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Abstract

Estimation of evapotranspiration (ET) for alpine meadow areas in the Tibetan Plateau (TP)
is essential for water resource management. However, observation data has been limited
due to the extreme climates and complex terrain of this region. To address these issues,
four representative methods, Penman-Monteith (PM), Priestley-Taylor (PT), Hargreaves-
Samani (HS), and Mahringer (MG) methods, were adopted to estimate ET, which were then
compared with ET measured using Eddy Covariance (EC) for five alpine meadow sites dur-
ing the growing seasons from 2010 to 2014. And each site was measured for one growing
season during this period. The results demonstrate that the PT method outperformed at all
sites with a coefficient of determination (R?) ranging from 0.76 to 0.94 and root mean square
error (RMSE) ranging from 0.41 to 0.62 mm d™'. The PM method showed better perfor-
mance than HS and MG methods, and the HS method produced relatively acceptable
results with higher R? (0.46) and lower RMSE (0.89 mm d™') compared to MG method with
R? of 0.16 and RMSE of 1.62 mm d™', while MG underestimated ET at all alpine meadow
sites. Therefore, the PT method, being the simpler approach and less data dependent, is
recommended to estimate ET for alpine meadow areas in the Tibetan Plateau. The PM
method produced reliable results when available data were sufficient, and the HS method
proved to be a complementary method when variables were insufficient. On the contrary,
the MG method always underestimated ET and is, thus, not suitable for alpine meadows.
These results provide a basis for estimating ET on the Tibetan Plateau for annual data col-
lection, analysis, and future studies.
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Introduction

Evapotranspiration (ET) is a significant component in land surface processes related to the
water and energy balance and carbon cycles [1]. Traditionally, ET was measured with the
micro-lysimeter, Bowen ratio, Scintillometer and pan evaporation methods, while the Eddy
Covariance (EC) method has been widely implemented since the turn of the last century [2-5].
Due to the complexity of terrain and climatic conditions over mountains, the number of
observation stations is usually very limited, making it difficult to accurately estimate ET in
mountainous regions [6], especially in high-altitude mountains.

Over the past decades, many efforts have been made to estimate ET using observations and
models in cold climates and high-altitude mountains [7-10], especially in the Tibetan Plateau
[11-20]. Currently, there are two primary methods generated for this purpose: remote sensing
models, and methods using reference ET. Remote sensing models, such as the Surface Energy
Balance Algorithm for Land (SEBAL), Surface Energy Balance System (SEBS), and Mapping
Evapotranspiration at high Resolution with Internalized Calibration (METRIC), are com-
monly used to obtain large-scale terrestrial ET [21-23]. However, it is difficult to acquire land
surface variables using these models, which include land surface temperature (LST), normal-
ized difference vegetation index (NDVI), and leaf area index (LAI), with high temporal resolu-
tion and also to capture variations of ET over time. And sub-pixel terrain complexity is a
major issue with the use of remotely sensed models in the mountains.

Methods that implement a reference ET [24, 25] are commonly used to calculate long-term
ET. The standard conditions of reference ET have been defined as a crop height of 12 cm,
fixed surface resistance of 70 s m™, and albedo of 0.23 [26], while actual ET is calculated as the
product of reference ET and scaling factor (Kc). Allen et al. [26] developed Kc values for differ-
ent crops under varied climates. Because the Kc value for one crop may change with climate,
soil moisture, and growing stage [27], it is necessary to study Kc for different crops in various
climates to better quantify ET.

Numerous methods are available for reference ET estimation [25, 28], which can be divided
into four categories: combination-based, radiation-based, temperature-based, and mass trans-
fer-based. The water-balance method is another tool to calculate reference ET [29, 30]. Numer-
ous studies have analyzed the performances of these methods, which vary based on different
climates [31, 32]. Zhao et al. [33] calculated reference ET using Behnk-Maxey, Priestley-Taylor
(PT), and Hargreaves-Samani (HS) methods and found that HS performed best in semi-arid
regions in China. Tabari [34] used four equations (Makkink, HS, Turc, and PT equations) to
estimate monthly reference ET in four different climate zones in Iran and found that the Turc
equation was most suitable for cold humid and arid climates, while the HS equation proved to
be the best for warm humid and semi-arid climates. Further, Sabziparvar et al. [35] pointed
out that the Orang [36] and Snyder [37] equations outperformed for cold semi-arid and warm
arid climates, respectively.

The Tibetan Plateau (TP) is commonly known as the world’s Third Pole due to its extreme
climates [38]. Numerous rivers, especially the inland rivers in northwest China, originate from
the TP [9, 39], while alpine meadows account for about 15% of China’s cold region that is
mainly located in the TP [9]. Therefore, studies on the ET of the TP’s alpine meadows are
highly important for understanding the water cycle and energy balance processes. An accurate
ET estimation is also a key issue for water resource management and planning [39, 40].

The objective of this study was to evaluate the performance of Penman-Monteith (PM), PT,
HS, and Mahringer (MG) methods for ET estimation, which were then compared to EC mea-
surements during the growing season of alpine meadows in the TP, China. These methods
were chosen as representatives for each category, previously designated as combination-based,
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radiation-based, temperature-based, and mass transfer-based. The goal of our study was to
find a best method that can be applied as a benchmark for alpine meadows with scarce data
over the entire TP area in future studies.

Materials and methods
Data at study sites

Five flux tower sites, including Arou (38.05°N, 100.46°E; Elevation 3033 m), Hulugou
(38.25°N, 99.88°E; Elevation 3232 m), Suli (38.42°N, 98.32°E; Elevation 3885 m), Nagqu
(31.37°N, 94.90°E; Elevation 4509 m) and Tanggula (33.07°N, 91.93°E; Elevation 5100 m),
were chosen in our study and these sites were established and monitored by the Northwest
Institute of Eco-Environment and Resources (NIEER), Chinese Academy of Sciences (CAS)
(Fig 1). The NIEER, CAS provided permission for the study to collect field data at each of the
sites. Field data (including meteorological and flux data) at five sites (S1 Table), which were
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Fig 1. Map of sites with observed flux data in the Tibetan Plateau.

https://doi.org/10.1371/journal.pone.0189059.9001
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avaijlable from the NIEER, CAS, were selected to calculate ET using the four estimation meth-
ods. The measured ET from the EC tower was used for validation. Measured air temperature,
relative humidity, wind speed, net radiation, and soil heat flux were taken every 30 minute and
then integrated into daily values. The mean annual temperatures at the Arou, Hulugou, Suli,
Nagqu, and Tanggula sites for one single observation year were 0.9, -3.1, -4.0, -0.6, and -4.1°C,
respectively. The analyses for the five sites were listed in order from low to high elevation. The
mean annual precipitation readings at the Arou, Hulugou, Suli, Nagqu, and Tanggula sites for
one single observation year were 403, 553.3, 388.2, 449.5, and 538.2 mm, respectively. At all
sites, the land covers were all alpine meadows with semi-arid climates, where elevation ranges
from 3033 to 5100 m a.s.l. The information of each site is listed in detail in Table 1. All data
were collected during one growing season at each site due to lack of data availability. Due to
the only one year of the meteorological data for each site, the mean annual meteorological data
(including air temperature and precipitation) of Chinese national stations Tuole and Tuo-
tuohe, which are near the Suli and Tanggula sites, respectively, were used for analysis. The dif-
ference of mean annual temperatures of Tuole and Tuotuohe during 2010 with that the five-
year (2010-2014) were only -0.1 and 0.6°C, while the annual precipitation difference was 2.6%
and 6.7%, which indicates that the influence of the data collected during different years for ET
comparison is little.

The raw EC data were processed by the EdiRe software (University of Edinburgh, http://
www.geos.ed.ac.uk/abs/research/micromet/EdiRe). The processing procedures included the
removal of spikes, coordinate rotation (3-D rotation), frequency response correction, sonic
virtual temperature correction, and corrections for density fluctuation (Webb-Pearman-Leun-
ing, WPL-correction). The raw sampling frequency was 10 Hz. The EC data were averaged
with 30-min periods, and data quality assessment was performed for the 30-min EC values
using turbulence stationary and integrated turbulence characteristics tests. The 30-min EC
data were rejected when precipitation occurred within 1 h before and after data collection and
the friction velocity was below 0.1 m s at night. The missing data were interpolated by a non-
linear regression method [41, 42].

While EC has been recognized as the most accurate ET estimation method [5, 43-45], an
energy closure problem arises when using this method [46, 47], where the turbulent flux (sensi-
ble and latent heat flux) is usually less than the available energy [39]. This issue has also been
found at observation sites on the TP [39, 48]. The energy balance closure ratios (H+LE) /(R,-G)
at Arou, Hulugou, Suli, Nagqu, and Tanggula during the growing season were 1.04, 0.67, 0.82,
0.93, and 1.02, respectively. Therefore, a correcting method was applied to address the closure
issue, as proposed by Twine et al. [49]:

R -G
ET = M x ET, . (1)
Hm'i + LEori

where ET is the corrected evapotranspiration; R,, is net radiation; G is soil heat flux; and H,,;,
LE,,;, and ET,,; are the original sensible heat flux, latent heat flux, and evapotranspiration,

Table 1. Information of sites with observed flux data in the Tibetan Plateau.

Site Latitude (°) | Longitude (°) | Elevation (m) | Mean annual temperature (‘"C) | Mean annual precipitation (mm) Growing season

Arou 38.05
Hulugou 38.25
Suli 38.42
Nagqu 31.37

Tanggula 33.07

https://doi.org/10.1371/journal.pone.0189059.t001

100.46
99.88
98.32
91.90
91.93

3033 0.9 403 2014.4.22-2014.10.10
3232 -3.1 553.3 2013.4.14-2013.10.14
3885 -4.0 388.2 2010.5.7-2010.9.29

4509 -0.6 449.51 2011.4.27-2011.10.21
5100 -4.1 538.2 2010.5.17-2010.9.26
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respectively. If the number (N) of reliable 30-min measurements was less than 40 per day, the
daily measurements were set as null values. Due to the absence of observed meteorological or
EC data, the number of available days for Arou, Hulugou, Suli, Nagqu, and Tanggula during
each growing season were 80, 117, 146, 149, and 100, respectively.

Methods for reference ET

Combination-based category: FAO PM method. The combination-based method is
made up of the available energy and aerodynamic components and has been found to outper-
form for a variety of crops and climates compared to other methods [28]. Rahimikhoob et al.
[50] suggested that the Food and Agriculture Organization (FAO) PM was the best model for
this method type. Therefore, PM was selected as the representative method for the combina-
tion-based category in this study, which utilizes the following equation:

~ 0.408A(R, — G) + 7755 us(e, —¢,) )
o A+7(1+0.34u,)

where ET), is reference ET; R, is net radiation (MJ mm d™); G is soil heat flux (MJ mm d™'); T'is
air temperature ("C); u, is wind speed at the height of 2 m; e, is saturated water vapor pressure
(kPa); e, is actual water vapor pressure (kPa); e,-¢, represents the water vapor pressure deficit at
reference height (kPa); A is the slope of saturated water vapor pressure curve (kPa"C™); and 7 is
the psychrometric constant (kPa°C™).

Radiation-based category: PT method. The radiation-based category mainly depends on
the available energy and ignores the influence of the aerodynamic component. PT is the most
popular method for this category, which integrates an empirical coefficient to avoid the influ-
ence of surface and aerodynamic resistances compared to the PM method [51]. The equation
for this method is as follows:

BT, =255 (R, ~ 6) )
where a is Priestley-Taylor coefficient. According to Priestly and Taylor [51] and Rahimi-
khoob et al. [50], we used a = 1.26 in the respective equation in this work.

Temperature-based category: HS method. The temperature-based category is empirical
and only considers air temperature as a representative of the available energy for ET. It ignores
the influence of solar radiation and wind speed, which most likely causes poor results com-
pared to other categories. In this study, we used the HS method [52] for this category, which is
described by the following equation:

ETO = 00023(Tmax - Tmin)0l5(Tmetm + 178)Ra (4)

where T,00 Tonin» and Tjyyeq, are the daily maximum, minimum, and average air temperatures
(°C), respectively; and R, is the water equivalent of extraterrestrial radiation (mm d™").

Mass transfer-based category: MG method. The mass transfer-based category is based
on Dalton’s gas law, which incorporates wind speed and humidity as parameters. Several equa-
tions represent this category, including the Dalton [53], Rohwer [54], Penman [55], and Mah-
ringer [56] equations. We decided to adopt the equation proposed by Mahringer [56] (MG) in
this study to analyze the mass transfer-based category:

ET, = 0.15072+/3.61,(c, — €,) (5)
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Determination of scaling factor (Kc)

Actual ET can be determined by multiplying the reference ET and Kc, which shows that the
accuracy of Kc is largely influential. In general, Kc values depend on the growth stages, their
length, soil moisture, and leaf area index (LAI). In the FAO Irrigation and Drainage Paper 56,
the Kc values in each growth stage for different crops under different climates were defined
[26]. The growth stage consists of the initial, development, middle, and end stages. When the
mean air temperature of 5 days is greater than 0°C, the alpine meadow enters the initial stage.
When the air temperature is consistently greater than 3°C, the alpine meadow begins the
development stage. The middle stages begins when the air temperature is greater than 5°C.
The end stage occurs when the air temperature is below 5°C, in which the alpine meadow
stops growing until the air temperature drops 0°C [57, 58]. In this work, we set a value for each
growth stage of the alpine meadows (Table 2) based on the reports by Allen et al.[26], Liu et al.
[57], and Li et al.[59]. During the development and end growth stages, Kc values varied line-
arly and can be defined as [26]:

i— L rev
Kci = chrev + Lz:p (KC”E’“ o KCP”") (6)

stage

where i is the day number during the growing season; Kc;, Kc¢,exs, and Kcy,, are the scaling fac-
tors at day 7, beginning of the next stage, and end of the previous stage, respectively; L. is the

length of the current stage; and Z L

‘prev

is the sum length of all previous stages. Detailed infor-

mation about Kc values for different growing periods can be seen in Table 2 and Fig 2.

Evaluation criteria

To evaluate the performance of these methods on the alpine meadow, statistical analysis of the
coefficient of determination (R?), root mean square error (RMSE), mean absolute error
(MAE), relative error (RE), mean bias (MB), and Nash-Sutcliffe efficiency coefficient (NSE)
was performed. The equations for these variables are described as follows:

2

n

Z(Qest - @)(Qubs - @)
R — i=1 (7)

n n

D (Qu = Qu)’ D (Qu — Q)

i=1 i=1

n

> (Qu—Qu)’
EE— (8)

n

RMSE =

Table 2. Kc values, start date, and end date of each growth stage of alpine meadow over the Tibetan Plateau, China.

Stage Initial Development Middle End
Ke 0.5 Equation (6) 0.95 Equation (6) until 0.85
Arou 2014.4.22-2014.5.4 2014.5.5-2014.5.19 2014.5.20-2014.9.25 2014.9.26-2014.10.10
Hulugou 2013.4.14-2013.5.17 2013.5.18-2013.6.10 2013.6.11-2013.9.2 2013.9.3-2013.10.14
Suli 2010.5.7-2010.5.21 2010.5.22-2010.6.14 2010.6.15-2010.8.30 2010.8.31-2010.9.29
Nagqu 2011.4.27-2011.5.6 2011.5.7-2011.5.25 2011.5.26-2011.9.27 2011.9.28-2011.10.21
Tanggula 2010.5.17-2010.6.16 2010.6.17-2010.6.24 2010.6.25-2010.8.28 2010.8.29-2010.9.26

https://doi.org/10.1371/journal.pone.0189059.t002
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Z |Qest - Qobs‘
MAE="“" (9)
n
Z(Qubs - Qest)
MB = -, (10)
RE = 100 IZ:: (QabsQ;SQest> (11)

n

Z (Qobs - Qsim)2
NSE=1-"“"'"— (12)
Z (Qohs - @)2

i=1

where Qs and Q. are the observed and estimated values, respectively; Q ,, and are the

obs est

mean values corresponding to Q,,s and Q,, respectively; and 7 is the sample number.
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Results

R® of all sites between ET before and after-correction for Arou, Hulugou, Suli, Nagqu, and
Tanggula were 0.92, 0.96, 0.83, 0.82 and 0.86, respectively. And the MAEs between ET before
and after-correction for Arou, Hulugou, Suli, Nagqu, and Tanggula were 0.25, 0.81, 0.67, 0.40,
and 0.29 mm d', respectively. We used the measured data after correction as comparison. The
time series of daily ET during the growing season estimated from PM, PT, HS, MG, and mea-
sured data are shown in Fig 3, and the statistics of ET estimation using the four methods are
listed in Table 3. Daily ET estimated by PM, PT, HS, and MG methods over five representative
sites were compared to that estimated by EC (Fig 4). Fig 5 presents the statistical analysis of ET
estimated by different methods. Based on the results, the PT method revealed the best perfor-
mance at all stations with the highest R lowest RMSE, and highest NSE values compared to
the other three methods.

At the Arou site (relative lower elevation), the mean ET of PM, PT, HS, MG, and measured
data were 2.79, 2.9, 3.39, 2.07, and 3.19 mm d ', respectively, during the growing season (Fig
3a). ET was underestimated by PM, PT, and MG with RE values of 8.9%, 10.2%, and 28.6%,

(b) Hulugou

EBR

EBR
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Fig 3. Comparisons of estimated daily ET time series using four methods with ET measured by EC and variation of energy
balance closure ratio (EBR)at Arou (a), Hulugou (b), Suli (c), Nagqu (d), and Tanggula (e) sites during the growing season.

https://doi.org/10.1371/journal.pone.0189059.9003
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Table 3. Total ET of observed and estimation of four methods during the whole observation period.

Site Method
Arou PM
PT
HS
MG
Hulugou PM
PT
HS
MG
Suli PM
PT
HS
MG
Nagqu PM
PT
HS
MG
Tanggula PM
PT
HS
MG

https://doi.org/10.1371/journal.pone.0189059.t003

Total measured ET (mm) Total estimated ET (mm) RE (%)

255 223.6 8.9

232 10.2

271.6 -11.1

165.6 28.6

294.7 292.5 -48.2
308.4 -30

297.2 -52.4

200.5 -26.7

478.1 371.6 21.9
4421 8.6

379.1 17.1
227.7 51

436.2 426.9 -10.6

483 -17.4

473.8 -25.6

270.7 20.4

320 221.5 30.8

289.1 11.2

220.7 30.3

135.4 56.5

respectively, while HS overestimated ET with an RE of -11.1%. However, ET estimated by PM,
PT, and HS had higher consistencies with measured values, and ET was underestimated via
the MG method with a bias of 1.12 mm d"'. The PT method performed best with the lowest
RMSE (0.41 mm d™'), highest NSE (0.89), and lowest bias (0.29 mm d ") values during the
growing season in 2014 at Arou station. PM and HS showed reduced performance with similar
RMSE (0.64 and 0.65 mm d') and NSE (0.73 and 0.71) values, while MG presented the worst
results with the highest RMSE (1.51 mm dYanda negative NSE (-0.53).

At the Hulugou site (relative lower elevation), the mean ET of PM, PT, HS, MG, and mea-
sured data were determined to be 2.5, 2.64, 2.54, 1.7, and 2.52 mm d ", respectively, during the
growing season (Fig 3b). REs of PM, PT, HS and MG were -48.2%, -30%, -52.4%, and -26.7%,
respectively (Table 3). ET estimated by the PM, PT, and HS methods had better consistency
with measured ET. At the beginning and end of the growing season, all methods overestimated
ET with large errors. PT displayed good performance with the highest R* (0.93), lowest RMSE
(0.41 mm d™), and highest NSE (0.92). PM and HS showed slightly similar results with similar
R? (0.84 and 0.78) and RMSE (0.76 and 0.75 mm d™}) values. MG performed the worst with the
highest bias (0.81 mm dh, highest RMSE (1.55 mm d!),and a negative NSE (-0.13).

At the Suli site (relative middle elevation), the mean ET of PM, PT, HS, MG, and measured
data were 2.55, 3.03, 2.6, 1.56 and 3.27 mm d ™, respectively (Table 3). Overall, ET was underes-
timated by these methods with positive RE values. The PT method exhibited good perfor-
mance with the highest R? (0.79), lowest RMSE (0.59 mm d!), and highest NSE (0.71) values
(Fig 5), suggesting that this method estimated ET best. The second best method was the PM
method with R* = 0.68, RMSE = 0.96 mm d"', and NSE = 0.23, which was followed by the HS
method with similar RMSE and MAE values but a lower RE. However, NSE of the HS method
was close to zero, which indicates poor results, while the MG method performed the worst
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Fig 4. Scatter plots of ET estimated by four methods and measured ET at Arou (a, b, ¢, d), Hulugou (e, f, g, h), Suli (i, j, k, I), Nagqu
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https://doi.org/10.1371/journal.pone.0189059.9004

with the weakest correlation (R* = 0.24), largest bias (1.72 mm d™?), and largest RMSE
(1.99 mm d™).
At the Nagqu site (relative middle elevation), the whole measured ET during the growing
season in 2011 was 436.2 mm, where REs of PM, PT, and HS were -10.6%, -17.4%, and -25.6%,
respectively (Table 3). ET was underestimated by the MG method with an RE of 20.4%, which
suggests large uncertainties in the method. The PM and PT methods had lower RMSE values
(0.61 and 0.51 mm d ™, respectively) compared to the HS and MG methods. ET estimated by
PT had good consistency with the measured ET (R* = 0.87), while PM had the smallest bias
(0.06 mm d). PT performed the best with the highest R? (0.87), lowest RMSE (0.51 mm d "),
and highest NSE (0.79), and PM proved to be the second-best method with a lower RMSE
(0.6l mm d™) and higher NSE (0.69). HS showed reduced performance with an RMSE of 0.86
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https://doi.org/10.1371/journal.pone.0189059.g005

mm d™' and NSE of 0.39, which was followed by PT and PM. MG performed the worst with
the highest RMSE (1.58 mm dYand negative NSE (-1.1) values, which means that MG may
be not a suitable method for alpine meadows.

At the Tanggula site (relative higher elevation), the mean ET of PM, PT, HS, MG, and mea-
sured data were 2.21, 2.89, 2.21, 1.35, and 3.2 mm d"' during the growing season in 2010 (Fig
3e), where ET estimated by PM and PT had higher correlation with measured ET. However,
the REs of PM, PT, HS, and MG were determined to be 30.8%, 11.2%, 30.3%, and 56.5%,
respectively (Table 3), which indicates that all methods underestimated ET at the Tanggula
site. Among them, the PT method presented the best results with the highest R? (0.76), lowest
RMSE (0.62 mm d™), and highest NSE (0.44), while PM showed reduced performance with a
higher R* (0.59) and lower RMSE (1.13 mm d™'). The HS and MG methods displayed the poor-
est performance with lower R* (0.37 and 0.18, respectively) and higher RMSE (1.22 and 2.0
mm d') values. All methods produced a negative NSE, except PT with an NSE of 0.44, suggest-
ing that the PT method performed best at the Tanggula site.

Noting that all methods underestimated ET during May to mid-June at the Suli and Tang-
gula sites (Fig 3c and 3e). Moreover, all methods had large biases at the beginning of the grow-
ing season. Thus, we took PT method (the best method as has been shown above) as an
example to explore the methods application and limitation on alpine meadow. The mean
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https://doi.org/10.1371/journal.pone.0189059.9006

absolute deviation Z Qo= Qe
i=1 Qobs

when temperature were lower than 2°C, especially at the initial stage of the growing season
(Fig 6). The MAD during the initial stage of the growing season for Arou, Hulugou, Suli,
Nagqu and Tanggula sites were 42.5%, 119.3%, 45.2%, 29.1%, and 35.4%, respectively. The
MAD of Suli and Tanggula sites during May to mid-June were about 34.4% and 35.4%, which
means the meadows growed slowly and the temperature during this period were 2.22 and
1.09°C, respectively. This may be caused by the low temperature at the beginning of the grow-
ing season while some days appeared negative temperature which means that snow/ice events
might occur, almost all the methods used in this paper could not predict ET of snow/ice sur-
face accurately due to their own limitations. Therefore, all methods cannot capture high accu-
racy ET of alpine meadow when air temperature was less than 2°C during the growing season,

/n (MAD) was chosen as a statistic. PT had large MAD

especially at the beginning of the growing season.

In summary, the PT method produced the best results for all stations. The PM and HS
methods showed reduced performance for all stations, while the MG method may be not suit-
able for alpine meadows in the TP.
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Uncertainties and limitations of performance of different methods

Compared with the measured ET before correction, PT performed better with higher R? (0.6)
and lower RMSE (0.85 mm d™') than other methods among all sites, while it showed better per-
formance with R* of 0.82 and RMSE of 0.52 mm d ™' compared with EC data after correction.
Though EC values have been regarded as ‘truth’ values for validation, the uncertainties of the
EC data are difficult to present which primarily due to the stochastic error and systematic
error [60, 61]. The stochastic error depends on the number of independent observations when
time series are auto- or cross-correlated [60]. The systematic error is not only related on the
instrument, but also affected by the unmet environmental conditions and the complex proce-
dure for data processing. For the five sites, the daily EBR was 0.93 during single growing sea-

1
son for different years. The systematic error 9;° = F(ﬁ —1) can be directly calculated from

EBR of 30-min during daytime conditions (global radiation > 20 W m*), where F means the
scalar fluxes. Thus the systematic error of the turbulent fluxes for the five sites was about 10%.
Generally, higher EBR would decreased the uncertainty of the measured data. The EBR higher
than 1 indicates that the turbulent flux were larger than the available energy which was unrea-
sonable. Similarly, lower EBR would produce large uncertainty due to the energy imbalance.
In order to acquire the data close to the “truth” value, the correction for measured data was
necessary for energy closure [45]. The correction would decrease measured ET when EBR was
higher than 1 and vice versa. However, the correction for energy balance still produced the
uncertainty of the performance of different methods.

Higher MAE between ET before and after-correction corresponding to lower EBR implies
the large uncertainty for measured ET. Therefore, the analyses of the performance of different
methods over different EBR thresholds are needed (Fig 7). Among all sites, the PT method
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Fig 7. R? and RMSE of the four daily ET estimation methods over different energy balance closure ratio (EBR) intervals at Arou,
Hulugou, Suli, Nagqu, and Tanggula sites during the growing season.

https://doi.org/10.1371/journal.pone.0189059.g007
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performed best over all different intervals than other three methods. It performed best with R?
0f 0.97 and RMSE of 0.35 mm d ™ at the EBR interval [0.9, 1.1) than other intervals at the Arou
site while the PM method performed similar with the PT method during EBR less than 0.6 or
more than 1.1. Though the EBR at the Hulugou site was 0.68, which means large uncertainty
of EC data exists, the PT method performed better than other methods over different intervals.
And the performance was best during the interval EBR interval [0.6, 0.9). The PT method also
performed better with higher R* and lower RMSE over different intervals, followed by the PM
method at the Suli, Nagqu, and Tanggula sites. And the MG method performed worst over dif-
ferent intervals. The PT and PM methods performed best during the EBR interval [0.6, 0.9) at
the Suli and Tanggula sites. The PT method performed best during the EBR less than 0.6 and
more than 1.1 than other intervals at the Nagqu site. The better performance of PT method at
the EBR interval [0.6, 1.1) indicates that higher accuracy measured values are necessary for val-
idation. Though the PT method could produce better results than other methods during the
EBR less than 0.6 and more than 1.1, both the corrected EC data and the results of the methods
have large uncertainties which make meaningless for comparison and validation.

Besides the uncertainty of EC data, several researchers have studied the performance of dif-
ferent methods. Yang et al. [9] considered that the PM method offered better results than the
PT method when compared with ET observations using the micro-lysimeter in the Qilian
Mountains. Wu et al. [62] found that the PT method showed considerable difference with the
PM method, which was used as a reference in the middle of Heihe River. Therefore, the perfor-
mance of the PM and PT methods may be different on the alpine meadows, while the PM
method has been considered the standard method for ET estimation with more rigorous phys-
ical meaning [26]. Ma et al. [17, 18] compared the complimentary relationship and PM meth-
ods in an alpine steppe of the TP and ascribed that the complimentary relationship and PM
methods could provide efficient results using meteorological data. Zhu et al. [63] recom-
mended using the PT method when available data were limited for alpine grassland on the TP.

Moreover, the PM method needs more input variables, which limits its application in data-
scarce region [34]. There have limited observation sites on the TP due to the harsh environ-
ment [17]. Net radiation and air temperature can be required with spatial interpolation or
remote sensing data for the whole TP region while RH and wind speed may have large uncer-
tainties. Unfortunately, it is difficult to obtain high accuracy ET using PM due to limited input
data and to analyze the exact specific meteorological condition when the PT outperforms PM
under the current available dataset. Future studies will aim at decreasing these difficulties. We
also noted that the collected data were come from different years, which will bring some uncer-
tainties on the evaluation of different methods.

To obtain the main limiting factor of each method, we calculated the sensitivity coefficient
of input variables for each method (Fig 8).

The PM method exhibited good performance at Suli and Hulugou sites. In addition to net
radiation, relative humidity is another important factor that influences water vapor deficit and
the accuracy of ET estimation by the PM method [64]. Air temperature and wind speed were
found to have little impact on the PM method (Fig 8a). In order to estimate the influence of
wind speed over different elevations, we calculated the sensitivity of wind speed for each site
which were located at different elevations (Fig 9). The sensitivity of the wind speed to ET was
highest at the Suli site (relative middle elevation), while the sensitivity coefficient was lower at
the Tanggula site (relative higher elevation), indicating that wind speed was not sensitive to ET
in the high altitude areas which had higher wind speed. Generally, wind speed increased with
increasing altitude gradients. Thus, the sensitivity of the wind speed to ET was higher at the
lower elevation sites than the higher elevation sites.
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Fig 8. Sensitivity analysis for ET estimated by PM (a), PT (b), HS (c), and MG (d) methods with corresponding input variables.
https://doi.org/10.1371/journal.pone.0189059.g008

It can be concluded that PT performed well at all stations, which may be due to the simple
parameterization of PT. The available energy and air temperature were the most influential
factors for PT, while ET estimated by PT was not sensitive to air temperature (Fig 8b). The net
radiation was a dominant factor of the PT method, and had higher correlation with ET; thus, it
was considered in both PM and PT methods. This may be the reason behind the better perfor-
mance of the PM and PT methods compared to HS and MG [9].

HS showed reduced performance at most alpine meadow sites over the TP, which may be
explainable by this method’s simple empirical formula that is mainly based on air tempera-
ture and extraterrestrial radiation. Consideration of the available energy and soil moisture
would most likely improve the performance of this method. R, was used rather than incom-
ing solar radiation as radiation data, which does not consider atmospheric transmissivity
[34, 65], while air temperature was the only variable that had a large impact on the HS
method.

MG was found to underperform compared to all methods, suggesting that it is not suitable
for alpine meadow areas. This method does not describe the available energy conditions
although air temperature, relative humidity, and wind speed are considered as parameters.
Among the three variables, the sensitivity of relative humidity was greater than air temperature
and wind speed.
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Opverall, net radiation had a large impact on the PM and PT methods. RH showed higher
sensitivity for PM and MG, and air temperature had the greatest impact on the HS method as
the only input variable. Moreover, wind speed was found to have minimal influence on the
PM and MG methods.

Conclusions

We evaluated PM, PT, HS, and MG as ET estimations methods by comparing observed ET via
EC at alpine meadow sites on the TP in China. The PM and HS methods showed reduced
results, while results for MG suggest that it may not be suitable for most alpine meadow sites.
Based on its acceptable results, the PT method is recommended as the most suitable for alpine
meadows on the TP to estimate and stimulate the water and energy balance, where sufficient
data is not available. The present evaluations may be helpful for deriving the ET over the
whole TP, enhancing our understanding of hydrological cycle of Third Pole region. Future
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work will focus on the estimation of ET for other vegetation cover types to obtain enhanced
accuracy ET over the whole TP region.

Supporting information

S1 Table. The meteorological data and flux data of the five sites. The meteorological data
and flux data for each site was in the S1 Table.xlsx.
(XLSX)

Acknowledgments

The authors would like to thank Heihe Watershed Allied Telemetry Experimental Research
(HiWATER), Nagqu Station of plateau Climate and Environment, Cryosphere Research Sta-
tion on the Tibetan Plateau, Qilian Alpine Ecology and Hydrology Research Station, North-
west Institute of Eco-Environment and Resources (NIEER), and the Chinese Academy of
Sciences (CAS) for providing meteorological and Eddy Covariance flux data.

Author Contributions

Conceptualization: Yongjian Ding, Shigiang Zhang.

Funding acquisition: Dahe Qin, Shigiang Zhang.

Investigation: Yaping Chang, Yongjian Ding, Qiudong Zhao, Shigiang Zhang.
Methodology: Yaping Chang, Jie Wang, Yongjian Ding, Fengjing Liu, Shigiang Zhang.
Project administration: Dahe Qin, Shigiang Zhang.

Resources: Dahe Qin.

Supervision: Shigiang Zhang.

Validation: Yaping Chang, Jie Wang.

Writing - original draft: Yaping Chang, Yongjian Ding, Shigiang Zhang.

Writing - review & editing: Jie Wang, Dahe Qin, Yongjian Ding, Qiudong Zhao, Fengjing
Liu, Shigiang Zhang.

References

1. Jung M, Reichstein M, Ciais P, Seneviratne Sl, Sheffield J, Goulden ML, et al. Recent decline in the
global land evapotranspiration trend due to limited moisture supply. Nature. 2010; 467(7318):951.
https://doi.org/10.1038/nature09396 PMID: 20935626

2. Wilson KB, Baldocchi DD. Seasonal and interannual variability of energy fluxes over a broadleaved tem-
perate deciduous forest in North America. Agricultural & Forest Meteorology. 2000; 100(1):1-18.

3. Wever LA, Flanagan LB, Carlson PJ. Seasonal and interannual variation in evapotranspiration, energy
balance and surface conductance in a northern temperate grassland. Agricultural & Forest Meteorol-
ogy, 2002; 112(1):31—-49.

4. Suyker AE, Verma SB. Interannual water vapor and energy exchange in an irrigated maize-based
agroecosystem. Agricultural & Forest Meteorology. 2008; 148(3):417—-427.

5. LiuS,XuZz, WangW, Jia Z, Zhu M, Bai J, et al. A comparison of eddy-covariance and large aperture
scintillometer measurements with respect to the energy balance closure problem. Hydrology & Earth
System Sciences. 2011; 15(4):1291-1306.

6. Pauwels VRN, Samson R. Comparison of different methods to measure and model actual evapotrans-
piration rates for a wet sloping grassland. Agricultural Water Management. 2006; 82(1-2):1-24.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189059 December 13, 2017 17/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189059.s001
https://doi.org/10.1038/nature09396
http://www.ncbi.nlm.nih.gov/pubmed/20935626
https://doi.org/10.1371/journal.pone.0189059

@° PLOS | ONE

Methodological comparison of evapotranspiration on the Tibetan Plateau

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Kazuho M, Takeshi O, Taro N, Takashi K, Ken’Ichi D, Shin’Ichi |, et al. Energy consumption and evapo-
transpiration at several boreal and temperate forests in the Far East. Agricultural & Forest Meteorology.
2008; 148(12):1978-1989.

Raddatz RL, Papakyriakou TN, Swystun KA, Tenuta M. Evapotranspiration from a wetland tundra
sedge fen: Surface resistance of peat for land-surface schemes. Agricultural & Forest Meteorology.
2009; 149(5):851-861.

YangY, Chen R, Han C, Qing W. Measurement and estimation of the summertime daily evapotranspi-
ration on alpine meadow in the Qilian Mountains, northwest China. Environmental Earth Sciences.
2013; 68(8):2253-2261.

Chang Y, Ding Y, Zhao Q, Zhang S. Remote estimation of terrestrial evapotranspiration by Landsat 5
TM and the SEBAL model in cold and high-altitude regions: a case study of the upper reach of the
Shule River Basin, China. Hydrological Processes. 2017; 31:514-524.

ZhangY, LiuC, Tang Y, Yang Y. (2007), Trends in pan evaporation and reference and actual evapo-
transpiration across the Tibetan Plateau. Journal of Geophysical Research-Atmospheres. 2007; 112
(D12):113-120.

Gu S, Tang Y, Cui X, DuM, Zhao L, Li Y, et al. Characterizing evapotranspiration over a meadow eco-
system on the Qinghai-Tibetan Plateau. Journal of Geophysical Research. 2008; 113(D8).

YinY,Wu S, Zhao D, Zheng D, Pan T. Modeled effects of climate change on actual evapotranspiration
in different eco-geographical regions in the Tibetan Plateau. Journal of Geographical Sciences. 2013;
23(2): 195-207.

Xue BL, Wang L, Li X, Yang K, Chen D, Sun L. Evaluation of evapotranspiration estimates for two river
basins on the tibetan plateau by a water balance method. Journal of Hydrology. 2013; 492(492), 290—
297.

Li X, Wang L, Chen D, Yang K, Wang A. Seasonal evapotranspiration changes (1983—2006) of four
large basins on the tibetan plateau. Journal of Geophysical Research Atmospheres. 2015; 119(23),
13,079-13,095.

MaN, Zhang Y, Guo Y, Gao H, Zhang H, Wang Y. Environmental and biophysical controls on the
evapotranspiration over the highest alpine steppe. Journal of Hydrology. 2015; 529:980-992.

Ma N, Zhang Y, Xu C, Szilagyi J. Modeling actual evapotranspiration with routine meteorological vari-
ables in the data-scarce region of the Tibetan Plateau: Comparisons and implications. Journal of Geo-
physical Research Biogeosciences. 2015; 120(8):1638-1657.

Ma N, Zhang Y, Szilagyi J, Guo Y, Zhai J, Gao H. Evaluating the complementary relationship of evapo-
transpiration in the alpine steppe of the Tibetan Plateau. Water Resources Research. 2015; 51
(2):1069-1083.

WangL, LiuH, Shao Y, Liu Y, Sun J. Water and CO, fluxes over semiarid alpine steppe and humid
alpine meadow ecosystems on the Tibetan Plateau. Theoretical and Applied Climatology. 2016; 1-10.

Zhou J, Wang L, Zhang Y, Guo Y, He D. Spatiotemporal variations of actual evapotranspiration over the
Lake Selin Co and surrounding small lakes (Tibetan Plateau) during 2003—2012, SCIENCE CHINA
Earth Sciences. 2016; 59(12), 2441-2453.

Bastiaanssen WG, Noordma E, Pelgrum H, Davids G, Thoreson B, Allen R. SEBAL model with
remotely sensed data to improve waterresources management under actual field conditions. Journal of
Irrigation and Drainage Engineering. 2005; 131: 85-93.

Su Z. The Surface Energy Balance System (SEBS) for estimation of turbulent heat fluxes. Hydeology
and Earth System Sciences. 2002; 6(1):85-99.

Allen RG, Tasumi M, Trezza R. Satellite-Based Energy Balance for Mapping Evapotranspiration with
Internalized Calibration (METRIC)—Model. Journal of Irrigation and Drainage Engineering. 2007; 133
(4):380-394.

Lépez-Urrea R, Olalla FMDS, Fabeiro C, Moratalla A. Testing evapotranspiration equations using lysim-
eter observations in a semiarid climate. Agricultural Water Management. 2006; 85(1-2):15-26.

Tabari H, Grismer ME, Trajkovic S. Comparative analysis of 31 reference evapotranspiration methods
under humid conditions. Irrigation Science. 2013; 31(2):107-117.

Allen RG, Pereira LS, Raes D, Smith M. Crop evapotranspiration—guidelines for computing crop water
requirements. FAO Irrigation and Drainage Paper 56, Rome. 1998; 300(9):D05109.

Piccinni G, Ko JH, Marek T, Howell T. Determination of growth-stage-specific crop coefficients (KC) of
maize and sorghum. Agricultural Water Management. 2009; 96(12):1698—1704.

Muniandy JM, Yusop Z, Askari M. Evaluation of reference evapotranspiration models and determination
of crop coefficient for Momordica charantia, and Capsicum annuum. Agricultural Water Management.
2016; 169:77-89.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189059 December 13, 2017 18/20


https://doi.org/10.1371/journal.pone.0189059

@° PLOS | ONE

Methodological comparison of evapotranspiration on the Tibetan Plateau

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M,

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Zhou J, Wang L, Zhang Y, Guo Y, Li X, Liu W. Exploring the water storage changes in the largest lake
(Selin Co) over the Tibetan Plateau during 2003—2012 from a basin-wide hydrological modeling. Water
Resources Research. 2015; 51(10):8060-8086.

Liu W, Wang L, Zhou J, Li Y, Sun F, Fu G, et al. A worldwide evaluation of basin-scale evapotranspira-
tion estimates against the water balance method. Journal of Hydrology. 2016; 538(538):82—95.

Kashyap PS, Panda RK. Evaluation of evapotranspiration estimation methods and development of
crop-coefficients for potato crop in a sub-humid region. Agricultural Water Management. 2001; 50
(1):9-25.

Gocic M, Trajkovic S. Software for estimating reference evapotranspiration using limited weather data.
Computers & Electronics in Agriculture. 2010; 71(2):158—162.

Zhao C, Nan Z, Feng Z. GIS-assisted spatially distributed modeling of the potential evapotranspiration
in semi-arid climate of the Chinese Loess Plateau. Journal of Arid Environments. 2004; 58(3):387—403.

Tabari H. Evaluation of Reference Crop Evapotranspiration Equations in Various Climates. Water
Resources Management. 2010; 24(10):2311-2337.

Sabziparvar AA, Tabari H, Aeini A, Ghafouri M. Evaluation of class A pan coefficient models for estima-
tion of reference crop evapotranspiration in cold semi-arid and warm arid climates. Water Resources
Management. 2010; 24(5):909-920.

Orang M. Potential accuracy of the popular non-linear regression equations for estimating pan coeffi-
cient values in the original and FAO-24 tables. Unpublished Rep., Calif. Dept. of Water Resources, Sac-
ramento, 1998.

Snyder RL. Equation for evaporation pan to evapotranspiration conversions. Journal of Irrigation and
Drainage Engineering. 1992; 118(6): 977-980.

Kang S, Xu 'Y, You Q, Fligel WA, Pepin N, Yao T. Review of climate and cryospheric change in the
Tibetan Plateau. Environmental Research Letters. 2010; 5(1):015101.

WuJ, Zhang S, Wu H, Liu S, Qin Y, Qin J. Actual Evapotranspiration in Suli Alpine Meadow in North-
eastern Edge of Qinghai-Tibet Plateau, China. Advances in Meteorology. 2015; 2015(3):1-10.

Tangaramvong S, Tin-Loi F. Testing hourly reference evapotranspiration approaches using lysimeter
measurements in a semiarid climate. Hydrology Research. 2010; 41(1):38—49.

Berbigier P, Bonnefond JM, Mellmann P. CO, and water vapour fluxes for 2 years above Euroflux forest
site. Agricultural and Forest Meteorology. 2001; 108(3):183-197.

XuZ,MaY, Liu S, ShiW, Wang J. Assessment of the Energy Balance Closure under Advective Condi-
tions and Its Impact Using Remote Sensing Data. Journal of Applied Meteorology and Climatology.
2017; 56(1):127-140.

Aubinet M, Grelle A, Ibrom A, Rannik U, Moncrieff J, Foken T, et al. Estimates of the annual net carbon
and water exchange of forests: the EUROFLUX methodology. Advances in Ecological Research. 2000;
30(1):113-175.

Mu Q, Zhao M, Running S W. Improvements to a MODIS global terrestrial evapotranspiration algorithm.
Remote Sensing of Environment. 2011; 115(8):1781-1800.

FengF, ChenJ, Li X, Yao Y, Liang S, Liu M, et al. Validity of Five Satellite-Based Latent Heat Flux Algo-
rithms for Semi-arid Ecosystems. Remote Sensing. 2015; 7(12):16733—-16755.

Wilson K, Goldstein A, Falge E, Aubinet M, Baldocchi D, Berbigier P, et al. Energy balance closure at
FLUXNET sites. Agricultural & Forest Meteorology. 2002; 113(1—4):223-243.

Franssen HJH, Stockli R, Lehner |, Rotenberg E, Seneviratne S I. Energy balance closure of eddy-
covariance data: a multisite analysis for European FLUXNET stations. Agricultural & Forest Meteorol-
ogy. 2010; 150(12):1553-1567.

Song G, Tang Y, Cui X, Kato T, Du M, Li Y, et al. Energy exchange between the atmosphere and a
meadow ecosystem on the Qinghai-Tibetan Plateau. Agricultural & Forest Meteorology. 2005; 129
(3):175-185.

Twine TE, Kustas WP, Norman JM, Cook DR, Houser PR, Meyers TP, et al. Correcting eddy-covari-
ance flux underestimates over a grassland. Agricultural & Forest Meteorology. 2000; 103(3):279-300.

Rahimikhoob A, Behbahani MR, Fakheri J. An Evaluation of Four Reference Evapotranspiration Models
in a Subtropical Climate. Water Resources Management. 2012; 26(10):2867—-2881.

Priestley CHB, Taylor RJ. On the assessment of surface heatflux and evaporation using large-scale
parameters. Monthly Weather Review. 1972; 100:81-92.

Hargreaves GH, Samani ZA. Reference crop evapotranspiration from temperature. Applied Engineer-
ing in Agriculture. 1985; 1:96-99

Dalton. Experimental essays on the constitution of mixed gases; on the force of steam of vapour from
waters and other liquids in different temperatures, both in a torricellian vacuum and in air on evaporation

PLOS ONE | https://doi.org/10.1371/journal.pone.0189059 December 13, 2017 19/20


https://doi.org/10.1371/journal.pone.0189059

@° PLOS | ONE

Methodological comparison of evapotranspiration on the Tibetan Plateau

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

and on the expansion of gases by heat. Mem Manch Lit Philos Soc. 1802; 5:535-602. Proceedings of
the Manchester Literary and Philosophical Society

Rohwer C. Evaporation from free water surface. USDA Tech Null. 1931; 217:1-96.

Penman HC. Natural evaporation from open water, bare soil and grass. Proceedings of the Royal Soci-
ety of London A: Mathematical, Physical and Engineering Sciences; 1948: The Royal Society.

Mahringer W. Verdunstungsstudien am Neusiedler See. Theoretical and Applied Climatology. 1970;
18(1):1-20.

Liu A, LiY, Xue X, Wang J, Zhang F. Study on evapotranspiration and crop coefficient of the alpine
meadow in the Haibei area. Chinese Journal of Agrometeorology. 2010; 31(1):59-64.

LiH, LiY, Zhang F, Liu X, Wu Q, Mao S. Interannual Variations of Production and Water Use Efficiency
of the Vegetation in Alpine Meadow. Journal of Glaciology & Geocryology. 2013; 35(2): 475-482.

LiN, Sun W, Qin X, Tian B, Zheng Z. Estimation of evapotranspiration in an alpine meadow in zone of
Laohugou in Qilian Mountains. Journal of arid land resources and environment. 2016; 30(6):173—178.

Mauder M, Cuntz M, Driie C, Graf A, Rebmann C, Schmid H, et al. A strategy for quality and uncertainty
assessment of long-term eddy-covariance measurements. Agricultural & Forest Meteorology. 2013;
169(4):122-135.

Wang J, Zhuang J, Wang W, Liu S, Xu Z. Assessment of Uncertainties in Eddy Covariance Flux Mea-
surement Based on Intensive Flux Matrix of HIWATER-MUSOEXE. IEEE Geoscience & Remote Sens-
ing Letters. 2015; 12(2):259-263.

Wu J, Ding Y, Shen Y P, Niu L, Wang G. Experimental Study on Evapotranspiration of Swampy
Meadow in the Middle Reach of Heihe River. Journal of Glaciology & Geocryology. 2005; 27(4): 582—
590.

Zhu G, Su'Y, Li X, Zhang K, Li C, Ning N. Modelling evapotranspiration in an alpine grassland ecosys-
tem on Qinghai-Tibetan plateau. Hydrological Processes. 2014; 28(3):610-619.

Ershadi A, Mccabe MF, Evans JP, Wood EF. Impact of model structure and parameterization on Pen-
man-Monteith type evaporation models. Journal of Hydrology. 2015; 525:521-535.

Fontenot RL. An evaluation of reference evapotranspiration models in Louisiana. M.Sc. Thesis, B.S.,
Louisiana State University and A&M College.2004.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189059 December 13, 2017 20/20


https://doi.org/10.1371/journal.pone.0189059

