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Abstract
Based on observed precipitation and runoff data, monthly actual evapotranspiration (ETa) was calculated by the hydrological budget balance method in
the three parallel river basins. The performance of three developed complementary relationship methods, the nonlinear advection-aridity (non-AA)
method, generalized complementary relationship method (B2015), and sigmoid generalized complementary function (H2018), on simulating ETa were
evaluated. The evaluation results showed that three methods were able to accurately simulate monthly ETa series. The Nash-Sutcliffe e�ciency
coe�cient between the monthly ETa simulated by the non-AA, B2015, and H2018 methods and the water-balance-derived ETa were 0.74, 0.78, and 0.79,

respectively. The correlation coe�cient were 0.84, 0.89, and 0.90, respectively. And the root mean square errors were 10.76 mm mon− 1, 10.01 mm mon− 

1, and 9.78 mm mon− 1, respectively. The ETa increased spatially from upstream region to downstream region at catchment scale. Annual ETa simulated
by the non-AA, B2015 and H2018 models showed signi�cant increasing trends during 1956–2018 in the basins, with the increasing magnitudes of 1.53
mm/a, 1.66 mm/a and 1.47 mm/a, respectively. Research on the in�uence between meteorological factors and ETa showed that there was a positive
correlation between ETa and precipitation, temperature, wind and sunshine hours, with the average correlation coe�cient of 0.40 0.64 0.63 and 0.72,
respectively. The value between ETa and relative humidity was − 0.38. The ETa in the basins was highly sensitive to temperature, wind speed and
sunshine hours, with the average sensitivity coe�cient of 0.26, 0.21 and 0.27, respectively. And moderately sensitive to relative humidity, with a
sensitivity of -0.18.

1. Introduction
Actual evapotranspiration (ETa) plays a crucial role in the global water and energy cycles. ETa and runoff account for 59% and 41% of land surface
precipitation, respectively (Oki and Kanae 2006). And the solar radiation energy absorbed by land surface exceeds 50% is used for ETa (Trenberth et al.
2009). ETa can re�ect the regional changes of land surface energy and hydrological budgets. Analyses of trends of ETa are greatly signi�cant for
understanding climate change and its impacts at regional scales. Accurate simulation of ETa is crucial for the management and planning of water
resources, forestry, and agricultural irrigation (Maes et al. 2012; Farahani et al. 2007; Fisher et al. 2017).

Obtaining ETa is a challenging task because of its complex interactions across the soil-plant-atmosphere continuum (Katul et al. 2012). ETa can be
accurately monitored by a wide variety of ground measurements such as lysimeters, energy balance Bowen ratio, and eddy covariance (Allen et al.
2011). However, estimation of large-scale, long-term ETa remains di�cult since these techniques typically cover short periods with limited spatial extent
(Ma and Szilagyi 2019). And most ETa methods require a signi�cant number of soil and vegetation-related parameters as inputs (Masson et al. 2003),
thus leading to data complexity and additional uncertainties.

There are several methods can estimate ETa by using only routine meteorological observations data (Chen et al. 2020; Fan et al. 2018; McMahon et al.
2013). Among them, Bouchet (1963) proposed a complementary relationship (CR) which had been proven to be a feasible and e�cient approach (Xu
and Singh 2005; Hobbins et al. 2001). The original complementary principle based a linear CR between ETa, potential evapotranspiration (ETp), and wet
environment evapotranspiration (ETw), in which ETa and ETp depart from ETw in opposite directions when the land surface is drying from completely
wet conditions with a constant energy input (Brutsaert 2015; Zhou et al. 2020). Several methods based on the CR had been proposed such as Advection-
Aridity (Brutsaert and Strick 1979), CRAE (Morton 1983), and Granger-Gray (Granger and Gray 1989) methods. And they had been extensively used for
obtaining long-term regional ETa (Jian et al. 2018; Szilagyi et al. 2009).

However, in recent years, many studies had shown that it was di�cult for ETa and ETp to satisfy the completely symmetrical CR. Brutsaert (2015)
formulated a more general and nonlinear version of the CR which de�ned as "the generalized complementary relationship" by generalizing the CR to a
fourth-order polynomial function between ETa/ETPen and ETw/ETPen. Han et al. (2018) combing a sigmoid form of the generalized complementary
function into the traditional AA method to represent the relationship between ETa and ETp by considering boundary conditions for extremely arid and
completely wet environments. Szilagyi et al. (2017) proposed a calibration-free nonlinear CR method with more appropriate physical constraints which
built on the latest researches of the nonlinear formulation by Brutsaert (2015) and Crago et al. (2016). The most prominent advantage in the method is
that it determines the parameter of the Priestley-Taylor coe�cient (Priestley and Taylor 1972) from temperature and humidity data over wet areas.

A wide range of studies have investigated the spatiotemporal pattern of ETa at regional scales (Gao et al. 2007; Liu et al. 2019; Xu et al. 2021; Yang et al.
2021). However, there are relatively few studies on ETa changes and evaluation of the developed CR methods in three parallel river basins. The three
parallel river basins are characterized as unique dry-hot valley. The Nu River and Lancang River, which are located in the region, are the upper reaches of
the international Salween River and Mekong River, respectively. It includes semi-arid, semi-humid, and humid regions. Investigation on spatial pattern
and temporal change of ETa in this region would attract extensive concern (Sabo et al. 2017). Their water �uctuation could not only affect the water
availability, the ecological environment, and food security but also pose enormous challenges to transboundary water utilization and allocation (Fan
and He 2015). Therefore, the research on trends of hydrological variables in the basins have attracted extensive attention.

In this study, the water balance-based ET (WB_ET) series was used to evaluate the accuracy of the CR based ET (CR_ET) in three parallel river basins.
The objectives of this study were to: (1) simulating ETa by the corrected hydrologic budget balance method; (2) evaluating the accuracy of three
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developed CR methods in simulating monthly ETa; (3) detecting trends of ETa during the past six decades, and quantifying sensitivity of climate factors
to regional ETa changes.

2. Materials And Methods

2.1 Study Area
The three parallel river basins include a series of parallel north-south mountain ranges in southwest China. The study area includes the Nu River,
Lancang River, and Jinsha River basins above the Daojieba, Yunjinghong and Shigu stations, respectively. The Nu River and Lancang River are the
upstream of the Salween River and Mekong River, respectively, which are important international rivers. The terrain of this region is complex and
changeable, characterized by deep V-shaped valley with fast velocity of surface and subsurface runoff. The climate in the region varied signi�cantly
from the north to south. The upstream region belongs to a plateau climate of semi-arid region with low temperature and little precipitation. The
midstream and downstream regions are located in the subtropical and tropical climate zones of semi-humid and humid regions. In general, mean
annual precipitation in the three parallel river basins ranges from 150 mm yr-1 to 1500 mm yr-1, and heavy rains are concentrated in the wet season (May
to October). Mean annual air temperature is between 10°C and 30°C. Annual ET ranges from 50 mm yr− 1 in the north to 1500 mm yr− 1 in the south. The
wet season ET accounts for 85% of the annual ET.

Figure 1 Location of each catchment, hydrological stations, and weather stations

2.2 Data
(1) Observed meteorological data

Observed daily meteorological data for the period from 1956 to 2018 at 35 stations in and near the study area were obtained from the China
Meteorological Administration (http://data.cma.cn/). The data includes precipitation, air temperature, wind speed, relative humidity, and sunshine hours.
The monthly and annual series were calculated from the daily observed data series. The area weight of each station was used to calculate the regional
average value. The area weights were calculated based on the Tyson polygon method.

(2) Observed hydrological data

Observed runoff data from nine hydrological stations on the main stream of the HDM region were used in this study. Each hydrological station
represented the main stream control station of the upstream, midstream and downstream regions of the Nu River, Lancang River, and Jinsha River,
respectively (Fig. 1). The information on the nine hydrological sites were listed in Table 1. Data were obtained from the China Hydrological Yearbook.

Table 1
Observed runoff data from nine hydrological stations

  Hydrological station Longitude Latitude Catchment area (km2) Temporal coverage

NRB Jiayuqiao 96.24 30.87 68384 1956–2000, 2007–2018

Gongshan 98.68 27.73 101146 1956–2000

Daojieba 98.88 24.98 110224 1956–2000

LCRB Changdu 97.17 31.15 53800 1956–2000, 2007–2018

Jiuzhou 99.22 25.79 88051 1956–2000

Yunjinghong 100.78 22.03 115894 1956–2000

JSRB Zhimenda 97.22 33.03 137704 1956–1987, 2007–2018

Batang 99.02 29.83 187873 1956–1987, 2007–2018

Shigu 99.93 26.9 214184 1956–1987, 2007–2018

Table 1. Observed runoff data from nine hydrological stations

2.3 Simulation of ETa

2.3.1 Hydrological budget balance method
ETa was simulated by the hydrological budget balance method at basin scales (Liu et al. 2014; 2019; Wan et al. 2015). In a basin, the hydrological
budget balance equation could be expressed as:

𝐸𝑇𝑖
𝑊𝐵 = 𝑃𝑖 − 𝑅𝑖 − ∆𝑊 (1)
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where 𝑃 and 𝑅 are the basin-wide totals of precipitation (mm) and the net stream �ow at the basin outlet (mm), respectively, ∆𝑊 is the change in
terrestrial water storage including the surface, subsurface, and ground water changes (mm) at a monthly or annual scale.

At the simulation of monthly ETa, ∆𝑊 is usually negligible in many studies, which assumes precipitation (evaporation) is the only source (loss) of
water in the basin (Hobbins et al., 2001; Zhang et al., 2012). However, the hydrological budget balance may not close when ∆W is neglected under
changing climate and anthropogenic interferences such as water diversion, reservoir regulation, and agricultural irrigation (Liu et al., 2016). In this study,
we de�ned (P-R) as the biased 𝐸𝑇 𝑊𝐵

biased relative to the reference 𝐸𝑇𝑊𝐵. The 𝐸𝑇 𝑊𝐵
biased can be corrected based on 𝐸𝑇𝑊𝐵 measured during the

same period at the monthly scale through a two-step bias correction method (BCM, Li et al., 2014). Firstly, at each basin, the monthly 𝐸𝑇𝑊𝐵 and 𝐸𝑇
𝑊𝐵

biased series were �tted separately using a gamma distribution. This has been shown as an effective method for modeling the probability distribution
of ETa (Liu et al. 2016). Water-balance-derived ETa was used for trends detection of ETa in the NRB and LCRB during 1956–2018 by the rank-based
nonparametric Mann-Kendall test in seasonal and annual time series.

2.3.2 Nonlinear AA method
Brutsaert and Strick (1979) proposed the AA method,

𝐸𝑇𝑎
𝐴𝐴 = 2𝐸𝑇𝑤 − 𝐸𝑇𝑝 (2)

Kahler and Brutsaert (2006) pointed out that the assumed symmetric nature of the CR becomes asymmetric when used with evaporation pan data. This
meant that the change in the apparent potential evaporation, as the environment dries from an initially wet condition, will be larger than the
corresponding change in ETa. Therefore, the AA method had since evolved to adopt the asymmetric CR (Brutsaert and Parlange 1998; Szilagyi 2007).

𝐸𝑇𝑝 − 𝐸𝑇𝑤 = 𝑏 (𝐸𝑇𝑤 − 𝐸𝑇𝑎) (3)

where b is another constant of proportionality. Rearrangement of (3) leads to

ETa =
1 + b

b ETw −
1
bETp

4

In non-AA method, 𝐸𝑇𝑝 and 𝐸𝑇𝑤 are denoted by the Penman (1948) equation (𝐸𝑃𝑒𝑛) and the Priestley-Taylor (1972) equation, respectively.

ETw = αETrad = α
Δ

Δ + γ(Rn − G)

5

ETp = ETrad + ETaero =
Δ

Δ + γ Rn − G +
γ

Δ + γf u2 (es − ea)

6

Normalized by 𝐸𝑃𝑒𝑛, the non-AA method can be expressed as a linear function (Han et al. 2008):

ETa =
1 + b

b ETw −
1
bETp

7

where 𝐸𝑟𝑎𝑑 and 𝐸𝑎𝑒𝑟𝑜 are the radiation and aerodynamic terms for the Penman equation, respectively (mm/day); 𝛼 is an empirical coe�cient; ∆ is the
slope of the saturation vapor pressure curve at air temperature (hPa/°C); 𝛾 is the psychrometric constant (hPa/°C); 𝑅𝑛 is the net radiation near the
surface (mm/day); 𝐺 is the soil heat �ux; 𝑓(𝑢𝑧) is the wind function, which is calculated by Penman’s wind function (Penman, 1948), that is, 𝑓(𝑢2) = 
0.26(1 + 0.54𝑢2), where 𝑢2 is the wind speeds at 2 m heights (m/s); 𝑒𝑠 is the vapor pressure of the air (hPa); and 𝑒𝑎 is the saturation vapor pressure at
air temperature (hPa). All these variables are calculated by the method recommended by the Food and Agriculture Organization (FAO) of the United
Nations (Allen 2000).

2.3.3 B2015 method
Brutsaert (2015) generalized the CR to a fourth-order polynomial function between ETa/ETPen and ETw/ETPen, the application of which still requires
specifying the methods of ETPen and ETw. Considering the relationship with non-AA approach, this new polynomial function is regarded as the
generalized nonlinear advection−aridity method (B2015) and has the same variables as the non-AA function (Crago et al. 2016; Ma et al. 2019), that is:

( ) ( )
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ETB2015
a =

ETw
ETp

2
[(2 − c)ETp − (1 − 2c)ETw − c

ET2
w

ETp
]

8

where 𝑐 is thought to be zero under usual situations (Brutsaert, 2015). Thus, a �xed 𝑐= 0 and calibrated parameter 𝛼 of the B2015 have been adopted
for daily (Aietal.,2017; Brutsaert et al., 2017; Hu et al., 2018; Zhang et al., 2017), annual, and multi-year scales (Liu et al., 2016). The Eq. (8) could be
represented as:

ETa =
ETw
ETp

2
(2ETp − ETw)

9

2.3.4 H2018 method
Han et al. (2018) developed a nonlinear CR method (Han et al. 2012) by introducing minimum (Xmin) and maximum (Xmax) limits to ETrad/ETPen (Han
and Tian 2018). This sigmoid generalized complementary function (H2018) can be written as:

ETH2018

EPen
=

1

1 + m
xmax −x
x−xmin

n

10

where 𝑥𝑚𝑖𝑛 and 𝑥𝑚𝑎𝑥 corresponding to the minimum and maximum values of ETrad/ETPen; 𝑥 is de�ned as the ratio of ETrad to ETPen; and m and n are
constants. The H2018 exhibits a three-stage pattern, and ETa/ETPen increases approximately linearly with ETrad/ETPen during the middle stage in
environments that are neither too dry nor too wet. By making a �rst order Taylor expansion of the H2018 at ETa/ETPen = 0.5 equal to the linear AA

function, parameters 𝑚 and 𝑛 can be transferred from 𝛼 and 𝑏−1:

n =
4α ( 1+b −1) ( x0.5−xmin ) ( xmax −x0.5)

( xmax −xmin )

m =
x0.5−xmin
xmax −x

0.5

n

11

where 𝑥0.5= (0.5 + 𝑏−1)/ (𝛼 (1 + 𝑏−1)) is the value of 𝐸𝑟𝑎𝑑/𝐸𝑃𝑒𝑛 corresponding to 𝐸𝑇𝑎/𝐸𝑃𝑒𝑛= 0.5. The linear AA function can be regarded as a special
case of the H2018 (Han and Tian 2018), for which 𝑥𝑚𝑖𝑛= 0 and 𝑥𝑚𝑎𝑥= 1 have been suggested for a daily scale because the function and simulated
results are not sensitive to 𝑥𝑚𝑖𝑛 and 𝑥𝑚𝑎𝑥.

2.4 Evaluation criteria
The performance of monthly ET data sets was evaluated by WB_ET. The evaluation criteria included relative error (RE), Pearson correlation coe�cient
(cc), root mean square error (RMSE), and Nash-Sutcliffe e�ciency (NSE) (Jiang and Liu 2021).

RE =
x(i) − y(i)

y(i) × 100

12

cc =

∑ n
i=1 x(i) −

−
x [y(i) −

−
y ]

∑ n
i=1[x(i) −

−
x ]2 ∑ n

i=1[y(i) −
−
y ]2

( )

( )

( )

{ ( )

[ ]
√ √



Page 6/18

13

RMSE =
1
n ∑ n

i=1[x(i) − y(i)]2

14

NSE = 1 −
∑ n

i=1[x(i) − y(i)]2

∑ n
i=1[y(i) −

¯
y]2

15

where x(i) and y(i) are the model and observed variable at i-time step, 
−
x  and 

−
y  are the model and observed mean, respectively; n is the total number of

observations; α is the ratio between the variance of the model variable and observed variable and β is the ratio between the mean of the model variable
and observed variable.

2.5 In�uence of meteorological factors on 𝐄𝐓𝐚
Meteorological factors with strongly physically correlation with ETa were selected for analysis, including precipitation, air temperature, relative humidity,
wind speed, and sunshine hours (Li et al. 2014; Valipour 2015). The sensitivity coe�cient (McCuen 1974) of meteorological factors to ETa could be
expressed as follows,

SVi
=

ΔET
ΔV i

V i
ET

16

where 𝐸𝑇 and ∆𝐸𝑇 are the daily 𝐸𝑇𝑎 and daily variation, respectively; and 𝑉𝑖 and ∆𝑉𝑖 are the daily meteorological factor values and daily variation,
respectively. Under the condition that the variable of a single meteorological factor varies by ± 10%, the sensitivity coe�cient of ETa to each
meteorological factor was calculated in turn.

3. Results

3.1 The performance of three developed CR methods in simulating monthly 𝐄𝐓𝐚

In this study, the ranges of parameter 𝛼 and 𝑏−1 for the non-AA method were [0.89, 1.14] and [0.16, 0.77], respectively. The ranges of parameters 𝛼 of
the B2015 was [0.94, 1.13] with an average value of 1.03; For the H2018, the range of parameter 𝛼 was [1.01,1.14] with an average value of 1.05, and
the ranges of parameter 𝑏−1 was [0.18, 1.08].

The performance of the non-AA, B2015, and H2018 methods in simulating monthly ETa in the three parallel river basins were compared (Table 2). The
discrepancies among the three developed methods for ETa estimation was small. The RE between the monthly ETa simulated by the non-AA, B2015, and
H2018 methods and the water balance-derived ETa were 3.8%, 2.3%, and 2.4%, respectively. The NSE of three developed methods were 0.74, 0.78, and

0.79, respectively. The R-square were 0.84, 0.89, and 0.90, respectively. And the RMSE were 10.76 mm mon− 1, 10.01 mm mon− 1, and 9.78 mm mon− 1,
respectively. Overall, the H2018 performed better than the B2015 and non-AA methods. The performance of three developed CR methods in simulating
wet season ETa was generally similar with that of annual ETa. It showed a relatively poor performance in simulating dry season ETa, with the mean NSE
lower than 0.6 for non-AA method. However, the RE were less than 10%, indicating that the methods were able to accurately simulate the average value.
In general, the developed CR methods were able to simulate ETa with a high accuracy at the annual and wet season scales in the three parallel river
basins. The simulation accuracy of the JSRB was slightly higher in terms of evaluation criteria.

√



Page 7/18

Table 2
Evaluation results of three developed CR methods in simulating monthly ETa

Model Basin   NSE   cc   RMSE

  Annual or frequency of
19.4% was g
Dry

Wet   Annual Dry Wet   Annual Dry Wet

non-
AA

NRB NU 0.74 0.53 0.72   0.81 0.66 0.86   9.59 4.41 8.36

NM 0.72 0.59 0.74   0.79 0.68 0.85   9.78 7.15 8.84

ND 0.75 0.66 0.76   0.85 0.71 0.87   13.93 7.98 11.78

LCRB LCU 0.68 0.54 0.67   0.79 0.63 0.84   10.45 6.16 9.68

LCM 0.79 0.61 0.80   0.83 0.67 0.77   11.68 6.91 9.45

LCD 0.82 0.50 0.83   0.89 0.72 0.89   13.45 9.81 12.90

JSRB JSU 0.70 0.59 0.68   0.73 0.64 0.80   8.02 3.71 7.84

JSM 0.70 0.59 0.77   0.86 0.68 0.82   9.43 5.16 8.45

JSD 0.76 0.65 0.79   0.87 0.68 0.82   10.51 6.59 9.81

  Mean   0.74 0.58 0.75   0.84 0.67 0.84   10.76 6.43 9.68

B2015 NRB NU 0.78 0.54 0.75   0.86 0.68 0.92   8.93 4.11 7.78

NM 0.75 0.60 0.78   0.89 0.71 0.90   9.10 6.66 8.22

ND 0.79 0.68 0.80   0.90 0.74 0.93   12.95 7.43 10.95

LCRB LCU 0.70 0.55 0.69   0.84 0.65 0.89   9.72 5.74 9.01

LCM 0.84 0.63 0.85   0.88 0.69 0.81   10.86 6.44 8.79

LCD 0.87 0.51 0.88   0.95 0.75 0.95   12.51 9.13 12.00

JSRB JSU 0.73 0.60 0.71   0.84 0.66 0.85   7.47 3.47 7.29

JSM 0.73 0.61 0.82   0.91 0.70 0.87   8.77 4.81 7.86

JSD 0.80 0.67 0.84   0.93 0.71 0.87   9.77 6.14 9.13

  Mean   0.78 0.60 0.79   0.89 0.70 0.89   10.01 5.99 9.00

H2018 NRB NU 0.79 0.56 0.77   0.87 0.70 0.93   8.72 4.00 7.60

NM 0.77 0.62 0.79   0.90 0.73 0.91   8.89 6.50 8.03

ND 0.80 0.70 0.81   0.91 0.76 0.94   12.67 7.25 10.71

LCRB LCU 0.72 0.57 0.71   0.85 0.67 0.90   9.50 5.60 8.80

LCM 0.85 0.65 0.86   0.89 0.71 0.82   10.62 6.28 8.59

LCD 0.88 0.53 0.89   0.96 0.77 0.96   12.23 8.92 11.73

JSRB JSU 0.75 0.62 0.73   0.85 0.68 0.86   7.29 3.37 7.12

JSM 0.75 0.63 0.83   0.92 0.72 0.88   8.57 4.69 7.68

JSD 0.81 0.69 0.85   0.94 0.73 0.88   9.55 5.99 8.92

  Mean   0.79 0.62 0.80   0.90 0.72 0.90   9.78 5.84 8.80

Table 2. Evaluation results of three developed CR methods in simulating monthly ETa

Frequency distributions of the RE for the non-AA, B2015 and H2018 methods in simulating annual, wet and dry seasons ETa were shown in Fig. 2. In
general, the frequency of the RE of developed CR methods exhibited a normal distribution. In term of the frequency distribution of the H2018 method,
more than 95.2% of the errors were between − 25% and 25%. Among them, the error frequency between − 5% and 5% was the highest, with the value of
30.1%. The frequency distribution of wet season was consistent with that of annual series. An 85.7% margin of error was 255 between − 25% and 25%.
The error frequency was the highest between − 5% and 5%, with the value of 30.6%. The frequency distribution of the RE of dry season ETa was not
consistent with that of wet season. More than 52.4% of errors were between − 15% and 20%. Among them, the highest between 5% and 10% with the
value of 9.5%.
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The error frequency of 19.4% was greater than 50%, which was much higher than that of 2.4% in annual and rainy seasons. The RE was slightly higher
in dry season in terms of frequency distribution. The frequency distribution of the RE for non-AA and B2015 were basically the same as those of H2018.
For example, more than 90% of the errors were between − 25% and 25%, and the error frequency was the highest between − 5% and 5% with the value of
33.3%. However, there were some inconsistencies. For example, the B2015 method had a better simulation effect in dry season. More than 71.4% of the
errors distributed between − 25% and 25%. The error frequency was the highest between − 10% and − 5% with the value of 14.3%.

Figure 2 Frequency distributions of the relative error for the non-AA, B2015 and H2018 methods

3.2 Trends of 𝐄𝐓𝐚, precipitation, and runoff in the NRB and LCRB
The spatial pattern of annual WB_ET in the three parallel river basins was increased spatially from upstream region (143 mm/a) to downstream region
(707 mm/a) at catchment scale. The wet season ET accounted for 70–90% of annual ET.

The spatial trend of evapotranspiration simulated by the CR_ET showed that a notable lower value in the northern site and higher value in the southern
site at three temporal scales, which was similar to the �ndings for WB_ET. Among them, the simulation results of the H2018 model show that the ETa

was the lowest in the upstream region of the Jinsha River basin, with a multi-year average ETa of 205 mm yr− 1, while the highest value in the

downstream region of Lancang River basin, with the ETa of 1385 mm yr− 1.

Trends of annual ET estimated from the WB_ET in the three parallel river basins exhibited an increasing trend during 1960–2018 in the NRB, LCRB, and
JSRB, with the magnitude being 1.41 mm/a, 0.60 mm/a, and 1.37 mm/a, respectively. It showed a decreasing trend in the upstream region. The
decreasing trend was signi�cantly (signi�cance level of 0.05, the same below) at the NU and LCU. The signi�cant increasing trends were detected at the
downstream region. Trends of ET in the dry and wet seasons (not shown) were similar to that in annual scale. The dry season ET decreased
signi�cantly at the LCU and JSU, while the wet season ET decreased signi�cantly in the NU.

Figure 3 Variation trend of ETa of (a) interannual (b) dry season (c) wet season in the three parallel rivers region basins

Trends of ET estimated by the CR method at the site scale were generally consistent with that derived by the WB method at the catchment scale (Fig. 4).
ET exhibited an increasing trend during 1960–2018 in the NRB, LCRB, and JSRB, with the magnitude being 1.53 mm/a, 0.66 mm/a, and 1.47 mm/a,
respectively. Where a decreasing trend in the upstream region was observed. An increasing trend of the annual CR_ET estimated by CR model was
showed in half of sites (17/35), of which was concentrated in the downstream region. The trends of dry season and wet season CR_ET series (not
shown) were consistent with that of annual CR_ET series. The trend type for CR_ET was mainly non-signi�cant decrease (14/35), followed by non-
signi�cant increase (11/35). The dry and wet season ET series were basically consistent with the annual ET series.

Figure 4 Variation trend of ETa in the three parallel rivers basins based on the non-AA (a) annual (b) dry (c) wet, B2015 (d) annual (e) dry (f) wet, and
H2018 (g) annual (h) dry (i) wet

Table 3 showed the trends of precipitation and runoff in the three parallel river basins. In terms of precipitation, the increasing magnitude of the
precipitation at three temporal scales were 3.2 mm/a, 1.1 mm/a, and 2.6 mm/a, respectively. Runoff in the basins also exhibited increasing trends at
three temporal scales, with the magnitude were 2.2 mm/a, 1.2 mm/a, and 1.4 mm/a, respectively. Therefore, the difference between the precipitation
variable and the runoff variable on the three temporal scales were 1.0 mm/a, -0.1 mm/a and 1.2 mm/a, respectively. At the same time, synthesizing the
inter-annual growth trend of ETa (1.4 mm/a) in the three parallel river basins, it could be inferred that the difference between precipitation and runoff
variables contributed 72% of the ETa change.
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Table 3
Trends of precipitation and runoff in the NRB and LCRB during 1956–

2018
Basin   Precipitation   Runoff

  Annual Dry Wet   Annual Dry Wet

NRB NU 2.2 0.7 1.5   3.5 2.2 2.7

NM 2.9 0.7 2.8   3.2 1.1 2.6

ND 6.9 2.8 5.3   2.2 1.6 0.9

  Mean 4.0 1.4 3.2   3.0 1.6 2.1

LCRB LCU 1.5 0.5 1.2   1.8 1.0 1.4

LCM 4.0 1.2 2.9   1.5 0.4 1.2

LCD 5.3 2.3 4.5   3.2 1.2 2.1

  Mean 3.6 1.3 2.9   2.2 0.9 1.6

JSRB JSU 1.0 0.3 0.8   1.6 1.3 0.7

JSM 2.2 0.9 1.5   1.5 1.1 0.9

JSD 3.1 1.3 2.1   1.2 1.2 0.8

  Mean 2.1 0.8 1.5   1.4 1.2 0.8

Table 3. Trends of precipitation and runoff in the NRB and LCRB during 1956–2018

In addition, the average increasing magnitude of precipitation in the NRB, LCRB and JSRB were 4.0 mm/a, 3.6 mm/a and 2.1 mm/a, respectively, and
the average increasing magnitude of runoff were 3.0 mm/a and 2.2 mm/a, and 1.4 mm/a, respectively. The difference between them were 1.0 mm/a,
1.4 mm/a and 0.7 mm/a, respectively. Based on the variation trend analysis of the ETa in the NRB (1.41 mm/a), LCRB (1.60 mm/a) and JSRB (1.17 mm
/a) in the analysis of the long-term variation trend of the ETa in the basin, the ratios of the interannual precipitation and runoff variables to the ETa

variables were 0.73, 0.89 and 0.57, respectively. Therefore, according to the theoretical equation of hydrological balance, the precipitation, runoff and
ETa in the NRB and LCRB can basically meet the water closure condition on a long-term scale.

3.3 In�uence of meteorological factors on 𝐄𝐓𝐚
Precipitation, temperature and humidity increased from south to north in the three parallel river basins (Fig. 5). On the contrary, wind speed decreased in
this direction. The sunshine hours were the shortest in the mid-stream region, which was especially signi�cant in wet season. The precipitation of most
stations (25/34) in the three parallel river basins showed an increasing trend, with an average increasing magnitude of 2.4 mm/a. Air temperature in the
basins exhibited signi�cant increasing trends at all temporal scales (dry and wet seasons and annual series) during the past 60 years. On the contrary,
wind speed showed signi�cant decreasing trends. The variation characteristics of relative humidity also showed a high consistency among three
temporal scales at observed stations. In addition, the temporal and spatial trend characteristics of meteorological factors in the dry and wet seasons
were basically consistent with the inter-annual trends. Among them, the precipitation, air temperature, relative humidity and sunshine hours in the basin
were relatively higher in the wet season, while the wind speed was higher in the dry season. The temporal and spatial changes and seasonal distribution
differences between different meteorological factors had a certain degree of positive or negative impact on the ETa in the basin.

Figure 5 Spatial-temporal variation trend of meteorological factors

The correlation coe�cients between meteorological factors and ETa in the three parallel river basins were shown in Fig. 6 and Fig. 7. There was a
positive correlation between ETa and precipitation, temperature, wind and sunshine hours, with the average cc of 0.40 0.64 0.63 and 0.72, respectively.
There was a negative correlation between ETa and relative humidity in the whole basin, with the average cc of -0.38. The cc values of each
meteorological factor in different basins were slightly different. Among them, the temperature and wind speed in the NRB had the strongest correlation
with the ETa, and the average cc were 0.66 and 0.65, respectively. The average cc of precipitation, temperature, wind speed and sunshine hours in the
LCRB and ETa were all higher than 0.60, of which the precipitation has the strongest correlation, with average cc of 0.66. While the sunshine hours in the
JSRB had the highest correlation with ETa, with average cc as high as 0.72.

In addition, the correlation between each meteorological factor and ETa varies seasonally to a certain extent, and this difference was particularly
signi�cant in precipitation and wind speed. The average cc between the dry season precipitation and ETa was 0.45, which was 0.18 lower than the
average cc in the wet season. On the contrary, the correlation between wind speed and ETa was relatively higher in the dry season. The average cc of
each basin was 0.74, which was 0.19 higher than the average value of the cc in the wet season.
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Figure 6 The correlations coe�cients between meteorological factors and ETa

Figure 7 The correlations coe�cients between meteorological factors and ETa

The sensitivity coe�cient of meteorological factors to ETa was shown in Table 4. The ETa in the basins was highly sensitive to temperature, wind speed
and sunshine hours, and moderately sensitive to relative humidity. Among them, the NRB had the highest sensitivity coe�cient of sunshine hours, with
the average sensitivity coe�cient of 0.32, while the ETa in the LCRB was more sensitive to temperature changes, with a sensitivity coe�cient of 0.29.
The temperature, relative humidity, wind speed and sunshine hours in the JSRB all showed strong sensitivity, and the absolute average sensitivity
coe�cient �uctuated around 0.25. Moreover, the ETa was more sensitive to relative humidity and wind speed in the upstream region. Among them, the
average values of the sensitivity coe�cients of relative humidity and wind speed in the upstream region were − 0.23 and 0.26, respectively.

Table 4
The sensitivity coe�cient of meteorological factors on ETa

Basin   NRB   LCRB   JSRB

  NU NM ND   LCU LCM LCD   JSU JSM JSD

Temperature Annual 0.14 0.26 0.25   0.29 0.33 0.26   0.26 0.23 0.33

Dry 0.04 0.18 0.23   0.25 0.26 0.28   0.22 0.18 0.27

Wet 0.24 0.34 0.27   0.33 0.40 0.24   0.30 0.28 0.29

  Mean 0.14 0.26 0.25   0.29 0.33 0.26   0.26 0.23 0.30

Relative humidity Annual -0.23 -0.14 -0.11   -0.18 -0.15 -0.19   -0.27 -0.20 -0.18

Dry -0.25 -0.13 -0.16   -0.23 -0.18 -0.22   -0.24 -0.28 -0.14

Wet -0.21 -0.15 -0.06   -0.13 -0.12 -0.16   -0.30 -0.12 -0.22

  Mean -0.23 -0.14 -0.11   -0.18 -0.15 -0.19   -0.27 -0.20 -0.18

Wind speed Annual 0.21 0.18 0.14   0.18 0.14 0.17   0.39 0.35 0.14

Dry 0.24 0.24 0.19   0.27 0.24 0.22   0.30 0.29 0.18

Wet 0.18 0.12 0.09   0.09 0.04 0.12   0.48 0.41 0.10

  Mean 0.21 0.18 0.14   0.18 0.14 0.17   0.39 0.35 0.14

Sunshine hours Annual 0.30 0.34 0.32   0.26 0.28 0.14   0.31 0.24 0.20

Dry 0.35 0.30 0.26   0.31 0.26 0.18   0.29 0.27 0.28

Wet 0.25 0.38 0.38   0.21 0.30 0.10   0.33 0.21 0.12

  Mean 0.30 0.34 0.32   0.26 0.28 0.14   0.31 0.24 0.20

The sensitivity coe�cient between ETa and meteorological factors had seasonal differences. The difference between the dry season and wet season
sensitivity coe�cients between ETa and air temperature, relative humidity and sunshine hours ranges from 0.03 to 0.06. Among them, the difference
between the wind speed in the dry season and the wet season was the most signi�cant in each basin, with the average sensitivity coe�cient in the dry
season of 0.24, indicating that the ETa was highly sensitive to the change of wind speed in the basin. And the average value of the sensitivity coe�cient
of the wet season wind speed was 0.18, which was moderately sensitive. In addition, the sensitivity of temperature and sunshine hours in wet season
was higher than that in dry season, with the average values of 0.29 and 0.25, respectively.

Table 4. The sensitivity coe�cient of meteorological factors on ETa

4. Discussions
The parameter 𝛼 is related to the natural characteristics. Researches pointed out that the parameter α in the Priestly-Taylor formula had a wider range of
value with roughly 0.6–1.5 (DeBruin 1983; McMahon et al. 2013), which represented the combined effects of the land-atmosphere coupling relationship
and underlying vegetation, soil and water conditions on the CR of ETa. In this study, the value of the parameter α was negatively correlated with the
regional aridity index (AI = ET/P) in the basins (Fig. 7), which was consistent with Liu et al. (2016).

Gao et al. (2018) and Zhou et al. (2020) respectively estimated the ETa distribution in the upstream region of Huaihe river basin and the Loess Plateau
based on the generalized complementary principle (B2015 and H2018). The results showed that the simulation accuracy of H2018 was higher than that
of B2015 in the Huaihe River basin and the Loess Plateau, and the results are consistent with that in the LCRB and NRB. Gao et al. (2018) pointed out
that when α = 1.25, the RE of the method was within ± 5%. Zhou et al. (2020) showed that H2018 and B2015 had the best performance when α = 1.05
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and 1.14, respectively. The α value in the basins studied in this paper was relatively low. It is possible that the LCRB and NRB have higher aridity index
which is related to the local climatic conditions and vegetation coverage. The developed CR methods after parameter adjustment has good performance
in different regions, which provides more references and possibilities for the study of regional ETa.

ETa is directly sourced from soil water, open water, and indirectly from water by vegetation (Balugani et al. 2016). Precipitation affects ETa through soil
moisture constraints, especially in arid regions. For example, with high precipitation, ETa is less limited to soil moisture, and the ETa might be the same
as the potential evapotranspiration (Liu et al. 2012). However, in arid environments with limited precipitation, the soil water content is insu�cient, and
ETa tends to be largely dependent on available soil water. The arid environment places a strong constraint on ETa, causing the ETa to be much lower
than potential evapotranspiration. High temperature accelerates ETa by providing more energy. And the longer sunshine hours mean that more solar
radiation energy is provided. Therefore, ETa is sensitive to both temperature and sunshine (Li et al. 2017). Wind speed, another meteorological factor
positively related to ETa, is responsible for transporting water heat and carbon dioxide. Wind is in some cases dominating radiation (Liu and Zhang
2013). With an increase in humidity, the moisture content in the air is higher and moisture evaporated into the air decreases (Moratiel et al. 2010). As
demonstrated in this study meteorological factors had different effects on ETa at different time scales in different regions. The quantitative relationship
between regional ETa and climate and soil-plant-atmosphere continuum should be considered in the future.

5. Conclusions
Monthly ETa in the three parallel river basins were simulated by the hydrological budget balance method based on the observed hydrological and
meteorological data from 1956 to 2018. Three generalized complementary functions, non-AA, B2015 and H2018 were evaluated by monthly water-
balance-derived values. Impacts of major meteorological factors on ETa were also assessed. The conclusions were as follows,

(1) All three developed CR methods were able to accurately simulate monthly ETa series. The relative errors of the monthly ETa series simulated by the
three models were �tted a normal distribution, and the peaks were concentrated in -5%~5%. The NSE between the monthly ETa simulated by the non-AA,
B2015, and H2018 methods and the water-balance-derived values were 0.74, 0.78, and 0.79, respectively. The R-square were 0.84, 0.89, and 0.90,
respectively. And the RMSE were 10.76 mm mon− 1, 10.01 mm mon− 1, and 9.78 mm mon− 1, respectively.

(2) The ETa increased spatially from upstream region to downstream region at catchment scale. The ETa in the three parallel river basins simulated by
the non-AA, B2015 and H2018 models showed an upward trend at all temporal scales (dry and wet seasons and annual series), with the increasing
magnitudes of 1.53 mm/a, 1.66 mm/a and 1.47 mm/a, respectively. The precipitation, runoff and ETa in the basin basically met the water closure
condition on a long-term scale.

(3) There was a positive correlation between ETa and precipitation, temperature, wind and sunshine hours, with the average cc of 0.40 0.64 0.63 and
0.72, respectively. There was a negative correlation between ETa and relative humidity in the whole basin, with the average correlation coe�cients of
-0.38. The ETa in the basins was highly sensitive to temperature, wind speed and sunshine hours, with the average sensitivity coe�cient of 0.26, 0.21
and 0.27, respectively. And moderately sensitive to relative humidity, with a sensitivity coe�cient of -0.18.
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Figures

Figure 1

Location of each catchment, hydrological stations, and weather stations (The catchment was de�ned by hydrological stations in the main stream. The
NU, NM, and ND represented the upstream, mid-stream, and downstream regions of Nu River basin respectively. The LCU, LCM, and LCD represented the
upstream, midstream, and downstream regions of Lancang River basin respectively. The JSU, JSM, and JSD represented the upstream, midstream, and
downstream regions of Jinsha River basin respectively)
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Figure 2

Frequency distributions of the relative error for the non-AA, B2015 and H2018 methods

Figure 3

Variation trend of ETa of (a) interannual (b) dry season (c) wet season in the three parallel rivers region basins (* represents signi�cance level of 0.05, **
represents signi�cance level of 0.01)
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Figure 4

Variation trend of ETa in the three parallel rivers basins based on the non-AA (a) annual (b) dry (c) wet, B2015 (d) annual (e) dry (f) wet, and H2018 (g)
annual (h) dry (i) wet (Red/Orange triangles represent increase trends, and blue triangles are decreasing trends. Large symbols indicate the signi�cance
level of 0.05)
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Figure 5

Spatial-temporal variation trend of meteorological factors

Figure 6

The correlations coe�cients between meteorological factors and ETa
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Figure 7

The correlations coe�cients between meteorological factors and ETa


