‐measured precipitation; ΔPw is the wetting loss
adjustment; and ΔPt is the trace precipitation adjustment. The first line of equation 4 pertains to measur-
able precipitation events, and the second line pertains to trace precipitation events. Following Yang et
al. (1991) and Ye al. (2004), ΔPw for rainfall measurements was 0.23 mm, 0.30 mm for snow, and
0.29 mm for mixed precipitation, while a value of 0.1 mm was assigned to ΔPt when a trace precipitation
day was recorded.

Figure 1. Distribution of the 2,250 CMA national stations (red dots)
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In Ren et al. (2007), the difference and relativity between rainfall measured by automatic recording and
manually observed measurements were evaluated. They suggested that the wind‐induced errors for auto-
matic recording andmanual observation in China were the same, since both the automatic and CSPG gauges
have the same shape, diameter, and height. Therefore, the uniform bias adjustment method was applied to
both the CSPG and automatic gauges in this study, although the measurement biases might be gauge speci-
fic. Hence, there may be some uncertainties in the bias adjustment of automatic precipitation data. Bias
adjustment methods may vary due to the diversity of observational environments and reference gauge types
(Zhang et al., 2019). Both Yang et al. (1991) and Sun et al. (2013) found that the relationship between the
wind speed and the catch ratios for snow was well fitted by an exponential function, thus indicating the
robust relationship between wind speed and wind‐induced undercatch (Zhang et al., 2019). However, the
adjusted snowfall values derived using the method of Sun et al. (2013) were greater than those determined
by the method of Yang et al. (1991), although the difference was generally less than 10% (Zhang et al., 2019).
In our view, the adjustment differences induced by their differing methods might primarily stem from the
different experiments they conducted. In the experiment performed by Yang et al. (1991), they used the
Double Fence Intercomparison Reference (DFIR), whereas Sun et al. (2013) utilized the observation results
derived from an experiment using the pit gauge. Generally, the DFIR is more widely used in WMO precipi-
tation intercomparison experiments than the pit gauge. In addition, the adjustment method developed by
Yang et al. (1991) has been internationally accepted and was included in the WMO's 1998 Annual Report.
Recent studies on drought assessment over large‐scale regions (e.g., Li et al., 2018; Yao et al., 2018) have also
been based on the adjustment method established by Yang et al. (1991). Hence, we adopted the method
developed by Yang et al. (1991) in this study.

In section 3, the seasonal or annual precipitation was defined as the total amount of precipitation for
each season (DJF, December‐January‐February; MAM, March‐April‐May; JJA, June‐July‐August; SON,
September‐October‐November) or a full year (from December through November of the following year).
The annual precipitation anomaly percent was indicated by the percentage of precipitation anomaly in
the climatological record for a certain period. When we calculated the time series of annual and seasonal
precipitation amounts across China, a method of combining the precipitation anomaly series with the
precipitation climatology was used. First, the average of the annual precipitation from 1981–2010 was
taken as the climatology at each station. A method of gridding and area‐weighted averaging
(Jones, 1994) was then employed to transform station climatology to grid climatology and to obtain
the precipitation climatology of China. Second, the precipitation anomaly was determined by subtracting
the climatology value from the precipitation value. The time series of the annual precipitation anomaly
from 1961–2016 was then calculated using the same method of gridding and area‐weighted averaging
(Jones, 1994). Third, the precipitation climatology was added to the annual precipitation anomaly series
to obtain the annual precipitation series. The method of gridding and area‐weighted averaging
(Jones, 1994) was again employed to transform station data to grid data in order to reduce the biases
caused by uneven station density or temporal variations in data coverage. Each station was assigned to
a 2.5° × 2.5° latitude‐longitude grid box; the grid box values were then calculated by the simple averaging
of variables for all available stations within each grid box. Our aim was not the construction of precipita-
tion grid products, so the interpolation method considering terrain effects was not used in this study.
Moreover, for calculating the time series of annual precipitation in each subregion, the method of anom-
aly series added to the climatology, and a simple arithmetic average was adopted. Observed daily preci-
pitation from 0.1–10.0 mm was defined as light rain, and the light rain amount was the cumulative total
when light rain occurred during a certain period (Zhang et al., 2019). The definition of rainstorm was
identical to that of light rain but for a daily measured precipitation >50.0 mm (Zhang et al., 2019).
Following Zhang et al. (2019), we used the unadjusted precipitation classifications for the adjusted pre-
cipitation. This indicates the changes in precipitation were evaluated based on their initial classification.

In section 4, the annual adjusted amount of trace precipitation, wetting losses, and wind‐induced under-
catch was defined as the total of the bias adjustments in a full year for its corresponding adjustment compo-
nent. The total number of annual trace precipitation days was defined as the sum of days in a full year on
which trace precipitation was recorded; the definition of annual precipitation days was the same but for
all precipitation events. Accordingly, the annual mean wind speed for precipitation days was the average
of the daily mean wind speed on days that precipitation occurred. In addition, we used linear regression
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coefficients and t statistical methods to assess the magnitude and significance of trends for precipitation and
other variables in this study.

3. Trends of Bias‐Adjusted Precipitation
3.1. Annual Precipitation Trends

Annual precipitation gradually decreased from the southeastern to the northwestern sections of China, indi-
cating there was generally a wet climate in the southeastern part of China, whereas arid conditions prevailed
in the northwestern region (Figure 9a in Zhang et al., 2019). From 1961–2016, the trend of adjusted annual
precipitation exhibited distinctive regional patterns, characterized by increases in Southeast, Northeast, and
Northwest China, as well as Tibet, and, conversely, decreases in Southwest andNorth China (Figure 2a). The
increasing trends of the adjusted precipitation were particularly significant in some regions of Northwest
China and Tibet. Although the trend of the adjusted data displayed a similar spatial pattern to that of the
measured data, the adjusted precipitation exhibited stronger decreasing trends in Southwest and North
China (Figures 2a and 2b). In addition, the trends of adjusted annual precipitation were less than those of
the measured values in most regions of China, with the exceptions of Northwest China and northern
Tibet, where positive trends increased after bias adjustment (Figure 2c). The annual precipitation trends
at 9% of stations changed from positive to negative due to bias adjustment, and the trends of adjusted annual
precipitation at 82% of stations were smaller than those of the original observations (Table 1). Therefore, the
above evidence suggests that annual precipitation trends had been overestimated in at least half or more of
the regions in China. From 1961–2016, significant increases were mostly concentrated in Northwest China
and central northern Tibet, with the largest increases (>20 mm/10 yr) covering most regions of Southeast
China. However, the largest reductions (< −20 mm/10 yr) occurred in some areas of Southwest China.
Compared with the observed precipitation trend from 1951–1998 (Figure 4a in Ding et al., 2007), the biggest
difference in our study was the apparent decreasing trend of measured annual precipitation in Southwest
China. This indicates that the trend of observed precipitation in Southwest China has changed from increas-
ing to decreasing since 1998. An accurate comparison with the results of Ding et al. (2007) is presented
in section 5.

Utilizing the measured annual precipitation trends (Figure 2b) and the trend differences between the
adjusted and measured data (Figure 2c), we focused on the annual precipitation variations for all of
China, as well as the four subregions indicated in Figure 2c, namely, Subregion I, consisting of
Northwest China and northern Tibet, which is the most dry region in China (Figure 9a in Zhang et
al., 2019); Subregion II, comprising North China, which often suffers from drought disasters (Zheng et
al., 2018); Subregion III, composed of Southeast China, which is vulnerable to flood disasters due to
Meiyu periods and typhoons; and Subregion IV, consisting of Southwest China, which experienced a
wet‐to‐dry shift in 1994 (Wang et al., 2018). On average, the adjusted annual precipitation in China exhib-
ited a weak increasing trend accompanied by distinct interannual fluctuations from 1961–2016 (Figure 3a
and Table 2). After bias adjustment, the annual precipitation trend decreased from 3.98 to 2.04 mm per
decade (Table 2), suggesting that the trend of the unadjusted precipitation had been an overestimate.
In Subregion I, the adjusted annual precipitation displayed a remarkable increase consistent with that
of the measured data but with a slightly greater magnitude (9.70 vs. 9.31 mm/10 yr, respectively).
Hence, this indicates that the increasing trend of annual precipitation in Subregion I was underestimated,
which was definitely different from China overall, as well as the other subregions. In Subregions II and
IV, the annual precipitation after bias adjustment decreased during the past several decades and the
decreasing trends were much greater than those of the observed annual precipitation (−12.94 vs.
−8.38 mm/10 yr in Subregion II; −15.70 vs. −11.24 mm/10 yr in Subregion IV), indicating more serious
water shortages than expected in those regions. In Subregion III, the adjusted precipitation exhibited a
weaker increasing trend than that of the observed precipitation (14.20 vs. 20.08 mm/10 yr, respectively).
Additionally, as indicated in Table 2, the interannual fluctuation of precipitation was greater than we had
originally envisioned. The above results revealed that the observed increasing trends for annual precipita-
tion had initially been overestimated both over China as a whole and in Subregion III during the past
several decades. Moreover, both the decreasing trends of annual precipitation in Subregions II and IV
and the increasing trend in Subregion I were originally underestimated.
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We defined the “wetting zone” as the area encompassed by the +2.0% per decade isoline of the trend for the
annual precipitation anomaly, and correspondingly the “drying zone” by the −2.0% per decade isoline.
Figure 4 illustrates the evolution of the wetting zones during the past decades. The scope of the wetting zones
derived from the adjusted precipitation in the western part of China presented no evident changes; however,
the wetting zones in Northeast and Southeast China gradually faded away, especially during the early 21st
century. From 1961–1993, the wetting zone extent of the adjusted precipitation in the western part of China
was slightly larger than that of the observed data; however, this phenomenon reversed after 1993. The bias
adjustment accelerated the disappearance of the wetting zones in the eastern part of China, which was clear
from 1993–2008. After 2008, the wetting zones in the eastern part of China began to expand again (Figure 4i),
although this expansion was slower than the observed (Figure 4j). The evolution of the drying zones is dis-
played in Figure 5. After bias adjustment, the drying zones were concentrated in the Yellow River Basin,

Figure 2. Trends per 10 yr of (a) adjusted and (b) measured annual precipitation, and (c) the difference between (a) and (b) (mm/10 yr) across mainland China
from 1961–2016 (the regions having statistically significant changes at the p < 0.05 confidence level are stippled).

Table 1
Changes in Annual Precipitation Trends From 1961–2016 Before and After Bias Adjustment at All Stations

DJF MAM JJA SON Annual

Measured Adjusted Measured Adjusted Measured Adjusted Measured Adjusted Measured Adjusted

Ratio of decreasing trends 18% 24% 45%` 52% 49% 54% 55% 60% 47% 56%
Ratio of adjusted trends smaller than
the measured

56% 72% 76% 76% 82%
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Southwest China, and western Tibet during the early stage of the study period (Figure 5a). As time went on,
the scope of the drying zones in the Yellow River Basin contracted, especially after 2008 (Figures 5g and 5i).
The evolution of the drying zones deriving from bias‐adjusted precipitation displayed slower contractions
than those from observed data. Therefore, we should focus on the recent changes of the drying zone in
the Yellow River Basin, in which the scope of the drying zone derived from the adjusted data was much lar-
ger than that derived from the unadjusted precipitation (Figures 5i and 5j).

Figure 3. Variations of annual precipitation (mm) over mainland China and four subregions from 1961–2016. (a) Mainland China, (b) Subregion I,
(c) Subregion II, (d) Subregion III, and (e) Subregion IV.
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3.2. Seasonal Precipitation Trends

After bias adjustment, the overall precipitation across mainland China exhibited increasing trends in winter,
spring, and summer, and a decreasing trend in autumn (Figure 6 and Table 2). Compared with the observed
precipitation trends, the increasing trends derived from the adjusted DJF, MAM, and JJA precipitation were
weaker, while the decreasing trend of the adjusted SON precipitation was stronger. This indicates that bias
adjustment reduced the seasonal precipitation trends (from 1.99 to 1.95 for DJF, 1.16 to 0.73 for MAM, 1.10
to 0.10 for JJA, and −0.11 to −0.56 mm/10 yr for SON), as it did for the annual precipitation trend. Apart
from reducing the seasonal precipitation trends, bias adjustment also amplified the interannual fluctuations
of seasonal precipitation (Figure 6).

Figure 7 details the trends of the adjusted precipitation and the corresponding impacts of bias adjustment for
all four seasons. The adjusted DJF precipitation presented increasing trends in most regions of China
(Figure 7a), and these increasing trends were significant in some regions of Northeast and Northwest
China. The bias adjustment slightly accelerated the increases in Northeast and Northwest China and the
decreases in Southwest China while decelerating the increases in Southeast China (Figures 7a–7c). This indi-
cates that the observed winter precipitation trend was originally underestimated in the region north of 40°N
and overestimated south of 40°N. The decreasing trends of adjusted MAM precipitation were stronger than
those of the observed precipitation in Southeast China (Figures 7d–7f). The trend of the adjusted JJA preci-
pitation displayed a similar spatial pattern as that of the adjusted annual precipitation (Figures 7g and 2a),
that is, apparent increases in Southeast China, Northwest China, and Tibet, and strong decreases in
Southwest and North China. The trends of the adjusted JJA precipitation were much smaller than those
of the measured precipitation in North, Northeast, and Southwest China where reductions in adjusted pre-
cipitation were more pronounced. The bias adjustment accelerated the SON precipitation reduction in most
regions of China, especially in the region south of 40°N (Figure 7l). The precipitation trends at 6%, 7%, 5%,
and 5% of stations changed from positive to negative due to bias adjustment during DJF, MAM, JJA, and
SON, respectively (Table 1). The locations of these sites are indicated by blue plus signs in the right column
of Figure 7. In addition, the adjusted precipitation trends at 56%, 72%, 76%, and 76% of stations were smaller
than the observed trends during DJF, MAM, JJA, and SON, respectively. This clearly suggests that the sea-
sonal precipitation trends were overestimated in more than half the areas of China. This overestimation was
dramatic during the warm seasons and in the southern/eastern parts of the country. Therefore, more atten-
tion should be paid to the southern/eastern parts of China, where large populations are suffering more
severe water shortages than we had expected.

Table 2
Trends (mm/10 yr) and Standard Deviations of Annual Precipitation, Light Rain, and Rainstorm Amount Series From 1961–2016

China
Subregion

I
Subregion

II
Subregion

III
Subregion

IV China

Annual
precipitation

DJF
precipitation

MAM
precipitation

JJA
precipitation

Son
precipitation

Annual
light
rain

Annual
rainstorm

Trends of
measured

3.98 9.31 ‐8.38 20.08 ‐11.24 1.99 1.16 1.10 −0.11 2.29 4.35

Trends of
adjusted

2.04 9.70 −12.94 14.20 −15.70 1.95 0.73 0.10 −0.56 1.79 4.52

Adjusted
ratios of
trends

−49% 4% −54% −29% −41% −2% −37% −99% −409% −22% 4%

Standard
deviations
of
measured

33.2 24.5 81.4 135.4 74.0 10.0 12.9 16.2 15.1 8.6 13.1

Standard
deviations
of adjusted

36.8 27.3 93.3 147.4 80.7 11.2 14.3 17.5 17.0 10.0 14.2

Note. The significant trends at the p < 0.05 confidence level are in bold.
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Figure 4. Changes in areas encompassed by specific isolines (+2.0%/10 yr) of the trends of annual precipitation anomaly percent derived from (a, c, e, g, i)
adjusted and (b, d, f, h, j) measured data across mainland China.
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Figure 5. Same as Figure 4 but for specific isolines of −2.0%/10 yr.
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3.3. Extreme Precipitation Trends

The impacts of bias adjustment on the trends of extreme precipitation are illustrated in Figures 8–10 and
Table 2. On average, the adjusted annual light rain and rainstorm amounts over mainland China increased
significantly, with distinct interannual fluctuations, especially for rainstorms. The results of the adjusted
data were identical to those of the observations (Figure 8). The increasing trend of the adjusted light rain,
however, was weaker than that of the observed record (1.79 vs. 2.29 mm/10 yr), while the increasing trend
of annual rainstorm amounts was stronger in the adjusted records (4.52 vs. 4.35 mm/10 yr). On the whole,
therefore, the increasing trend of annual rainstorms during the past decades had originally been slightly
underestimated, whereas the increasing trend for light rain had been overestimated. Spatially, the adjusted
annual light rain amount dramatically decreased in Southwest China while significantly increasing in
Northwest China, Northeast China, and the Tibetan Plateau (Figure 9a). The trend pattern of the adjusted
data was quite similar to that of the measured data but with greater decreasing trends in Southwest
China, as well as greater increasing trends in Northwest China, particularly in the Tibet region
(Figure 9c). These results indicate that the adjusted light rain in the wet regions decreasedmore dramatically
than the observed light rain while increasing more markedly in the dry regions. The adjusted annual rain-
storm amount increased noticeably in Southeast China (Figure 10a). In fact, the increasing trend of the
adjusted annual rainstorm amount over the coastal areas of China was greater than that of the observed
records (Figures 10a–10c).

Figure 6. Variations of seasonal precipitation (mm) across mainland China from 1961–2016. (a) DJF, (b) MAM, (c) JJA, and (d) SON.
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4. Effects of Bias Adjustment on Precipitation Trend

In this study, we removed the measurement biases from daily precipitation records, including wind‐induced
undercatch, wetting losses, and trace precipitation. Accordingly, the subsequent changes of the adjusted pre-
cipitation trend must be due to the variation tendencies of these three adjustment components, on which we
will focus in this section.

4.1. Wind‐Induced Undercatch

Our results clearly showed that the annual adjustment of the wind‐induced undercatch component (Pg/CR
in equation 4) resulted in large decreasing trends, with the exceptions of Northwest China and the northern

Figure 7. Trends per 10 yr of (a, d, g, j) adjusted and (b, e, h, k) measured precipitation amount, and (c, f, i, l) trend differences between adjusted and measured
precipitation (mm/10 yr) for DJF, MAM, JJA, and SON across mainland China from 1961–2016 (the regions having significant changes at the p < 0.05
confidence level are stippled in the left and central columns, and the blue/red plus signs in the right column indicate precipitation trends changing from positive/
negative to negative/positive).
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Tibetan Plateau, particularly in the region south of 40°N and east of 100°E, where the maximum decreasing
trends exceeded 6.4 mm/10 yr (Figure 11a). Actually, the long‐term changes of the wind‐induced error
adjustment were synchronously affected by the trend of annual mean wind speed on precipitation days,
as well as that of measured annual precipitation. The annual mean wind speed on precipitation days
exhibited consistent decreasing trends over most regions of China, especially in North and Northeast
China (Figure 11b). The measured annual precipitation amount presented a unique spatial distribution,

Figure 8. Variations of annual (a) light rain and (b) rainstorm amounts (mm) across mainland China from 1961–2016.

Figure 9. Same as Figure 2, but for annual light rain amounts.
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characterized by increases in Northwest China, Tibet, Northeast China, and Southeast China and decreases
in North China and Southwest China (Figure 2b). Although the mean wind speed on precipitation days
decreased over most regions of China, the adjustment for wind‐induced undercatch displayed increasing
trends in Northwest China and northern Tibet, where the observed precipitation increased markedly.
Therefore, during the past several decades, the changes of the annual adjustment for wind‐induced
undercatch component were mainly affected by the changes of observed annual precipitation in dry areas
(i.e., Northwest China), whereas these changes were affected by that of wind speed on precipitation days
in wet regions (i.e., Southeast China). The seasonal wind speed decreased over most regions of China,
except for small regions in Northwest and Southwest China, indicating a similar spatial pattern to that of
the annual wind speed trend. Stronger decreasing trends of DJF wind speed were found in North China
and Tibet. Stronger declines of other seasonal wind speeds occurred in North, Northeast, and Northwest
China, as well as Tibet. In fact, the spatial pattern of the seasonal wind speed trend and that of the
seasonal trend difference between the adjusted and observed precipitation were not exactly the same.
Thus, the trend difference between adjusted and observed precipitation was jointly caused by the wind
speed trend and the observed precipitation trend.

4.2. Wetting Losses

The annual adjustment of the wetting losses component (ΔPw/CR in equation 4) increased dramatically in
most regions north of 40°N, as well as in central northern Tibet, where the measurable annual precipitation
days increased consistently (Figure 12). Contrary to these findings, the wetting losses decreased significantly
in most regions of central and southern China, where the observed precipitation days correspondingly
decreased (Figure 12). These results suggest that the impact of the wetting losses bias adjustment on preci-
pitation trend was negative in wet regions and positive in arid regions. Moreover, it is also clear that the wet-
ting losses increased with the increasing number of precipitation days; that is, the change in the frequency of
precipitation occurrence was the main cause of the changes in the wetting losses adjustment.

Figure 10. Same as Figure 2, but for annual rainstorm amounts.
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Figure 11. Trends per 10 yr of (a, c, e, g, i) adjustment amounts for wind‐induced error (mm/10 yr) and (b, d, f, h, j) mean wind speed on precipitation days
(m s−1 10 yr−1) for (a, b) annual, (c, d) DJF, (e, f) MAM, (g, h) JJA, and (i, j) SON across mainland China from 1961–2016 (the regions having significant
changes at the p < 0.05 confidence level are stippled).
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4.3. Trace Precipitation

With the exception of the western part of Northwest China, the annual adjustment amount for the trace pre-
cipitation component (ΔPt in equation 4) decreased significantly from 1961–2016 in most parts of China,
especially in the belt from Northeast China to the Tibetan Plateau (Figure 13a). This spatial pattern is very
similar to the consistent reductions in the distribution of annual trace precipitation days in most regions of
China (Figure 13b). This indicates that the influence of trace precipitation bias adjustment on precipitation
trend was negative over most regions of China, especially in the northern part of China and Tibet during the
past several decades.

4.4. Combined Effects

By comparing the trend magnitudes shown in Figures 11a, 12a, 13a, and 2c, we discovered that the trend
differences between the adjusted and observed annual precipitation (Figure 2c) were primarily caused by
the wind‐induced undercatch adjustments (Figure 11a). In addition, the changes of wetting losses primarily
dominated by those of the precipitation occurrence frequency also played a certain role in arid areas from
1961–2016. On average, the adjustment of the wind‐induced undercatch had a major effect on precipitation
trend (accounting for 76%), followed by the effect of wetting losses (17%) and trace precipitation adjustment
(8%). The trend of the annual adjustment for wind‐induced undercatch was comprehensively affected by
that of the annual precipitation and mean wind speed on precipitation days. In previous studies, Ding et
al. (2007) also found that the regional pattern of trend differences between the measured and adjusted
annual precipitation was generally similar to that of the annual mean wind speed change from 1951–
1998, indicating that the effects of bias adjustment on precipitation trend mainly depend on wind speed
changes. However, the spatial pattern of annual mean wind speed trend (Figure 11b) is not similar to that
of the trend of wind‐induced undercatch adjustment (Figure 11a) or that of the trend differences between
the adjusted and observed precipitation (Figure 2c) from 1961–2016. The clear trends of decreasing mean
wind speed over most regions of China exerted negative impacts on the trends of the adjusted precipitation.
The decreases in measured precipitation reinforced the negative effects in Southwest China (Subregion IV)
and North China (Subregion II). In Southeast China (Subregion III), the magnitude of the increasing trend
for adjusted precipitation was smaller than that of the observed precipitation (Figure 2c), which was mainly
caused by the reduction in wind speed on precipitation days (Figure 11b). In Northwest China and northern
Tibet (Subregion I), the increase tendencies in observed precipitation (Figure 2b) and precipitation days
(Figure 12b) jointly led to the larger increases in adjusted annual precipitation (Figure 2c). In Figure 7, we
found that the sites with precipitation trends changing from positive to negative were mainly located in cen-
tral and eastern China. The main cause of this collective trend change was the decrease in wind speed, as
well as the reduction of precipitation days and trace precipitation days.

Figure 12. Trends per 10 yr of (a) annual adjustment amounts for the wetting losses component (mm/10 yr) and (b) annual precipitation days (days/10 yr) across
mainland China from 1961–2016 (the regions having significant changes at the p < 0.05 confidence level are stippled).
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5. Discussion

Ding et al. (2007) investigated the effects of bias adjustment on precipitation trends at 627 meteorological
stations over mainland China from 1951–1998. We performed an accurate comparison between the results
of Ding et al. (2007) and those of this study. The number of stations changed dramatically from 1951–1961
(from less than 200 to more than 2,000) (Figure 1b in Zhang et al., 2019). Since the huge difference in the
number of stations during the 1951–1961 period could produce false precipitation trend information, we
were compelled to select 1961–2016 as our study period. Hence, we performed a comparison of the overlap
period, that is, 1961–1998. We determined the trends of adjusted and measured annual precipitation over
mainland China from 1961–1998 by using the results frommore than 2,000 stations (figure omitted), similar
to Figure 4 in Ding et al. (2007) for 1951–1998, which utilized the results of 627 stations, except for some
regions in southwestern Tibet and Southwest China. The trend difference between the adjusted and mea-
sured annual precipitation was dramatically negative in most regions of southeastern and central China dur-
ing both periods, although this difference was inconsistent in some regions of Northwest China, Northeast
China, and Tibet. We attribute these inconsistencies to the different study periods (1961–1998 vs. 1951–1998)
and the different number of stations (2,250 vs. 627). Following Ding et al. (2007), we compared the trends of
measured and bias‐adjusted annual precipitation, trace precipitation, wetting losses, wind‐induced under-
catch, and wind speed on precipitation days from 1961–1998 at five selected stations, that is, Mohe
(52.97°N, 122.52°E), Yantongshan (43.3°N, 126.02°E), Tuotuohe (34.22°N, 92.43°E), Hongyuan (32.8°N,
102.55°E), and Guangzhou (23.22°N, 113.48°E) (Figure 14). The trend directions of measured annual preci-
pitation and wind speed in Figure 14 are the same as that in Figure 2 of Ding et al. (2007), although the trend
magnitudes are slightly different due to the different study periods (1961–1998 vs. 1951–1998). The trend
directions of the adjusted annual precipitation at Mohe, Tuotuohe, and Hongyuan stations in Figure 14
are the same as those in Figure 2 of Ding et al. (2007). From 1961–1998, the direction of the wind speed trend
in the wet regions (Yantongshan, Hongyuan, and Guangzhou stations) led to the same direction of the trend
in the wind‐induced undercatch. In the comparatively dry areas (Mohe and Tuotuohe stations), however,
the direction of the wind‐induced undercatch trend was not only the result of the direction of the wind speed
trend but also the direction of the measured annual precipitation trend. At Yantongshan station, however,
the trend of the wind‐induced undercatch from 1961–1998 was positive, while the trends of the trace preci-
pitation and wetting losses were negative. Consequently, the trend of the adjusted annual precipitation was
larger than that of the measured annual precipitation but still negative. At Guangzhou station, the effects of
the trends in the wind‐induced undercatch, wetting losses, and trace precipitation on adjusted precipitation
trend from 1961–1998 were all negative. Hence, the trend of the adjusted annual precipitation was much
smaller than that of the observed annual precipitation. However, the trend of the adjusted annual precipita-
tion was still positive due to the large positive trend in the observed annual precipitation at Guangzhou sta-
tion from 1961–1998. At Tuotuohe station, the trend in wind‐induced undercatch was negative due to the

Figure 13. Trends per 10 yr of (a) annual adjustment amounts of the trace precipitation component (mm/10 yr) and (b) annual trace precipitation days (days/
10 yr) across mainland China from 1961–2016 (the regions having significant changes at the p < 0.05 confidence level are stippled).
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strong decreasing trend in measured annual precipitation, even though the observed wind speed trend was
positive. Consequently, the trend of the adjusted annual precipitation was smaller than that of the measured
annual precipitation at Tuotuohe station from 1961–1998. In summary, the results from 1961–1998 were
basically the same as those of Ding et al. (2007). The difference between the results in the two studies
derives from the different research periods (1961–1998 vs. 1951–1998) and different number of stations
(2,250 vs. 627). To some extent, the different research periods could create divergent variations in climate
variables, leading to some discrepancies in the bias adjustments of these two studies.

In this study, we primarily focused on the effect of systematic bias induced by meteorological observation on
precipitation trend. Certainly, other variables such as temperature and humidity could also affect the
changes in precipitation amount and type. An inverse relationship between temperature and snowfall fre-
quency in China has been discovered, with relatively high surface air temperatures corresponding to fewer
snow days (Zhou et al., 2018). Meanwhile, relatively high specific humidity generally corresponds to an
enhancement of snowfall intensity in China (Zhou et al., 2018). Maximum snowfall, however, is recorded
within a specific temperature range (e.g., from 1–2°C in Tibet), and above/below this threshold snowfall
usually decreases/increases with increased warming (Deng et al., 2017). Hence, the impact of temperature
and humidity on precipitation type is very complex, and their relationships might not be linear. In addition,
the effect of air temperature change on the variation in precipitation amount is also very important. For
example, climate warming (i.e., increasing temperature) may have impacts on precipitation changes in
China (Sun & Ao, 2013). This is a complex issue with a large degree of ambiguity, however, since both exter-
nal forcing such as tropical sea surface temperatures, sea ice, and different atmospheric circulation patterns
could affect variations in precipitation. For example, some studies have documented that the interdecadal
weakening of the East Asian winter monsoon in the 1980s may have induced an increase in the snowfall
intensity in Northeast China (Wang & He, 2013; Zhou et al., 2017). Thus, the possible physical mechanism
for the changes in precipitation type and amount warrants in‐depth research in the future.

Figure 14. Comparison of the trends of measured and bias‐adjusted annual precipitation, trace precipitation, wetting losses, wind‐induced undercatch, and wind
speed on precipitation days from 1961–1998 at five selected stations.
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Notably, the Solid Precipitation Intercomparison Experiment (SPICE) was conducted as an internationally
coordinated project from 2013–2015 (Nitu et al., 2018). SPICE provided some recommendations for adjust-
ments, which would account for the undercatch of solid precipitation due to gauge exposure, and presented
a data function available at operational sites, especially for automatic gauges (Buisán et al., 2017; Smith et
al., 2017). In the future, new methods developed by SPICE should be applied to the bias adjustment of solid
precipitation measurements in China.

6. Conclusions

Since gauge estimates of precipitation have a range of biases such as trace precipitation, wetting losses, and
wind‐induced undercatch, it is necessary to remove these existing errors in order to better understand pre-
cipitation change in China. In this study, we presented the precipitation trends from 1961–2016 over main-
land China by removingmeasurement biases. After bias adjustment, the precipitation trends were 2.04, 1.95,
0.73, 0.10, and −0.56 mm per decade for the entire year, winter, spring, summer, and autumn, respectively.
The adjusted annual precipitation in Subregions I, II, III, and IV exhibited trends of 9.70, −12.94, 14.20, and
−15.70mm/10 yr, respectively. In addition, trends of 1.79 and 4.52 mm/10 yr were discovered in the adjusted
annual light rain and rainstorm amounts, respectively.

On average, the trend of annual precipitation over mainland China decreased from 3.98 to 2.04 mm per dec-
ade after bias adjustment, a reduction of 49%, accompanied by larger interannual fluctuations. Annual
trends derived from the adjusted precipitation were smaller than the measured trends in most regions of
China, with the exception of Northwest China and northern Tibet (Subregion I), where the increasing trend
of the adjusted annual precipitation was slightly stronger, displaying 4% increments. This suggests that the
observed trends of annual precipitation were overestimated at the majority of gauges, with the annual pre-
cipitation trend direction actually changing from positive to negative at 9% of stations after bias adjustment.
The bias adjustment revealed the faster disappearances of rapidly wetting zones in Northeast China and the
lower reaches of the Yangtze River, disappearances that were especially apparent after 1993. Concurrently,
the scope of dramatically drying zones derived from the adjusted precipitation data shrank more slowly in
the Yellow River Basin, indicating the drought situation may be more severe than what was initially
observed. The trends of observed precipitation during each of the four seasons were overestimated to some
extent. After bias adjustment, the increasing trends in winter, spring, and summer became weaker, while the
decreasing trend in autumn was stronger. The bias adjustment revealed more severe potential drought risk
during summer in Northeast and North China and during spring in Southeast China. In addition, the
adjusted light rain amounts displayed a weaker increasing trend over mainland China than the results from
the unadjusted data, whereas the rainstorm amounts derived from the adjusted data presented a stronger
increasing trend than the trend derived from the original data. We found that the increasing trend of mea-
sured annual light rain over mainland China had been overestimated by 22%, whereas that of measured
annual rainstorms had been underestimated by 4%.

Precipitation trend differences due to bias adjustment were directly caused by the changes in adjustment
components (i.e., trace precipitation, wetting losses, and wind‐induced undercatch). From the statistics,
we found that the impacts of the adjustments of wind‐induced error, wetting losses, and trace precipitation
on precipitation trend accounted for 76%, 16%, and 8% of the trends, respectively. The changes in trace pre-
cipitation days and precipitation days directly influenced the changes of their annual adjustment amounts.
However, the trend of the wind‐induced error adjustment was comprehensively affected by the trends of pre-
cipitation amount and wind speed on precipitation days. Clearly, the consistently decreasing trends of near‐
surface mean wind speed over most regions of China exerted a negative influence on the trend of the
adjusted precipitation. Meanwhile, the decreases in the measured annual precipitation reinforced the nega-
tive effects in Southwest China (Subregion IV) and North China (Subregion II). In Southeast China
(Subregion III), the weaker increasing trend of the adjusted annual precipitation was mainly caused by
the reduction in mean wind speed on precipitation days, whereas in Northwest China and northern Tibet
(Subregion I), the increasing tendencies in measured precipitation amounts and precipitation days gave rise
to the stronger increasing trends of adjusted annual precipitation. Previous research has suggested that near‐
surface wind speed changes exerted profound impacts on adjusted precipitation trends from 1951–1998
(Ding et al., 2007). By investigating the trend of bias‐removed precipitation data over the longer period of

10.1029/2019JD031728Journal of Geophysical Research: Atmospheres

ZHANG ET AL. 19 of 21



1961–2016, we discovered that the trend of measured gauge data, including both amount and occurrence,
also played an important role in the trend of the adjusted precipitation data in arid regions.

We suggest that precipitation records after bias removal can be considered more realistic observations than
the unadjusted data. Apart from improving the understanding of precipitation climatology (e.g., Ye et
al., 2004; Zhang et al., 2019) and trend (e.g., Ding et al., 2007), the bias‐removed data could also be used
to estimate the applicability of precipitation data sets from different sources (e.g., satellite and reanalysis pre-
cipitation) in China. This is a very meaningful project, and we plan to perform this research in the near
future. In addition, SPICE (Nitu et al., 2018) has developed some adjustment methods for solid precipitation
measurements, especially automatic observations. Although there are currently no SPICE sites in China, it
will still be necessary to apply new methods developed by SPICE to automatic measurements of solid preci-
pitation in China in the future.
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