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ABSTRACT: An international programme dedicated to the study of the Third Pole Environment (TPE) is now developing. The
TPE region is centred on the Tibetan Plateau and concerns the interests of the surrounding countries and regions. To improve
input for hydrological research, we collected precipitation data on 241 meteorological stations across the TPE region; these data
were obtained from various countries, thus including various types of gauges. Employing the procedure recommended by the
World Meteorological Organization (WMO), a full version of bias adjustment was applied to the data, including adjustments
for wind-induced error, wetting loss, evaporation loss and trace amount for each station. The results reveal that the average
annual precipitation has increased considerably from a minimum of 4 mm to a maximum of 409 mm with an overall mean of
27% from the adjustment, the largest bias being found in the Chinese standard precipitation gauge (CSPG) which was used in
the central TPE region. In addition, the bias shows variable spatial and temporal patterns in different climate zones throughout
this area. It is expected that this study and its results will be beneficial for hydrological and climatic studies over the TPE
region.
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1. Introduction
Accurate precipitation data and information are essential
for understanding water resources and hydrometeorological processes at both regional and global scales. However,
it is well known that precipitation amounts measured by
means of precipitation gauges, especially snowfall, contain substantial negative biases. In addition, incompatible precipitation measurements occur from one country to
another because of the diversity of gauge designs, inconsistent installations and observational methods (Sevruk and
Klemm, 1989; Karl et al., 1993; Legates, 1995; Yang et al.,
2001). Systematic errors are particularly important with
regard to these factors, because they affect all types of
precipitation gauges, especially in cold regions (Goodison
et al., 1998).
Many efforts to define and quantify the accuracy of
gauge measurements of precipitation have been reported
and summarized (Yang et al., 1998, 1999, 2001; Yang and
Ohata, 2001). Research projects on the incompatibility
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of precipitation measurements and records have been
conducted by way of gauge inter-comparison experiments by the World Meteorological Organization (WMO)
(Sevruk et al., 2009; Goodison et al., 1998). These studies focus on the impact of wind, evaporation and other
sources of errors in precipitation observations. Yang and
Ohata (2001) found that wind-induced undercatch was the
greatest error, and trace amount was also a significant bias,
particular in low-precipitation regions. Ye et al. (2004)
concluded that wetting loss was another important factor
in arid regions, while Zhang et al. (2004) suggested that
evaporation loss resulted in significant error in regions with
low precipitation.
Like Antarctica and the Arctic, the TPE region is attracting increased attention by the academic community (Qiu,
2008), given its location in the centre of the Tibetan
Plateau, and stretching from the Pamir Plateau and the
Hindu-Kush in the west to the Hengduan Mountains in
the east, and from the Kunlun and Qilian Mountains in
the north to the Himalaya in the south; total areal extent
exceeds 5 000 000 km2 , with an average relative relief surpassing 4000 m (Figure 1). This region is subjected to
effects from multiple climatic systems, as well as being
the source region of some major rivers (Yao et al., 2012).
Thus, reliable precipitation is one of the most important
variables in research into climate, glaciers, hydrology and
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Figure 1. Location of the Third Pole Environment (TPE) region and four selected climate stations in different climate conditions. The circles stand
for different types of precipitation gauges, i.e. black for the Chinese standard precipitation gauge (CSPG), yellow for the Indian, blue for the MK2,
red for Nepal-2003, purple for the Tretyakov and green for the U.S. 8′′ gauge.

ecosystems across the whole region. Accordingly, precipitation research is a key component of the TPE programme
(http://www.tpe.ac.cn/). Atmospheric circulation patterns
over the TPE region are characterized by the Indian monsoon (IM) in summer and the mid-latitude Westerlies in
winter. In addition, the East Asian monsoon (EAM) influences the climate pattern in the eastern margins, such as
the Mingya, Gongga and the eastern Qilian Mountains
(Yao et al., 2012). Furthermore, a separate but shallow
Tibetan Plateau monsoon (TPM) is also present, which is
best defined at the 600 hPa surface, originating from the
thermal contrast between the Tibetan Plateau and the surrounding lower altitude regions (Tang and Reiter, 1984;
Tang et al., 1998).
Several efforts have been made to improve the quality of
precipitation data by means of bias adjustment. Ye et al.
(2004) corrected China precipitation data without considering the evaporation loss during the period 1951–1998,
including the Tibetan Plateau. He et al. (2009) presented
the results of bias adjustment for the Geonor T-200B Pluviometer and the Chinese standard precipitation gauge
(CSPG) measurements in the central Tibetan Plateau. You
et al. (2012) adjusted annual and seasonal precipitation in
the eastern and central Tibetan Plateau during the years
1961–2007, based on a bias experimental model (Yang
et al., 2005; Ye et al., 2004). Despite the research summarized above, improvement of bias adjustments across
the TPE region is still called for as follows: (1) none of
the former studies performed a full version of adjustment;
(2) the target area should be expanded to the surrounding
countries and regions as a means of improving assessment
of climatic regime conditions for bias adjustment; (3) data
series need to be up-to-date.
In order to improve the accuracy of precipitation observations across the TPE region, we employed the bias
adjustment procedure recommended by the WMO; this
addresses all biases, including wind-induced undercatch,
wetting and evaporation losses, and the trace amount of
© 2014 Royal Meteorological Society

precipitation at 241 meteorological stations in various
countries, which consequently involves a variety of gauge
types. We quantified the biases for various gauges and different climatic conditions and also updated the precipitation data to cover the past 60 years.

2. Methods and data
2.1. Data sources and precipitation gauges over the TPE
region
In this study, observations of daily precipitation and other
elements (e.g. temperature and wind speed) from 1951 to
2010 are based on two individual datasets (Table S1). The
data for the Chinese climatic stations were acquired from
the Chinese Meteorological Administration (CMA). The
other data were obtained from the Global Summary of Day
Product (GSDP) (http://www7.ncdc.noaa.gov/CDO/cdo).
Most of the stations (more than 85%) have long term
records (over 30 years); others have relatively short
records, but not less than 15 years. The stations selected
in this work generally cover various climate zones across
the TPE region.
Figure 1 shows the location of the 241 stations and the six
precipitation gauges used in the TPE region. The gauges
are different in size, shape, material, installation height and
wind shield. Therefore, both their observational resolution
and accuracy vary significantly (Yang et al., 2001).
Table 1 summarizes information on the national precipitation gauges across the TPE region. The instrumental
details are taken from Sevruk and Klemm (1989). It is
expected that all the gauges in the network are consistently
used according to the national standards. In reality, however, variations exist in setting and using the precipitation
gauges in the operational networks of different countries
and even within individual national networks. For instance,
the US standard gauge should be placed about 1 m above
the ground, but at some Alaska stations, the gauge is set
Int. J. Climatol. 35: 1201–1211 (2015)
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Table 1. Nations and corresponding instrumental information over the TPE region.
ID

Country

Gauge
type

I
II
III

Bangladesh
China
India

U.S. 8′′
CSPG
Indian

IV
V
VI

Kazakhstan
Kyrgyzstan
Nepal

VII
VIII
IX
X

Pakistan
Tajikistan
Turkmenistan
Uzbekistan

Number of selected Wind-induced error correction
Setting orifice
Area of
weather station
procedure
height (cm) orifice (cm2 )
70
70
30

324
314
200

1
152
22

Tretyakov
Tretyakov
Nepal2003

40
40
100

200
200
324

9
7
3

MK2
Tretyakov
Tretyakov
Tretyakov

30
40
40
40

127
200
200
200

21
9
2
15

on the roof of the weather office building at heights of
between 3 and 4 m. In such cases, therefore, the snowfall
undercatch is very high (Yang et al., 1998).
In order to display the precipitation differences in
various climate zones, four typical climate stations were
selected, as shown in Figure 1. Site I is Samarkand
(39.57∘ N, 66.95∘ E) in Uzbekistan, located in the northwest of the TPE region. Site II is Amdo (32.35∘ N,
91.10∘ E) on the central Tibetan Plateau. Site III is
Ruo’ergai (33.58∘ N, 102.97∘ E) in China’s Sichuang
province, which lies on the eastern edge of the TPE
region. Site IV is Lucknow (26.75∘ N, 80.88∘ E) in the
Indian Peninsula, which is located in the south of the
TPE region. These stations, ranging from Site I–IV, come
under the influence of the Westerlies, TPM, EAM and IM,
respectively.
2.2. Adjustment methods
Precipitation adjustment should be made for the wetting
loss, evaporation loss, trace events, and wind-induced error
due to deformation of the wind field over the gauge orifice.
Yang et al. (2001) updated the general bias-adjustment
precipitation model to:
(
)
Pc = K Pm + ΔPw + ΔPe + ΔPt
(1)
K = 1∕CR

(2)

where Pc is the ‘true’ precipitation, Pm is the measured
value by gauges, ΔPw and ΔPe are wetting and evaporation
losses respectively, ΔPt is trace amount and K is the
adjustment coefficient due to wind-induced error. CR is the
catch ratio (%), defined as a function of wind speed and
temperature (Goodison et al., 1998).
Generally, the first task is to classify precipitation if
this information is not available in the data archive. It
is well known that the undercatch of snow is much
greater than that of rain in the same wind speed conditions (Goodison et al., 1998). Therefore, classification of
precipitation type is crucial in determining an accurate
© 2014 Royal Meteorological Society

Yang et al. (1998)
Yang (1988) and Yang et al. (1991)
No bias-correction result can be referee,
dealt by procedure of Tretyakov due to
similar size
Goodison et al. (1998)
Goodison et al. (1998)
No bias-correction result can be referee,
dealt by procedure of U.S. 8′′ due to
similar size
Essery and Wilcock (1991)
Goodison et al. (1998)
Goodison et al. (1998)
Goodison et al. (1998)

CR. Kang (1994) reported that the relative proportion of
liquid, solid or mixed precipitation could be deduced as
follows:
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(3)
where S represents the ratio of solid precipitation and
T max , T min and T d stand for daily maximum, minimum
and mean temperature, respectively. The critical temperature of solid and liquid precipitation is T S and T L , respectively. Briefly, when S = 0, it is a rain day; snow events
occur when S equals 1. If the value of S ranges between
0 and 1, it is mixed precipitation. The type of precipitation is classified by daily air temperature, where temperature criteria are set at –2 ∘ C and 2 ∘ C. That is, snow and
rain is indicated during daily temperatures below –2 ∘ C
and above 2 ∘ C, respectively. Mixed precipitation occurs
when the temperature is between –2 ∘ C and 2 ∘ C. This
approach has been used in many regions, e.g. Siberia,
Mongolia and China (Yang and Ohata, 2001; Ye et al.,
2004; Zhang et al., 2004). However, Ding et al. (2014)
reported that precipitation types were highly dependent
on surface elevation, and a high threshold temperature
was needed for distinguishing between snow and rain over
high-altitude regions. In our research, the critical temperature of solid and liquid precipitation is confirmed as
2.8 ∘ C and 5.5 ∘ C separately, based on field observations
at Daxigou weather station in the Urumqi River basin
(Kang et al., 1997). This station lies at an altitude of
about 3500 m in the northwest of the Tibetan Plateau. The
climate and geographic conditions are, in general, similar to those on the Plateau as a whole, which suggests
that the values would be more applicable if compared
with the former results, i.e. classification into –2 ∘ C and
2 ∘ C. In addition, You et al. (2011) reported that snow
depth was positively correlated with the number of snow
days (R = 0.89, p < 0.0001) during the period 1961–2005.
Int. J. Climatol. 35: 1201–1211 (2015)
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Table 2. Criteria for observed precipitation error sources in various precipitation gauges.
System errors

Wetting loss
(ΔPw , mm)
Evaporation
loss (ΔPe , mm)
Trace amount
(ΔPt , mm)

Gauge type

Snow
Mixed
Rain
Snow
Mixed
Rain

Cite from

CSPG

Indian

MK2

Nepal2003

Tretyakov

U.S. 8

0.30
0.29
0.23
0.10
0.30
0.30
0.10

0.15
0.15
0.20
0.10
0.30
0.30
0.10

0.15
0.15
0.20
0.10
0.30
0.30
0.10

0.15
0.15
0.20
0.10
0.30
0.30
0.10

0.15
0.15
0.20
0.10
0.30
0.30
0.10

0.15
0.15
0.03
0.10
0.30
0.30
0.10

′′

Sevruk (1982); Groisman et al.
(1991); Yang et al. (1991) and
Golubev et al. (1992)
Aaltonen et al. (1993) and
Zhang et al. (2004)
Yang et al. (1998) and Ye et al.
(2004)

Figure 2. Maps of the average correction factor (CF) for (a) warm season (April to September) and (b) cold season (October to March) over the TPE
region.

Thus, in order to improve the accuracy of snow events,
snow depth records are used for confirmation of snowfall
classification.
The method of calculating the CR in Equation 2 has been
described by Yang et al. (2001). Wind speed at the gauge
height is derived from the original wind observations (e.g.
10 m height for China, Ye et al., 2004). The wind-induced
loss is calculated by equations for various gauges in
Table 1. The wetting loss, evaporation loss and trace
amount are determined by the values shown in Table 2.
Wetting loss is gauge specific and varies in response to
precipitation type. The average wetting loss of CSPG is
© 2014 Royal Meteorological Society

0.23 mm per day for rainfall, and 0.30 and 0.29 mm for
snow and mixed precipitation, respectively (Yang et al.,
1991). However, the wetting loss of U.S. 8′′ is 0.03 mm for
rainfall (Golubev et al., 1992) and 0.15 mm for snow and
mixed precipitation (Sevruk, 1982). As for the remaining
gauge types, the values are 0.20, 0.15 and 0.15 mm for
liquid, mixed and solid precipitation, respectively (Sevruk,
1982; Groisman et al., 1991).
Evaporation loss is the water lost by evaporation of
the gauge contents before the observation is made. For
instance, the Tretyakov gauge tested at the Jokioinen station in Finland had an evaporation loss of 0.30–0.80 mm
Int. J. Climatol. 35: 1201–1211 (2015)
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Figure 3. Maps of the annual mean correction factor (CF) during the period 1951 to 2010 over the TPE region.

per day in summer and 0.10–0.20 mm in winter (Aaltonen
et al., 1993). Taking a conservative approach in this paper,
evaporation loss is adjusted by 0.10 mm for snowfall and
0.30 mm for other precipitation types.
Trace amount is often treated as a zero event, which is
recorded as a precipitation day in spite of contributing little
to the monthly totals. This is because precipitation events
less than 0.1 mm are beyond the CSPG resolution. Here,
trace precipitation is corrected on a daily basis (Yang et al.,
1998; Ye et al., 2004). Regardless of the number of trace
events, a value of 0.10 mm is assigned and added to the
daily precipitation here.

Table 3. Composition of systematic biases during different periods (i.e. yearly, warm and cold seasons) over the TPE region.
System errors (%)

Warm season
Cold season
Annual

Wind-induced

Wetting

Evaporation

Trace

43.3
33.6
41.8

20.3
25.9
21.2

25.1
24.8
24.9

11.2
15.7
12

Table 4. Comparison of bias adjustment within six types of precipitation gauges used over the TPE region.
Gauge type

3. Results and discussion
3.1. Seasonal bias
The seasonal bias is the total amount of the daily adjustment for each season. Here, we divide the season into
warm and cold types, where the cold season ranges from
October to March, and the warm season extends from April
to September.
The total biases of 6–274 mm in the warm season are
greater than those of 8–120 mm in the cold season over the
TPE region. In contrast, a greater correction factor (CF: the
adjusted precipitation divided by gauge observed amounts)
value occurs in the cold period and a smaller one is found
in the warm season (Figure 2). The main reasons for this
are higher wind loss for snow and small amounts of absolute precipitation in the cold season. Spatially, the CF value
demonstrates a similar trend during the warm and cold seasons, both of which increase from southwest to northeast
and have higher centres because of the dry and cold climate
at high altitudes. Measured precipitation across the regions
varies between 25–1471 mm and 6–578 mm during warm
and cold seasons, respectively. After bias adjustment, these
values increase to 38–1613 mm and 13–646 mm.

CSPG
Indian
MK2
Nepal2003
Tretyakov
U.S. 8′′

System errors (%)
Wind-induced

Wetting

Evaporation

Trace

41.3
46.9
49.8
63
39.4
76

21.9
17.5
16
12.1
18.9
1.6

24.7
26.4
24.7
18.2
27.9
16

12.1
9.1
9.5
6.7
13.8
6.4

90 mm across the TPE region (Table S2). Spatially, the
CF trends range from 1.06 in the southwest to 1.94 in the
centre (Figure 3), which can be explained by lower temperatures and higher wind speeds on precipitation days
in the central area. Yang and Ohata (2001) reported that
the precipitation biases generally increase poleward and
with altitude because of the increased proportion of snowfall. Over the TPE regions, more snowfall occurred in
cold season, but coincidence of higher wind speeds and
snow events result in high ratios of snowfall loss and thus
larger biases detected during gauge observation. The overall mean annual CF is 27%, which is higher than the global
value of 11% (Legates and Willmott, 1990). Following bias
adjustment, the yearly precipitation displays higher values
(28–2003 mm) in the study area.

3.2. Annual bias
On the basis of seasonal datasets (Tables S3 and S4) and
analyzes, the mean annual bias ranges from a minimum
of 4 mm to a maximum of 409 mm, with an average of
© 2014 Royal Meteorological Society

3.3.

Bias composition

Table 3 displays partitions of the system errors in different
periods over the TPE region. The wind loss ranges from
Int. J. Climatol. 35: 1201–1211 (2015)
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Figure 4. Monthly observed precipitation (grey bar) and adjusted amounts, including wetting loss (blue column), evaporation loss (green column),
trace amount (yellow column) and wind-induced loss (red column) at the selected stations in different climate zones.

33.6 to 43.3% of the total bias; wetting loss varies from
20.3 to 25.9% of the total; evaporation loss accounts for
approximately 25% of the sum; trace amount changes from
11.2 to 15.7% of the sum bias. Wind-induced undercatch
is the highest proportion compared with other factors in
each period. Variation of wind loss can be explained by
wind speed, precipitation type and gauge installation (e.g.
gauge height and type) (Yang et al., 1998). Wetting loss
and evaporation loss are also considerable, which reflect
the patterns of measured precipitation days (Ye et al.,
2004) and local climate conditions (Zhang et al., 2004),
respectively. Although trace amount is the lowest item,
the real precipitation days exhibit a wider variation after
confirming trace events in the study area.
3.4.

Bias versus gauge

Table 4 illustrates various bias components of six types
of precipitation gauges used over the TPE region. The
U.S. 8′′ gauge has the highest proportional wind loss
and lowest proportional wetting loss, evaporation loss
and trace amount. The Tretyakov gauge shows the lowest proportional wind loss, but highest percentages of
© 2014 Royal Meteorological Society

evaporation loss and trace precipitation. The CSPG, which
is used in China as the national gauge (Ye et al., 2004),
has the highest proportional wetting loss. The Nepal2003
gauge displays the second highest proportional wind loss
and second lowest proportional trace amount. As for the
Indian and MK2 gauges, both show nearly identical proportions of wetting loss and trace precipitation. Finally,
the wind-induced undercatch is the largest error among the
biases for all the gauges considered here.
3.5. Bias versus climate conditions
Figure 4 displays the mean monthly bias adjustments
and measured precipitation for selected meteorological
stations under different climate conditions. Sites I–IV
represent the Westerlies, TPM, EAM and IM climates,
respectively (Figure 1). It should be emphasized here that
we chose just one station as an example in each climate
zone and then compared one with another across the TPE
region. The purpose of this approach is mainly to show the
different monthly patterns of precipitation biases within
different climate zones.
Int. J. Climatol. 35: 1201–1211 (2015)
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Figure 5. Monthly correction factor (CF), wind speed and temperature at the selected stations in different climate zones.

Common features of the bias adjustments for various
climate conditions are as follows:
1. During each month, wind-induced undercatch is generally greater than other losses for all the selected stations.
2. A seasonal CF variation involving a high CF value for
the cold season (October to March) and a low CF one
for the warm period (April to September) is clearly
demonstrated at Sites II and III. However, the seasonal
trends at Sites I and IV are not clear (Figure 5).
3. High precipitation is observed at Site IV, which is
dominated by the IM. In contrast, the precipitation
amounts at Site I are smaller compared with other sites
(Figure 4), where the Westerlies is the main factor
affecting the local climate.
© 2014 Royal Meteorological Society

4. It is emphasized that, except for Site I, the other three
stations present higher precipitation values in the warm
season and smaller ones in the cold season.
Significant seasonal variability in climate occurs across
the TPE region, which results in seasonal variation in
the bias adjustments. A dominant parameter that affects
the seasonality of bias adjustment is precipitation type,
i.e. solid, liquid or mixed precipitation, which is mainly
affected by local climate condition (e.g. temperature). In
general, the monthly temperature is higher at Sites I and
IV, but lower values are found at the other sites because
of their high altitude (Figure 5). In addition, wind speed
is another significant feature that influences wind-induced
loss and evaporation loss (Zhang et al., 2004). However,
wind speeds during the precipitation events are relatively
low in the study region, with a mean value of less than
Int. J. Climatol. 35: 1201–1211 (2015)

1208

Y. MA et al.

Figure 6. Inter-annual changes in the correction factor (CF), air temperature and wind speed at the selected stations under different climate conditions
over the TPE region.

5 m/s (Figure 5), so that blowing snow events on precipitation days are not very frequent.
3.6.

Bias versus warming

With a pace of about twice the observed rate of global
warming, the temperature on the Earth’s ‘Third Pole’ has
risen by 0.2 ∘ C per decade over the past 50 years (Chen
et al., 2013). Wind speed has declined considerably during the past few decades over the elevated Tibetan Plateau
(Yang et al., 2011). Changes in climate variables, such as
air temperature and wind speed, affect precipitation bias
adjustments. It is interesting to note that a slightly negative
correlation exists between annual CF and air temperature,
while a positive correlation is found between CF and wind
speed at selected climatic stations (Figure 6). In the warming background, the annual CF values are more sensitive
© 2014 Royal Meteorological Society

to wind speed than air temperature. Average values of
annual CF are 1.17, 1.36, 1.33 and 1.21 for Samarkand (the
Westerlies), Amdo (TPM), Ruo’ergai (EAM) and Lucknow (IM) respectively for the last half century. The CF
trends between Amdo and Ruo’ergai are similar, rising
from 1965 to 1987 and then declining from 1988 to 2010.
The other two sites show stable CF values during the last
few decades.
3.7. Comparison with other regions
Different methods of adjusting gauge precipitation observations for systematic errors have been developed and
applied for climatic studies (Sevruk, 1982; Groisman
et al., 1991; Legates and DeLiberty, 1993; Yang et al.,
1995; Goodison and Yang, 1996; Yang et al., 1998).
Comparison of the adjustment results among different
Int. J. Climatol. 35: 1201–1211 (2015)
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Yang et al. (1998)
Ye et al. (2004)
Yang et al. (1999)
Zhang et al. (2004)
Yang and Ohata (2001)
1.10–2.40
1.06–1.62
1.24–1.93
1.17–1.40
1.10–1.87
1.06–1.94
180–2546
50–3200
133–1005
74–479
216–945
28–2005
65–800
8–740
36–284
15–81
31–333
4–409
55.6–669.7
1.4–690
19.3–262
4.4–48.4
6.5–316.2
3.5–206.7
0.4–62.3
0.3–67

5.1–24.6

8.4–27.5
0.2–27.2

3.7–12.9
1.4–10
6–12.5
7.3–24.6
3.1–78
5.1–15.6
3.7–18.5

80–275
2–89

60–125

103–1347
14–2800
80–721
59–410
170–771
13–1543
37–129

18–75
0–46
45–81
5–24
5–58
0–65
1982–1983
1951–1998
1994–1997
1980–1999
1986–1992
1951–2010
10
710
12
31
61
241
Alaska
China
Greenland
Mongolia
Siberia
TPE region

Wetting
loss

Evaporation
loss

Trace
amounts

Wind-induced
loss

Total

Corrected
Correction Cited from
precipitation
factor
(mm year−1 )
(CF)
Correction (mm year−1 )

Observed
precipitation
(mm year−1 )
Trace
amount
days
Snow
percent
(%)
Study
period

In this study, bias adjustment procedures derived from the
WMO for the six precipitation gauges (i.e. CSPG, Indian,
MK2, Nepal2003, Tretyakov and U.S. 8′′ ) were applied
at 241 weather stations across the TPE region during the
period from 1951 to 2010. The bias adjustments were conducted in accordance with various gauges and precipitation
types, i.e. the gauge CR is calculated for snow, mixed and
rain classes at each site. Daily temperature is used to determine precipitation types when direct observations are not
available. Wind speeds at the gauge level are estimated
from wind sensor observations above the ground (e.g. 10 m
height in China). Systematic errors of wind-induced undercatch, wetting loss, evaporation loss and trace amount are
considered on a daily basis. In short, wind-induced error
is the greatest error in the gauge measurement. The other

Stations

4. Conclusion

Nation/
region

geographic regions is useful as a means of seeing differences or similarities. Table 5 summarizes the results
of annual mean bias adjustments among the TPE region,
Alaska, China, Greenland, Mongolia and Siberia.
In general, precipitation in all the regions is much higher
than observed values following the bias adjustments with
CF values of 1.06–2.40 (Table 5). Of the bias adjustments, wind-induced undercatch is the largest error for
each region. However, evaporation loss is considered only
in Mongolia and the TPE region. On the other hand, wetting loss is not recorded in Siberia because it has been
adjusted in the precipitation archives of the FUSSR before
collection of the precipitation data (Groisman et al., 1991)
and trace precipitation is not emphasized in Mongolia.
Compared with other regions, this study takes account of
all possible biases (i.e. wind-induced undercatch, wetting
loss, evaporation loss and trace amount) and reduces the
errors to the maximum extent across the TPE region. As a
result, the annual mean CF in our study area ranges from
1.06 to 1.94, with an overall mean of 1.27. In addition, the
CF values are relatively higher in Alaska and Greenland.
As for trace precipitation events, the highest values are
found in Siberia and the lowest in the TPE region. Finally,
snow percent is the lowest (<24%) in Mongolia, while in
the TPE region, it is at relatively intermediate levels, with
an average value of 23.5%.
This summary elaborates the basic features of precipitation adjustments and climatology over the various regions
of the world, but these conclusions (e.g. CF values, various systematic biases) are qualitatively different. This discrepancy may be due to different datasets and adjustment
procedures used in the regions. In all, these biases usually increase poleward and with altitude among the six
selected regions, an outcome also presented by Legates
and Willmott (1990) in global gauge precipitation adjustments. Furthermore, it is worth mentioning that the time
scale (60 years) in the current study is the longest available
across the TPE region, which is a substantive contribution
to climate and hydrological research and applications over
such a large area.

Table 5. Comparison of annual mean bias adjustments of daily precipitation data for the TPE region, Alaska, China, Greenland, Mongolia and Siberia.
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biases such as wetting and evaporation losses, and trace
amount, are also significant across the TPE region.
Seasonally, the correction factor (CF: adjusted/observed
precipitation) is greater in cold season and smaller in warm
season due to higher wind loss for snow and small amounts
of absolute precipitation in the cold season. On the basis
of bias adjustment, seasonal precipitation has increased by
6–274 mm and 8–120 mm across the TPE region, with
overall average increases of 18.2% and 25.4%, respectively, for the warm and cold periods. Mean annual precipitation has increased from a minimum of 4 mm to a
maximum of 409 mm, with an overall average of 27%
at the 241 stations across the TPE region from 1951 to
2010. These results suggest that the annual precipitation
in the study area is much higher than previously reported.
In addition, precipitation climatology shows various characteristics under the dominance of different climate zones
across the TPE region, which include the Westerlies, TPM,
EAM and IM. Precipitation amounts are higher in the IM
regions compared with other zones. In contrast, the regions
controlled by the Westerlies receive lower precipitation
amounts.
It should be emphasized that the purpose of this study
is to develop a long-term bias-adjusted precipitation
climatology for the TPE region, a region that is attracting
increasing attention among the international academic
community (Qiu, 2008). The result of this study is useful
for climatic and hydrological studies across high-altitude
regions. Owing to major errors in the precipitation data
records, our work will strengthen climate analyzes across
cold regions, including the water cycle and climate
changes. For instance, based on the re-analysis of datasets
and adjusted precipitation data for rainfall and snowfall,
Zhu et al. (2013) used a statistical regional climate model
to project the Tibetan Plateau climate for the period from
2015 to 2050, and concluded that increases in precipitation mainly occur in early summer and autumn, which
is primarily due to an earlier onset and later withdrawal
of the Asian summer monsoon. Accordingly, this work
forms part of a long-term effort to produce high-quality
precipitation datasets across this region. Our efforts will
continue to install more precipitation gauges in the central TP area, to integrate satellite precipitation products
into the precipitation gauge records, and to improve the
adjustment methods for the orographic effect.
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