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Abstract: Based on the measurements obtained at 64 national meteorological stations in the Beijing-Tianjin-Hebei
(BTH) region between 1970 and 2013, the potential evapotranspiration (ET,) in this region was estimated using the
Penman-Monteith equation and its sensitivity to maximum temperature (T,,), minimum temperature (T,;,), wind speed
(V,), net radiation (R,) and water vapor pressure (P,,) was analyzed, respectively. The results are shown as follows. (1)
The climatic elements in the BTH region underwent significant changes in the study period. V,, and R, decreased
significantly, whereas T, T and Py, increased considerably. (2) In the BTH region, ET, also exhibited a significant
decreasing trend, and the sensitivity of ET, to the climatic elements exhibited seasonal characteristics. Of all the climatic
elements, ET, was most sensitive to P, in the fall and winter and R, in the spring and summer. On the annual scale,
ET, was most sensitive to P,,, followed by R,, V,, Tux and T, In addition, the sensitivity coefficient of ET, with
respect to P, had a negative value for all the areas, indicating that increases in P,, can prevent ET, from increasing. (3)
The sensitivity of ET, to T,;, and T, was significantly lower than its sensitivity to other climatic elements. However,
increases in temperature can lead to changes in P,, and R,. The temperature should be considered the key intrinsic
climatic element that has caused the “evaporation paradox” phenomenon in the BTH region.
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1 INTRODUCTION

As an important component of the hydrological
cycle, evapotranspiration processes reflect the intensity of
land interactions with the atmosphere (Atsumu and
Martin J; Chen et al.”; Wang et al."). Rosenberg et al.
found that a high proportion (60% -70% ) of annual
precipitation returns to the atmosphere through
evapotranspiration . According to the Fifth Assessment
Report of the Intergovernmental Panel on Climate
Change, globally, the land surface temperature increased,
on average, by approximately 0.85 °C between 1980 and
2012, making this period the hottest 30 years in the past
1,400 years (IPCC ™). Global warming has a significant
impact on the hydrological cycle, and evapotranspiration
is the main factor that affects regional and global water
and heat balance calculations and is also an important
index for evaluating the impact of global change on
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hydrological and water resources (Xu et al.®; Hesse et al.”).
Due to the lack of observed data of evapotranspiration,
the potential evapotranspiration (ET,) is often used to
estimate the actual evapotranspiration based on the
Penman-Monteith equation (Sentelhas et al.®; Liu and
Zhang™).

Under the background of global warming, most pan
evaporation (PE) values and calculated values of ET, in
various locations around the globe have been decreasing
in the past half-century (Peterson et al."”; Cohen et al.l'’;
Gong et al.™; Xu et al.!; Shahzada et al.). Roderick
and Farquhar referred to the climate-related hydrological
phenomenon of simultaneous occurrences of increases in
temperature and decreases in ET, as the "evaporation
paradox", which has garnered extensive attention ™. By
analyzing the ET, from the land surface in China, Liu and
Zhang noted a widespread '"evaporation paradox"
phenomenon in China on a watershed scale!”. Researchers
around the world mostly attribute the "evaporation
paradox" phenomenon to increases in air humidity,
decreases in solar radiation (R,), decreases in land surface
V,, and increases in atmospheric aerosols (Liu et al. ), Xu
et al. ™, Stanhill and Cohen™; Liang et al.!”; Yin et al.'™;).
Hupet and Vanclooster found a decreasing trend in the
ET, in Belgium and that the ET, in this region was most
sensitive to T..."”. Sumner and Jacobs believed that there
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is a complementary relationship between PE and the
actual evaporation from the land surface, i.c., when there
is an increase in the actual evaporation from the land
surface, there will be an increase in the amount of
atmospheric water vapor in the evaporation pan
environment, which will inhibit evaporation from the
evaporation pan surface™. Roderick and Farquhar
believed that increases in cloud cover and aerosols led to
a decrease in the total R, which in turn resulted in a
decrease in the observed evaporation’. The aerosol
pollution over the BTH region was getting worse, which
has affected the radiation and energy budget of the earth,
and then altered the global climate. (Jacobson et al.™;
Park et al.™; Zhang et al. ™). In addition, the Beijing-
Tianjin-Hebei (BTH) region has a vulnerable ecological
environment. Water resources are the core ecological
problem in this region. Currently, the carrying capacity of
water resources in the BTH region exceeds the warning
limit, and the resultant detrimental risk to industrial and
agricultural production is more prominent than in the
past. However, few studies facilitate a quantitative
investigation of the impact of climate change on the
hydrological cycle of ET, in the BTH region.

In this study, the ET, in the BTH region was
calculated using the Penman-Monteith equation, and the
sensitivity of ET, in this region to such climatic elements
as maximum temperature (7,,,), minimum temperature
(T,), water vapor pressure (P,,), wind speed (V) and net
radiation (R,) was analyzed with an aim to determine the
intrinsic element that causes changes in ET,,.

2 DATA AND METHODS

2.1 Data

The meteorological data used in this study were
obtained from the Sharing Service Platform of the China
Meteorological Data Service Center (http://data.cma.cn/)
and consisted of data acquired at 64 national standard
meteorological stations in the BTH region, including
daily mean temperature, T, T, V. at 10 m above the
ground, sunshine duration (S) and relative humidity. The
20-cm PE data acquired at 38 stations between 1970 and
2013 were used to assess the accuracy of the ET,
calculated using the Penman-Monteith equation. The
characteristics of spatial changes in each parameter were
obtained using the inverse distance weighted method. Fig.1
shows the spatial distribution of the observation stations.

0

Figure 1.

2.2 Methods
22.1 ET,

ET, refers to the maximum evapotranspiration
capacity of the land surface in a region when there is an
ample water supply, and it is an important component of
surface water cycle and energy balances . ET, has been
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Distribution of meteorological stations in the BTH region.

extensively used in research on the management of water
resources (e.g., farmland irrigation and calculations of the
amounts of water needed by crops). In this study, the
Penman-Monteith equation recommended by the Food
and Agriculture Organization of the United Nations was
used to calculate the ET, in the BTH region in a grassland



84 Journal of Tropical Meteorology

Vol.25

with a vegetation height of 0.12 m, a fixed surface
resistance of 70 s/m and an albedo of 0.23 as the
reference underlying surface”. The Penman-Monteith
equation is as follows:

0.408A(R,~G)+y——220__1,(VP-VP)
ET= T t273 1)
A+y(1+0.340,)

where ET, is the potential evapotranspiration (mm); R, is
the net radiation of the crop surface (MJ/(m?-day)); G is
the soil heat flux (MJ/(m?- day)); vy is the dry/wet constant
(kPa/C ); A is the slope of the saturated P, curve
(kPa/°C); VP is the mean saturated P,, (kPa); VP is the
actual P,, (kPa); T, is the mean temperature (°C); and U,
is the V,, at 2 m above the ground (m/s). R, is the sum of
shortwave R, and longwave land surface radiation (R;s)
and reflects the energy budget. The equation used to
calculate R, is as follows:

R=R.R, (2)

R=(1-c)R, 3)
S

R=(aztb, SR, 4

a3 @)
4 4
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where R, is the shortwave radiation (MJ/(m?- day)); R, is
the net outgoing longwave radiation (MJ/(m?-day)); R, is
the solar radiation (MJ/ (m?-day)); S is the sunshine
duration (h); /V is the maximum sunshine duration (h);
R, is the solar radiation at the top of the atmosphere (MJ/
(m?-day)); Tk and Tk are the maximum and minimum
absolute temperatures, respectively (K); o is the Stefan-
Boltzmann constant; and a, a, and b, are empirical
parameters (¢=0.23, a=0.25 and b=0.5).

2.2.2 CLIMATE SENSITIVITY COEFFICIENTS OF ET,

To investigate the climate sensitivity coefficient of
ET,, McCuen proposed an index ™), which was widely
used in the climate study (Liu et al.”; Gong et al.!;
Djaman et al.?%). It is defined as the ratio of the rate of
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change in ET, to the rate of change in the climatic
element in question as follows™":
Sy=lim( S50 Fo R ©)
where Sy is the dimensionless sensitivity coefficient of
ET, with respect to the climatic element x, and E, is the
ET,. A positive sensitivity coefficient means that ET,
increases as the climatic element increases, whereas a
negative sensitivity coefficient means that ET, decreases
as the climatic element increases. In this study, the
sensitivity of ET)t0 Thin Tieo Ve Ry and Py, was discussed

separately.
2.2.3 ALONG TIME TREND ANALYSES METHOD

The data loss and exceptions has an impact on the
statistical result, therefore the Sen's slope methods was
used to analyze the tendency. A big disadvantage to this
approach, however, is that it was incapable of testing
statistical significance (Kahya and Kalaycl®"). Being able
to test the statistical significance, the Mann-Kendall
method is nonparametric and extensively used in the
hydrological and meteorological fields (Sun et al.™). The
advantages of the Mann-Kendall test lie in that it does not
require the samples to follow a certain distribution, and it
is also not disturbed by a small number of anomalies. In
the paper, the climate trend was studied by combination
of the Sen's slope and Mann-Kendall method.

3 RESULTS AND ANALYSIS
3.1 Estimation based on the Penman —Monteith
equation

To investigate the relationship of the PE value
and the ET, in the BTH region, the correlation
coefficient (R?) between the PE data and the estimated
values of ET, was calculated in the Fig.2. As shown is
the figure, there is positive relationship between the
PE data and the estimated values of ET, and the
correlation coefficient (R?) is 0.71, passing the 95%
significant level test. This result suggests that the ET,
estimated can be well used with the Penman-Monteith
equation to reflect the regional evaporation capacity.

y=0.46x+411.7

R2=0.71

potential evapotranspiration (mm)

700 T
800 1000
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Figure 2. Relationship between ET, and PE data.
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3.2 Changes in each climatic element and ET, in the
BTH region

As shown by the distribution of their trend rates
(Fig.3), all the climatic elements in the BTH region
underwent significant changes from 1970 to 2013. The
trend rates of the 7., dropped off gradually from south
to north (Fig.3a). A primarily increasing trend at a
mean rate of 0.43 °C/10a was found for 7., in the
study area. A statistical analysis showed that of the 64
meteorological stations in the study area, 59 stations
passed the Mann-Kendall test at the 0.05 significance
level in the increasing trend of 7., In addition, of the
five stations where the recorded T, exhibited a
decreasing trend, Chengde was only the station that
passed the Mann-Kendall test at the 0.05 significance
level. An increasing trend at a mean rate of 0.2 °C/10a
was found for 7T, in the BTH region, which gradually
became less prominent from north to south, with the
increasing trend of 7., in Zhangjiakou being the most
prominent (Fig.3b). The V,, in the study area exhibited
a decreasing trend at a rate of 0.13 m/ (s-10a) in the
past 45 years. The V, recorded at all the stations
decreased over the years, except for the Chengde and
Fengning stations, where the recorded V,, increased
(Fig.3c). The decreasing trends of V,, recorded at 53

stations passed the Mann-Kendall test at the 0.05
significance level. The decreasing trend rate for V, at
the Zhangbei station was the highest, at 0.43 m/ (s-
10a). A significant decreasing trend was apparent for S
in the BTH region. The decreasing trends of S
recorded at 60 stations passed the Mann-Kendall test
at the 0.05 significance level. The mean climatic trend
rate for S in the entire region was —-2.57 h/10a. The
climatic decreasing trend rate for S recorded at the
Miyun station was the highest, at 5.41 h/10a.
Decreases in S mostly occurred in Beijing, Tianjin,
Shijiazhuang, Xingtai and Handan (Fig.3d). A
significant trend can be found for P,, in the region. Of the
46 stations where the P,, increased, 14 stations passed the
Mann-Kendall test at the 0.05 significance level (Fig.3e¢).
The mean climatic trend rate for P,, in the entire region
was 0.04 hPa/10a. As a result of the changes in S, T,
Twin and P,,, the R, in the entire region also underwent
significant changes. The spatial distribution of R, was the
same as that of S (Fig.3f). Most significant decreases in R,
occurred in Beijing and Tianjin as well as the north of
Shijiazhuang. The climatic trend rate for R, was -0.13
(MJ/m? -d)/10a. Of all the stations, an increasing trend
was only apparent for R, recorded at the Changli station,
which also passed the Mann-Kendall test at the 0.05

unit: MJ/m2-d

- 0.008
. -0.029

Figure 3. Distribution of the trend rates of the climatic elements in the BTH region (a: Ty b: T ©: V. d: S; € Py £ R,; A signifies
that the increasing trend failed to pass the Mann-Kendall test at the 0.05 significance level; A signifies that the increasing trend passed
the Mann-Kendall test at the 0.05 significance level; V signifies that the decreasing trend failed to pass the Mann-Kendall test at the
0.05 significance level; V¥ signifies that the decreasing trend passed the Mann-Kendall test at the 0.05 significance level).
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significance level. The decreasing trends of R, at the 59
stations passed the Mann-Kendall test at the 0.05
significance level.

The ET, in the BTH region had a multi-year mean
value of 950 mm, and it gradually decreased from
southeast to northwest, with low-value areas mostly
distributed in Chengde (Fig.4a). As a result of the changes
in each climatic element, the ET, in the study areca
underwent significant changes. The ET, in the study area

unit: mm

P 1096
s

mainly exhibited a decreasing trend (Fig.4b) at a mean
rate of —12.16 mm/10a. The decreasing trends of ET,
recorded at 57.8% of the stations passed the
Mann-Kendall test at the 0.05 significance level,

indicating a relatively widespread "evaporation paradox"
phenomenon in the BTH region, which is in agreement
with the decreasing trend of ET, in the Haihe River Basin
found by Liu et al.”.

Figure 4. Distribution of multi-year mean ET, (a) and its trend rate (b) (A signifies that the increasing trend failed to pass the
Mann-Kendall test at the 0.05 significance level; A signifies that the increasing trend passed the Mann-Kendall test at the 0.05
significance level; V signifies that the decreasing trend failed to pass the Mann-Kendall test at the 0.05 significance level; ¥ signifies
that the decreasing trend passed the Mann-Kendall test at the 0.05 significance level).

3.3 Analysis of the sensitivity of ET, to each climatic
element

Based on the monthly changes in the sensitivity
coefficient of ET, with respect to each climatic element in
the BTH region in the past 45 years (Fig.5), the sensitivity
coefficients of ET, with respect to V,, and R, had positive
values, whereas the sensitivity coefficient of ET, with
respect to P,, had a negative value, indicating that the ET,
in this region increased with an increasing V,, and R, but
decreased with an increasing P,,. The sensitivity
coefficient of ET, with respect to V,, ranged from 0.06 to
0.48, with the lowest values in August and highest values
in December. The sensitivity coefficient of ET, with
respect to R, was from 0.26 to 0.84, with the highest
values in August and lowest values in December. The
sensitivity coefficient of ET, with respect to P,, was from
—-0.29 to -1.15, with the lowest sensitivity in April and
the highest sensitivity in December. The sensitivity
coefficient of ET, with respect to T, ranged from —0.05
to 0.18 and decreased with an increasing T,;, in the
winter. The sensitivity coefficient of ET, with respect to
Tux ranged from —0.01 to 0.22. The highest sensitivity of
ET, to both T,;, and T, occurred in August.

There is a significant seasonal difference in the

sensitivity coefficient of ET, with respect to each climatic
element (Table 1). In the spring, ET, was most sensitive
to R, followed by Py, Vy, Thw and Ty, In the summer,
ET, was most sensitive to R,, followed by Py, Tiao Tin
and V. In the fall, ET, was most sensitive to P,,, followed
by R, V. Twx and T, In the winter, ET, was most
sensitive to P,,, followed by V,, R,, T\ and Ty, On the
annual scale, ET, was most sensitive to P,,, followed by
R, V,, Ty and T,

Table 1. Seasonal statistics of the sensitivity coefficient of ET0
with respect to each climatic element.

Tests Ve T T e R, Py,
Spring 0.22 0.01 0.07 056 -0.33
Summer 0.10 0.13 0.17 0.79  -0.57
Fall 0.25 0.04 0.08 057  -0.87
Winter 0.40 -0.02  0.01 034  -0.90
Annual mean 0.24 0.04 0.08 0.57 -0.67

Figure 6 shows the spatial distribution of the
sensitivity of ET, in the BTH region to each climatic
element. As demonstrated in Fig.6, there is inconsistency
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Figure 5. Monthly changes in the sensitivity coefficients of ET, with respect to climatic elements.

in the spatial distribution of the sensitivity coefficients of
ET, with respect to the climatic elements. The sensitivity
coefficient of ET, with respect to T,;, ranged from -0.03
to 0.07. The sensitivity coefficient of ET, with respect to
T.in had a negative value for all the areas, except for
Kangbao and Zhangbei. The distribution of the effects of
T..x on ET, was inconsistent with the distribution of the
effects of T,;, on ET,. The sensitivity coefficient of ET,
with respect to T, had a positive value (0.01-0.15) for
all the areas, indicating that increases in T, were
favorable to increases in ET,. Chengde is the area where
the ET, was most sensitive to T,,, with a sensitivity
coefficient of 0.12 (Table 2). ET, increased with an
increasing V.. The sensitivity coefficient of ET, with
respect to V,, ranged from 0.18 to 0.31. The areas where
ET, was highly sensitive to V', were mainly concentrated
in Zhangjiakou and Beijing as well as the junction of
Beijing and Chengde. The sensitivity coefficient of ET,
with respect to P,, ranged from -0.85 to —0.39. ET,
decreased with an increasing P,,. ET, was the least
sensitive to the changes in P, in Zhangjiakou. The
sensitivity coefficient of ET, with respect to R, ranged
from 1.18 to 2.37. The sensitivity of ET, to R, gradually
increased from south to north. In comparison, the
sensitivity coefficient of ET, with respect to R, ranged
from 0.45 to 0.67. Due to the effects of P,, and
temperature, the sensitivity coefficient of ET, with respect
to R, was significantly greater than that with respect to R,.

In addition, an increasing trend at a rate of
0.003/10a, 0.004/10a, 0.048/10a and 0.009/10a was also
evident for the sensitivity coefficients of ET, with respect
to Vy, T R, and P, respectively, in the BTH region
between 1970 and 2013. Except for V,, the increasing
trends of the sensitivity coefficients of ET, with respect to
all the climatic elements passed the Mann-Kendall test at
the 0.05 significance level. The sensitivity of ET, to T,
in the study area exhibited a decreasing trend at a rate of

—-0.002/10a. This decreasing trend failed to pass the
Mann-Kendall test at the 0.05 significance level.
3.4 Discussion

Under a general background of global warming,
there is a notable "evaporation paradox" phenomenon in
the BTH region, where decreases in V,, and R, and
increases in P,, contribute, to varying degrees, to the
decrease in ET, While its sensitivity coefficient with
respect to temperature had a positive value, the sensitivity
of ET, to temperature was significantly lower than its
sensitivity to other climatic elements. Nevertheless, the
effects of increases in temperature on ET, cannot be
overlooked. An analysis of the correlation between ET,
and its sensitivity coefficient with respect to each climatic
element found that except for the correlation between ET,
and its sensitivity coefficient with respect to T (R*=0.

Table 2. Sensitivity coefficient of ET, in the BTH region with
respect to each climatic element.

i\eztigﬁnstratlve v, T, T R, P.,
Baoding 0.24 0.05 0.09 059 -0.73
Beijing 0.26 0.06 0.08 054  -0.61
Cangzhou 0.24 0.03 0.07  0.55 -0.69
Chengde 0.23 0.04 0.12  0.61 -0.69
Handan 0.21 0.05 0.11 0.63 -0.75
Hengshui 0.22 0.04 0.09 059 -0.76
Langfang 0.25 0.04 0.07 0.56 -0.68
Qinhuangdao  0.24 0.05 0.10 057  -0.68
Shijiazhuang  0.23 0.05 0.09  0.61 -0.74
Tangshan 0.23 0.06 0.10 0.57 -0.72
Tianjin 0.26 0.04 0.06  0.53 -0.64
Xingtai 0.22 0.04 0.08 060 -0.75
Zhangjiakou 0.26 0.02 0.06 0.52 -0.48
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Figure 6. Spatial distribution of the sensitivity coefficients of ET, with respect to climatic elements (a: T b: o € Vs di Py €2 S5
f: R,).



No.1

YU Zhan-jiang (F 5 71.), ZHOU Wei-can (JA£fl), et al. 89

43), which passes the significance test at a 0.99
confidence level, the correlations between ET, and its
sensitivity coefficients with respect to the climatic
elements (V,, R, P,,and T,;;) (R’<0.2) all failed to pass
the significance test at a 0.99 confidence level. In
addition, the multiple R? between ET, and its sensitivity
coefficients with respect to Ty, T and P, is 0.86.
Moreover, the changes in the actual P,, in the BTH region
are significantly positively correlated with T, T, and
Tweas With a R* > 0.80. This is mainly because of an
increase in temperature that results in an increase in the
amount of water vapor contained in the atmosphere,
thereby leading to an increase in P, in the region.

The sensitivity coefficient of ET, with respect to R,
is only smaller than the sensitivity coefficient with respect

~ “ maximum temperature

to P,. R, is affected by R, and longwave R, An
increasing trend is apparent for longwave R, in the past
45 years (ellipsis figure), suggesting that the increase in
longwave radiation caused by increases in temperature is
greater than the decrease in longwave radiation caused by
increases in P,,. The decrease in R, caused by decreases
in S and the increase in longwave R,; caused by increases
in temperature have together resulted in a decrease in the
R, of the land surface using formula 2-5. In addition, the
R? between the sensitivity coefficient of ET, with respect
to R, and the sensitivity coefficients of ET, with respect to
R, Ty and P,, are 0.4, 0.85 and -0.84, respectively
(Fig.7). Thus, the intrinsic effects of R, on ET, are
significantly related to 7.
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Figure 7.
respect to R, (a), T (b) and P,, (c).

There is heavy aerosol pollution in the BTH region.
Highly concentrated aerosol particles can affect climate
change through direct and indirect radiation effects. The
decrease in radiation caused by increases in cloud cover
or atmospheric aerosols has been considered a main cause
of decreases in PE 2, A further analysis based on more
comprehensive observed data is necessary to determine
the extent of the contribution of R, and aerosol pollution
to the occurrence of the '"evaporation paradox"
phenomenon in the BTH region.

4 CONCLUSIONS

To determine the characteristics of the response of
the hydrological cycle in the BTH region to climate
change, the changes in ET, were calculated based on the

0.5 0.6 0.7
net radiation

Relationships between the sensitivity coefficient of ET, with respect to R, and the sensitivity coefficients of ET, with

daily data observed at 64 meteorological stations in this
region between 1970 and 2013, and the characteristics of
the sensitivity of ET, to each climatic element were also
analyzed. The conclusions derived from this study are
summarized as follows:

(1) Temperature, P, V,, S and R, all underwent
significant changes. T, Tm. and P, increased
significantly, whereas V,, S and R, decreased
considerably. The ET, in the study area exhibits a
decreasing trend at a mean rate of —12.16 mm/10a,
suggesting a relatively widespread "evaporation paradox"
phenomenon in the BTH region.

(2) There is a significant difference in the spatial
distribution of the sensitivity of ET, to the climatic
elements. Except for Kangbao and Zhangbei, two areas to
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the north of Zhangjiakou, where the sensitivity coefficient
of ET, with respect to 7,;, had a negative value, the
sensitivity coefficient of ET, to T,;, had a positive value
for all the other areas. The sensitivity coefficients of ET,
with respect to Ty, V,, and R, each had a positive value,
indicating that increases in each of these elements were
favorable for increases in ET,. The sensitivity coefficient
of ET, with respect to P,, had a negative value for all the
areas (—0.85 to —0.40) and decreased with an increasing
Py

(3) On an annual scale, ET, was most sensitive to
P, followed by R, V,, Tw and T, There was a
significant seasonal difference in the sensitivity
coefficient of ET, with respect to each climatic element.
ET, was most sensitive to R, in the spring and summer
and to P,, in the fall and winter. In addition, a decreasing
trend was evident for the sensitivity of ET; to T
whereas an increasing trend was apparent for the
sensitivity of ET, to each of V,, T, R, and P,,.

(4) In the BTH region, the sensitivity of ET, to Ty,
and 7, were significantly lower than that to V,, R and
P,.. Nevertheless, the effects of increases in temperature
on ET, cannot be overlooked. The "evaporation paradox"
phenomenon in the BTH region should be attributed to
increases in temperature.
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