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Abstract: Potential evapotranspiration estimation is the foundation of water resources assessment. Based on the daily
meteorological data during 2000-2005 of Linzhang Meteorological Station in Handan Eastern Plain, temperature-based
Hargreaves method, radiation-based Priestley-Taylor method, and FAO Penman-Monteith method with comprehensive
consideration of aerodynamics were used to estimate potential evapotranspiration. Correlations between monthly potential
evapotranspiration and water surface evaporation were conducted. The results indicated that potential evapotranspiration
calculated by Hargreaves method was the largest, while the potential evapotranspiration calculated by Priestley-Taylor method
was the smallest. The seasonal potential evapotranspiration values for the three methods were summer > spring > autumn >
winter. The correlation between potential evapotranspiration calculated by the FAO Penman-Monteith method and water surface
evaporation during the same period was best (r=0.991). In contrast, Penman-Monteith method is more suitable for estimating the
potential evapotranspiration in Handan Eastern Plain.

Keywords: Potential Evapotranspiration, Hargreaves Method, Priestley-Taylor Method, Penman-Monteith Method,
Water Surface Evaporation, Handan Eastern Plain

Additionally, three temperature based (Thornthwaite, Hamon,
and Hargreaves-Samani) and three radiation based (Turc,
Makkink, and Priestley-Taylor) methods were used to
calculate ETp simultaneously in the southeastern United States.
Results indicated that the Priestley-Taylor, Turc, and Hamon
methods produced more precise results than the other E7p
methods [3]. Penman-Monteith formula was the most widely
ETp method and normally used as a standard term to evaluate
the accuracy of other £Tp method [8, 11].

In this study, Hargreaves method (H method) based on
temperature, Priestley-Taylor method (P-T method) based on
radiation and FAO Penman-Monteith method (P-M method)
taken aerodynamics into account were employed to compute
ET,, respectively. The main objective of this study is to
investigate the applicability of different ET, estimation
methods in Handan Eastern Plain. Handan Eastern Plain is a
warm temperate semi-humid semi-arid continental monsoon
climate zone. The average annual temperature of this region
ranges from 12.5°C to 13.9°C. Perennial average sunshine
hours are between 2300Ar and 2749hr. Average annual
precipitation is 536mm (1956-2008). And precipitation is

1. Introduction

Potential evapotranspiration (E£7p) is defined as the amount
of water that would be evaporated and transpired by a specific
crop or ecosystem if there were sufficient water available [1].
ETp is the theoretical upper limit of actual evapotranspiration.
ETp can be estimated indirectly from climatological
parameters such as minimum and maximum air temperatures,
sunshine hours, actual vapor pressure, relative humidity, wind
speed, solar radiation, extraterrestrial solar radiation, net
radiation, etc. [2, 3]. Several different methods were used to
calculate ETp in hydrologic models [4-8]. Generally, methods
for estimating E7p, can be roughly divided into three
categories, that is, temperature based method, radiation based
method and synthetic method. Six temperature based methods
(Blaney-Criddle, Kharrufa, Hargreaves and Samani, Oudin,
Thornthwaite, Hamon) were selected to estimate E7p in
Shannon River catchment. The study found that the Hamon
method performed best in comparison with the Met Eireann
data [9]. In a Two-Source Model, latent heat flux was
computed on the basis of Priestley-Taylor method [10].
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mainly concentrated during July to September, accounting for
60% of annual precipitation. Mean annual evaporation of
water surface in this area (E601 evaporation pan) varies
from1007mm to 1266mm [12].

2. Methods
2.1. ET, Estimation

2.1.1. Hargreaves Method
Hargreaves method is an alternative approach and proposed
based on the following empirical formula using mean

maximum and minimum temperature as well as
extraterrestrial radiation data [13-15].
r +T.
ET, =0.0135R, [%HTS) )
T, +T,.\
RS = KRSRH( max 2 ﬂllﬂj (2)

where ETy is potential evapotranspiration calculated by
Hargreaves method, mm/d; T, and T, are maximum and
minimum temperature, respectively, °C; R; is solar radiation,
mm/d; Kgg is an empirical coefficient; R, is the extraterrestrial
radiation, mm/d; E is a parameter of the equation (2).

Substitute equation (2) into equation (1), E7y can be
expressed as:

T +T.

ETH = CRa (T;nax - Tmin )E [% + Tj (3)
where C, E and T are parameters of the Hargreaves equation;
Values of 0.0023 (Kzs=0.16, C=0.0135Ks), 0.5 and 17.8 are
recommended, respectively.

Then Hargreaves equation was represented as:

T.7*T

ET, =0.0023R, [%mmumj T = T )

where R, was calculated by station latitude and expressed as:

R = 24(60)

a

p- G, d,[ (@ singsind)+(cosgcosdsina,)| (5)

where G, is solar constant, GSC:0.082MJ@"2 fahin ; d, 1s the
earth-sun distance; « is solar altitude.
d,. was expressed by:

d_=1+0.033cos (E J] (6)
365

where J=1, 2,..., 365 or 366.

), = arccos [—tan (¢) tan(é—)] (7

3=0.409sin [EJ —1.39} )
365

2.1.2. Priestley-Taylor Method

Priestley-Taylor method is a kind of radiation based
method for estimating potential evapotranspiration [16-17].
The Priestley-Taylor equation is expressed as:

A
ty

ET, =1.28x——X(R, =G) ©)

where R, is net radiation, MJ 2 [l ; G is soil heat flux, MJ/[J
m?0d"; G can be ignored for day period; A is slope of
saturation vapor pressure curve at air temperature, kPa2C"; ¥
is psychrometric constant, kPa fC".

For A, y and P, the respective computational formula was
presented by:

4098{0.6108 exp(m)J
Al T+237.3 (10)
(7 +237.3)°
y=0.665x10" x P (11)
5.26
P:101'3x[293—0.00652J (12)
293

where P is atmospheric pressure, kPa; z is elevation above sea
level of meteorological station, m.
R, was calculated as follows:

Rn = Rns - Rnl (13)

Rm = (1 - G)RS (14)

R —[a +h i]R (15)
s s s N a

r t+r,. .}
R, = a{”’“”‘z”””*}(o.34—0.14\/2)(1.35 II:* -0.35) (16)

50

R, =(0.75+2x1072)R, (17)

c, = (T,,, ) o (18)
o = 2 (19)

e, )=O.6108exp(%) (20)

where R, is net shortwave radiation, MJ O ! ; R, 1s net
longwave radiation, MJOm™ 0d 1; R, is solar radiation or
shortwave radiation, MJ O™ Od”! ; n is actual duration of
sunshine, /r; Here, contemporaneous data of adjacent Anyang
station (station index number is 53898) are given to n; N is
maximum possible duration of sunshine or daylight hours, /7;
Default values of ¢,=0.25 and »,=0.5 are used; 0=4.903x107 ;
e, 1s actual vapor pressure, kPa; RH,.., is the mean relative
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humidity; 7)., is the mean air temperature; eo(T ' oan) 18

saturation vapor pressure at the air temperature at the
temperature of 7,4

2.1.3. FAO Penman-Monteith Method

Penman-Monteith equation was proposed by the Food and
Agriculture Organization (FAO) for estimating E7, only
based on meteorological data [18-19]. The calculation
formula of FAO Penman-Monteith method is expressed as:

900

0.408A(R, —-G)+y T3 (e, ~e,)
ET, , = 21
p-uM A+ py(1+0.34u,) @D
eo T +eO T
es _ ( max )2 ( min ) (22)

where T is the mean daily temperature, °C; u; is wind speed at
2m above ground surface, m/s; e, is the saturation vapor
pressure, kPa; es-e, is the vapor pressure deficit, kPa.

Based on daily meteorological data of Linzhang
Meteorological Station in Handan Eastern Plain, E7, at
different time scales (monthly, seasonal and annual) were
estimated using three different methods as mentioned above.

2.2. Mann-Kedall Non-Parametric Test Method

Mann-Kedall (M-K) method is a non-parametric test
method [20-21]. The specific calculation steps for M-K
method are described as follows:

Firstly, mathematical formula for a statistic was expressed
as:

n-l1 n

S=Z ngn(xj—x[) (23)
i=l j=n+l
I x;>x
sgn(x,-x) =10 x =x 24)

-1 x; <x

where § is a statistic; sgn is sign function; x; and x; is target

variables of the i,, and j,, respectively; n is sample number.
When 7 is greater than 8§, S will approximately obey the

normal distribution with the mean of zero and variance of

Var(S).

E(S)=0 (25)
n(n—l)(2n+5)

Var(S): 18

(26)

where E(S) is the mean of S; Var(S) is the variance of S.
Then the test statistic of M-K method was represented as:

& S>0
Var(S)
Z= 0 §=0 27
& S<0
Var(S)

where Z is the test statistic; Z > 0 shows that the
corresponding time series has an increasing trend; On the
contrary, Z < 0 shows that the time series has an decreasing
trend.

2.3. Pearson’s Correlation Coefficient

Pearson’s correlation coefficient is a measuring index of the
correlation degree between two variables [22]. The calculation
formula of the correlation coefficient is expressed as:

Cov(X,Y)

XY)=———2
r( ' ) JVar[xVar[Y]

where r is Pearson’s correlation coefficient; » ranges from -1
to 1. The closer  gets to 1, the higher the correlation is.
Cov(X,Y) is the covariance between X and Y; Var[X] and
Var[Y] refer to the variance of X and ¥, respectively.

(28)

3. Results and Discussions

3.1. Variations of Potential Evapotranspiration at Different
Time Scales

3.1.1. Monthly Potential Evapotranspiration

Based on the equations mentioned in sections 2.1-2.3,
monthly ETy, ETp.r and ETp.;, were calculated (Figure 1). H
method requires minimum, maximum and mean temperature
as well as extraterrestrial radiation. Estimated mean monthly
ETy ranged from 23.5mm to 176.2mm. P-T method uses net
radiation, slope of saturation vapor pressure curve at air
temperature, atmospheric pressure, etc. to estimate E7p.7. And
the corresponding mean monthly ETp r values were between
15.1mm and 146.2mm. Besides radiation data, P-M method
also includes mean daily temperature, wind speed, vapor
pressure deficit. The calculated mean monthly ETp,, varied
from 27.2mm to 161.3mm. Hence, the results obtained by
three methods were different, which may be attributed by the
different types of data employed in H method, P-T method
and P-M method. Take P-M method as the standard, previous
study found that the radiation-based methods performed better
than temperature-related methods on the island of Crete in
Southern Greece [8].

In this study, monthly potential evapotranspiration
calculated from H method, P-T method and P-M method
were highest during June and July, suggesting that monthly
potential evapotranspiration was significantly affected by
solar radiation. The maximum ETy, ETp.r and ETp, mainly
focused on June, May to July, May and June, respectively.
While the minimum value for H, P-T and P-M method were all
concentrated on January and December. As a whole, ET and
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ETp.,, values were greater than that of ETp7 It may be
attributed by heat and aerodynamics considered in P-M
method. In addition, variation trends of potential
evapotranspiration calculated by three methods (H, P-T and
P-M method) were relatively consistent. The overall trend
increased firstly and then decreased. H method had good
agreement with P-M method. From July to September, ETp.r
values were larger than that of P-M method. For other months,
ETp values were low. Taking the Loess Plateau of northern
Shaanxi for example, the sensitivity of potential
evapotranspiration to the variation of each meteorological
factor was different. Related study demonstrated that ET, was
most sensitive to relative humidity, followed by daily
maximum temperature, wind speed, sunshine hours, and daily
minimum temperature [23].
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Figure 1. Monthly potential evapotranspiration calculated by different
methods.

3.1.2. Seasonal Potential Evapotranspiration

Variations in potential evapotranspiration for different
seasons were shown in Figure 2. Herein, March to May, June to
August, September to November, December to February in the
following year were considered to be Spring, Summer, Autumn
and Winter, respectively. Potential evapotranspiration calculated
by H method, P-T method and P-M method was Summer,
Spring, Autumn and Winter from large to small. Specifically,
ETy varied from 438.3mm to 493.0mm in Summer, 324.1mm to
372.3mm in Spring, 208.2mm to 244.2mm in Autumn, 74.8mm
to 104.6mm in Winter. E7p rranged from 391.4mm to 440mm in

Summer, 281.2mm to 331.9mm in Spring, 168.3mm to 178.1mm
in Autumn, 53.4mm to 68.5mm in Winter. ETp,, was between
373.3mm and 445.5mm in Summer, 308.4mm and 386mm in
Spring, 172.1lmm and 2554mm in Autumn, 76.lmm and
160.7mm in Winter. Qi et al. found that the average reference
evapotranspiration calculated by P-M method was 248mm in
Spring, 312mm in Summer, 134mm in Autumn, and 35mm in
Winter from 1964 to 2013 in Heilongjiang Province, Northeast
China [11].

In general, seasonal difference between H method and P-T
method varied little in this study. For example, difference of E7y
in Summer and Spring was approximately equal to the difference
of ETy between Spring and Autumn. By contrast, ETp,, in
different seasons was rather changeable. In addition,
evapotranspiration sensitivity factor may be different seasonally.
Previous study pointed that relative humidity was the most
sensitive factor in Spring, Summer and Autumn while 7, was
most sensitive in Winter in Heilongjiang Province [11].
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Figure 2. Seasonal variations of potential evapotranspiration calculated by
different methods.

3.1.3. Annual Potential Evapotranspiration

Annual potential evapotranspiration was derived from the sum
of monthly potential evapotranspiration (Table 1). In general,
ETpr was smaller than ETy; and ETp,, in the same year. The
maximum of annual ETy, ETpy, ETpy were 1194.8mm,
1002.2mm and 1132.1mm, respectively. The corresponding
minimum values were 1074.7mm, 909.4mm and 970.3mm.
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Annual ETy; was overestimated and the maximum and minimum
values occurred in 2002 and 2003, separately. While E7p.r values
were the lowest and the respective maximum and minimum
values appeared in 2000 and 2003. In term of ETp.y, the highest
value was in 2005 and the lowest value was in 2003. Standard
deviation of ETp; was the least, with the value of 30.5mm.
However, standard deviation of E7p,, was the largest, with the
value of 50.3mm. In addition, the variation trend of ETp.; and
ETp) was basically consistent. Specifically, potential
evapotranspiration changes decreased from 2000 to 2003 while
increased from 2003 to 2005. But the amplitude of variation in
ETpy was greater than that of E7p; In a similar study,
researchers reported that annual reference evapotranspiration
ascended 7.40 mm per decade during 1992 to 2015 in the
Jing-Jin-Ji region, North China [24].

Table 1. Annual potential evapotranspiration calculated by H, P-T, and P-M
methods (mm).

year ETH ETp.T ETp.M
2000 1138.9 1002.2 1051.0
2001 1159.4 997.4 1062.8
2002 1194.8 971.5 1023.4
2003 1074.7 909.4 970.3

2004 1135.5 967.0 1086.6
2005 1148.4 980.3 1132.1

It is found that there are differences among potential
evapotranspiration (monthly, seasonal, annual) calculated by
H, P-T and P-M methods, although the overall trend remains
consistent for each time scale. As we all known, different ET,
formula were proposed in the certain physical geographic
conditions. When we transfer it to another region, some
parameters may need to be modified so as to improve its
estimating accuracy [15, 25]. In addition, £7), is influenced by
many meteorological factors such as air temperature, relative
humidity, solar radiation, wind speed, groundwater depth, etc.
Among others, ET, was high in shallow water level areas and
low in deep water level areas [26]. Previous studies carried out
sensitivity analysis of meteorological parameters to E7,
[27-29]. It is an ongoing work so the sensitivity analysis of
ET, to every meteorological factor was not further conducted
in this study. When we ignored drawbacks mentioned above,
the applicability of original equations of estimating potential
evapotranspiration in this study area can be acceptable.

3.2. Correlation Between Potential Evapotranspiration and
Water Surface Evaporation

3.2.1. Trend Test of Water Surface Evaporation
According to the observed water surface evaporation (£,)

in Linzhang Meteorological Station, annual E,, varied from
1907.1mm to 1356.7mm during 1990-2004, with the mean
annual of 1637.0mm (Figure 3). By adding a linear trend line,
it is found that annual £, had a decreasing trend. Then M-K
method was employed to test its reducing significance, |Z]<<
Z,» showed that annual FE, time series did not pass
significance testing at the level of a=5% (Table 2). Thus, the
corresponding decreasing trend of water surface evaporation
was not significant.
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Figure 3. Variations of annual water surface evaporation.

Table 2. Significance testing of water surface evaporation at annual scale by
M-K method.

n S Var(S) Z Lo Trend

15 -21 408.333  -0.99 1.96 non-significant

3.2.2. Correlation Analysis Between Potential
Evapotranspiration and Water Surface Evaporation at
Monthly Scale

As shown in Table 3, monthly mean ETy, ETp.7, ETp.y

and E,, varied from 23.3mm (December) to 174.1mm (June),
153mm (December) to 147.7mm (July), 24.6mm
(December) to 156.4mm (June), and 26.7mm (December)
to 238.4mm (June), respectively. Correlation analysis
results indicated that monthly average potential
evapotranspiration and water surface evaporation were all
highly correlated. Pearson’s correlation coefficients of
monthly ETy, ETp.7, ETp.y and E,, were 0.962, 0.925 and
0.991, respectively. In comparison, correlations between
ETp.y and E,, was superior to the others, indicating that P-M
method was much more suitable for estimating potential
evapotranspiration in Handan Eastern Plain. Partial
correlation analysis also can be found in Han et al. [24]. The
results showed that the increase of reference
evapotranspiration was caused by increased average air
temperature and wind speed as well as decreased relative
humidity.

Table 3. Monthly average potential evapotranspiration and water surface evaporation (E,) (mm).

Month 1 2 3 4 5 6 7 8 9 10 11 12

ETy 25.0 42.1 82.8 115.2 156.4 174.1 158.1 137.0 111.8 74.6 40.3 233
ETp.r 19.1 31.0 66.8 101.6 142.2 142.6 147.7 130.8 94.8 533 254 153
ETp.m 31.2 54.4 94.4 117.6 144.6 156.4 134.2 114.7 92.9 69.0 41.0 24.6
1By 36.0 73.7 145.5 182.8 210.5 238.4 179.3 157.1 134.6 109.8 62.2 26.7
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4. Conclusions

H method, P-T method and P-M method were used to
estimate daily potential evapotranspiration in this study.
Potential evapotranspiration in different time scales
(monthly, seasonal, annual) were compared based on the
above methods. Then the correlation coefficients between
monthly potential evapotranspiration and water surface were
calculated.

Results indicate that monthly potential evapotranspiration
calculated from H method, P-T method and P-M method are
the highest during June and July. For seasonal potential
evapotranspiration, ET), values calculated by H, P-T and P-M
methods are the highest in Summer and lowest in Winter.
Annual ETp.ris smaller than ETy and ETp , in the same year.
Standard deviation of annual E7p 7 is the smallest (30.5mm)
while standard deviation of annual ETp,, is the highest, with
the value of 50.3mm. Pearson’s correlation coefficients
between monthly ETy and E,,, ETp.r and E,, as well as ETp.,
and E,, were all greater than 0.9. The largest correlation
coefficient is 0.991 for ETp, and E,. By contrast, the
correlation between monthly E7p_rand E,, is lowest (r=0.925).
In conclusion, P-M method is much more suitable for
estimating potential evapotranspiration in Handan Eastern
Plain.
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