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RESUMEN

Ug"wvknk¦„"gn"ofivqfq"fg"eqxctkcp¦c"gff{"rctc"ogfkt"nqu"Þwlqu"fg"gpgti‡c"gp"wp"cttq¦cn"eqp"cjqttq"fg"ciwc"fg"
riego en la Llanura del Sur de China, durante la etapa de crecimiento del arroz en 2013. También se analiza la 
tgurwguvc"fgn"dcncpeg"fg"gpgti‡c"uwrgtÝekcn"cn"ecodkq"fg"cnocegpcokgpvq"vfitokeq"gp"gn"uwgnq"gpvtg"ncu"rncecu"
fg"Þwlq"vfitokeq"gpvgttcfcu"c"wpc"rtqhwpfkfcf"gurge‡Ýec"{"nc"uwrgtÝekg."{"nc"eqttgeek„p"fgn"fguhcug"fg"nqu"
eqorqpgpvgu"fgn"dcncpeg"fg"gpgti‡c."rqt"ogfkq"fg"vtgu"ofivqfqu"guvcf‡uvkequ<"o‡pkoqu"ewcftcfqu"qtfkpctkqu"
*OEQ+."rtqrqtek„p"fgn"dcncpeg"fg"gpgti‡c"*RDG+"{"tgocpgpvg"fgn"dcncpeg"fg"gpgti‡c"*F+0"Nqu"tguwnvcfqu"
owguvtcp"swg"nc"ewtxc"fg"nqu"OEQ"ug"kpetgogpv„":0:'"gp"rtqogfkq"{"gn"RDG"ogfkq"fkctkq"cwogpv„"207'"
después de considerar el cambio en el almacenamiento térmico del suelo. El rango de las magnitudes de D 
tgikuvtcfcu"ecfc"ogfkc"jqtc"xct‡c"fg"Î34;/482"Y"oÎ4"c"Î324/3;6"Y"oÎ4, y los valores absolutos de D de-
etgekgtqp";0;'"gp"rtqogfkq0"Vqocpfq"gp"ewgpvc"nc"hcug"fg"eqttgeek„p."gn"kpetgogpvq"gp"nqu"eqgÝekgpvgu"fg"
regresión de los MCO (con un promedio de 11.3%) y el decremento de D en las mediciones realizadas cada 
ogfkc"jqtc"*swg"xcp"fg"Î83"c"398"Y"oÎ4), ambos indicaron que la corrección de la fase de desplazamiento 
oglqtó"gn"ekgttg"fgn"dcncpeg"fg"gpgti‡c"uwrgtÝekcn"gp"guecncu"fg"ogfkc"jqtc."gurgekcnogpvg"gpvtg"gn"cocpgegt"
{"gn"ogfkqf‡c."rgtq"ectgek„"fg"wvknkfcf"gp"nc"guecnc"fkctkc0"Guvq"kpfkec"swg"codqu"ofivqfqu"uqp"¿vkngu"rctc"
oglqtct"gn"itcfq"fgn"ekgttg"fgn"dcncpeg"fg"gpgti‡c."tgrtgugpvcfq"gp"fkhgtgpvgu"guecncu" vgorqtcngu"eqp"wp"
‡pfkeg"fg"gxcnwcek„p"cfgewcfq0"Gu"pgeguctkq"tgcnk¦ct"kpxguvkicekqpgu"wnvgtkqtgu"swg"rtguvgp"oc{qt"cvgpek„p"
a otros aspectos de la corrección.

ABSTRACT

Vjg"gff{"eqxctkcpeg"vgejpkswg"ycu"wugf"vq"ogcuwtg"vjg"gpgti{"Þwzgu"qh"c"rcff{"Ýgnf"wpfgt"ycvgt/ucxkpi"
kttkicvkqp"kp"vjg"Uqwvj"Ejkpc"Rnckp"hqt"vjg"uvcig"qh"tkeg"itqyvj"kp"42350"Vjku"uvwf{"cpcn{¦gf"vjg"gpgti{"dcn-
ance components and evaluated the energy balance closure. The study also discussed the response of surface 
gpgti{"dcncpeg"vq"vjg"ejcpig"kp"uqkn"jgcv"uvqtcig"dgvyggp"vjg"jgcv"Þwz"rncvgu"dwtkgf"cv"c"urgekÝe"fgrvj"cpf"
the surface, and the phase shift correction of energy balance components, by using three different statistical 
methods, namely ordinary least squares (OLS), energy balance ratio (EBR), and energy balance residual (D). 
The results showed that the OLS slope increased by an average of 8.8%, and the mean daily EBR increased by 
702'"chvgt"eqpukfgtkpi"vjg"ejcpig"kp"uqkn"jgcv"uvqtcig0"Vjg"tcpig"qh"jcnh/jqwtn{"F"qxgt"c"hqwt/oqpvj"rgtkqf"
fgetgcugf"htqo"Î34;"/"482"Y"o&4"vq"Î324"/"3;6"Y"o&4."cpf"vjg"cduqnwvg"xcnwg"qh"F"fgetgcugf"d{";0;'"qp"
vjg"cxgtcig0"Eqpukfgtkpi"vjg"rjcug"eqttgevkqp."vjg"kpetgcug"kp"QNU"tgitguukqp"eqghÝekgpvu"ykvj"cp"cxgtcig"
qh"3305'"cpf"vjg"fgetgcug"kp"jcnh/jqwtn{"F."tcpikpi"htqo"Î83"vq"398"Y"o&4, both indicated that phase shift 
eqttgevkqp"kortqxgf"vjg"uwthceg"gpgti{"dcncpeg"enquwtg"cv"vjg"jcnh/jqwtn{"uecng."urgekÝecnn{"kp"vjg"rgtkqf"htqo"
sunrise to noon, but had no use in the daily scale. Thus, the two correction methods are useful in improving the 
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degree of energy balance closure shown in different temporal scales with proper evaluation index. Moreover, 

further research should be given with more attention for other correction aspects.

Keywords:"Ycvgt/ucxkpi"kttkicvkqp."rcff{"Ýgnf."gff{"eqxctkcpeg."gpgti{"dcncpeg."uqkn"jgcv"uvqtcig."rjcug"
shift correction.

1. Introduction

The accurate determination of surface energy balance 

components in different terrestrial ecosystems is an 

essential prerequisite to understanding and modeling 

the interaction between ecosystems and ambient en-

vironments, which are linked with the hydrological 

cycle, climate change, plant productivity, and carbon 

dwfigvu"*Yknuqp"gv"cn0."4224="Ecuvgnnxk"gv"cn0."422:="
Bormann, 2011). Eddy covariance (EC) has been 

deemed as a preferred method for measuring sur-

hceg"gpgti{"Þwz"cpf"dcncpeg"*Ocwfgt"gv"cn0."4229+0"
However, the lack of energy closure is unresolved, 

and a full guidance on experimental set up and raw 

data processing for the EC system is still unavail-

cdng0"V{rkecnn{."kpfgrgpfgpv"ogcuwtgogpvu"qh"Þwzgu"
ceeqwpvgf" hqt" 92/;2'"qh"ogcuwtgf" pgv" tcfkcvkqp."
cu"tgrqtvgf"d{"uvwfkgu"kp"vjg"ncuv"fgecfg"*Yknuqp"gv"
al., 2002; Jacobs et al., 2008; Leuning et al., 2012). 

Generally, the failure in the energy balance closure 

was attributed to the discrepancy of the source among 

xctkqwu"Þwz" eqorqpgpvu=" kpjqoqigpgqwu" uwthceg"
eqxgt"cpf"uqkn"ejctcevgtkuvkeu="Þwz"fkxgtigpeg"ctkukpi"
from transport that is multi-dimensional; the missed 

xgt{"nqy"cpf1qt"jkij/htgswgpe{"Þwevwcvkqpu"qh"Þwz-

gu="vwtdwngpv"fkurgtukxg"Þwzgu="ogcuwtgogpv"gttqtu"
related to the sensor separation; frequency response; 

alignment problems, and interference from tower or 

instrument-mounting structures (Cleugh and Roberts, 

3;;6="Hqmgp"cpf"Qpeng{."3;;7="Ncwdcej"cpf"Vgkej-

ocpp."3;;;="Vykpg"gv"cn0."4222="Yknuqp"gv"cn0."4224="
Masseroni et al., 2012).

Vjg"ceewtcvg"guvkocvkqpu"qh"uwthceg"uqkn"jgcv"Þwz"
and phase correction are both important aspects in 

improving surface energy closure for the results of 

vjg"GE"u{uvgo0"Uqkn"jgcv"Þwz"*G) measured at the 

soil surface was different than the underlying soil at 

c"urgekÝe"fgrvj."cpf"uwthceg"uqkn"jgcv"Þwz"rgthqtogf"
better in energy balance closure (Kustas et al., 2000; 

Heusinkveld et al., 2004; Russo, 2008; Yao et al., 

422:="Ocuugtqpk"gv"cn0."4236."4237+0"Vjwu."ugxgtcn"
methods were developed to estimate the surface soil 

jgcv"Þwz"*G0+"dcugf"qp"uqkn"jgcv"Þwz"ogcuwtgf"d{"
jgcv"Þwz"rncvgu" *Gs+0"Vjg"Ýtuv"ogvjqf" ku"dcugf"qp"

vjg"rjcug"fgnc{"kp"uqkn"jgcv"Þwz"cpf"vgorgtcvwtg"ykvj"
the change in soil depth, or based on the principle that 

vjg"cornkvwfg"qh"uqkn"jgcv"Þwz"cpf"vgorgtcvwtg"fgec{"
gzrqpgpvkcnn{"ykvj"vjg"ejcpig"kp"uqkn"fgrvj"*xcp"Yklm"
cpf"fg"Xtkgu."3;85="Jgkvocp"gv"cn0."4232+0"Vjg"ugeqpf"
method consists in analyzing ground temperature via 

vjg"jctoqpke"ogvjqf"ykvj"vjg"kpugtvkqp"qh"jgcv"Þwz"
plates at the surface, and calculating the soil thermal 

conductivity via the approximation method (Heu-

sinkveld et al., 2004). In the third method, soil heat 

storage (Q), calculated on the basis of soil temperature 

and moisture data, is integrated with the Gs measured 

cv"c"urgekÝe"fgrvj"*Icq."4227="Ocuugtqpk"gv"cn0."4237+0"
This latter method is the one we have chosen.

Energy balance components and net radiation 

might vary out of synchronization with the 24-h daily 

cycle, which led to the systematic energy imbalance. 

Hence, phase correction was another important prac-

tice in improving the surface energy balance closure 

*Hqmgp"gv"cn0."4228="Iwq"gv"cn0."422:="Ngwpkpi"gv"cn0."
4234="Uwp" gv" cn0." 4235="Yqjnhcjtv" cpf"Ykfoqugt."
2013). Gao et al. (2010) presented a theoretical 

analysis of the phase difference in diurnal variation 

of soil surface temperature, soil temperature, soil 

uwthceg" jgcv"Þwz." uqkn" Þwz"ogcuwtgf" d{" jgcv"Þwz"
plates, and soil heat storage, to examine the impact 

qh"vjg"rjcug"fkhhgtgpeg"dgvyggp"uqkn"uwthceg"jgcv"Þwz"
and temperature on the surface energy closure; they 

concluded that the phase difference in soil surface 

jgcv"Þwz"xu0"pgv"tcfkcvkqp."ugpukdng"jgcv."cpf"ncvgpv"
jgcv"Þwzgu"ycu" cp" kpjgtgpv" uqwteg"qh" uqkn" uwthceg"
energy imbalance. Guo et al. (2008) concluded that 

vwtdwngpv"gpgti{"Þwz"ykvj"hqtyctf"rjcug"fkurnceg-
ment of about half an hour contributes to the energy 

dcncpeg"enquwtg"cdqwv"306'/407'"kp"c"ock¦g"Ýgnf0"
Li et al. (2008) reported that latent heat, sensible 

jgcv." cpf" uqkn" jgcv"Þwz"ygtg"jcnh" cp"jqwt" nciikpi"
behind the net radiation in an alpine meadow. The 

slope of ordinary least squares (OLS) regression 

kpetgcugf"ykvj"c"itgcv"kortqxgogpv"qh"6;03'."htqo"
2075"vq"209;"chvgt"rjcug"ujkhv"eqttgevkqp0"Ngwpkpi"gv"
cn0"*4234+"eqpenwfgf"vjcv"vjg"uwo"qh"gff{"Þwzgu"ykvj"
half-hourly averages of sensible and latent heat was 
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less than the available energy, and a substantial part of 

this underestimate could be explained by phase lags 

caused by incorrect estimates of the energy storage in 

soil, air, and biomass below the measurement height 

when the multisite data were analyzed.

Several indexes were used for evaluating ener-

gy balance closure, including energy balance ratio 

*GDT+."nkpgct"tgitguukqp"eqghÝekgpvu"*unqrg"cpf"kp-

tercept) from the OLS analysis, and energy balance 

residual (D). The most popular is EBR, which has the 

advantage of giving an overall evaluation of energy 

balance closure at longer time scales by averaging 

over random errors in the half-hourly measurements. 

A disadvantage of EBR is its potential to overlook 

biases in the half-hourly data, such as the tendency 

vq"qxgtguvkocvg"rqukvkxg"Þwzgu"fwtkpi" vjg"fc{"cpf"
wpfgtguvkocvg" pgicvkxg"Þwzgu" cv" pkijv" *Yknuqp" gv"
al., 2002; Hiyama et al., 2007). The linear regression 

eqghÝekgpvu"*unqrg"cpf"kpvgtegrv+"ctg"fgvgtokpgf"htqo"
the OLS relationship between half-hourly estimates 

qh"vjg"fgrgpfgpv"vwtdwngpv"Þwz"xctkcdngu"cickpuv"vjg"
independently derived available energy, which is 

technically valid only if there are no random errors 

kp" vjg" kpfgrgpfgpv" xctkcdng" *Nk" gv" cn0." 4227+0"F" ku""
another method for evaluating the degree of energy 

balance closure. Its advantage is that it could show the 

degree of energy imbalance at different time points 

(Cava et al., 2008). However, the value of D cannot 

tgÞgev" vjg"fkhhgtgpegu" kp" nqpi/vgto"fcvc" kp" gpgti{"
balance after phase revision.

Rcff{"Ýgnfu"ctg"qpg"qh"vjg"v{rkecn"vgttguvtkcn"geq-

systems in the Asian monsoon region (Alberto et al., 

2011), and the surface energy balance components 

measured in rice ecosystem are different from other 

crops because they are affected by the presence of 

water on the ground or the variation of soil moisture 

content (Tsai et al., 2007; Masseroni"gv"cn0."4237+0"
However, most of the large amount of research on 

energy balance measurement and energy closure 

calculation has been conducted in ecosystems such as 

hqtguvu."itcuuncpfu."ygvncpfu."cpf"wrncpf"etqr"Ýgnfu"
(Meyers and Hollinger, 2004; Castellvi et al., 2008; 

Cava et al., 2008; Oncley et al., 2007; Mauder et al., 

2013; Masseroni et al., 2014), and few studies have 

dggp" eqpfwevgf" kp"Þqqfgf" tkeg" rcff{" gequ{uvgou"
*Qwg."4227="Ecuvgnnxk"gv"cn0."4228="Vuck"gv"cn0"2007). 

Ykvj"vjg"kpetgcukpi"ycvgt"uectekv{."ycvgt"ucxkpi"kttk-
icvkqp"*YUK+"vgejpkswgu"ygtg"crrnkgf"vq"tkeg"rcffkgu"
(Belder et al., 2004; Kato et al., 2011; Rothenberg et 

al., 2011; Uphoff et al., 2010), which exposed rice 

Ýgnfu"vq"ft{kpi/ygvvkpi"e{engu"cpf"itgcvn{"tgfwegf"
seepage and evaporation losses (Bouman et al., 

2007+0" Kp"YUK" eqpfkvkqpu." gpgti{" dcncpeg" kp" tkeg"
Ýgnfu"okijv"dg"ejcpigf."dwv"pq"tguwnvu"ctg"cxckncdng"
on energy balance measurement and energy closure 

ecnewncvkqp"ykvj"vjg"GE"u{uvgo"kp"YUK"rcff{"Ýgnfu"
(Masseroni et al., 2014).

Vjwu."gpgti{"dcncpeg"eqorqpgpvu"kp"YUK"rcff{"
Ýgnfu"ygtg"ogcuwtgf"ykvj"cp"GE"u{uvgo"kp"Uqwvj"
China. Three evaluation methods (EBR, D, and OLS 

tgitguukqp"eqghÝekgpvu+" hqt" vjg"rquv/gncdqtcvkqp"qh"
energy balance closure were applied. The charac-

vgtkuvkeu"qh"gpgti{"dcncpeg"Þwzgu"ygtg"cpcn{¦gf"cpf"
discussed. The effects of soil heat storage and the 

displacement phase on the energy balance closure 

were moreover assessed with three evaluation in-

dexes, and the performances of these indexes were 

discussed simultaneously in different temporal scales.

2. Materials and methods

2.1 Site description

The measurements were conducted using an EC 

system from July to October 2013, during the rice 

itqyvj"ugcuqp."kp"rcff{"Ýgnfu"cv"vjg"Mwpujcp"kttkic-
vkqp"cpf"ftckpcig"gzrgtkogpv"uvcvkqp"*53³"37)"37$"P."
342³"79)"65$"G+."kp"vjg"Vckjw"Ncmg"tgikqp"qh"Ejkpc0"
The study area has a subtropical monsoon climate, 

ykvj"cp"cxgtcig"cppwcn"vgorgtcvwtg"qh"3707"ºC, annual 

rtgekrkvcvkqp"qh"32;903"oo."cpf"cppwcn"gxcrqtcvkqp"
qh"35870;"oo0"Vjg"ogcp"cppwcn"tgncvkxg"jwokfkv{"ku"
:5'."cpf"vjg"cppwcn"uwpujkpg"vkog"ku"42:70;"j0"Vjg"
prevailing winds during the rice cultivation season 

are south-east trade winds. The experimental site is 

Þcv"cpf"hgvejgf"cdqxg"422"o"kp"cnn"fktgevkqpu0"Vjg"
soil is hydragric anthrosol, and the underlying paddy 

Ýgnfu"ygtg"kttkicvgf"ykvj"c"nqecn"YUK"rtcevkeg"pcogf"
Ðeqpvtqnngf"kttkicvkqpÑ0"Kp"tkeg"Ýgnfu"ykvj"eqpvtqnngf"
kttkicvkqp."vjg"ujcnnqy"Þqqfkpi"ycvgt"ku"ockpvckpgf"
kp"vjg"tg/itggpkpi"uvcig"qt"ykvjkp"5/7"fc{u"chvgt"vjg"
application of pesticide and fertilizer; irrigation was 

crrnkgf"qpn{"vq"ucvwtcvg"vjg"uqkn"ykvjqwv"Þqqfkpi"kp"
the rice growth period except the re-greening stage. 

The lower soil moisture thresholds for control irri-

icvkqp"ygtg"92."87."82."92."97.":2."cpf"92'"qh"vjg"
saturated soil moisture during the early tillering, mid-

fng"vknngtkpi."ncvgt"vknngtkpi."lqkpvkpi."dqqvkpi."gctkpi"
to sprouting, and milk maturity stages, respectively, 

consistent with those given by Xu et al. (2012).
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2.2 Instruments and measurements

Vjg"GE"vqygt"*Qrgp"Rcvj"Gff{"Eqxctkcpeg."QRGE+"
was composed of a Campbell CSAT3A sonic an-

goqogvgt" cpf" cp"GE372" qrgp/rcvj" kphtctgf" icu"
cpcn{¦gt"vq"ogcuwtg"vjg"ugpukdng"jgcv"Þwz"*HS) and 

ncvgpv"jgcv"Þwz"*LE) with a 10 Hz observation rate. 

The sensors in the middle of the downwind portion 

qh"vjg"Ýgnf"ygtg"cnkipgf"rgtrgpfkewnctn{"vq"vjg"rtg-
xcknkpi"ykpf"fktgevkqp" *uqwvj/gcuv+" vq" tgfweg"Þqy"
interference. Net radiation (Rn) was measured using 

c"EPT6"tcfkqogvgt"*Mkrr"("¥qpgp."Jqnncpf+"cv"307"
o"cdqxg"itqwpf0"Uqkn"jgcv"Þwz"*GS) was measured 

wukpi"JHR23UE"jgcv"Þwz"rncvgu"*Ecordgnn"UekgpvkÝe."
USA) buried 8 cm beneath the ground. The volu-

metric water content of the surface soil layer (0.1, 

0.2, and 0.3 m) was monitored using three CS616 

uqkn"oqkuvwtg" tgÞgevqogvgtu" *Ecordgnn"UekgpvkÝe+."
and soil temperature was measured at depths of 0.1, 

0.2, and 0.3 m below the soil surface by using three 

32;"VECX/cxgtcikpi" uqkn" vjgtoqeqwrng" rtqdgu"
*Ecordgnn"UekgpvkÝe+0"Vcdng"K"ujqyu"vjg"fgvcknu"qh"
urgekÝe"ugpuqtu"qp"vjg"GE"u{uvgo0"Cv"vjg"ucog"vkog."
the half-hourly temperature, relative humidity, and 

precipitation data were recorded by an automatic 

ogvgqtqnqikecn"uvcvkqp"*YU/UVF3."FGNVC/V."WM+"
in the experiment station.

2.3 Data processing

EdiRe software was used to process raw EC (10 Hz) 

fcvc"cu"vjg"eqxctkcpeg"dgvyggp"vwtdwngpv"Þwevwcvkqpu"
of the vertical wind speed and scalar mixing ratios. 

These were calculated by averaging the 30-min 

blocks for quality assurance and quality control of 

vjg"GE"fcvc" *Qpeng{" gv" cn0." 3;;5="Hkppkicp" gv" cn0."
4225="Hqmgp"gv"cn0."4234="Tkejctfuqp"gv"cn0."4234="
Ocwfgt" gv" cn0." 4235="Cpfgtuqp" cpf"Ycpi." 4236+."
which included the coordinate rotation via the 2D 

rotation method (Anthoni et al., 2004), spectral loss 

eqttgevkqp" *Oqqtg." 3;:8="Ocuugtqpk" gv" cn0." 4235+."
sonic virtual temperature conversion for sensible 

jgcv"Þwz"*Ocwfgt"gv"cn0."4228+."fgpukv{"Þwevwcvkqpu"
eqttgevkqp"hqt"ncvgpv"jgcv"Þwz (Ueyama et al., 2012), 

cpf"urkmg"fgvgevkqp"*Xkemgtu"cpf"Ocjtv."3;;9+0"Kp"vjg"
spike detection algorithm, any value that exceeded 

the mean value ± 3 times the standard deviations was 

ncdgngf"cu"c"urkmg"*Hcnig"gv"cn0."4223c+."lwuv"cu"vjg"
values measured during the rain period or one hour 

dghqtg"cpf"chvgt"tckp"rgtkqfu"*Cpfgtuqp"cpf"Ycpi."
4236+0"Oqtgqxgt." Þwz" fcvc"ykvj" htkevkqp" xgnqekv{"
lower than the threshold friction velocity u* (which 

is equal to 0.1m s&3."ceeqtfkpi"vq"nkvgtcvwtg+"ycu"Ýn-
tered out in data analysis to reduce data uncertainty 

*Ocuuocp"cpf"Ngg."4224="Nk"gv"cn0."4227="Cpvjqpk"
gv"cn0."4226+0"Fcvc"icru"ygtg"vjgp"Ýnngf"wukpi"nkpgct"
interpolation for gaps shorter than 3 h and the mean 

diurnal average method in a window of 10 days for 

icru"nqpigt"vjcp"5"j"*Hcnig"gv"cn0."4223d+0

2.4 Energy balance equation and soil heat storage 

calculation

Assuming that the energy converted into chemical 

gpgti{"d{"itggp"rncpvu" cpf" vjg"jqtk¦qpvcn"Þqy"qh"
energy, caused by advection between the soil surface 

and the level of the eddy covariance instrumentation, 

were negligible; then the energy balance equation of 

c"vgttguvtkcn"uwthceg"ku"ukornkÝgf"cu

LE + Hs = Rn Î"G Î"S (1)

where net radiation (Rn), which is the external drive 

energy of the soil-plant-atmosphere continuum, is 

balanced by the sum of the latent (LE) and sensible 

(Hs+"jgcv"Þwzgu"vq"vjg"ckt."uqkn"jgcv"Þwz"*G), and can-

opy heat storage in biomass and water content (S). In 

the current research, S was determined following the 

suggested procedure, in which S was deduced from a 

Vcdng"K0"UrgekÝecvkqpu"qh"vjg"kpuvtwogpvu"qt"ugpuqtu"qh"vjg"gff{"eqxctkcpeg"u{uvgo0

Measurement Instrument or sensor Location (m)

CO2 and H2O concentrations GE372."EUK."WUC 407
Vertical wind speed CSAT3A, CSI, USA 407
Net radiation CNR4, Kipp & Zonen, Netherlands 307
Uqkn"jgcv"Þwz JHR23UE."JwmugÞwz."Pgvjgtncpfu Î202:
Air temperature and humidity JOR377C."Xckucnc."Hkpncpf 2.0
Soil temperature 32;."EUK."WUC Î203."Î204."Î205
Soil water content TDR, CS616, CSI, USA Î203."Î204."Î205
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eqpegpvtcvkqp"rtqÝng"ogvjqf"kpukfg"vjg"ecpqr{"*Rcrcng"
et al., 2006; Leuning et al., 2012) or based only on 

concentrations at the tower top (Meyers and Hollinger, 

2004). In fact, S"ycu"oquvn{"pgingevgf."urgekÝecnn{"
yjgp"vjg"xgigvcvkqp"jgkijv"ycu"nguu"vjcp":"o"*Yknuqp"
et al., 2002). The present study found that S was low 

cpf"oquvn{"hgnn"kp"vjg"tcpig"qh"Î32"vq"32"Y"o&4, with 

vjg"eqpegpvtcvkqp"rtqÝng"ogvjqf"vjcv"ceeqwpvgf"hqt"
less than 2% of the available energy during the rice 

cultivation season (Leuning et al., 2012).

Uwthceg"uqkn"jgcv"Þwz"*G0) was calculated as the 

uwo"qh"uqkn"jgcv"Þwz"cv"c"fgrvj"qh":"eo"*Gs), change 

in energy storage (Q) in the 8 cm soil layer, and 

ejcpig"kp"gpgti{"uvqtcig"kp"vjg"Þqqfkpi"ycvgt"*Gw) 

kp"tkeg"Ýgnfu"*Jgwukpmxgnf"gv"cn0."4226+."yjkej"ecp"
be expressed as:

G0 = Q + Gs + Gw (2)

where G0"ku"vjg"jgcv"Þwz"cv"uqkn"uwthceg"*Y"o&4), 

Q is the change in soil heat storage in the 8 cm soil 

nc{gt"*Y"o&4), Gs"ku"vjg"uqkn"jgcv"Þwz"ogcuwtgf"cv":"
eo"fgrvj"*Y"o&4), and Gw is the change in energy 

uvqtcig" kp" vjg"Þqqfkpi"ycvgt" *Y"o&4). Assuming 

vjcv" vjg"uqkn"ycu"oquvn{"pqp/Þqqfgf"kp"ycvgt/ucx-

kpi"kttkicvkqp"rcff{"Ýgnf."Gw is neglected. Q can be 

determined based on the change in soil temperature 

(Meyers and Hollinger, 2004; Heitman et al., 2010):

Q ?"*ÄT Cs d+"1"Ät (3)

yjgtg"ÄT is the change in soil temperature (ºC), Cs 

is the heat capacity of the moist soil (J g&3 K&3), d 

ku" vjg"uqkn" vjkempguu" *eo+."cpf"Ät is the time step, 

which is equal to 30 min. The air heat capacity is 

small compared with that of soil and water, and the 

volume fraction of soil organic matter is negligible; 

Cs for moist mineral soils was written as (Masseroni 

gv"cn0."4236="Mwuvcu"cpf"Fcwijvt{."3;;2+

Cs = とbCd + しvとwCw (4)

where とb"ku"vjg"dwnm"fgpukv{"*3057"i"eo&5), とw is the 

density of water (1.0 g cm&5), Cw is the heat capacity 

qh"ycvgt"*603;2"L"mi&3 K&3), and しv is the volumetric 

soil water content. Cd is the heat capacity of a dry 

mineral soil, which is 840 J kg&3 K&3 (Hanks and 

Cujetqhv."3;:2+0

2.5 Energy balance closure analysis

Energy balance closure was evaluated using three 

fkhhgtgpv"ogvjqfu0"Vjg"Ýtuv"ogvjqf"ycu" vq" fgtkxg"
nkpgct" tgitguukqp" eqghÝekgpvu" *unqrg" cpf" kpvgtegrv+"
from the OLS relationship between the half-hourly 

guvkocvgu"qh"vjg"fgrgpfgpv"Þwz"xctkcdngu"*LE + Hs) 

against the independently derived available energy 

(Rn Î"G+"*Yqjnhcjtv"cpf"Ykfoqugt."4235+."yjkej"ecp"
be expressed as:

LE + Hs = a(Rn Î"G) + b" *7+

where a is the slope of linear repression, and b is the 

intercept of linear repression. The ideal closure is 

represented by an intercept of zero and the slope of 1.

The second alternative method to evaluate energy 

closure is the EBR, which was calculated based on 

the cumulative sum of (Rn"Î"G) and (LE + Hs) over 

ugrekÝe"vkog"rgtkqfu"*Iw"gv"cn0."3;;;="Yknuqp"gv"cn0."
2002).

GRn

HsLE
EBR

−

+
=  (6)

D is as another method of evaluating the degree of 

energy balance closure. The energy balance residuals 

rtgugpvgf"kp"vjku"uvwf{"ctg"fgÝpgf"cu"*Yqjnhcjtv"cpf"
Ykfoqugt."4235="Ecxc"gv"cn0."422:+<

D = Rn Î"G"Î"Hs Î"LE (7)

If the value of D is more than zero, then the surface 

energy supply is greater than the outlay; otherwise, 

the result is opposite.

3. Results and discussions

3.1 Energy balance components and energy balance 

closure

The diurnal variations of monthly averaged energy bal-

cpeg"eqorqpgpvu"xctkgf"kp"c"wpkoqfcn"ujcrg"*Hki0"3+0 
Usually, the values of Rn, Gs, LE and Hs gradually 

decreased with decreasing solar radiation from July 

to October. Compared with Hs and Gs, the diurnal 

variation amplitude of LE was much greater. The LE 

Þwz"ycu"vjg"ockp"eqorqpgpv"qh"pgv"tcfkcvkqp."cpf"
the function of Gs and Hs was relatively low, with a 

similar amount in the energy balance. Hence, the es-

timation of evapotranspiration is the most important 

process in determining the exchanges of energy and 

ocuu"kp"c"rcff{"Ýgnf0
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Ideal energy balance closure can be achieved only 

when the available energy is equal to the turbulent 

Þwzgu0"Jqygxgt." vjg"gpgti{"dcncpeg"cv" vjg"gctvjÓu"
surface could not be achieved with experimental data 

ukpeg"vjg"ncvg"3;:2u"*Ocwfgt"gv"cn0."4229="Qejupgt"
gv"cn0."4229="Hqmgp."422:+0"Kp"vjg"ewttgpv"tgugctej."c"
gap existed between Rn and the sum of LE, Hs, and 

Gs. The OLS regression between the half-hourly 

guvkocvgu"qh"vjg"fgrgpfgpv"Þwz"xctkcdngu"*LE + Hs) 

and the independently derived available energy (Rn Î"
Gs+"ku"rnqvvgf"kp"Hkiwtg"4"d{"wukpi"7838"jcnh/jqwtn{"
ucorngu0"Vjg" tgitguukqp"ycu" ukipkÝecpv"cv" c"203'"
eqpÝfgpeg"ngxgn."ykvj"c"unqrg"qh"2079."cp"kpvgtegrv"qh"
590;5"Y"o&4."cpf"c"eqghÝekgpv"qh"fgvgtokpcvkqp"*R2) 

qh"20;40"Vjg"ogcp"fckn{"GDT"*Gs0"8+"ycu"ecnewncvgf"
cu"20:9."tcpikpi"htqo"2083"vq"30590"Hkiwtg"5"ujqyu"
vjcv"oquv"qh"vjg"fckn{"GDT"unkijvn{"Þwevwcvgf"cv"vjg"
stage of earlier growth. During the later stage, daily 

GDT"xctkgf"ukipkÝecpvn{"cpf"uqogvkogu"kv"ycu"jkijgt"
than 1. The half-hourly D data (Eq. 7) ranged from 

Î34;"vq"482"Y"o&4"*3603"Y"o&4"kp"cxgtcig+0"Hkiwtg"3"

shows that monthly averaged LE, Hs, and Gs varied 

diurnally in the same pattern as Rn but with several 

rjcug"fkhhgtgpegu0"Vjg"vwtdwngpv"Þwzgu"nciigf"dgjkpf"
Rn about half an hour, and the hysteresis of Gs was 

oqtg"qdxkqwu."cv"cdqwv"307Î4"j."yjgvjgt"vjg"vkog"qh"
peak or the time of curve mutation appeared.

Vjg"jgcv"uvqtgf"kp"vjg"uqkn"dgvyggp"vjg"jgcv"Þwz"
plates buried at 8 cm and the soil surface might ac-

count for the poor energy closure, as well as the phase 

ujkhv" dgvyggp" vjg" kttcfkcvkqp" cpf" vjg" qvjgt"Þwzgu0"
Energy balance components should be measured at 

the same balance layer when calculating the energy 

balance. In fact, those energy balance components 

were measured with different balance layers via 

diverse methods. Rn"ycu"ogcuwtgf"cv"307"o"cdqxg"
itqwpf="vjg"vwtdwngpv"Þwzgu"*Hs + LE) were measured 

crrtqzkocvgn{"407"o"cdqxg"itqwpf="Gs was measured 

8 cm below the soil surface. Moreover, energy trans-

okuukqp"htqo"vjg"uwthceg"vq"vjg"jgcv"Þwz"rncvg"vjtqwij"
the thickness of the soil takes some time and the heat 

Þwz"rncvg"ogcuwtgogpv"qh"vjg"ejcpig"cnuq"tgswktgu"c"
rctvkewnct"tgurqpug"vkog"*Rqdngvg/Gejgxgtt‡c"gv"cn0."
2014). Hence, it can be concluded that the different 

balance layers of measurement and the difference in 

vjg"tcvg"qh"jgcv"vtcpuhgtgpeg"jcxg"c"ukipkÝecpv"korcev"
on the energy balance closure (Berliner et al., 2004; 

Oncley et al., 2007).

504"KpÞwgpeg"qh"uqkn"jgcv"uvqtcig"qp"vjg"gpgti{"dc-

lance closure

Vjg"uwthceg"uqkn"jgcv"Þwz G0 was calculated by inco-

porating the soil heat storage on the Gs measured at 

a depth of 8cm with Eq. (2). G0"xctkgf"htqo"Î5;08"vq"
33:0:"Y"o&4 during the rice growth season (Hki0"6), 

which was larger than the Gs measured at a depth 

qh":"eo"*Î3:0:"vq"7408"Y"o&4). The maximum and 
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cxgtcig"fkhhgtgpegu"ygtg"cdqwv"8804"cpf"680;"Y"o&4, 

tgurgevkxgn{0"Hkiwtg"6"cnuq"kpfkecvgu"vjcv"c"rjcug"ujkhv"
difference existed between G0 and Gs. Gs frequently 

xctkgf"cv"c"207/307"jqwtu" nci"dgjkpf"G0. This is in 

good agreement with the results of Masseroni et 

cn0"*4237+."yjq"hqwpf"vjcv"uqkn"jgcv"Þwz"cv"vjg"uqkn"
surface (G0) reached daily maximum and minimum 

xcnwgu"qh"cdqwv"422"cpf"Î322"Y"o&4, respectively, 

yjkej"rtgugpvgf"c"ykfgt"cornkvwfg"vjcp"uqkn"jgcv"Þwz"
without considering soil heat storage (Q+"*htqo"Î52"
vq";2"Y"o&4 in the case of the intermittent irrigation 

vtgcvogpv"qh"tkeg"Ýgnf+0"Kp"cffkvkqp."vjg"rgcm"qh"Gs 

ycu"rjcug/nciigf"307/5"j"eqorctgf"ykvj"vjg"rgcm"qh"
Rn. Thus, the change in soil heat storage between the 

uqkn"uwthceg"cpf"vjg"uqkn"jgcv"Þwz"rncvgu"dwtkgf"cv":"
cm was not negligible in the energy balance calcula-

tion. Qualifying the impact of correction in the value 

cpf"rjcug"qh"uqkn"uvqtcig"Þwz"qp"vjg"gpgti{"dcncpeg"
enquwtg"kp"rcff{"Ýgnfu"ku"vjgtghqtg"ukipkÝecpv0

Energy balance closure was evaluated via three 

different methods, by incorporating the change in soil 

heat storage. Considering the change in heat storage, 

the slope and intercept of the OLS regression were 

2084"cpf"5304:"Y"o&4."tgurgevkxgn{"*Hki0"7+."yjkej"
kpetgcugf"d{":0:'"kp"unqrg"cpf"fgetgcugf"d{"3907'"

eqorctgf"ykvj"vjg"tguwnvu"kp"Hkiwtg"40"Vjg"fckn{"GDT"
ykvj"uqkn"jgcv"uvqtcig"eqttgevkqp"*Hki0"8+"xctkgf"cnoquv"
kp"vjg"ucog"yc{"cu"fguetkdgf"kp"Hkiwtg"50"Vjg"fckn{"
EBR varied between 0.70 and 1.32, with an average 

qh"20;3."cpf"kpetgcugf"d{"702'0"Vjg"jcnh/jqwtn{"F"
tcpigf"htqo"Î324"vq"3;6"Y"o&4, with an average of 

3409"Y"o&4. Therefore, the change in heat storage 

dgvyggp" vjg" jgcv" Þwz" rncvgu" dwtkgf" cv" :" eo" cpf"
vjg" uwthceg"jcu"c" ukipkÝecpv" korcev"qp" vjg"gpgti{"
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balance closure, which should not be neglected in 

tgngxcpv"uvwfkgu"*Ocwfgt"gv"cn0."4229="Yqjnhcjtv"cpf"
Ykfoqugt."4235+0

3.3 The effects of phase displacement on energy 

balance closure.

The impact of phase shift of the observed Hs, LE, 

and G0 on the surface energy balance closure was 

cpcn{¦gf"ykvj"vjtgg"kpfgzgu0"Hqt"vjg"rgtkqf"ykvj"pgv"
radiation higher than 1, Hs, LE, and G0 ygtg"cflwuvgf"
by phase correction to allow the daily accumulat-

ed maximum value to appear at the same time as 

the maximum accumulated Rn. The OLS regression 

between Hs + LE against the available energy (Rn Î"
G0) with phase shift correction was calculated and 

plotted in Hkiwtg"90"Vjg"unqrg"qh"tgitguukqp"ycu"208;."
ykvj"c"ukipkÝecpv"kortqxgogpv"cv"c"203'"eqpÝfgpeg"
level, intercept of 23.14, and R2"qh"20:;n0"Eqorctgf"
with the raw data without any correction, the slope 

of the OLS regression increased by 21.1%. The mean 

fckn{"GDT"ycu"cnuq"ecnewncvgf"cu"20;3"cpf"xctkgf"kp"
vjg"ucog"rcvvgtp"cu"Hkiwtg"80"Vjg"xcnwg"qh"jcnh/jqwtn{""

F"tcpigf"htqo"&83"vq"398"Y"o&4. Compared with 

the results of the soil heat storage correction but 

without phase shift correction, the slope of regression 

kpetgcugf"d{"3305'."jqygxgt."vjg"fckn{"GDT"*20;3+"
cpf"fckn{"F"*3409"Y"o&4) were the same. Therefore, 

these statistical indexes had different results in the 

evaluation of the performance of phase shift correc-

tion in the daily energy balance closure.

3.4 Comparison and analysis of energy balance clo-

sure in different temporal scales

The daily EBR and daily averaged D calculated at a 

daily scale were not suitable for evaluating the perfor-

mance improvement of the phase correction. Diurnal 

variations of half-hourly EBR and half-hourly D were 

ecnewncvgf"cpf"rnqvvgf"kp"Hkiwtgu":"cpf";"vq"cpcn{¦g"
the effect of phase displacement on the energy bal-

ance closure in a half-hourly temporal scale.

Hkiwtg":"kpfkecvgu"vjcv"vjg"jcnh/jqwtn{"GDT"ycu"
negative during nighttime and positive during day-

vkog0"Eqorctkpi"vjg"vyq"Ýiwtgu."vjgtg"ycu"c"igpgtcn"
increase in the half-hourly EBR from sunrise to noon 

after phase shift correction but it appeared almost 

identical in the afternoon with a value of about 1 

around 16:00. This phenomenon might be explained 

by the continuous increase in air and soil temperature 

with the increase in net radiation during the morning; 

hence, energy transmission from net radiation to other 

gpgti{"Þwzgu"ycu"gzrgpfgf"cv"uqog"vkog0"Vgorgtc-
ture was relatively stable in the afternoon; therefore, 

the energy balance ratio was high (close to 1) with 

good atmospheric stability. The EBR drastically 

changed during the morning and evening transition 

periods, both before and after the phase shift correc-

tion, mainly because the temperature changed quickly 

and the atmospheric turbulent exchange was not 
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stable neither above nor beneath the canopy during 

these two periods. The high velocity of vertical ex-

change in the stratosphere exceeded the normal range 

of variation. Thus, capturing the variable data at a 

htgswgpe{"qh"32"J¦"ykvj"jkij"ceewtce{"ycu"fkhÝewnv"

hqt"GE"u{uvgou0"Hwtvjgtoqtg."vjg"xcnwg"qh"GDT"ycu"
negative in the night regardless of whether the phase 

shift correction was performed or not, which meant 

vjcv" vjg" vwtdwngpv" gpgti{"Þwzgu"ygtg"rqukvkxg" cpf"
much higher than the available energy. The methods of 

half-hourly EBR were unavailable for the evaluation of 

the energy balance closure during nighttime. The de-

gree of energy balance closure was calculated, but the 

nighttime data was excluded. The EBR that involved 

the use of daytime data sets was smaller than daily 

EBR with the whole-day observation data, regardless 

of whether phase shift correction was performed, and 

the result was consistent with those of Leuning et al. 

(2012). The energy entering the soil, air, and biomass 

during the daytime was returned partly during night-

time, hence, the energy distribution and conversion 

qh"vjg"rcff{"Ýgnf"rtgugpvgf"c"urgekÝe"eqorgpucvkqp"
ghhgev"fwtkpi"vjg"fc{"cpf"pkijv0"Yjqng/fc{"qdugtxc-
tions were numerous and comprehensive, which meant 

that energy transmission was a continuous process, and 

that research regarding energy components needs also 

to be spatially and temporally continuous.

The monthly averaged value of half-hourly D 

xctkgf"kp"vjg"wpkoqfgn"ewtxg"*Hki0";+0"Fwtkpi"vtcp-

sition periods at morning or evening, Rn was as low 

as zero, and D was almost zero. Besides those two 

transition periods, D was always positive in daytime 

and negative during nighttime. The half-hourly 

energy balance residual was calculated (i) without 

any correction (D1), (ii) only considering the change 

in soil heat storage (D2), and (iii) considering both 

change in soil heat storage and phase correction (D3). 

Hkiwtg";"kpfkecvgu"vjcv"vjg"cduqnwvg"xcnwg"qh"D3 was 
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ukipkÝecpvn{"nguu"vjcp"D2 and D1 during the period 

from 7:00 to 12:30 as well as during nighttime, but 

more or less than D2 and D1 from 12:30 to 17:00. The 

absolute value of D2 was smaller than D1 throughout 

the whole period, which meant that the correction of 

soil heat storage improved the energy balance closure 

in whole day periods, and the correction of phase 

shift improved the energy balance closure during 

the heating period from sunset to noon, which is the 

same as the results from half-hourly EBR. The two 

half-hourly indexes indicated that the hysteresis of 

energy conversion occurred mainly during the morn-

ing, and the synchronization of energy components 

improved with increasing net radiation. The results 

of this study show that with the use of net radiation 

peak time we could infer the delaying time periods 

of energy components and correct the phase shift 

according to different periods.

This analysis showed that the effect of phase shift 

eqttgevkqp"ycu"tgÞgevgf"kp"vjg"yjqng/fc{"rtqeguu0"
Vjwu." eqttgevkqp"ycu" cnuq" c" ukipkÝecpv"ogvjqf"
to improve the surface energy balance closure at 

half-hourly scale with the indexes of OLS regres-

sion, diurnal variations of half-hourly EBR, and 

half-hourly D, even though the daily accumulation 

values of half-hourly data were the same with and 

without phase shift correction. The correction meth-

ods of soil heat storage and phase displacement are 

different in principle and action, which means both 

are useful to improve the surface energy balance 

closure in different temporal scales with a proper 

evaluation index.

Aside from the two temporal scales, further analy-

uku"qh"GDT"kp"vjku"rcff{"Ýgnf"hqwpf"vjcv"vjg"xcnwg"qh"
fckn{"GDT"*20;3+"ycu"itgcvgt"vjcp"vjg"itqyvj/uvcig"
EBR (0.88) with the two corrections, and no signif-

icant effect existed for the degree of growth-stage 

energy balance closure with and without the two 

corrections. Thus, it is reasonable to conclude that the 

greater imbalance in growth-stage scale was caused 

by the following reasons: 

1. The sampling problems, i.e., the footprint area of 

EC measurements may not match with the source 

ctgc"qh"pgv"tcfkqogvgt"cpf"uqkn"jgcv"Þwz"ogcuwtg-
ogpvu0"Ykvj"vjg"tkeg"fgxgnqrogpv"qxgt"vjg"yjqng"
growing stage, the height difference between the 

canopy and the sensors height greatly varied, 

which may cause the footprint area to be beyond 

vjg"dqwpfct{"qh"vjg"GE"Ýgnf="eqpugswgpvn{."ncem"
of energy balance closure may occur.

2. Neglecting other energy sinks, such as canopy 

heat storage, biochemical energy storage trans-

formed by photosynthesis, energy transforming in 

the meteorological process, and energy exchange 

arising from advection may also lead to the more 

obvious lack of energy balance closure in the 

growth-stage scale. Thus, more attention should 

be given to further observations and research on 

these aspects.

4. Conclusions

Vjg"GE"vgejpkswg"ycu"wugf"vq"ogcuwtg"gpgti{"Þwz-

gu"qxgt"c"ycvgt/ucxkpi"kttkicvkqp"rcff{"Ýgnf"kp"vjg"
Uqwvj"Ejkpc"Rnckp"hqt"vjg"tkeg"itqyvj"uvcig"kp"42350"
The diurnal variations of monthly averaged energy 

balance components varied in a unimodel shape, 

however the value and phase gaps ranged between 

Rn and the sum of LE, Hs, and Gs. The accuracy of 

the soil heat storage term estimation has a crucial role 

on the improvement of energy balance closure. Con-

ukfgtkpi"vjg"jgcv"uvqtcig"dgvyggp"vjg"jgcv"Þwz"rncvgu"
buried at 8 cm and the surface, the OLS slope for the 

half-hourly data set increased by an average of 8.8%, 

cpf"vjg"fckn{"GDT"kpetgcugf"d{"702'0"Vjg"tcpig"qh"
half-hourly D over the whole growth stage decreased 

htqo"Î34;/482"Y"o&4"vq"Î324/3;6"Y"o&4, and the 

cduqnwvg"xcnwg"fgetgcugf"d{";0;'0"Vjg"rjcug"ujkhv"
eqttgevkqp"ycu"cnuq"c"ukipkÝecpv"ogvjqf"vq"kortqxg"
the surface energy balance closure at a half-hourly 

scale. Compared to the results with change of soil 

heat storage but without phase shift correction, the 

OLS regression slope increased by 11.3%, and the 

jcnh/jqwtn{"F"fkokpkujgf."tcpikpi"htqo"Î83"vq"398"Y"
m&4, even though the daily EBR and D were the same. 

Moreover, both half-hourly EBR and D indicated that 

the hysteresis of energy conversion occurred mainly 

during the morning. Thus, the indexes of OLS, EBR, 

and D, with different principle and action, had differ-

ent applications and variation degrees of response to 

the correction of energy balance closure in different 

temporal scales.

The results of this paper have general application 

kp"vjg"eqttgevkqp"qh"gpgti{"dcncpeg"fgÝekvu0"YUK"ku"
a promising water-saving technology being devel-

qrgf"vq"nqygt"ycvgt"tgswktgogpvu"qh"tkeg"Ýgnfu."kp"
order to address issues of water scarcity; it has been 

popularized and applied in large areas, especially 
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in Southeast Asia (e.g., China, South Korea and 

vjg" Rjknkrrkpgu+0"Vjwu." vjg" uqkn" jgcv" uvqtcig" cpf"
phase shift correction proposed in this research are 

necessary for the accurate estimation of evapotrans-

rktcvkqp"kp"YUK"tkeg"Ýgnfu0"Kp"cffkvkqp."qwt"tguwnvu"
are useful for understanding the applicability of 

evaluation indexes and the process of water and 

gpgti{"Þwz"gzejcpig"cv"fkhhgtgpv" vgorqtcn"uecngu"
wpfgt"c"YUK"rtcevkeg."yjkej"rtqxkfgu"cp"guugpvkcn"
uwrrqtv"hqt"hwtvjgt"fgxgnqrogpv"qh"vjg"YUK"vjgqt{"
and technology. More attention should be given to 

future research on additional causes of the energy 

dcncpeg"fgÝekv"*g0i0"ucornkpi"rtqdngou"cpf"pgingev-
ing other energy sinks, and long-term continuous 

measurement using the EC system is needed to 

guvcdnkuj"c"eqwrngf"oqfgn"qh"ycvgt"cpf"gpgti{"Þwz"
in future studies.
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