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Abstract: The response of meteorological elements to potential evapotranspiration(E£79) varies
greatly from different time-scale perspectives, but current research are mainly focused on a
certain time-scale and lack the study on the response of various meteorological elements to £7y
variations based on different time-scale perspectives. This situation results in the unilateral
perception of variations in ET) caused by climate change. Therefore, this study qualitatively
explore the sensitive factors of E7y on different time scales by sensitivity coefficients, and
quantitatively characterize the actual contribution amounts of major meteorological elements to
variations in ETy on different time scales by contribution rate combining the sensitivity
coefficients with the relative variation rates of meteorological elements. Results are listed as
follows. (1) The SRH is always negative, but SRn, ST and SU are positive. The main sensitivity
factors of ET)y vary on different time scales. Specifically, RH and Rn become the major sensitive
factors alternately within a year. On an interannual basis, the Rn was the most sensitive factor
from 1958 to 1963, and the most sensitive factor became RH from 1964 to 1978. RH and Rn

became the most sensitive factors to E7) alternately from 1979 to 2017. (2) The contributions of
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each meteorological element fluctuate significantly. On the daily time scale, the GT and GU are
large at the beginning and end of the year. The GRn and GRH are dominant in the middle of the
year. On the monthly and seasonal time scales, RH contributes the most in spring and autumn
and Rn does in summer. The GT and GU are dominant in winter. On the yearly and multi-yearly
time scales, the main contributing factors are RH and T. In summary, the increase in E7} in
Beijing area is mainly caused by the decrease in RH and the increase in T. The decreases in U
and Rn also slow down the further increase in E7) in this area. This blocking effect caused by Rn
in summer is highly evident.

Main text
1 Introduction

Evapotranspiration refers to the key hydrological process in which water vapor escapes from
the land surface to the atmosphere; this process occurs among vegetation, soil, free water, and
the atmosphere (Jung et al., 2010; Han and Zhang, 2018).,evapotranspiration is not only an
important link affecting the water and energy balance between land and air (Taikan and Shinjiro,
2006) but also a key parameter for evaluating the efficiency of agricultural water use (Zhang et
al., 2015).

Potential evapotranspiration (E7)) is the theoretical maximum evapotranspiration of the
underlying surface that is not subject to water stress and is determined by weather and climate
conditions; the reference underlying vegetation height is 0.12 m, the fixed surface resistance is
70 m/s, and the albedo is 0.23 (Allen et al., 1998). Studies have shown that climate change
causes changes in ET, by affecting the hydrological cycle (Vorosmarty et al., 2000).
Consequently, changes in E7) will cause regional climate variation (Shukla and Mintz, 1982; Pan
et al., 2015). The meteorological elements, such as temperature, relative humidity, and solar
radiation, are undergoing a series of magnificent changes; E7) is a comprehensive hydrological

parameter that is synergistically regulated by major meteorological elements, such as radiation,
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temperature, relative humidity, wind speed; therefore, the analysis on the temporal and spatial
variation of potential evapotranspiration will help extensively understand climate change and its
responding mechanism to the hydrological cycle (Haskett et al., 2000; Zuo et al., 2012). On this
basis, many scholars have performed considerable research on the characteristics of the
spatiotemporal variation of potential evapotranspiration and its responding mechanism. The
spatiotemporal characteristics of £7) in China has been analyzed (Ni et al., 2006; Liu and Zhang,
2011; Han and Hu., 2012; Thomas., 2015.), and the main climatic affecting factors of ET)
changes in the study area have been revealed (Gao et al., 2006; Yang and Yang., 2012; Huang et
al.,, 2015; Li et al., 2016). Many methods, such as principal component analysis, partial
correlation analysis, sensitivity coefficient, and the combination of sensitivity coefficient and
relative variation rate, can be used to calculate the contributions of meteorological elements for
the analysis on E7y response factors; among these methods, the sensitivity coefficient method is
the most widely used. Sensitivity coefficient was first proposed by McCuen (1975) and is
defined as the ratio between the variation rates of potential evapotranspiration and
meteorological elements. Sensitivity analysis is important to understand the effect of various
meteorological variables on ET) variations (Gong et al., 2012). The studies on the grassland
ecosystems conducted by Saxton (1975), Beven (1979), Xu et al. (2006), and Yang et al. (2014)
showed that ET) is most sensitive to radiation in the respective field. Ren et al. (2012) and Sergio
et al. (2014) indicated that the main sensitive affecting factors of ET) variations are relative
humidity and temperature. Other studies proposed that only the temperature (Sharifi and
Dinpashoh, 2014; Guo et al., 2017) or relative humidity (Liang et al., 2008; Yin et al., 2010) is

the first most sensitive factor to £79 in the respective region. The main sensitive factors to £7pin
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different regions vary.

At present, the sensitivity coefficient method is the main method for analyzing the causes of
ET), variations. However, this method is still unsatisfactory when quantitatively characterizing
the influence level of meteorological factors on E7). The contribution rate analysis combines the
sensitivity coefficient with the variation rate of meteorological factors to calculate its
contribution size to ET) for clarifying the attribution of E7y variations precisely (Zhao et al.,
2015; Yang et al., 2018). The dominant factors that cause the variations in ETo vary due to the
response of meteorological elements on different time scales. Gao et al. (2006) believed that the
potential evapotranspiration of most river basins in China shows a decreasing trend on the annual
and seasonal time scales. Liu et al. (2009) considered that E7) in the Haihe River Basin is most
sensitive to water vapor pressure on the yearly and seasonal time scales in autumn and winter but
is most sensitive to temperature in spring and summer. Ma et al. (2012) emphasized that wind
speed is the dominant factor that causes ETy variations in the Heihe River Basin. Kang et al.
(2018) concluded that the decrease in E7% on the yearly time scale in Altay regions is caused by
the decrease in E7T) in summer and emphasized that the decrease in wind speed is the main
reason for ET) variations. Huan et al. (2015) proposed that £7) on the yearly and seasonal scales
in Central Shandong is most sensitive to variations in relative humidity, and the major E7y
sensitive factors differ from month to month. Moreover, the main contributing factors of E7y
variations caused by yearly time scale are wind speed, percentage of sunshine, relative humidity,
and temperature. The major contributing factors to seasonal and monthly E7) variations vary
with the time scales. Zou et al. (2018) indicated that the decreases in wind speed and sunshine

hours are the main reason for the decrease in E7) on the yearly and seasonal time scales on
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Hainan Island. The increase in water vapor pressure is also one of the main reasons for the
decrease in ETy in winter. The increase in E7y on the yearly and seasonal time scales is mainly
caused by the increase in temperature. Yin et al. (2010) argued that wind speed and sunshine
hours are the main meteorological elements to determine the annual E7) variations in China,
whereas relative humidity and temperature contribute less.

The above-mentioned analysis indicates that the response of meteorological elements to E7)
varies greatly from different spatial and temporal scales, but current research activities are
mainly focused on a certain time scale and lack the study on the response of various
meteorological elements to E7) variations from different time-scale perspectives. On this basis,
this study uses the meteorological data in Beijing area from 1958 to 2017 to analyze the variation
characteristics of the main meteorological elements and ET7; on different time scales,
qualitatively explore the sensitive factors of E7) on different time scales, and quantitatively
characterize the actual contribution amounts of major meteorological elements to variations in
ET) on different time scales. Accordingly, the cause of ET) variations on different time scales can
be clarified, and a theoretical basis for the water resource regulation, irrigation system
formulation, and crop water management in Beijing area can be provided.

2 Materials and methods

2.1 Study area

Beijing is the capital of China and the country’s political, cultural, and international
communication center. The city is located at 115.7°-117.4° east longitude and 39.4°-41.6° north
latitude and has a total area of 16,412 m? and an average elevation of 43.5 m. The Beijing region

is shown in Figure 1.
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2.2 Data

All data come from the National Meteorological Information Center, China Meteorological
Administration, from which the daily meteorological data from Beijing Station (39°48'N,
126°28'E) from 1958 to 2017 are selected, including maximum temperature, minimum
temperature, average temperature, relative humidity, wind speed, and atmospheric pressure.

2.3 Methods
2.3.1 Computation of potential evapotranspiration (E7))

The Penman—Monteith (P-M) formula recommended by FAOS56 is used to calculate the
potential evapotranspiration (E7p) in Beijing. The height of the reference vegetation and

grassland is 0.12 m, the fixed surface resistance is 70 s/m, and the albedo is 0.23 (Allen et al.,

1998).

_ 0.408A(Rn—G)+900yU, (e, —e,)/ (T +273)
A+y(1+0.34U,) ’

ET, (1)

where ET) is the potential evapotranspiration rate (mm/day); Rn is the net radiation on the crop
surface (MJ/m?/day); G is the soil heat flux (MJ/m?/day) with daily value taken as 0; T is the
daily average temperature (°C); U: is the wind speed (m/s) at a height of 2 m; e; and e, are the
saturated and actual vapor pressure (kPa), respectively; (es—e.) is expressed and replaced by RH,
A is the slope of the saturated vapor pressure curve; and y is the constant from a hygrometer
(kPa/°C).

2.3.2 Sensitivity analysis

In this work, the sensitivity coefficient is used to describe the influence size of each
meteorological element on E7y; this coefficient is defined as the ratio between the variations in

ET) and the change rate of meteorological elements (McCuen, 1975; Yin at al., 2010), that is,

AET,/ET,, _OET, |
)= tx

S, = lim( T
0

Ax—0 Ax/x

)

where Sy is the sensitivity coefficient of meteorological element x; and AET) and Ax are the

variable amounts of E7) and meteorological element x, respectively. The positive or negative Sk
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represents the increase or decrease in E7y as the meteorological elements increase or decrease,

respectively, while the size of their absolute values reflects the degree of sensitivity.

2.3.3 Contribution calculation

Multiplying the sensitivity coefficient of a single meteorological element with its multi-year
relative variation rate is the contribution rate of such an element to the £7) variation (Yin ,2010 b.
A positive value indicates that the variation of such an element causes the increase in E79 and the
contribution is positive. A negative value indicates that the variation of such an element causes

the decrease in E7T) and the contribution is negative.

T
RC (%) = ”X#v‘“dxnoo , 3)
Con =S _xRC_, 4)

where Trend; is the meteorological trend rate of x and reflects the variation trend of the
meteorological elements on the corresponding research scale with the changing years. If Trend.
is positive, then the meteorological elements increase as the years increase. By contrast, if Trend.
is negative, then the meteorological elements decrease as the years increase. The magnitude of
the absolute value of Trend. indicates the rate of increase (or decrease). On the daily time scale,
Trend, is the meteorological trend rate for the ordinal number x on the same day in each year. On
the monthly time scale, Trend, is the meteorological trend rate for the ordinal number x in the
same month in each year. On the yearly time scale, Trend. is the yearly meteorological trend rate.
RC; 1s the multi-yearly relative variation rate of x; » is the research year; av; is the multi-yearly
mean value; and Con, is the contribution rate of the meteorological element x to £7y variation.
The total contribution to the variation is obtained when the contribution rate of each

meteorological element is accumulated, that is,
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Con = Cony, + Con; + Cony,, + Con,, , (5)
where Cong,, Conr, Congy, and Cony represent the contribution rates of net radiation,
temperature, relative humidity, and wind speed to E7} variation, respectively; and Con represents
the total contribution rate of each meteorological element to £E7} variation.
G(x) = Con_x ET,, 6)
G, =GRn)+G(T)+G(RH)+GU), (7)
where G(Rn), G(T), G(RH), and G(U) represent the actual contribution amounts of net radiation,
temperature, relative humidity, and wind speed to ET, variation, respectively; and Gaum

represents the total contribution amount of each meteorological element to E7) variation.

3 Results

3.1 Variations in main meteorological elements and E7Ty

3.1.1 Intra-annual variations

The variation characteristics of net radiation, temperature, relative humidity, wind speed, and
multi-yearly mean value of ETy within a year are shown in Figure 2. On the daily time scale, net
radiation(Rn), temperature(T), relative humidity(RH), and E7y mean value show a single-peak
curve variation of “first-increasing-then-decreasing.” The wind speed(U) presents the fluctuation
variations of “first-increasing-then-decreasing-increasing-again.” The variation ranges of Rn, T,
RH, U, and ETy are 1.13-14.40 (MJ(m?/d)), —4.68 °C-27.04 °C, 37.25%—79.58%, 1.18-2.61 m/s,
and 0.78-5.57 mm, respectively. The corresponding mean values are 7.70 (MJ/(m?/d)), 12.52 °C,
56.03%, 1.79 m/s, and 2.89 mm.

On the monthly time scale, Rn is the lowest in December (1.29 (MJ/(m?/d)) and the highest
in June (13.57 (MJ/(m?d)). T is the lowest in January (—3.65 °C) and the highest in July

(26.48 °C). RH is the lowest in January (43.39%) and the highest in August (75.25%). U is the
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smallest in August (1.30 m/s) and the largest in April (2.31 m/s). Monthly E7y value is the
smallest in December (29.10 mm) and the largest in May (154.14 mm). The variation
characteristics of the four meteorological elements and the mean value of ET) are consistent with

those on the daily time scale. The variation trends in T, RH, Rn, and ET) are similar.

3.1.2 Interannual variation

Figure 3 shows the changing process of the main meteorological elements and E7) from 1958
to 2017. In this period, the maximum value of Rn was 8.49 (MJ/(m?/d)) in 1965, and the
minimum value was 7.01 (MJ/(m?/d)) in 2006; the maximum value of T was 14.21 °C in 2017,
and the minimum value was 10.60 °C in 1969; the maximum value of RH was 66.41% in 1964,
and the minimum value was 49.10% in 2005; the maximum value of U was 2.43 m/s in 1972,
and the minimum value was 1.24 m/s in 1959; the maximum value of ETy was 1146.36 mm in
1968, and the minimum value was 922.76 mm in 1964. In terms of amplitude of variation, the
fluctuation of U is the largest, and that of Rn is the smallest. The variation trends indicate that
RH, U, and Rn show decreasing trends at the rates of 1.47%/10a, 0.04 (m/s)/10a, and 0.16
(MJ/(m?/d))/10a, respectively. T and ETy increase at the rates of 0.41 °C/10a and 7.77 mm/10a,

respectively.

3.2 Variations in sensitivity coefficients of main meteorological elements

3.2.1 Variations in sensitivity coefficients within a year

Figure 4 shows the variations in the multi-yearly mean daily sensitivity coefficients of the
main meteorological elements in Beijing area over the past 60 years. The variation ranges of the
sensitivity coefficients of T, RH, U, and Rn are from 0.101 to 0.507, from 0.337 to 1.015, from
0.059 to 0.510, and from 0.217 to 0.847, respectively. In one year, the ST shows a trend of

“approximate symmetrical distribution with double peaks and valleys.” The coefficient reaches a
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maximum value of 0.507 on the 134th day and a minimum value of 0.101 on the 338th day. The
SRH first decreases and then decreases throughout the year with a saw-tooth distribution and
evident fluctuations among the ordinal numbers of adjacent days. The maximum value of the
sensitivity coefficient is 1.015 on the 332nd day, and the minimum value is 0.337 on the 139th
day. The SU first decreases and then increases throughout the year. The coefficient reaches a
maximum value of 0.510 on the 348th day and a minimum value of 0.059 on the 209th day. The
SRn first increases and then decreases throughout the year. The coefficient shows a single-peak
distribution, with a maximum value of 0.847 on the 209th day and a minimum value of 0.217 on

the 357th day. This finding is consistent with the variation in net radiation within a year.

(Note: ST is the sensitivity coefficient of temperature, SRH is the sensitivity coefficient of
relative humidity, SU is the sensitivity coefficient of wind speed, and SRn is the sensitivity
coefficient of net radiation.)

Table 1 shows the values of the trend rates of the four meteorological elements on the
monthly and seasonal scales. The trend rate of T is positive, while the annual trend rates of RH
(except January), U, and Rn are negative. This finding indicates that the T on the monthly time
scale increases, while those of the RH (except January), U (except July, August, and September),
and Rn decrease in each month. The T increases the most in March and is the smallest in June
with an annual trend rate varying from 0.228 °C/10a to 0.647 °C/10a. RH increases only in
January and decreases in the rest of the months, and it is especially fastest in March with an
annual trend rate ranging from —2.9%/10a to 0.4%/10a. The U only increases in July, August,
and September and decreases in the rest of the months with an annual trend rate ranging from
—0.130 [(m/s)/10a] to 0.084 [(m/s)/10a]. The fastest decrease is in January, and the largest

increase is in August. Rn decreases in each month with an annual trend rate varying from

—0.420 [(MJ/(m?/d))/10a] to —0.012 [(MJ/(m?/d))/10a], and the largest and smallest reductions



247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

are in June and January, respectively. ETy decreases in January and June and increases in the rest
of the months, with the largest increase in March and the most evident decrease in June. The
annual trend rate range is from —2.076 (mm/10a) to 2.826 (mm/10a).

ET) is most sensitive to RH and Rn on the monthly and seasonal time scales. However, a
difference in the order of sensitivity levels can be observed in each month and different quarters.
On the monthly time scale, the orders of the sensitivity levels of ET) to the four climate factors in
November, December, January, and February are SRH>SU>SRn>ST; those in March are
SRH>SRn>SU>ST, those in April, May, and June are SRn>ST>SRH>SU, those in July, August,
and September are SRn>SRH>ST>SU; and those in October are SRH>SRn>ST>SU. On the
seasonal scale, the sensitivity levels of E7p to the four climate factors in spring are
SRn>ST>SRH>SU; those in summer are SRn>SRH>ST>SU;, those in autumn are
SRH>SRn>ST>SU; and those in winter are SRH>SU>SRn>ST. From an annual mean, ET) is

most sensitive to RH, followed by Rn and T, and the least sensitive to U.

3.2.2 Interannual variation of sensitivity coefficients

Figure 5 shows the interannual variations in the sensitivity coefficients of the main
meteorological elements in Beijing area from 1958 to 2017. The figure shows that the SRH and
SRn have shown a downward trend in the past 60 years with their meteorological trend rates of
—2.2%/10a and —0.009 (MJ/(m?/d))]10a, respectively. The ST and SU increase with their
meteorological trend rates of 0.007 °C/10a and 0.015 (m/s)/10a, respectively. This finding
indicates the positive and negative sensitivity levels of RH and Rn to ET), respectively. T
gradually decreases, while the positive sensitivity levels of T and U to E7y gradually increase.
The mean values of the ST, SRH, SU, and SRn are 0.408, —0.572, 0.244, and 0.555, respectively,
with the variation ranges of from 0.374 to 0.434, from —0.453 to —0.783, from 0.170 to 0.305,
and from 0.489 to 0.662. The amplitudes of variation for the ST, SU, and SRn are relatively

small, while that of SRH fluctuates drastically. From 1958 to 1979, the SRH increased
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significantly to 0.71 and decreased to 0.50 in 1981. The coefficient then kept a slowly declining
trend with the turning point of the declining SRH in 1979. On the yearly time scale, ET) is most
sensitive to RH and Rn. Rn was the most sensitive factor from 1958 to 1963, and the most
sensitive factor became RH from 1964 to 1978. After this period, RH and Rn alternately became

the most sensitive factor to E7y.

3.3 Contributions of main meteorological elements to E7 variation

3.3.1 Daily time scale

Figure 6 shows that the multi-yearly mean daily contribution amounts of the four
meteorological elements to £7y are mainly concentrated on the variations between —2 and 4 mm.
The amplitudes of variation of the contribution amounts of Rn and RH are relatively large, while
those of T and U are relatively small within the year. The maximum G(Rn) is —1.650 mm on the
173rd day, while the minimum contribution is 0.350 mm on the 270th day with a daily mean
contribution amount of —0.240 mm. The minimum G(T) is 0.003 mm on the 23rd day. The
maximum contribution is in the mid-to-late February with a daily mean contribution amount of
0.280 mm. The maximum G(RH) is 0.989 mm on the 97th day, while the minimum contribution
is 0.002 mm on the 326th day with a daily mean contribution amount of 0.260 mm. Meanwhile,
the maximum G(U) is —0.560 mm, while the minimum contribution is 0.002 mm on the 180th
day with a daily mean contribution amount of —0.070 mm. The daily mean contribution amounts
of the meteorological elements on the daily time scale indicate that the contribution amounts of
the four meteorological elements can be ranked as G(7)>G(RH)>G(Rn)>G(U). However, the
G(T) fluctuates considerably in the mid-to-late February. This phenomenon is mainly because
the positive and negative distributions of the multiple-yearly T for these days are relatively
symmetrical. Accordingly, the obtained mean value of T is very small, which in turn leads to the
appearance of the singular points in the G(T) acquired from Formulas (3) to (6). The G(RH) and
G(Rn) are higher than G(T). The process exhibits that the G(T) and G(U) at the beginning and

end of the year are large, while those of G(Rn) and G(RH) play a dominant role in the middle of



298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

the year.
(Note: G (T) is the contribution amount of temperature, G (RH) is the contribution amount of
relative humidity, G (U) is the contribution amount of wind speed, and G (Rn) is the contribution

amount of net radiation.)

3.3.2 Monthly and seasonal time scales

The contribution amounts of the meteorological elements to £7y on the monthly and seasonal

scales are shown in Table 2. The G(T) are all positive, while G(Rn) are all negative, G(RH) are

all positive except for that in January, and G(U) are positive only in July, August, and September
and are negative on the rest of the months. Specifically, the G(T) is the largest and reaches 7.38
and 11.17 mm in December and January, respectively. The G(Rn) is the smallest and reaches
—1.26 and —2.93 mm in December and January, respectively. The G(U) is the largest and reaches
—4.66 and —6.16 mm in February and April, respectively. The G(Rn) is the smallest and reaches
—0.65 and —0.22 mm in February and April, respectively. The G(RH) is the largest and reaches
13.92, 9.62, 13.62, 7.96, and 5.58 mm in March, May, August, October, and November,
respectively. The meteorological elements with the least contribution differ. The G(U) in May,
August, and October are —3.51, 3.97, and —1.21 mm, respectively. The G(Rn) in March and
November are —3.11 and —1.21 mm, respectively. The G(Rn) is the largest and reaches —19.93,
—18.33, and —10.61 mm in June, July, and September, respectively, and the meteorological
elements with the least contribution is U with contribution amounts of —0.57, 2.76, and 1.54 mm.
On the entire monthly time scale, the contribution amount made by four meteorological elements
to ETo is G(RH)>G(Rn)>G(T)>G(U).

On the seasonal time scale, the G(T) and G(RH) are positive in the four seasons, the G(Rn) is
negative, and the G(U) is positive only in summer and negative in the three other seasons. In
spring, the meteorological elements with the largest and smallest contributions to E7y variation

are RH and Rn with the contribution amounts of 36.51 and —14.83 mm, respectively. In summer,
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the meteorological elements with the largest and smallest contributions to E7) variation are Rn
and U with the contribution amounts of —49.67 and 8.22 mm, respectively. In autumn, the
meteorological elements with the largest and smallest contributions to E7y variation are RH and
U with the contribution amounts of 23.29 and —5.63 mm, respectively. In winter, the
meteorological elements with the largest and smallest contributions to E7) variation are T and Rn
with the contribution amounts of 15.52 and —3.77 mm, respectively. On the entire seasonal time
scale, the contribution amount made by four meteorological elements to ET, is
G(RH)>G(Rn)>G(T)>G(U), which is consistent with the monthly time scale.

Differences can be observed between the total contribution amounts of the four
meteorological elements and the E7) variations whether on a monthly or seasonal time scale.
This phenomenon is chiefly because the calculation of the ET) variations is characterized in the
form of the product of the meteorological trend rate and the years for research. However, the
meteorological trend rate cannot efficiently reflect the actual variation characteristics of
meteorological elements when the meteorological elements vary in a complex linear manner.
Accordingly, the ET) variations obtained by the calculation with this method may differ. The
deviation between the total contribution amount of the meteorological elements and the E7y
variation on the monthly time scale is smaller than that on the seasonal time scale. This condition
is caused by the accumulation of the deviations of the shorter time scale in the longer time scale.
3.3.3 Yearly and multi-yearly scales

The contribution rates and annual mean contribution amounts of the meteorological elements
to ET) on the yearly and multi-yearly scales are shown in Table 3. The main control factor of ET)
on the yearly time scale is RH. The G(T) and G(RH) to ETy are positive, while G(U) and G(Rn)
are negative. The contribution rates and annual mean contribution amounts of each
meteorological element to E7y variations are ranked as G(RH)>G(T)>G(Rn)>G(U). The negative

of G(Rn) and G(U) and the positive of G(RH) increase with the extension of the time scale,
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while the positive of G(T) decreases. The annual mean contribution amount of each
meteorological element on the multi-yearly scale varies mainly due to the interannual
fluctuations of meteorological elements and the nonlinear characteristics between ETy and each

meteorological element.

3.4 Discussion

On the basis of the daily value data of meteorological elements in Beijing area from 1958 to
2017, the P-M formula recommended by FAOS56 is used to estimate the ETo on different times.
The indicator of the meteorological trend rate is also adopted to quantify the variation
characteristics of the four major meteorological elements and ET7y. The results show that T
increases at a rate of 0.412 °C/10a, while RH, U, and Rn decrease at the rates of 1.474%/10a,
0.038 (MJ/(m?/d)/10a, and 0.16 (m/s)/10a among the four meteorological elements. The dynamic
variations of the four meteorological elements cause E7y to increase at a rate of 7.766 mm/10a.
The research by some scholars found that the annual increase rate of £7y in Beijing area differs,
and the distribution is between 5.9 and 19.3 mm (Zhao et al., 2013; Liu et al., 2013; Liu et al.,
2014). This situation is mainly due to the difference in the starting year for the research that
varies the trend intervals of ETo. Consequently, the trend rate values of the ETo obtained by
calculation differ.

Variations in the sensitivity coefficients for various meteorological elements during the year
fluctuate significantly, and this finding is consistent with the results of previous research (Liu et
al., 2009; Suat et al., 2006). The variation in the sensitivity coefficients significantly differs due
to the variation in the length of the time scales. On the daily time scale, the ST shows a variation
trend of “approximate symmetrical distribution with double peaks and valleys.” The SRH and
SU first decrease and then increase throughout the year. However, the former shows a saw-tooth
distribution, and the latter is similar to a U-shaped variation. The SRn first increases and then

decreases throughout the year and shows a single-peak variation. From the perspective of
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sensitivity factors, ETp is most sensitive to the RH at the beginning and end of the daily time
scale, while Rn is the most sensitive factor during the year. On the monthly time scale, ET) is
most sensitive to RH in October, November, December, January, February, and March. Rn is the
most sensitive factor in the remaining months. On the seasonal time scale, ET) is most sensitive
to Rn in spring and summer and RH in autumn and winter. On the yearly time scale, the SRH
and SRn gradually decrease, while ST and SU gradually increase. From 1958 to 1982, the SRH
was much larger than that of the three other meteorological factors, was the first sensitive factor,
and abruptly declined after 1982. RH and Rn become the most sensitive meteorological factors,
and ET) is insensitive to U most of the time. The size and changing trend of the sensitivity
coefficient are closely related to the time-varying characteristics of the meteorological elements
and the structure of ET) to the partial differential equation of the meteorological factors. The
sensitivity factor varies with the time scales, and its sensitivity coefficient fluctuates evidently on
the short time scale.

In this research, the contributions of the four meteorological elements on different time scales
to the variation in ET) vary dynamically in Beijing area. The main contributing factors differ.
The contribution amounts of the meteorological elements to ET, variation on different time
scales are the result of the combined effect between the sensitivity coefficients of the
meteorological elements and the relative variation rate. On the daily time scale, the G(T) and
G(U) at the beginning and end of the year are relatively large, while G(Rn) and G(RH) dominate
through the year. On the monthly time scale, the variation rates of E7) in December and January
are 0.24 and —0.40 mm/10a, respectively. In the two months, the SU is only second to SRH. The
relative variation rate of U is only second to that of T. Thus, the U contributes the most to E7)
variation. In February and April, ET) increases at the rates of 0.82 and 1.67 mm/10a, respectively,
with T contributing the most to ET) variation. This situation is mainly due to the large relative

variation rate of T in February and large sensitivity coefficient of T in April. In March, May,
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August, October, and November, RH contributes the most to E7y variation. The SRH and its
relative variation rate are relatively high. Thus, ET) increases at the rates of 2.83, 0.91, 1.86, 0.76,
and 0.20 mm/10a. In June, July, and September, ET) varies at the rates of —2.08, 0.31, and 0.65
mm/10a, respectively. Rn contributes the most to £7y variation mainly because not only the SRn
is large but also its relative variation rate is high. On the seasonal time scale, the RH contributed
most in spring and autumn and Rn does in summer. U and T dominate in winter. Although the
SRH is lower than SRn in spring and autumn, its relative variation rate is high. The sensitivity
coefficient and relative variation rate are higher than those of T and U. The combined effect
makes the RH a major contributing factor to the variation in E7y in spring and autumn. In
summer, the SRn is much higher than that of the three other meteorological elements. Thus, Rn
is the major contributing factor to affect E7) variation. Although the ST and SU are low in winter,
their relative variation rates are large. Thus, they make large contributions to £7) variations. On
the yearly time scale, the main contributing factors are RH and T. In summary, the increase in
ET) in Beijing area is mainly caused by the decrease in RH and the increase in T. The decreases
in U and Rn are the main reasons that blocked the further increase in ET) in this area. This
blocking effect caused by the Rn in summer is highly evident.

4 Conclusions

The main conclusions obtained from this research are listed as follows:

(1) In the past 60 years, the multi-yearly mean value of E7) in Beijing area was 1055 mm,
with an annual mean increasing rate of 0.77 mm. RH, U, and Rn have a downward trend. Only T
has an upward trend. The increase in T and the decrease in RH are the main reasons to account
for the increase in ETy. The decreases in U and Rn are the main reasons that blocked the further
increase in E7p in this area. This blocking effect caused by Rn in summer is highly evident.

(2) Differences can be observed in the amplitudes of variation of the sensitivity coefficients
of four meteorological factors and the main sensitive factors of E7) on different time scales.

Within a year, the fluctuations of the sensitivity coefficients of four meteorological elements are
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enlarged. RH and Rn become the most sensitive factors alternately. On an interannual basis, the
Rn was the most sensitive factor from 1958 to 1963, and the most sensitive factor became RH
from 1964 to 1978. RH and Rn became the most sensitive factors to E7) alternately from 1979 to
2017.

(3) The contributions of the four meteorological elements on different time scales to the ETo
differ. During the year, the contributions of each meteorological element fluctuate significantly.
The G(T) and G(U) are large at the beginning and end of the year, and the G(Rn) and G(RH) are
dominant in the middle of the year. On an interannual basis, the main contributing factors are RH
and T.

(4) The response mechanisms of the four meteorological elements on different time scales to
ET) variations differ. This difference is related to the periodic and fluctuating variations of the
meteorological elements on different time scales and is closely related to the nonlinear coupling
relation between ET) and various meteorological factors.

Acknowledgments

This research is supported by the Project of National Natural ScienceFoundation of China
(No. 51822907 and 51979287 ), the Fund of China Institute of Water Resources and Hydropower
Research (ID0145B742017 and ID0145B492017)

Data Availability Statement

All data, models, and code generated or used during the study appear in the submitted article.

References

Allen, R.G., Pereira, L.S., Raes, D., Smith, M., 1998. Crop Evapotranspiration-guidelines for
Computing Crop Water Requirements. FAO, Rome.

Beven, K., 1979. A sensitivity analysis of the Penman-Monteith actual evapotranspiration
estimates. Journal of Hydrology (Amsterdam). 44(3-4), 0-190.

Guo, D.L., Westra, S., Maier H.R., 2017. Sensitivity of potential evapotranspiration to changes
in climate variables for different Australian climatic zones. Hydrology and Earth System
Sciences. 21(4), 2107-2126.

Gao, G., Chen D.L., Ren, G.Y., Chen, Y., 2006. Spatial and temporal variations and controlling
factors of potential evapotranspiration in China: 1956 — 2000. Journal of Geographical
Sciences.16(1), 3-12.



454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496

Gong, L.B., Xu, C.Y., Chen, D.L., Halldin, S., Chen, Y.D., 2012. Sensitivity of the
Penman-Monteith reference evapotranspiration to key climatic variables in the Changjiang
(Yangtze River) basin. Journal of Hydrology. 329(3), 620-629.

Han, S.J., Hu, H.P., 2012. Spatial variations and temporal changes in potential evaporation in the
Tarim Basin, northwest China (1960-2006): influenced by irrigation? Hydrological Processes.
26(20), 3041-3051.

Haskett, J.D., Pachepsky, Y.A., Acock, B., 2000. Effect of climate and atmospheric change on
soybean water stress: a study of lowa. Ecological Modelling. 135(2-3), 0-277.

Han, S.J., Zhang, B.Z., 2018. Advances of evapotranspiration research based on the Penman
approach and complementary principle. Journal of Hydraulic Engineering. 49(09), 1158-1168.

Huan, H.J., Yang, Z.Q., Liu, Y., Xia, F.H., 2018. Temporal and Spatial Variation of Reference
Crop EVaportranspiration and Contribution of M ain Factors in the M iddle Area of Shandong
Province. Chinese Agricultural Meteorology. 36(06), 692-698.

Huang, H.P., Cao, M.M., Song, J.X., Han, Y.P., Chen, S.S., 2015. Temporal and Spatial Changes
of Potential Evapotranspiration and Its Influencing Factors in China from 1957 to 2012.
Journal of Natural Resources. 30(02), 315-326.

Jung, M., Reichstein, M., Ciais, P., Seneviratne, S.I., Sheffield, J., Goulden, M.L., Bonan, G.,
Cescatti, A.,Chen, J.Q., De, J.R., et al. 2010. Recent decline in the global land
evapotranspiration trend due to limited moisture supply. Nature. 467, 951-954.

Kang, N.J., Batur, B., Luo, N.N., Xue, Y.R., Wang, M.H., 2018. Spatio-Temporal Variation and
Influencing Factors of Reference Crop Evapotranspiration at Different Time Scales in Altay
Region. Chinese Agricultural Meteorology. 39(08), 502-511.

Liu, C.M., Zhang, D., 2011. Temporal and Spatial Change Analysis of the Sensitivity of
Potential Evapotranspiration to Meteorological Influencing Factors in China. Journal of
Geographical Sciences. 66(05), 579-588.

Liu, H.J., Li, Y., Josef, T., 2014. Quantitative estimation of climate change effects on potential
evapotranspiration in Beijing during 1951-2010. Science Press. 24(1), 93-112.

Li, Y.Z., Liang, K., Bai, P., Feng, A.Q., Liu, L.F., Dong, G.T., 2016. The spatiotemporal
variation of reference evapotranspiration and the contribution of its climatic factors in the
Loess Plateau, China. Environmental Earth Sciences. 75(4), 1-14.

Liang, L.Q., Li, L.J., Zhang, L., Li, J.Y., Jang, D.J., Xu, M.X., Song, W.X., 2008. Sensitivity of
the reference crop evapotranspiration in growing season in the West Songnen Plain. Journal of
Agricultural Engineering. (05), 1-5.

Liu, S.Y., Wang, H.X., Wang, Y.Y., Ye, W., 2013. Varition Characteristic Analysis of Time
Series of Potential Evapotranspiration in Beijing. South-to-North Water Transfer and Water
Science and Technology. 11(04), 13-16.

Liu, X.M., Zheng, H.X., Liu, C.M., Cao, Y.J., Sensitivity of the Potential Evapotranspiration to
Key Climatic Variables in the Haihe River Basin. Resource science. 31(09), 1470-1476.

McCuen, R.H., 1974. A sensitivity analysis of procedures used for estimating evaporation. Water
Resourse Bulletin. 10, 486-497.

Ma, N., Wang, N.A., Wang, P.L., Sun, Y.M., Dong, C.Y., 2012. Temporal and Spatial Variation
Characteristics and Quantification of the Affect Factors for Reference Evapotranspiration in
Heihe River Basin. Journal of Natural Resources. 27(06), 975-989.



497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539

Ni, G.H., Li, X.H., Cong, Z.T., Sun, F.B., Liu, Y., 2006. Temporal and spatial characteristics of
reference evapotranspiration in China. Journal of Agricultural Engineering. (05), 1-4.

Pan, S.F., Tian, H.Q., Dangal, S.R.S., Yang, Q.C., Yang, J., Lu, C.Q., Tao, B., Ren, W., Ouyang,
Z.Y., 2015. Response of global terrestrial evapotranspiration to climate change and increasing
atmospheric CO?2 in the 21st century. Earth’s Future. 3, 15-35.

Ren, J.L., Li, Q.F., Yu, M.X,, Li, H.Y., 2012. Variation trends of meteorological variables and
their impacts on potential evaporation in Hailar region. Water Science and Engineering. 5(2),
137-144.

Saxton, K.E., 1975. Sensitivity analyses of the combination evapotranspiration equation.
Agricultural Meteorology. 15 (1975) , 343-353.

Shukla, J., Mintz, Y., 1982. Influence of Land-Surface Evapotranspiration on the Earth’s Climate.
Science. 215, 1498-1501.

Suat, L., José, O.P., Derrel, L.M, Ayse, L., Terry, A.H., 2006. Sensitivity Analyses and Sensitivity
Coeffificients of Standardized Daily ASCE-Penman-Monteith Equation. Journal of Irrigation
and Drainage Engineering. 24(1), 564-578.

Sergio, M., Vicente, S., Cesar A.M., Arturo S.L., Arturo, S.L. Jesus, R., Enrique, M.T., Juan,
ILL.M., Francisco, E., 2014. Sensitivity of reference evapotranspiration to changes in
meteorological parameters in Spain (1961-2011). Water Resources Research. 50(11).

Sharifi, A., Dinpashoh, Y., 2014. Sensitivity Analysis of the Penman-Monteith reference Crop
Evapotranspiration to Climatic Variables in Iran. Water Resources Management. 28(15),
5465-5476.

Taikan, O., Shinjiro, K., 2006. Global hydrological cycles and world water resources. Science.
313(25), 1068—1072.

Thomas, A., 2015. Spatial and temporal characteristics of potential evapotranspiration trends
over China. International Journal of Climatology. 20(4), 381-396.

Vorosmarty, C.J., Green, P., Salisbury, J., Lammers, R.B., 2000. Global water resources:
Vulnerability from climate change and population growth. Science. 289, 284-288.

Xu, C.Y., Gong, L.B., Jiang, T., Chen, D.L., Singh, V.P., 2006. Analysis of spatial distribution
and temporal trend of reference evapotranspiration and pan evaporation in Changjiang
(Yangtze River) catchment. Journal of Hydrology. 327(1-2), 0-93.

Yin, Y.H., Wu, S.H., Dai, E.F., 2010. Determining factors in potential evapotranspiration
changes over China in the period 1971-2008. Chinese Science Bulletin. 55(29), 3329-3337.

Yin, Y.H., Wu, S.H., Chen, G., Dai, E.F., 2010. Attribution analyses of potential
evapotranspiration changes in China since the 1960s. Theoretical and Applied Climatology.
2010. 101(1-2), 19-28.

Yang, H.B., Yang, D.W., 2001. Climatic factors influencing changing pan evaporation across
China from 1961 to 2001. Journal of Hydrology. 414-415(none), 184-193.

Yang, L.S., Li, C.B., Wang, S.B., 2014. Sensitive analysis of potential evapotranspiration to key
climatic factors in Taohe River Basin. Transactions of the Chinese Society of Agricultural
Engineering. 30(11), 102-109.

Yang, Y.G., Cui, N.B., Hu, X.T., Gong, D.Z., 2018. Spatio-Temporal Variability and Cause
Analysis of Reference Crop Evapotranspiration in the Main Grain Producing Areas of China.
Chinese Agricultural Meteorology. 39(4), 245-255.


https://ascelibrary.org/journal/jidedh
https://ascelibrary.org/journal/jidedh

540
541
542
543
544
545
546
547
548
549
550
551
552
553
554

Zhang, B.Z., Xu, D., Liu, Y., Chen, H., 2015. Review of multi-scale evapotranspiration
estimation and spatio-temporal scale expansion. Transactions of the Chinese Society of
Agricultural Engineering (Transactions of the CSAE). 31(6), 8—16.

Zuo, D.P., Xu, Z.X., Yang, H., 2012. Spatiotemporal variations and abrupt changes of potential
evapotranspiration and its sensitivity to key meteorological variables in the Wei River basin,
China. Hydrological Processes. 26(8), 1149-1160.

Zou, H.P., Chen, H.L., Tian, G.H., Chen, X.M., Bai, R., Tong, J.H., 2018. Spatiotemporal
Change Characteristics and Causes Analysis of Reference Crop Evapotranspiration in Hainan
Island. Chinese Agricultural Meteorology. 39(01), 18-26.

Zhao, L.L., Xia, J.,, Wang, Z.G., Li, Z.L., 2013. The Inter-Intra Annual Climatic Pattern of
Potential Evaporation in Beijing and Attribution. Journal of Natural Resources. 28(11),
1911-1921.

Zhao, J.,, Xu, Z.X., Zuo, D.P., Wang, X.M., 2015. Temporal variations of reference
evapotranspiration and its sensitivity to meteorological factors in Heihe River Basin, China.
Water Science & Engineering. 8(1), 1-8.



	Title page
	Title：Difference Analysis on Meteorological Respon
	Name: Wenhui Liu
	Name: Baozhong Zhang(corresponding author)
	Name: Songjun Han

	Running head
	Main text
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Data 
	2.3 Methods 
	2.3.1 Computation of potential evapotranspiration 
	2.3.2 Sensitivity analysis
	2.3.3 Contribution calculation


	3 Results 
	3.1 Variations in main meteorological elements and
	3.1.1 Intra-annual variations
	3.1.2 Interannual variation 

	3.2 Variations in sensitivity coefficients of main
	3.2.1 Variations in sensitivity coefficients withi
	3.2.2 Interannual variation of sensitivity coeffic

	3.3 Contributions of main meteorological elements 
	3.3.1 Daily time scale
	3.3.2 Monthly and seasonal time scales 
	3.3.3 Yearly and multi-yearly scales

	3.4 Discussion 

	4 Conclusions
	Acknowledgments
	Data Availability Statement
	References 

