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Abstract: Decreases in pan evaporation (Epan) over the last decades have been reported in many
regions of the world. In this study, changes of Epan in the Zoige Plateau alpine wetland (hereinafter
referred to as “Zoige wetland”) and its peripheral regions from 1969 to 2014 were investigated
using the PenPan model based on the long-term meteorological data. The contribution of climate
factors to Epan change were quantified by using partial derivatives of the PenPan model. Results
indicated that Epan in Zoige wetland exhibited an obvious decreasing trend before 1989, but rapidly
increased after 1990. The increase in Epan in the Zoige wetland is more significant than that in its
peripheral regions and the entire Tibetan Plateau, which contributed to the more significant warming
in the Zoige wetland. The pan evaporation in Zoige wetland after 1990 could be mostly attributed to
changes in the aerodynamic component, and the decreasing radiation and wind speed is the primary
contributor to the decline of pan evaporation during 1969–1989, while increasing air temperature and
vapor pressure deficit were the major contributors to the increase of pan evaporation after 1990.
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1. Introduction

Wetlands in many parts of the world have undergone severe deterioration and drastic shrinkage
under the influence of climate change in the past few decades [1–5]. For instance, in China the water
level of Qinghai lake in Northwest China showed an overall decreasing trend (−0.07 m/year) with
an increasing temperature (+0.03 ◦C/year) from 1956 to 2009 [6]. The significant climate warming
was also the major cause of considerable shrinkage of Baiyangdian Lake in North China Plain
since the 1980s [7]. Climate change has a pronounced effect on wetlands through alterations in
hydrological regimes. The increased temperature and altered evapotranspiration and other climate
variables may play important roles in determining regional and local impacts [8]. As an important
factor of hydrological processes, evapotranspiration has significant effects on the water level, area,
ecological process, and functions of wetlands [9]. Increasing evapotranspiration may be one of the
important factors that cause wetland reduction. However, it is hard to obtain accurate measured
wetland evapotranspiration; the observed pan evaporation data are usually used to estimate
crop water requirements and lake evaporation to detect the amount of and changes in actual
evapotranspiration [10,11]. As a diagnostic of the state of the global hydrological cycle, the dominant
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factors for pan evaporation change are very significant for wetland preservation, water resource
management, irrigation control, and water supply. Therefore, analyzing the changes in pan evaporation
and their contributions is important for the studies of the deterioration mechanism of wetlands.

The decreases in pan evaporation since the 1950s have been reported in the United States [12],
India [13], Australian [14], New Zealand [15], China [16,17]. The pan evaporation decrease usually
accompanied by climate warming, that is the “pan evaporation paradox” [18]. Air temperature
is not the only factor that affects pan evaporation. The influence of other meteorological factors,
such as solar radiation, wind speed, and vapor pressure, should be seriously considered [19–21].
Roderick et al. [20] used the PenPan model [21] to attribute changes in pan evaporation to changes in
the underlying physical variables. The evaporation rate is divided into radiative (EpR) and aerodynamic
component [22], derivation dEpA/dt is expressed as the sum of wind speed, vapor pressure, and air
temperature, and the derivation coefficients are the contribution of climate factors to evaporation
changes. This approach has been successfully used in quantifying the contributions of climate factors
and the dominant factors [20,21,23]. According to PenPan model, Yang and Yang [24] developed
a model (PenPan-20 model) suitable for China’s D20 mini-type evaporation pan (with a diameter of
20 cm), which is widely used in the study of pan evaporation [16,23,25].

The Tibetan Plateau plays an important role in climate change because it shows critical impacts
on climate in Asia and elsewhere in the Northern Hemisphere [26]. Wetlands or lakes in this region
are highly sensitive to climate change, especially the hydrological processes, such as evaporation,
runoff, are more susceptible to climate warming. The decrease in Nam Co Lake evaporation in the
Tibetan Plateau is responsible for approximately four percent of the rapid water level increase and areal
expansion of Nam Co Lake [27]. By contrast, the increase in evaporation has induced lake shrinking and
wetland degradation in the headwater regions in Qinghai-Tibet Plateau [28]. The Zoige Plateau alpine
wetland (hereinafter referred to as “Zoige wetland”), as the largest distributed plateau peat bog in the
world, is located in the eastern edge of the Tibetan Plateau. This unique inland wetland is known as the
“kidney of the plateau” because it is the most important water conservation ecological function region
in the Upper Yellow River and an important protected area of biodiversity in China [29,30]. Significant
shrinkage and deterioration have occurred in the Zoige wetland since the 1960s [29], and increasing
evaporation was considered an important factor that contributes to the degradation [31–33]. Generally,
pan evaporation in the Tibetan Plateau exhibited a downward trend for the past few decades [16,23],
indicating the increase in actual evapotranspiration [11,17]. However, the changes in pan evaporation
and their contributions to the Zoige wetland remain elusive, which limits the study of the influence of
climate factors on the deterioration of the Zoige wetland.

Therefore, in order to explore the trends in pan evaporation and its attribution in the
Zoige wetland, distinct from the changes of wetland hydrological regimes under climate changes,
the PenPan-20 model was adopted to simulate Epan from 1969 to 2014, and examine the changes in
Epan and the contributions of climate factors in the Zoige wetland in this study. The dominant impact
factors of pan evaporation were also analyzed and discussed. These findings would support future
studies of the mechanisms of shrinkage and deterioration of the Zoige wetland.

2. Study Area, Data, and Method

2.1. Study Area and Data

The Zoige wetland located at the eastern region of the Tibetan Plateau, with the average altitude
of more than 3400 m. It is one of the four major swamp areas in China. The Black River and White
River are the main rivers of the Zoige wetland (Figure 1). The Zoige wetland is known as the kidney of
the plateau because of its important ecological function of retaining water in the upstream area of the
Yellow River. This region contributes approximately 30% of the observed annual runoff of Marchu
hydrological station in the Yellow River (approximately 4.6 billion m3) [34]. The climate of the study
area is typical alpine humid and semi-humid continental monsoon with considerable variation in
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diurnal temperature; the area has a long frozen season, an annual mean temperature of approximately
0.6 ◦C to 1.2 ◦C, and mean annual precipitation ranges from 600 mm to 800 mm [29].
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The daily meteorological data of stations in the Zoige wetland and its peripheral areas (Table 1)
were provided by the China Meteorological Data Service Center (CMDC) (http://data.cma.cn/),
which is responsible for the data quality control and management of the Climate Data Center.
The data include daily precipitation, air temperature, wind speed, relative humidity, radiation and pan
evaporation data. The pan evaporation data before 2001 are observed with the Chinese D20 micropan,
which is widely used to measure evaporation in China. The pan is 20 cm in diameter, 10 cm high,
and installed 70 cm above the ground on a wooden platform. In this study, in order to ensure data
integrity and accuracy, the average daily missing data of these selected stations is around 0.3%, and
therefore, a simple linear interpolation according to data before and after three days was used to
interpolate the daily missing data at one station. Then the climate data were adjusted to become
homogeneous by using RHtestsV4 software, with a two-phase regression technique for the detection
and adjustment of inhomogeneity of data [35]. Consequently, ten selected meteorological data from
1969 to 2014 (Table 1) were used to explore the changes of pan evaporation and contributions of
meteorological variables in the Zoige wetland. Six stations in the peripheral areas of the Zoige wetland
are used for comparison.

The monthly averages from daily data were first calculated and then proceeded with calculating
annual averages to analyze the trends of annual climatic factors. The arithmetic average of annual
climate variables of four stations (Jiuzhi, Hongyuan, Zoige and Marchu) were used to describe the
climate change in the Zoige wetland, as well as the other six stations for the peripheral area. The annual
mean temperature (Ta) in the study area from 1969 to 2014 was 1.41 ◦C, which is significantly lower than
that of its peripheral areas (2.89 ◦C). The mean water vapor pressure deficit (D) (2.26 hPa) in the Zoige
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wetland is also lower than that of its peripheral areas (2.96 hPa). The mean annual precipitation (P)
(685.2 mm) in the Zoige wetland is slightly higher than that of its peripheral areas (633.95 mm) (Table 2).

Table 1. List of meteorological stations in the Zoige wetland and its peripheral areas with WMO
number, station name, longitude, latitude, and elevation.

Study Area WMO Number Station Name Longitude (◦E) Latitude (◦N) Elevation (m)

Zoige
wetland

56067 Jiuzhi 101.483 33.433 3630
56173 Hongyuan 102.550 32.800 3492.7
56079 Zoige 102.967 33.583 3441.1
56074 Marchu 102.083 34.000 3473.2

Peripheral
area

56043 Golog 100.250 34.467 3720
56046 Darlag 99.650 33.750 3968.5
56151 Baima 100.750 32.933 3530
56172 Barkam 102.233 31.900 2665.9
56182 Songpan 103.567 32.650 2852.1
56065 Henan 101.600 34.733 3501

Table 2. Statistical values of the annual average temperature (Ta), net radiation (Rn), wind speed (u2),
vapor pressure deficit (D), precipitation (P) and pan evaporation (Epan_o) in the Zoige wetland and its
peripheral areas between 1969 and 2014.

Study Area Ta (◦C) Rn (W/m2) u2 (m/s) D (hpa) P (mm) Epan_o (mm/a) *

Zoige wetland 1.41 30.9 1.67 2.26 685.2 1245
Peripheral area 2.89 30.6 1.26 2.96 633.9 1316

Note: * The value of Epan_o is the annual averaged value from 1969 to 2001.

2.2. PenPan-20 Model and Its Contributions

The PenPan-20 model developed by Yang and Yang [24] is used to simulate evaporation from the
D20 pan (Epan) and expressed as:

Epan = EpR + EpA = (
∆

∆ + aγ

Rn

λ
) + (

aγ

∆ + aγ
fq(u)

D
λ
), (1)

where EpR is the radiation term; EpA is the aerodynamic term; ∆ is the slope of the saturated vapor
pressure–temperature curve (kPa K−1); Rn is the net solar radiation (MJ m−2 day−1); λ is the latent
heat of vaporization of water (MJ kg−1); γ is the hygrometer constant (kPa K−1); a is the ratio of the
effective surface areas for heat and water vapor transfer, which can be derived in theory according
to the shape and size of the pan (a = 5 for the D20 pan); D is vapor pressure deficit (kPa); u2 is the
mean wind speed at 2 m (m/s); fq(u) is the transfer function of wind speed (kg m−2 day−1 kPa);
and fq(u) = a(1 + bu2), where a and b are the calibrated parameters.

Rn is calculated as:
Rn = (1− αp)Rsp − Rl,out + Rl,in

= (1− αp)Rsp − Rnl
, (2)

where Rl,out is the outgoing longwave radiation of pan evaporation (MJ m−2 day−1); Rl,in is the
incoming longwave radiation (MJ m−2 day−1); Rnl is the net longwave radiation (MJ m−2 day−1);
αp is the pan albedo, which is generally set as 0.14 [20,21]; and Rsp is the incoming shortwave radiation
of a pan (MJ m−2 day−1), which can be estimated as:

Rsp = [Prad fdir + 2(1− fdir) + 2α]Rs, (3)
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where Rs is the solar radiation (MJ m−2 day−1), which can be calculated using the formula in
FAO-56 [36]; Prad is the pan evaporation factor, which refers to the additional direct radiation
intercepted by the pan wall; fdir is the proportion of direct radiation in the global radiation; α is the
surface albedo (=0.23) of the meteorological station; and Rl,in is calculated using the following equation
(MJ m−2 day−1):

Rl,in = σT4
a (1− (0.34− 0.14

√
ea) · (1.35Rs/(Ro(0.75 + 2× 10−5z))− 0.35)), (4)

where σ is the Stefan–Boltzmann constant (4.903 × 10−9 MJ m−2 day−1 K−4); ea is the actual vapor
pressure; Ro is the zenithal radiation (MJ M−2 day−1), which can be calculated using the formula in
FAO-56 [36]; and z is the altitude of the meteorological station (m).

D is calculated using the following equation:

D = (1− RH)es, (5)

where es is the saturated vapor pressure, which can be estimated as follows:

es = 0.6108 exp(
17.27Ta

Ta + 237.3
), (6)

where Ta is the mean temperature (◦C) and RH is the relative humidity (%).
The method proposed by Roderick et al. [20] was adopted to derive the first-order partial

differential form of the radiation and aerodynamic terms of Epan:

dEpan

dt
=

dEpR

dt
+

dEpA

dt
, (7)

In Equation (8), the change in EpR is mainly caused by changes in ∆ and net radiation Rn. ∆ is only
related to Ta. Therefore,

dEpR

dt
=

∂EpR

∂Rn

dRn

dt
+

∂EpR

∂∆
∂∆
∂Ta

dTa

dt
= Rn

∗ + Ta1
∗

, (8)

where Rn
∗ and Ta1

∗ are the contributions of the climate factors (Rn and Ta) to EpR,

with Ta1
∗ =

aγRn

λ(∆ + aγ)2
∂∆
∂Ta

dTa

dt
and Rn

∗ =
∆

λ(∆ + aγ)

dRn

dt
. Changes in EpA with respect to time

is calculated using the following equation:

dEpA

dt
=

∂EpA

∂∆
∂∆
∂Ta

dTa

dt
+

∂EpA

∂u2

du2

dt
+

∂EpA

∂D
dD
dt

= Ta2
∗ + u2

∗ + D∗
, (9)

where Ta2
∗, u2

∗, and D∗ are the contributions of Ta, u, and D to EpA.
Mean temperature Ta can also alter the net radiation Rn and vapor pressure deficit D and affect

Epan indirectly. Therefore, this effect should be considered in the analysis of Ta contribution and model
sensitivity:

∂EpR

∂Rn

∂Rn

∂Ta

dTa

dt
= − ∆

λ(∆ + aγ)

4Rnl
(Ta + 273.15)

dTa

dt
= Ta3

∗
, (10)

∂EpA

∂D
∂D
∂Ta

dTa

dt
=

aγ∆
λ(∆ + aγ)

fq(u)(1− RH)
dTa

dt
= T∗a4

, (11)

where Ta3
∗ is the contribution of Ta to EpR via Rn and T∗a4 is the contribution of Ta to EpA via D.
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2.3. Trend Analysis

The Mann-Kendall (M-K) test is a nonparametric test for detecting trends in a time series and is
widely used in the fields of meteorology and hydrology because it does not require independent and
normally distributed sample data, nor is it affected by abnormal values. However, the significance
of series trends is likely to be magnified by using the M-K test due to the serial correlation between
climatic and hydrologic series. To eliminate the influence of a serial autocorrelation on the M-K
test, Kulkarni and von Storch [37] proposed to pre-whiten a series prior to applying the M-K test.
Yue and Wang [38] modified the pre-whiten procedure and proposed a trend-free pre-whitening
method (TFPW).

In this study, the TFPW method was applied to eliminate the influence of serial correlation, and
then the trends in climatic factors. The significance of each climate factor at p-level was also tested.
The slope of the trend can be estimated as follows [39,40]:

β = median
[
(Xj − Xi)

(j− i)

]
, ∀i < j, (12)

where Xi and Xj are the time series data of the ith and jth years, respectively, and β is the slope of
each station. A negative β value indicates a downward (decreasing) trend, whereas a positive β value
indicates an upward (increasing) trend.

3. Results

3.1. Change in the Main Climate Factors

The four stations in the Zoige wetland show significant warming trends (p = 0.05) from 1969 to
2014 (Figure 2). However, the three stations located in the south beyond the Zoige wetland exhibit
weak warming trends. The three stations located in the northwest beyond the Zoige wetland exhibit
decreasing trends (Golog and Darlag stations) or no trend (Henan station). Comparatively, the average
temperature Ta of the four stations in the Zoige wetland increased more significantly (with a trend
slope of 0.41 ◦C decade−1, p < 0.01) (Figure 3) than that of the six stations in the peripheral areas
(with a trend slope of 0.20 ◦C decade−1, p < 0.01) (Table 3).

In the Zoige wetland, Zoige and Hongyuan stations show significantly decreasing trends (p = 0.05)
in net radiation Rn, whereas Marchu and Jiuzhi stations show no obvious trends in net radiation Rn.
Similarly, in the peripheral areas, the four stations exhibit significantly decreasing trends in net
radiation Rn (p = 0.05), whereas the other two stations (Darlag and Henan stations) show no trends
at p = 0.05. The average net radiation Rn of the Zoige wetland and its peripheral areas show similar
decreasing trends (with a trend slope of −0.16 and −0.18 W m−2 decade−1, respectively).

Table 3. The annual trends of the main meteorological factors in Zoige wetland and its peripheral area.

Meteorological Factors
Zoige Wetland Peripheral Area

1969–2014 1969–1989 1990–2014 1969–2014 1969–1989 1990–2014

Ta (◦C/decade) 0.41 ** 0.22 0.63 ** 0.20 ** −0.11 0.50 **
Rn (W/m2/decade) −0.16 −0.58 * −0.26 −0.17 * −0.09 −0.01

u2 (m/s/decade) −0.07 ** −0.05 * 0.04 −0.11 ** −0.07 ** 0.03 **
D (hpa/decade) 0.11 ** 0.04 0.20 ** 0.08 ** −0.03 0.31 **
P (mm/decade) 2.95 41.97 39.82 * 5.88 16.40 19.25

Epan_o (mm/decade) −5.75 −63.0 ** 167.7 ** −19.6 −57.1 ** 116.7 **

Notes: ** Represents significant at the 0.01 level; * represents significant at the 0.05 level.
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All of the stations in the Zoige wetland and its peripheral areas exhibited significant downward
trends in wind speed u2 (p = 0.05), except for the Hongyuan station (no trend at p = 0.05). The average
wind speed u2 of the Zoige wetland declined slower (−0.07 m/s decade−1) than that of its peripheral
areas (−0.12 m/s decade−1). All of the stations in the Zoige wetland and its peripheral areas exhibited
significant upward trends in D, except for the Barkam station (no trend at p = 0.05). Comparably,
the average vapor pressure deficit D of the Zoige wetland shows more significant increasing trends
(0.11 hPa decade−1) than its peripheral areas (0.08 hPa decade−1).

3.2. Changes in the Observed Epan

The observed pan evaporation (Epan_o) of three stations in the Zoige wetland exhibit increasing
trends during 1969–2001, whereas Marchu exhibits decreasing trends (Table 4). By contrast, four of the
six stations in the peripheral areas exhibit decreasing trends in Epan_o. Comparatively, the average
Epan_o of the four stations in the Zoige wetland increased during 1969–2001 (with a trend slope
of 0.7 mm decade−1, p < 0.05), whereas that of the six stations in the peripheral areas decreased
(with a trend slope of −20.3 mm decade−1, p < 0.05).

Table 4. The annual trends in the observed Epan in Zoige wetland and its peripheral area at different
stages (unit: mm decade−1).

Meteorological Stations 1969–2001 1969–1989 1990–2001

Zoige wetland

Jiuzhi 21.7 * −20.1 # 231.0 *
Hongyuan 33.8 # 123.3 # 161.2 *

Zoige 57.9 * 176.7 * 58.7 #

Marchu −45.8 * −145.2 * 133.9 *

Peripheral area

Golog −49.7 * −128.4 * 137.3 *
Darlag 14.5 # −6.1 # 259.9 *
Baima −19.2 # −97.6 * 134.3 *

Barkam −30.8 # −163.5 # 90.2 #

Songpan 34.5 * 136.4 # 37.4 #

Henan −47.0 * −129.0 * 89.7 *

Notes: * Represents a remarkable trend at the significance level of 0.05; # represents no remarkable trend at the
significance level of 0.05; − represents a downward trend.

A change point is observed in the time series of the average Epan_o of the four stations in the
Zoige wetland (Figure 4). Epan_o in the Zoige wetland decreased significantly (−66.5 mm decade−1,
p < 0.05) during 1969–1989, but increased significantly during 1990–2001 (with a trend slope of
140.8 mm decade−1, p < 0.05). Similarly, Epan_o in the peripheral areas decreased significantly
(−73.1 mm decade−1, p < 0.05) during 1969–1989, but increased significantly during 1990–2001
(with a trend slope of 107.0 mm decade−1, p < 0.05).
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the Zoige wetland, and (b) linear fit regression of monthly pan evaporation in the Zoige wetland and
its peripheral area.

3.3. Contributions of the Main Climate Factors on the Changes in Epan

The PenPan-20 model was used to simulate the pan evaporation (Epan_c) from 1969 to 2014.
The parameters a and b in the wind speed conversion function (a = 0.62; b = 0.75) were calibrated by
a trial-and-error method, with Nash–Sutcliffe efficiency coefficient (NSE) as the objective function.
First, the daily simulated pan evaporation Epan_c was calculated using the climate factors (Rn, Ta, u2,
and D). Then, the monthly Epan_c was calculated and compared with the observed values (Epan_o).
As shown in Figure 4, a strong correlation (with R2 > 0.87, NSE > 0.82, MAE < 14 mm, RMSE < 17.8 mm)
exists between the calculated and observed pan evaporation in the Zoige wetland and its peripheral
areas. It indicates that the PenPan-20 model could accurately simulate the pan evaporation Epan and
effect of climate factors on Epan.

The dominant factors contributing to the change in Epan in the Zoige wetland were explored
based on the PenPan model. The increases in Epan during 1969–2014 were mainly caused by changes in
vapor pressure deficit (D) at Marchu, Jiuzhi, and Zoige stations, with contributions of 18.7, 24.2,
and 16.9 mm decade−1, respectively, and by changes in temperature (Ta) at Hongyuan station
(13.7 mm decade−1) (Figure 5). The increase in vapor pressure deficit (D) was the dominant factor of
changes in Epan at the three stations (Golog, Darlag, and Songpan) in peripheral areas, with a mean
contribution of 16 mm decade−1. The increase in temperature (Ta) was the dominant factor of changes
in Epan at Baima (28.8 mm decade−1). The decrease in wind speed (u2) was responsible for the reduction
in Epan at Henan and Barkam stations, with contributions of −20 and −13 mm decade−1, respectively.
The decrease in wind speed (u2) was the dominant factor leading to the decrease in Epan before 1989
for the four stations in the Zoige wetland, whereas the increase in water vapor pressure deficit (D) was
the most important factor driving the increase in Epan after 1990 (except for Marchu, with the increase
in temperature (Ta) as the first driver).

The contributions of Rn, u2, Ta, and D to the change in Epan in the Zoige wetland
and its peripheral areas were evaluated according to the arithmetic average values of the
corresponding stations (Table 5). Increasing temperature (Ta) and vapor pressure deficit (D) were
the dominant factors leading to the change in Epan in the Zoige wetland from 1969 to 2014
(19.0 and 16.0 mm decade−1, respectively). Although the decreasing Rn and u2 offset the increase in Epan

(−4.1 and −8.6 mm decade−1, respectively), the simulated Epan in the Zoige wetland shows increasing
trends. The effects of the increasing temperature (Ta) and vapor pressure deficit (D) on Epan are
significant after 1990, with contributions of 24.4 and 32.4 mm decade−1, respectively. Comparatively,
the effects of the increasing temperature (Ta) and vapor pressure deficit (D) on Epan from 1969 to 2014
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in the peripheral areas are weaker than those of the decreasing wind speed (u2) and net radiation (Rn).
As a result, the peripheral areas exhibited a weak decline in Epan during 1969–2014.Water 2017, 9, 971  10 of 14 
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refer to the contribution rate (unit: mm decade−1) of climate factors.

Table 5. Contributions of climate factors to changes in annual pan evaporation for the Zoige wetland
and its peripheral area as a whole, respectively (unit: mm decade−1).

Contributions
Zoige Wetland Peripheral Area

1969–2014 1969–1989 1990–2014 1969–2014 1969–1989 1990–2014

EpR *
Rn * −4.1 −15.0 −7.2 −4.8 −2.6 −5.7
Ta1 * 17.8 9.3 27.3 9.0 −4.7 22.1
Total 13.6 −5.7 20.2 4.2 −7.3 16.4

EpA *

Ta2 * −1.8 −0.9 −2.9 −1.1 0.6 −2.5
u2 * −8.6 −5.8 5.7 −17.7 −11.8 4.7
D * 19.0 7.2 32.4 11.6 −5.3 41.8

Total 8.6 0.5 35.2 −7.1 −16.5 44.0

Epan * 22.2 −5.2 55.4 −2.9 −23.8 60.4

Notes: * Represents the contribution of this factor to Epan.

Considering the contributions of temperature (Ta) on EpR via net radiation (Rn) and on EpA via
water vapor pressure deficit (D), the total contribution of increasing temperature (Ta) on the trends
in Epan in the Zoige wetland is 26.61 mm decade−1 during 1969–2014 and is more significant during
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1990–2014 (40.88 mm decade−1) (Table 6). The effects of temperature (Ta) in the Zoige wetland are
more significant than those in the peripheral regions.

Table 6. Contributions of temperature (Ta) on annual Epan via changes in net radiation (Rn) and water
vapor pressure deficit (D) in the Zoige wetland and its peripheral areas (unit: mm decade−1).

Contributions of Ta
Zoige Wetland Peripheral Area

1969–2014 1969–1989 1990–2014 1969–2014 1969–1989 1990–2014

Ta1 * 17.75 9.34 27.35 9.04 −4.72 22.12
Ta2 * −1.81 −0.92 −2.86 −1.05 0.56 −2.53
Ta3 * −0.63 −0.33 −0.97 −0.32 0.17 −0.79
Ta4 * 11.30 5.95 17.37 5.97 −3.23 14.11

Ta * 26.61 14.05 40.88 13.64 −7.22 32.91

Notes: * Represents the contribution of temperature to Epan.

4. Discussion and Conclusions

The observed Epan in the Zoige wetland decreased (−63 mm decade−1, p = 0.01) during 1969–1989,
but significantly increased since 1990 (167.7 mm decade−1 during 1990–2001, p = 0.01). This two-stage
pattern of the changes in Epan in the Zoige wetland is similar to that in its peripheral regions and other
regions in China [25,41]. The trends in Epan in the Zoige wetland during the 1969–1989 period are
similar to that in the peripheral regions (−57.1 mm decade−1) and the entire Tibetan Plateau, but are
more significant in the 1990–2001 period (116.7 mm decade−1 in the peripheral regions). Meanwhile,
the Zoige wetland exhibited significant warming during 1969–2014, which is also consistent with that
in the entire Tibetan Plateau [16,23,42–44]. However, the warming trend in the Zoige wetland after 1990
(0.63 ◦C decade−1, p = 0.01) is more significant than those in the peripheral regions (0.20 ◦C decade−1,
p = 0.01) and the entire Tibetan Plateau (0.27 ◦C decade−1) [45].

The Tibetan Plateau has been experiencing rapid warming and wetting [45,46], as well as wind
stilling and solar dimming [47,48]. The decreasing u2 and Rn have resulted in the decline in Epan in the
Tibetan Plateau in the past fifty years [16,23]. However, in the Zoige wetland, although decreasing
wind speed (u2) and net radiation (Rn) resulted in negative effects on Epan, the increasing water vapor
pressure deficit (D) and temperature (Ta) resulted in the increasing trend in Epan during 1969–2014.
It is different from that in the peripheral areas, as well as the entire Tibetan Plateau. Considering the
influences of increasing temperature (Ta) on net radiation (Rn) and water vapor pressure deficit (D),
the significant warming in the Zoige wetland is the main driver of the significant increase in Epan,
particularly after 1990.

During the period of 1969–1989, the radiation term EpR plays a dominant role in the
decreasing trends in pan evaporation of the Zoige wetland, whereas the aerodynamic term
EpA is the leading factors for the increasing Epan during 1990–2014, with a contribution of
35.4 mm decade−1. However, the aerodynamic term EpA are dominant in peripheral regions in both
phases. During 1969–2014, the radiation term of Epan in the Zoige wetland increased significantly
(13.6 mm decade−1) and the trend slope is larger than that of the aerodynamic term (8.6 mm decade−1).
The increasing evapotranspiration would be one of the main reasons for the shrinkage and deterioration
of the Zoige wetland in recent years [31–33]. The runoff of Black river and White river in the Zoige
wetland declined by 35.4% and 28.1%, respectively during 1990–2011 compared with 1960–1989 [30,49].
However, the trends in annual precipitation in the Zoige wetland exhibited a significant increasing
trend (39.8 mm decade−1, p = 0.05) during 1990–2014. The changes and attributions of pan evaporation
in the Zoige wetland under climate warming are explored in this study, which are conducive to
investigations of hydrological processes in the Alpine wetland. Due to the particularity and importance
of the Tibetan Plateau on the climate change and hydrological cycle in the Northern Hemisphere,
even slight changes in pan evaporation will be of considerable interest. The actual evaporation and
relationships regarding pan evaporation and actual evaporation in this region also should be pursued
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and investigated in future studies, including the impact of vegetation changes and anthropogenic
activities on the deterioration mechanism of Zoige Alpine wetlands.
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