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Abstract. Under climate warming anionpoundment conditions of thEhree Gorges Resariv (TGR),
spatial distribution and temporal trend of pan evaporatidimeihree Gorges Reservoir Area (TGRA) and
its surroundings offer valuable information about regionalrblogy and ecosystem successitmthis
study, panevaporation measured by man of 20 cm diameterat 27 meteorological stations during
19522013 in he TGRA and its surroundings wecalculated, compared and analyzed. Their spatial
distribution and temporal trend weexamined and the causes for the variations are discussed. The results
show that: (1)The average annual pan evaporation in the TGRA and its surroundings is 1208.0&whm

it appeas an eastwvest downward gradient. (2) Examined by Mafendall (MK) test, pan evaporation
significantly declined at the rate 0.8 mm/decade during 1952013 It shows upward trend in 1960s,
1970s but downward trend in 1980s a@800s. (3 The decreasing of pan evaporation is the results of
comprehensive influenseof air temperature (TEM), wind speed (WIN), sunshine duratid@®D{Sand
relative humidity (RHU)Among them SSD is thdargest contributor.

Keywords: climatechange Mann-Kenddl test; linear regression; sunshine duraticgvaporation paradox

Introduction

Evaporation i@ keycomponent of the global water and energy cy8thlesinger and
Jasechko, 204 Si nce over 71% of the earthos
evaporation is the major portion of water |[¢gang et al., 2014 It is also one of the most
considered meteorological factors in agricultural and eccébgdecision making
(Trenberth and Asrar, 2014

In general, there are two ways to estimate the evaporation: one is to calculate it
according to metrological parameters, sastsolar radiation, temgaure, humidity and
wind speedAncther is to measure it directly in the figl@owshon et al., 2034Due to
the cost of measuringumerous parameters adifficulty in maintenance and thration,
measuring evaporating rateom a panfilled with wateris easily obtained and thus,
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widely used(Xie et al., 201% In the absence of raithe amount of water evapaoireg

during a certain period closelyorresponds with the decrease in water depth in that
period. It isa simple integrativeneasurement of complex meteorological interactions.
Pan evaporation has been recogtias an integratevindicator fohydrological response

to climate change (Brutsaert, 2016 Although it cannot fully present the actual
evaporation, it has been found to halasephysical contract with the actual evaporation,

and is often used to estimate potential evaporation and reference evapotranspiration, as
well as to forecast agriculturaroduction(Valipour, 2014.

Decreases in pan evaporation over the past half centurybeavereported in many
regions aroundhe world associated with otiate chang€Fu et al., 200P In Northern
Hemisphere, such athe United States of Americ€l19481998) (Lawrimore and
Peterson, 20QHobbins et al., 2004 India (19431990 (Chattopadhyay and Hulme,
1997, Kingdom of Thailand19822000) (Tebakari et al., 2005 Turkey (19732001)
(Ozdogan and Salvucci, 2004taly (18781999) (Moonen et al., 2002and the former
Soviet Union(19511990 (Peterson et al., 1993he pan evaporatiashowed statistical
significant downward trend.he similar phenomena ala@s observeuh the countries of
southern hemisphere, such as Austr@liea752004) (Roderick and Farquhar, 2004
Rayner, 200y, New Zealand19702000 (Roderick and &rquhar, 200pand South
Africa (19742005 (Hoffmanet al., 201). However, a slight increase of pan evaporation
was still found in some small region&ccording toT a b aneseach, 10 of the 12
stations showed increasing trends in the West of dianing 19822003 (Tabari and
Marofi, 2010. Vicente and Rodriguedocumented that all stations except pnesented
an increasing trend in northeast Brazil, 19®93(da Silva, 2001 In general, the pan
evaporabn appears a significant declined trextdjlobal scale

The decline in pan evaporation indicates the decline of potential and actual
evaporation(Zuo et al., 2016 It is far from the expected evaporatimereasingfrom
global warmingwhich iscalled evaporation parag (Modak et al., 201p It is reported
thattemperature of the Eartiurfaceincreasedy 0.85A ®@ver the past 13@ears (IPCC,
2013) One of the expected consequences of global warming is that the ahlanEarth
surface become drigresulting in an increase e¥aporatior{Liu et al., 2011a However,
asshowed by previous studies, observations are opposite to what expected, which has
given rise to further studies on pan evaporation trends in exploring reasons bebigd the
difference One explanation is that the decrease in pan evaporation is congigkent
decreasing solar irradiance due to increase in cloud coverage and aenasoitration
(Jiet al., 2012Joneset al., 2012 The others hold the view that the rising temperature
will increase the actual evaporation, thrarse the air humidity, thus redueeaporation
from the par(Liu et al., 2011hSo far theseexistingexplanations remain controversial
(Liu et al., 2011% It seemghatthe different study areas and approactmdd lead to
different conclusionsAdditional data and analyses will be needtxd explain the
mechanisms behind thadely observediecline in pan evaporatidar understanding the
influence of climate change on the global hydyale.

China is located athe eastern partfahe Eurasian Continent and dftricate
topography and diverse climate typ@&e et al.,, 2016 Therefore, the study gan
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evaporation trends i€hinais of high importance to reveal the characteristics and its
attribution on specific terrain and climate conditions. The Three Gorges Reservoir,
known as the largest newly built reservoir, stretchesk®@pstream with averadel

km wide, and encomgsses a total area of 104’ at the maximum storage water level
(Tang et al., 2016 The expected consequence is that the expanded water surface area
will increase the air humidity, which could redube pan evaporatiofGtrachan et al.,
2016. Although the decreasing trendas showedn the mostpart of China, such as
Yellow River Basin(Ji et al., 2012, Tibetan Platea(iLiu et al., 2011k even Yangtze
River(Wang et al., 201)las a wholereducing solar radiation is the main cauSes here
comestwo questionsl. what is thetrend of pan evaporatian Three Gorges Reservoir
Area (TGRA) and its sumundings decreasing or increasidgnd 2. what isthe main
influential factorof pan evaporatigrsdar irradiation or air humidityTo answer these
guestions, additional analyd@cusing on TGRASs needed.

The objectives of thistudy are (1) to preset the spatial distribution of the pan
evaporation in TGRANd its surrounding$2) to investigate theend of pan evaporation
from 1952 t02013 in this region; (3) to explore the possible causgmofevaporating
ratechange

Materials and methods
Study area

This studyfocuseson the TGRAand its surroundingd-ig. 1), located in the junction
of the middle and upper reaches of the Yangtze River. Its water storage capacéyg reach
up to 39.3 billion M, accounted for about 4% of the annual runoff of ¢fae River
(Yang et al., 2006 The elevationincreases and then decreases from west to east, ranging
between 20 and 3000 m. The western and eastern part of this area is dbhyimatiéng
hills on the edge of Sichuan Basin and Middtaver Yangtze PlaijrespectivelfWu et
al., 2003. And the central part is dominated by Midd®untain District ofHubei,
forming a series of canyorBu et al., 201 Due to the prevailing of the Eastern Asian
monsoon, thestudy areds in subtropical humid climateonethat ishot and humidn
summer, bucoolanddry inwinter. Annual mean temperature is between 16.5 ad @9
and annulgprecipitation is about 1100 mi®0%of which isfrom April to Octobe(Wu et
al., 2004.

Sites and data

Stations span aNrahgkaf i bmE@SnitudREMBR A 112 A
to 1180 m of altitude.Table 1 shows the dtailed information of the studied
meteorological stations. For each station, daily meteorological records of mean air
temperature (near surface), wind speed, sunshine duration, relative humidity and pan
evaporation between 1952 and 2013 were acquired Daity Data Set of Chinese
Terrestrial Climate Data, provided by National Meteorological Information Centre of
China (NMIC) of China Meteorological Administration (CMA).
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Figure 1. Location of the study area and 27 meteorological stations

To ensure thguality andconsistency of the data used fois study several steps are
taken For the data missing lessan 3 days in one monthyeraging daily data of the
same monthvas used t@stimate the missing observatiohthe daysForthedata were
missirg more than 3 days in one month, the month data was exciliteedverage month
data of the excluded month in 198@13were usedo m&e interpolation fothe month.
The average of missing datathis study is less than 5% alf 27 stations.

Tablel.General Information for 27 surveyed Meteorological Stations

. . Altitude Longitude Latitude Annual mean
Cite ID Cite Name p o
(m) ( AE) AN Ep(mm)
1 Hechuan 230.6 106.28 29.97 904.26
2 Xishui 1180.2 106.22 28.33 998.35
3 Jlangjin 261.4 106.25 29.28 1060.13
4 Changshou 377.6 107.07 29.83 1062.85
5 Llangping 454.5 107.8 30.68 1068.62
6 Shapingba 259.1 106.47 29.58 1074.32
7 Wanzhou 186.7 108.4 30.77 1077.62
8 Lichuan 1074.1 108.93 30.28 1083.39
9 Enshi 457.1 109.47 30.28 1085.21
10 Dazu 394.7 105.7 29.7 1087.54
11 Daxian 344.9 107.5 31.2 1088.86
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12 Qianjiang 607.3 108.78 29.53 1108.20
13 Tongzi 972 106.83 2813 1121.81
14 Jianshi 609.2 109.72 30.6 1159.45
15 Wufeng 619.9 110.67 30.2 1173.94
16 Fengdu 290.5 107.73 29.85 1184.49
17 Qijiang 254.8 106.65 29.02 1239.87
18 Fangxian 426.9 110.77 32.03 1269.03
19 Jingzhou 31.8 112.15 30.35 1288.89
20 Yichang 133.1 111.3 30.7 1328.29
21 Zhenping 995.8 109.53 31.9 1354.85
22 Zigui 295.5 110.97 30.83 1366.21
23 Xingshan 336.8 110.73 31.35 1402.45
24 Fengjie 299.8 109.53 31.02 1422.23
25 Nanzhang 151 111.83 31.8 1445.48
26 Wanyuan 674 108.03 32.07 1515.58
27 Badong 334 110.37 31.038 1644.82

(Ep: pan evaporation)

Mann-Kendall nonparametric test

The MannKendall nonparametrianalysis was used to take significance of trends
in hydrometeorological time serig€roitoru et al., 2018 The equation belows often
used to estimate whether a series has a significant trend or not:

M=t/c, (Eql)
in which:
45
= ann (Eq2)
2 2(2NH3)
REYEY (Eq3)

where S is the number of the dual observed values in a series. N is the series length.
For a fixedsignificance levela =0.05 in the present paper, if a series has a significant

trend, i.e.|M[=M,,=1.96; a positive indicate an ascending trend, and vice versa

(Litchfield and Wilcoxon, 955).
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Linear regression

Unitary linear regression was used to identify the trendspahE time series, and
calculate the climate change ré8henbin eal., 200§. The climate change tendency of
the meteorological element is simulated by simple linear equation

F=agtat (Eq.4)

where i, is the simulated value of the meteorological element taisdthe time
series (i.e. the year sequej); a;is constant; is the trend of&; -10 is climate change
rate of the meteorological element per decade.

In addition, multivariable linear regression model was applied to analyze influence of
other meteorological elements op:E

z5=P,+B, zx; +B,zx; ++B,zx, (Eq5)

where zy stands for estimatedvalue; zx. zx;.-zx, is the variables after
standardization,. B,. B,~B, is the coefficient after standardizatighimazroui et al.,

2014 Xia et al., 2015

Results and discussions
Spatial distribution of pan evaporation

The spatial distribution of annual pan evaporation averaged over tHe2pastrs ag
plotted inFig. 2. The aerage annual pan evaporation wa68.03 mm. It varied between
904.26 mm at Hechuan station and 1644.82 mm at Badong station, according to the
calculation resustbased on the recasaf the 27 Meteorological Stations in our sgud

area. The highest values were found in the east of the region and it decreased gradually to

the west, contrary tthow direction of the Yangtze River. Among 27 statioh® average
pan evaporation of the lgtations located in the Norttrebank is 12125 mm, and
1203.70 mm in the&Southern bank. The variation tite northsouth direction was in
insignificant level The average annual pan evaporatitside the TGRA is357.81mm.
But its surroundingareais 1176.08 mm, which is much smaller than the iInF@RA.
Table 2shows some reasons. In the surroundings of @RA, lower air temperaturand
shorter sunshinduration generatiess heat energylherefore, itprovides insufficient
thermal power fowater moleculé¢o escapdrom the molecular attractionn addition,

even though it has faster wind speed to transfer gas water molecules, the much more

precipitation still lead to the higher relative humidifccordingly, the difference of
satuation vapor pressutgetweerthe evaporatiorsurfacess smalle. They are the main
reasons lading to the results found in this study
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Figure 2. Spatial distribution of mean annual Ep in study area during 1BGP3

Table 2.Annual mean values of metrological elements in TGRA and its surroundings

Metrological Element TGRA Surroundings
Pan Evaporation (mm) 1262.34 1180.87
wind Speed (m/s) 1.30 1.40
Sunshine Duration (h) 1395.36 1354.70
Air Temperature () 17.72 15.64
Relative Humidity (%) 76.16 78.77
Precipitation (mm) 1084.16 1139.16

The spatial distribution of seasonal pan evaporation is showig.i83. Comparing to
the results irFig. 2, seasonal pan evaporation showswghly similarpattern é spatial
distribution, indicating a significantastwest gradient in four seass. The highest
valuesof pan evaporation werfleund in the summeRut the lowestwere foundin the
winter (Fig. 3), indicating a similar distribution of heat and raln summer, the pan
evaporation accounted for 42.36% of the wiyaar. But in winter, the proportiaa only
10.11%. Spring and autumn cover the rest 47.53%.
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Figure 3. Spatial distribution of mean seasonal Ep in study area during-?843

By using lnes egression in analyzinthe relationship between altitude, longitude,
latitude al Ep (Fig. 4), results indicat¢hat mean annualgEexists increasing gradient
with 58 mm per degree westward (p=0.072), 106 per degree northward (p=0.000),
but there is nsignificant relationship betweemp&nd altitude (p=0.901). However, the
climate factor may be the main factaffecting the spatial distribution of the pan
evaporationFig. 5 shows the spatial distribution of ttf®SD, TEM, WIN and RHU
respectively. Sunshe duration and wind speeagatially distribute in same trend e
pan evaporation, increasing from southwest to the northeast. But the air temperature and
the relative humidity isn the opposite. The faster nd speed and the longer sunshine
durationprovide the water molecufer more heat energy and kinetic energy to get rid of
the attractive forces between moleculss a result, water phase tranditsm liquid state
to gas state. Thereforthese places show a higher pan evaporation. But thespldtie
higher temperature, unexpectedly shows a lower pan evaporation. This is consistent with
the phenomenon of evaporation paradox. When témperature goesp, the actual
evaporation of the open water area will increase immediately in response. Ehen th
relative humidity of the whole area g up. Eventually it turns out tee a lower pan
evaporation. Thughe high temperature in the TGR#d its surroundingsan result in
the low pan evaporation spatially.
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Figure 4. Relationship between altitudengitude, latitude and mean annual pan evaporation

Temporal trend of pan evaporation

Ep decreased during 198013 (Fig. 6) in study area. By ManKendall test, this
downward trend was at statistical significant level (p=0.000), in a satisfied agrteeme
with the findings reported in several other districts in China, such as Yellow river basin,
Haihe river basin, Songnen plalHyangHuairHai plain etc. However, in our study, the
climate changing rate of the TGRA was abalt. 8mm/decade, higher thahed national
average level, which i29.3mm/decade stated by Binhui Lliu et al., 2004.

Among 27 stations, 18 stations present negative trend in anpuddiéh accounts for
70% of all the stations, and 9 stations show the positive tri@nghich only 2 stations
had the signifiant upward tren@Table 3.

Evaporating rate in about 45% of stations decreases-80rf t0-30.0 mm/decade,
30% from-30.0 to 0 mm/decade, the rest 25% from 0 to 26.0 mm/decade. The highest
magnitudes of the pan evaporation decreasing and increasinlg tvas obtained at Zigui
and Enshi stations, countifAg9.3 mm/decade and 25.1 mm/decade respectiVabld 4.
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Figure 6. Mean annual pan evaporatidrend by linear regressiom study area during
19522013

Table 3.Statistic results of ManKendall test

Significant Non-significant
Trend Total ) )
(at 0.05 confidence level) (at 0.05 confidence level)
Decreasing 17 8 9
Increasing 10 2 8
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Table 4.Conparison of linear regression by and MK test

Linear regression Mann-Kendall test
Range
slope p Slope P

TGRA -4.0835 0.000 -3.51222 0.000
Zigui -5.9291 0.003 -6.47931 0.000
Fengjie -5.8943 0.004 -7.54988 0.001
Badong -5.6037 0.004 -3.90759 0.001
Xingshan -4.9178 0.009 -5.32145 0.001
Jiangjin -4.3442 0.000 -5.27061 0.000
Fangxian -4.3374 0.256 -4.88133 0.011
Changshou -3.9764 0.113 -4.90930 0.079
Shapingba -3.3637 0.107 -3.66487 0.028
Qijiang -3.3548 0.000 2.27005 0.340
Nanzhang -3.3094 0.109 -4.31300 0.123
Dazu -3.1900 0.007 -2.69893 0.186
Wufeng -3.166 0.068 -3.14782 0.006
Xishui -2.7756 0.296 -3.76804 0.168
Hechuan -2.6239 0.079 -2.43572 0.753
Liangping -1.9479 0.236 -2.26090 0.320
Jingzhou -1.0154 0.272 -0.15550 0.359
Lichuan -1.0022 0.239 -1.12735 0.175
Daxian -0.57336 0.277 2.99586 0.505
Wanzhou -0.43804 0.536 1.78721 0.631
Jianshi -0.28092 0.662 -0.11092 0.688
Fengdu 0.39448 0.282 1.42686 0.735
Zhenping 0.67457 0.631 0.69036 0.487
Yichang 1.2569 0.319 2.06214 0.393
Tongzi 14852 0.462 2.10545 0.120
Qianjiang 1.6593 0.743 2.27005 0.340
Wanyuan 2.3927 0.005 4.55452 0.000
Enshi 2.508 0.035 2.77627 0.013

Fig. 7 presents the spatialsdiibution of the climate changingte instudy areaThe
climate changingate of norther bank is-18.1mm/decade, which is lower than the rate
of southern bank20.2mm/decade). And the rate inside the TGRB2&8mm/decade,
which is higher than the raté its surrounding$-11.1 mm/decade). gfalls by a large
marginneart h e 1 1 Wwifioh NjistjdEhe junction zae of the valley and the peak.
Almost all of he seven increasj trend stations afecated in the mouniaous area.
However, by investigating interconnections betwewnaltitude, longitudeggnd latitude
(Fig. 8), no signficant relationship between thewas found
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Figure 7. Spatid distribution of climate changingate in study area during 1932013

Figure 8. Relationship betweedttitude, longitude, latitude and climate change rate of pan
evaporation

Althoughannualpan evaporatiofor most stations during 1952013 was identified to
be a decreasing trendit was not in a ontinued decline during five sub periods
(19601969, 197601979, 19801989, 19961999, 200€2009). In first two periods, the pan
evaporatiorhas no significant increasing trend. But the trend shmmsgnificancen the
next two periods. At the last period, the pan evaporation significantly drops atetred r
-20.98 mma (Table 5.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH5(3):15941610
http://www. aloki.hu 6 I SSN 1589 1623 (Print) 06 | SSN
DOI: http://dx.doi.orgl0.15666/aeet503_ 15941610
a2017, AL¥KI Kft., Budapest, Hungary


















