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This study presents the estimation of potential evapotranspiration (PET) in the Yellow River basin. The
applicability and meteorological parameter availability are the main factors influencing PET estimation.
Firstly, it compares and calibrates six empirical PET methods with Penman-Monteith method as standard
criteria. The six empirical methods are Thornthwaite, Blaney-Criddle, Hargreaves, Priestley-Taylor,
Makkink and Penman methods. A complete daily meteorological record of 10 stations in the year of 2002 is
used for comparison and calibration. Secondly, the PET in the Yellow River basin is estimated by the

calibrated Makkink method with temperature and sunshine duration hours from 190 stations.
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1. INTRODUCTION

The Yellow River basin had witnessed severe
water resources shortage and has becoming a hotspot
area from the water resources study point of view
during the past several decades. The dryup days
increased from 19 days in the year of 1972 to 226
days in 1997 . Past studies shows the general trend
of precipitation kept decreasing and the runoff kept
decreasing”. In the meaning time, the general trend
of and evapotranspiration(E7) continued increasing
in the Yellow River basin during this period”. Future
PET changes under the background of global
changes will impose dramatic impact to the spatial

- and temporal distribution of water resources in the
Yellow River basin.

Classical empirical PET models could be widely
used when aiming at future water resources
problems, both in Regional Climate Models (RCMs)
and many application fields. In the study of ET,
Potential evapotranspiration(PET) is proposed as the

amount of water that could be evaporated from land,
water, and plant surfaces if soil water were in
unlimited supply® and has become a major index to
reflect evapotranspiration ability under different
local climate and land surface conditions. A variety
of empirical methods, such as Penman-Monteith,
Thomthwaite, Blaney-Criddle, Hargreaves,
Priestley-Taylor, Makkink and Penman methods,
have been developed for estimating PET in the past
studies. Moreover, recent development of remote
sensing, provides a range of sensors with the ability
of estimating surface parameters and hence PET.
Remote sensing is valuable in the sense of
information sources, especially in large scale
heterogeneous areas”. At the same time, classical
empirical PET models will still play an important
role in the modeling of future water resources
problems. Firstly, classical empirical equations for
estimating PET are often widely utilized in Regional
Climate Models not only for reconstructing past
climate situations, but more importantly, for the
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modeling future climate change scenarios under
global climate change. In order to integrate the
impact of global climate change into regional water
resources modeling, results of General Circulation
Models (GCMs) are often used as boundary
conditions for RCMs and different RCMs might
demand totally different input climate parameters
and hence different empirical PET equations®.
Secondly, classical empirical PET equations are also
widely used in a variety of application fields. For
instance, estimation of future crop irrigation water
demand would be heavily relied on the estimation of
future evapotranspirtation®.

The generalization and data availability are often
the two major factors influencing PET estimating
application because most empirical methods were
originally developed based on past local climate
conditions. Firstly, due to the inherent limitation of
empirical equations and the complicate mechanism
of ET process, the generalization of empirical ET
methods must be checked and calibrated before
being applied to local areas. Secondly, the data
requirements for computing PET by different
methods vary a lot, from only location and monthly
mean temperature by Thornthwaite method, to ten
meteorological parameters by Penman-Monteith
method. When applying these empirical
evapotranspiration models to RCMs, it is advisable
to compare the applicability and data requirement
according to local climate conditions and dataset
availability. Some past local comparison studies
shows that different empirical estimation methods
might produce different PET results”®. In the case of
the Yellow River basin, few comparison studies have
been done with emphasise on comparing the
applicability of empirical PET equations.

The objective of this study is to compare and
calibrate  six = empirical = methods  with
Penman-Monteith method as standard criteria and
then estimate PET in the Yellow River basin as a
example. Penman-Monteith method was selected as
a proxy to substitute actual PET due to the lack of
sufficient actual mornitoring PET data. The six
empirical methods chosen in this study are
Thornthwaite, Blaney-Criddle, Hargreaves,
Priestley-Taylor, Makkink and Penman methods.
The data for calibrating empirical PET methods is a
daily record of ten meteorological parameters in 10
stations in the Yellow River basin in 2002. After
comparison and calibration, Makkink method is
selected to estimate the average PET in the Yellow
River basin, with 10-day mean temperature and
sunshine duration of 190 stations covering the
Yellow River domain from the year of 1961 to 1990.

] humid area
EER sub-humid area e
B sub-arid area

Fig. 1 Meteorological stations in the Yellow River domain.

2. EMPIRICAL PET METHODS

The characters of each empirical method are to be
discussed in this part. In this study, the practical
equations and constants for estimating PET by
FAO-56 Penman-Monteith method® are listed in the
appendix. The six empirical methods are discussed in
detail one by one. Except for Thorthwaite method,
the other five empirical PET methods, together with
Penman-Monteith method, are in the form of
computing daily ET. The meaning and units of
symbols in the six empirical PET methods, if not
expressed explicitly, are the same to those of
Penman-Monteith method.

(1) Thornthwaite method

Thornthwaite method is the procedure of monthly
calculation with the greatest international acceptance
with the merits of requiring only mean monthly
temperature data and simple computing process”.
The limitation is that it can be used for computing
monthly evapotranspiration only. The equations for
Thornthwaite method is as follows:

ET= 1.6(—1$)” (€))

I =Z(%)‘<"" ()]

a=(492390+179291 —77.11% +0.6751°)x 10 (3)
where ET are monthly evapotranspiration and 7, is
mean monthly air temperature.

(2) Blaney-Criddle method

Blaney-Criddle method requires daily mean
temperature only and has been used widely in the
following form'®:

ET = kp(0.46T, +8.13) )

where k is 0.85 and 0.45 for growing season (May to
September) and non-growing season respectively. p
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is daily percentage of annual daytime hours. With &
as an empirical coefficient, this method provides the
flexibility to fit local situation.

(3) Hargreaves method
After several improvements, Hargreaves proposed
the following equation for calculating ET in 1985'",

ET =aR,TD"*(T, +17.8) ®)
where a is constant 0.0023, and 7D is the difference
between daily maximum and minimum temperature.
Different from Blaney-Criddle method, Hargreaves
method integrates extraterrestrial radiation R, into
estimation process. Since R, is merely related to
location information, the data requirements for this
method are daily maximum and minimum
temperatures only.

(4) Makkink method
Makkink method for estimating PET is as

follows'?,

AR on ©®
A+y A

This method needs daily mean temperature, air
pressure, and sunshine duration hours. For the
simplicity of computation in this study, the angstrom
coefficients a, and b, for computing solar radiation R,
are the same to Penman-Monteith method (equation
9 in the appendix). The units of Makkink method for
computing daily ET are cal cm” day” for R, and
mb/C for A, y and A, which are different from
Penman-Monteith method.

ET =0.61

(5) Priestley-Taylor method

Priestley and Taylor proposed a simplified version
of the combination equation in 1972 in the condition
of wet surface areas'”. The aerodynamic component
was not considered and the energy component was
replaced by coefficient o with the value of 1.26.

Er=a-3 % M

Different from Makkink method, Priestley-Taylor
method requires more meteorological parameters,
which are daily maximum temperature, minimum
temperature, relative humidity, air pressure and
sunshine duration hours.

(6) Penman method

Penman method assumes that ET is controlled by
wind speed and vapour pressure difference between
the earth and the atmosphere'” . It is primarily for

Tabte 1 Comparison of PET methods

Method Type Data requirement
Thormnthwaite temperature T,
Blaney-Criddle  temperature @z, Tpyp Tin
Hargreaves temperature @2, Tnop Tonin
Makkink radiation oz T,pn
Priestley-Taylor radiation @2, Trya Teie RH, pi1t
Penman mass transfer ©.2, T Tnin R, u2
Penman-Monteith combination @z, Tue Trmin RH 420,18, T

free water surface evaporation estimation but also
applied to be a proxy estimate PET for its simplicity
of form.
E=035(1+0.0098, e, —e,) (3)
The units of this method are mm d” for E, mmHg
for e; and e, and miles day" for u,.

(7) Comparison of six empirical methods

In the practical computation process of this study,
there are altogether ten parameters used: latitude(g),
elevation(z), maximum temperature(Zps), minimum
temperature(7,,;,), mean temperature(7,), relative
humidity(RH), wind speed in the height of 2
meters(u,), air pressure(p), sunshine duration
hours(#) and soil temperature(7;) in depth of 15cm
under soil surface. Parameter requirements for each
method are listed in Table 1. Penman-Monteith
method is a combination method. Thorthwaite
method, Blaney-Criddle method and Hargreaves
method are temperature-based and require only
temperature parameters, besides of latitude and
height of station. Makkink method and
Priestly-Taylor method consider solar radiation and
net radiation respectively and therefore become
radiation-based methods. Penman method is
primarily for estimating evaporation process and
regarded as a mass transfer method.

3. DATA

In this study, two datasets are used. The first
dataset is for assessing and calibrating the six
empirical methods using Penman-Monteith as a
standard method. The second dataset is for
estimating PET in the Yellow River basin by the
calibrated Makkink method.

The first dataset is a complete daily meteorological
record of 10 stations (triangles in Fig. 1) in the year
of 2002. These stations are spatially equally
distributed for representing climate varieties in the
Yellow River basin, ranging from arid area
(Yinchuan), sub-aid area (Xining, Huhehaote,
Yulin), sub-humid area (Guinan, Taiyuan, Pingliang,
Yuncheng and Xian), to humid area (Maerkang).
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Fig. 2 Monthly PET by empirical and Penman-Monteith methods in 4 climate stations in the Yellow River basin
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Table 2 Calibrations of Penman-Monteith (y) and other methods (x)

Method Calibration Equation R
Thornthwaite y=2.89x - 98.16 0.856
Blaney-Criddle y=1.06x-13.6 0.877
Hargreaves y=1.14x-9.39 0.938
Priestley-Taylor y=1.16x - 18.77 0.933
Makkink y=0.81x+2.86 0.949
Penman y=1.15x +5.67 0.837

Maerkang station is selected as a proxy, which is not
inside but in the vicinlity of the humid area in the
Yellow River basin, due to the lack of monitoring
station in the mountainous area. This dataset covers
the ten parameters listed in Table 1 for this study.
The second one is a dataset of 190 stations (dots in
Fig. 1) covering whole Yellow River domain with a
10 days temporal interval of 30 years from 1961 to
1990. The only two parameters of this dataset are
mean temperature and sunshine duration hours. The
stations of this dataset is composed of the stations
both inside the Yellow River basin and the 200 km
buffering region starting from basin boundary.

4. COMPARISON AND CALIBRATION

(1) Comparison of monthly PET results

The monthly variation characters of the six
empirical methods, together with Penman-Monteith
method are compared in this part. Monthly PET
values are summarized from daily values for
observing seasonal difference, which is critical in
many applications such as agriculture irrigation
assessment.  Yinchuan(Fig.2.a), Yulin(Fig.2.b),
Xian(Fig.2.c) and Maerkang(Fig.2.d) are selected as
representative stations to reflect regional difference
of climate conditions in the arid, sub-area, sub-humid
and humid areas in the Yellow River basin. The
vertical axis reflects the PET values and the
horizontal axis shows different months.

Among the three temperature-based methods,

Thornthwaite method has the poorest performance.
Its PET values are overestimated from April to
September and underestimated from November to
February. Hargreaves method overestimates PET
slightly in all climate areas. Blaney-Criddle method
achieved relatively good results in arid, sub-arid and
sub-humid areas but underestimates PET values in
humid area in winter season, though it is primarily
proposed for estimating PET under wet surface
conditions. Blaney-Criddle method and Hargreaves
method can achieve more reasonable results than
Thornthwaite method in the Yellow River basin.
The Penman method has large temporal variation
in arid areas since it is primarily for computing
vapotration over water surface. PET values tend to
be overestimated in arid, sub-arid and sub-humid
areas and underestimated in humid area in summer.
Both radiation-based methods can provide good
results compared to temperature-based methods.
Priestley-Taylor method has good performance in
almost all the seasons, except for underestimation
from December to February in humid area. The
temporal characters in all seasons of Makkink
method have great similarities to that of
Penman-Monteith in all climate areas. It appears to
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Fig. 4 PET in Yellow River by calibrated Makkink method
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be a very appealing method in the Yellow River
basin.

(2) Calibration of empirical methods

The monthly PET values of the ten stations
estimated by each empirical method and
Penman-Monteith method are displayed in Fig. 3 for
observation. The 120 PET values by empirical
method are used as vertical axis and the 120 values
by Penman-Monteith method are represented in
horizontal axis. It shows that PET values estimated
by Penman-Monteith method and empirical methods
have strong linear correlation. Base on this
understanding, six linear regression equations are
developed to reflect the relationship between
Penman-Monteith method as variable x and the other
empirical PET methods as variable y (Table 2).

The regression results shows that among the three
temperature-based methods, Hargreaves(Fig.3.c)
method has the best linear relationship with
Penman-Monteith method. As a mass-transfer
method, Penman equation(Fig.3.f) has the least
distinct relationship with Penman-monteith method.
Both radiation-based methods exhibit good results
with high R’ values. Among the six methods,
Makkink(Fig.3.d) achived the best performance with
R? value of 0.949.

5. PET ESTIMATION IN THE YELLOW
RIVER BASIN

Though the difference of R, values of Makkink,
Hargreaves, and Priestley-Taylor are not very large,
Makkink shows the best spatial and temporal
charactors. Therefore, Makkink method is chosen for
estimating PET in the Yeliow River basin.

The meteorological records of 30 years from 1961
to 1990 of 190 stations covering the Yellow River
domain (dots in Fig. 1) is used for estimating PET in
the Yellow River basin. In this dataset, only daily
mean temperature and sunshine duration hours,
together with the longitude, latitude and elevation of
each station are available. Air pressure is substituted
with the value computed by equation 3 listed in the
appendix due to the lack of actual pressure dataset.

The PET values of each station were estimated by
the original Makkink method first and then
calibrated according to the linear equation in Table
2. After the estimation of point PET values of each
station with 10-day interval, the PET information is
interpolated into 20km grids by spline method'® and
then clipped with the boundary of the Yellow River
basin in GIS system. By this way, time series of PET
grid maps from 1961 to 1990 are created with 10

days as temporal interval. Fig, 4 presents the yearly
mean PET values from the year of 1961 to 1990.

6. CONCLUSION AND DISCUSSION

(1) Comparison and calibration

Comparison of different PET estimation methods
should base on both temporal characters and spatial
similarities. Among the three types of empirical PET
methods, Makkink method was the most successful
one, which has great temporal and spatial similarities
to Penman-Monteith method in all climate areas.
Priestley-Taylor method is also an attractive method
except minor underestimation in winter. Among the
three temperature-based methods, Blaney-Criddle
method and Hargreaves method can achieve more
reasonable results than Thomthwaite method.
Peniman method has large temporal variation in arid
areas overestimates PET in most areas. Though the
differences of R; values between Hargreaves,
Priestley-Taylor and Makkink are not very obvious,
Makkink shows better spatial and temporal
characters. So Makkink method is chosen for
estimating PET in the Yellow River basin.

(2) Better temporal and spatial resolution

Markkin method and some other empirical methods
require far less input climate parameters than
Penman-Monteith method and therefore there will be
more stations satisfying the parameter requirement..
Temporal characters are critical to some application
such as crop irrigation demand estimation. Methods
tending to overestimate or underestimate PET in
crop growing period will directly influence the crop
irrigation demand results.

Simpler empirical methods will result in PET
estimation with better spatial resolution than those
more complicated methods. The PET values in the
Northeast (such as Hetao area and Erdos area) and
downstream of the Yellow River is relatively higher.
It shows the PET is highly influenced by humidity or
temperature in the Yellow River basin. In highly
heterogeneous areas like the Yellow River basin,
higher spatial resolution is very valuable. Further
analysis on spatial characters in GIS system is
needed in future studies.

(3) Limitations

Firstly, there are some limitations due to the lack of
dataset in this study. Though Penman-Monteith
method was widely recognized as a standard PET
estimation method, the PET estimation by this
method may not necessarily represent the real PET in
the Yellow River basin. It would be ideal if the actual
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monitoring PET dataset can be used for calibration.
Also, when calculating PET in the Yellow River
basin, the proxy air pressure dataset derived from
elevation was used which will cause bias. Only 10
stations in the year of 2002 were selected to represent
the 4 climate areas in the Yellow River basin.
Calibration with more stations will produce more
reliable results. Further study is needed with more
sufficient datasets in order to chieve more reliable
calibration results. Secondly, when used in RCMs
with future climate change scenarios, calibrated
results may become invalid if future climate
condition varies too much from current climate one.
Therefore before applying these empirical methods,
it is always advisable to be cautious of the
abnormality degree of climate change.
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APPENDIX A Penman-Monteith Method

Penman-Monteith method used in this study is
often referenced as FAO-56 Penman-Monteith
method. It is a grass reference equation” as follows:

L9200 u,(e, —e,)
T,+273 > ° ¢ 1)

A+y(+034u,)

0.408A(R, —G)+7

ET =

where
ET = reference evapotranspiration (mm day™),
R, =net radiation (MJ m” day™),
G = soil heat flux density (MJ m-2 day-1),
T = air temperature at 2 m height (°C),
u, = wind speed at 2 m height (m 57),
e, = saturation vapour pressure (kPa),
e, = actual vapour pressure (kPa),
e, - e, = saturation vapour pressure deficit (kPa),
A = slope vapour pressure curve (kPa °C-1),
y= psychrometric constant (kPa °C-I).

Latent heat of vaporization O.)
A =2.501 - (2.361x10°)T, )
where A = latent heat of vaporization (MJ kg™),

T, = mean air temperature (°C)

Atmospheric pressure (P)
p= 101'3(293—0.00652)5.26
293
where P=atmospheric pressure (kPa),
z = elevation above sea level (m).

3

Saturation vapour pressure (e;)

e, = 0.6108exp(ﬂ) O]
T, +2373

where e, = actual vapour pressure function (kPa),
7, = mean air temperature (°C).

Actual vapour pressure (e,)

o = Rl Ten) 0o (Ty) )
100 2
where
e,= actual vapour pressure function (kPa),
€o(Tmay) and eg(T ;) follows equation 4.

Slope vapour pressure curve (4)

17.277,
T, +2373 ©)
(T, +237.3)?

2504 exp(
_ _4098e,(T,) _

(T, +237.3)?

where
A = slope vapour pressure curve (kPa C*),
T, = mean air temperature (°C).

Psychrometric constant ()

c,p P - 7
=-22.x10° =0.00163— =0.665x10=> P ( )
"= 7

where
y= psychrometric constant (kPa°C-1),
p= atmospheric pressure (kPa),
A = latent heat of vaporization, 2.45 (MJ kg-1),
C, = specific heat at constant pressure (1.013*10-3
MJ kg-1°C"),
£= ratio molecular weight of water vapour/dry air
(0.622).

Extraterrestrial radiation for daily periods (R,)
Ra= 24—5[6—Q2055Dr[w3 sin(g) + cos(@) cos(F) sin(w, | ®

where
R, = extraterrestrial radiation (MJ m” day™),
Gi, = solar constant = 0.0820 MJ m”> min”,
D, = inverse relative distance Earth-Sun,
¢ = sunset hour angle (rad),
o= latitude (rad),
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& = solar decimation (rad).

Solar radiation (R,)
R, =(a, +b, )R, ©)
N

where
R, = solar radiation, (MJ m”? day™),
n = actual duration of sunshine (hour),
N =max possible duration of sunshine (hour)
a, = regression constant, representing the solar
radiation reaching the earth when n =0,
a; + b, = representing the solar radiation reaching
the earth when n = 1. Values of 0.25 and 0.75 are
used for a, and b, in this study.

Short wave radiation on a clear-sky day (R;y)
R, =(0.75+2x107°2)R, (10
where
Ry = clear-sky short wave radiation (MJ m? d'),
Z = elevation (m),
R, = extraterrestrial radiation (M.J m” d'*).
Net solar or net short-wave radiation (R,)
R, =(1—-a)R, (11)
where
R, = net shortwave radiation (MJm-2day-I),

o= albedo ( 0.23 for reference crop),
Rs = the incoming solar radiation (MJ m-2 day-1).

Net long wave radiation (R,)

R, = o 7 min. K+ 7*min, K] ; L "‘i“’K](o.34~0.14\/2)(1.35:—*4.35) (12)
where
R, = net outgoing long wave radiation (MJ m?
day™),
o = Stefan-Boltzmann constant (4.903*10°MJ
K*mday™),
T, & Timin, k. = maximum and minimum absolute
temperature during the 24-hour period,
e, =actual vapour pressure (kPa),
R/R,, =relative short-wave radiation,
R, = solar radiation (MJ m” day™),
R,, = calculated clear-sky radiation (MJ m” day™).

Net radiation (R,)
R,=R_ -R, (13)
Soil heat flux (G)
G=c 1otap, (14)
At

where
G = soil heat flux (MJ m? day-1),
¢, = soil heat capacity (MJ m™ °C-1), value of 0.14
is used in this study.
T; = soil temperature at time i (°C),
T;.; = soil temperature at time i-1 (°C),
4 .= length of time interval (day),
A, = effective soil depth (m).
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KB BI 2RBAZAWERT 2o v VREBBHEE HKIcONT

7OfEE - B

AFEE, BARRICBIBRT 2 v VERBBEEDOEHET IO TH S, RF 22 v KRR
BO¥HCEE2RITELRETIR, HAMERPK|NIA—FOAFARETHS. F—IT,
Penman-Monteith DS HEEHEE L U T, 6ORBRILRT > v VERMBORI HFEELERNF v
V7V —2aliz., 6DRRMZHESH X, Thomthwaite, Blaney-Criddle, Hargreaves, Pricstley-Taylor,
Makkink, Penman T % 5. 2002 IC 81 2105 FTOKRZBHAFT TORLLHEORKKRT —F 5, HEROF
YUTL—va icfnwshi, FrU7Lb—a OfR., MakkinkOEFFERBBETH S ENWSHE
Reflk, B2, BERRICBYBRT > v )V KRHED, 19080 5 OEE S ARBEMS, v
U7 b— 3 > LMakkinkDHESHF R X D #Eat 3 hfz.
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