PR R

AP FRTELERAFRE L1 EE X
ERCE

Graduate Institute of Bioenvironmental Systems Engineering

College of Bioresources and Agriculture
National Taiwan University

Master Thesis

BABE R YK OB

Estimating ground heat flux and latent heat flux

v - Ll:
—‘:"KL.'E&

Cheng-Jiun Chiu

R S A L
Advisor: Cheng-I Hsieh, Ph.D

2% K 106F 87
August, 2017

d0i:10.6342/NTU201703865



B2 K% (#8) HE-Lmhx
DRELBEeECE

TXHE : MR R T PLK RB BB R,

BXAER Estimating ground heat flux and latent heat
flux

Ao Xts_ BRkEE E (2% R02622029) AERILEEREL
B ﬁﬁlfizﬁmﬁﬁmf&izéﬂ:ﬁi{i XL 2 7}“’\&. 106 == 6 A 1
BATHEARZBEERBBR OKRA > 455

v

oRAE : %% A (%4)
%{i (45 F#4%)

%EiE PR //@\i% 4“5\//\ (54)



Ry

A @S i%}ipﬁpﬁﬂ%?{}?ggb_%igmm “"}ﬂ%:' B BHE S
FE ST e dp e e e 4 PR o EF QR AT R S A
PENEENTRBREFA LA RERALE VS AP HHEF A T RS

HEAEHL - VHERREHTCFL R AR KRB M ;Tﬁ—"ngFf" e L AN
FFaa dairh {HiE2g-

BFRRMFT 0% Fo Macl s F R4 2R B TR & meeting P
RS e BRI NE R B R T M3 T L B R A B P R

FIE S ' SEBERCF A S B B s £F A LA

RS Fekd o~ LR EERT i AL ED B T SRR
égl“ o

B RRHADTA & FFARDE AT T Y

VAFALIIA B B E S o

d0i:10.6342/NTU201703865



i &

% AP ABUEERFEATPERIE A F o5 - F 5 1% 245
i ARUE2Z ] B ARUE AP AR ETHFYPRFEL - B0 AR
P i Ay J1* 45543 Objective hysteresis model (OHM)cHi 3 £ 13 £ enw
Al ZERERFZRO e AR TR iy 7 P AT RETR-0 7 R
AR RFIE B - F A §F VRRE - BETX»-€F i Dripsey 2 £ ¥
BnFEF S Glncar Buw By o REFERALJITAEFE KK
PAEEE

AT EDP L P ﬁﬂﬂ%ﬂﬂ&%%ﬁg% s ) = ifﬂ:}iﬁﬁ%—@ﬂ?g@gpg&]ﬁ %,
Pip i OHM Trfic s I E Bk gL o TR E 0 T H-OHM bt’%)’x{[“}x‘}ﬁr:,éim

m
v AT OHM FRRI & £l £ 04 TR g vt SiLie iz & edF o

FoRLkFU B2 25 HEFT o Liug 4 A20128 7 d - 2l
i% (nonparametric method) % B3+ k7 2 PR A £ L BT DL B P BT B2

E

LAt 2 2N R R B W (74402 2 2 Equilibrium evaporationz. B g ¥~ B B3
Moo AT R B Sk B2 B erDripsey(CRIE ¥ 3 )11 2 Glencar(Gr ¥
p)oara b Rl T g H(H)A R F B (LE) g s (R) ~ 2 RO E(G) 2 4
PSSR Y RRIESE R £ P £ (energy closure)if {5 > 1 2bgdieit & 2

Equilibrium evaporationsi# g4 ¥ A § AL AT oA S AL L8 0 &

‘N

#F(LE/(Rn-G)) 5 0.6/ B ] » F 7% F % 30.6pF # * Equilibrium evaporationg =

K E R 2% BF S 06FR AL R RF UL ERE o P
%ﬁ'\ﬁi“‘/ ﬁ’» ;:iﬁ'g;{_’{ ,’ /E}ii b 7\ m.)i

B4t - & 4 4l § - 245 5+ - Objective hysteresis model~ -k # 3

=

‘3“ )

=

(g
ra
'S
\ [nnd

o
=

e
ra

Equilibrium evaporation

d0i:10.6342/NTU201703865



Abstract

In this study, we estimate ground heat flux and latent heat flux. This study is divided
into two chapters.

Ground heat flux plays an important role in surface energy balance. In this chapter
we are going to evaluate the capability of using net radiation and objective hysteresis
model (OHM) estimate ground heat flux and compare with the linear regression model.
The experimental sites are including a suburban roof, a grassland in a city, a grassland
pasture and a bog. Ground heat flux was measured directly or obtained with the surface
energy balance.

We choose clear and dry days and obtain OHM coefficients by binary linear
regression in each month. We found coefficients would change in each month, and used
OHM model estimating ground heat flux is better than linear regression model.

In chapter two, we are going to estimate latent heat flux using a nonparametric
method.Liu et al. proposed a nonparametric approach to estimating latent heat and
sensible heat flux. In this chapter, we are going to evaluate the capability of the
nonparametric approach and figure out the applicability and relationship with equilibrium
evaporation equation. The experimental site are located in a grassland pasture (Dripsey)
and a bog (Glencar). Latent heat flux, sensible heat flux, net radiant flux, air temperature,
surface temperature and vapor pressure deficit were measured in two sites.

Result showed that nonparametric approach and equilibrium evaporation are really
close and they provide the best estimate after measured latent heat flux and sensible heat
flux was corrected. Both methods have minimum error when evaporation fraction is 0.6.
Equilibrium evaporation equation estimate latent heat flux is better than nonparametric

approach when evaporation fraction is more than 0.6, on the contrary, nonparametric

d0i:10.6342/NTU201703865



approach is better than equilibrium evaporation equation when evaporation fraction is

less than 0.6. Inall input parameters, air and surface temperature influence nonparametric

approach most.

Keyword: Ground heat flux, Objective hysteresis model, Latent heat flux, Nonparametric

approach, Equilibrium evaporation
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Chapter 1.
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Estimating ground heat flux from net radiation
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(IRTS) B iBl# £ 8 B (°C) o 3 3l £ & (Mp01)2E & >t 6 T 8 2 4 fiE B ¥ £ &
MR TR G T 2 A 6 A RZER S HE A (111 temperature probe) £ B 3
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pPsCs = PppmCr + 0p,, ¢, +P,p,C, 3)
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4190 =

23 B X% & -€ F jDripsey

d0i:10.6342/NTU201703865



Dripsey %7 3 =23t % € i fF chfl 533 (Cork) & # = 4 25 2 2 &51°59°N,
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WWW%—%§?%ﬁ%#K&’iﬁi%$iéi£ﬁﬁ%ﬁﬁ’¢%¥*§
G R R el B B R R Aded 5 10~20 24 - X RF 5 45 o 4 (Jaksic et
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o5& 30 Mg TIHE XS AR Rk F A VREREESET ORD I
B R R TR T AR 2 45 S (CNRL) » 2 Sl £ (HPOD) ~ 8 & ~ 4P $HiR A
(HMP45C) > %3 3 R A S5 428 ~-01 2% ~25 2% o 430 Bt hs

B
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BT 15575 20 FR A HIBRFERIE G T 5 20 Fd BRI
BRI EHERAFCEA» 2NQTT KB 25 e 2 RTE - EplEy
Jo B - = 0 & 30 A48T 55— 4 ficp (Peichl etal, 2011) » & S 2 psCs /1 *+ 2.07
~33MIM3 KL 2 3 1 B2 RETISH- K AT EG- EPE T GY
ECE R FRIR > 32013 G M A PE N 20 % o

24 B ¥%i-%-% F jGlencar

Glencar % - /&% 2> =3 € f o 3 > 0 Country Kerry > § Sk Ak 5
(51°55°N ,9°55°W, %45 150m) o 3%+ % "~ - R A2 BF 5 g AL HF 2
Tiag R 5 101°C~ £ & & 5 1834mm e fjn¥ e > b A IRk e R R
Bi®IEFHERAREIEFH %A BUK density) 5 0.05 (gem®) ~ LB F A
95% » ik A K iFR ¥ 2 3|5 2 < jF(Lewis Etal, 2012) - § EpFad diEs R En
B 30%k G g o SRR ER A R AT R RS > A7 B adp $
BRET R kgt bls § #77 F (Sottocornola etal., 2009) o 3t iE E ¢ e
HEEhlpre 3 2¢ RKiRinApRE = 0 d AZf b @3- (CSAT3)E Rl = &

w Bboi# ~ 0 (virtual potential temperature) 4 2 = % it g/-k § A 45 &k (Licor 7500)
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B hBSE E Kf 2 TRAEEGET ORD L
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T 10 24 7 Hip0l B R 0 2 IR A

=
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o
N~

ER ke T 10 A R AR B 2
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HMPA45C & Bl &R % M 1 4Gjc - Xk = 304 4T 35— =t (Sottocornola
et al, 2010; McVeigh, 2014) - % T &2 A2 B89 % - K > 2T} Bcdp— HPE
B2 o en® F kR 0 2t 2013 & Sk AR HE 0 43 % o

FRABREUERARIBERFE - BF LR 2 AR r A RE B2
5L S — i H MR % 0 2@ Camuffo ¥ Bernadi »t 1982 # 4 7% iF 547 ¥
AL B 2 40 B - &R % (hysteresis) » ¥ 25 % — i E](loop) 4~ 6a ~ 6b >
THed - MR A T EEEE e AR 2 B (2 7 Objective hysteresis
model, OHM) » = ;% 40T
G =alR, +a2 +a3 @)
He $-02 52T 2GHEE 2R b e B MTAP Y [Fa o F
ST AR GAR R A lcal Al PR T 2 HIBR G 4
Pl it : HpER ey B oo Glkal Er o P AT e HER
AR AP GER2ATEFRENA ) ZE S F R2E 5 )50 pE
AR EE L HGT g AN IE St e i Y R Bt e L A B ACH BB F
TG R EPEE 0 K2 a2 5 BRCAF LRI A0 L B B e Y iR g
bl L AU BEACT BB FRE ZHPFS o n y a2 FFMRLG EFRE

-\\%

(Souch etal 1996) - M #ca3 (B =2 Wm?) 2 563 » Vil A0 28 2§ B R L
2 4 A ATig + (Camuffo and Bernadi, 1982) > & f i 8w JEd - M

F*"*‘"Eﬁ: FE® o H? dRV/At 7 A rFok? 3t E SN 4T

_t = (Rut+ 1) = Rue-1)) /24t ©)
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% 1 & # 7 F % & o Objective hysteresis model (OHM) i% #& (revised from
Grimmond and Oke, 1999)

- A -:.E‘;l:v‘.m]
W A
mETra < e OHM % #&

al a2 (hr) a3 (W m?)

1. %8 /[R%

B EAR McCaughey (1985) 0.11 0.11 -12.3
Y Doll et al. (1985) 032 054 -27.4
& F & b Y 031 055 -25.82
= *EY 0.07  0.08 -8.84
AR Novak (1981) 0.38  0.56 -27.3
2 (UR) Fuchs and Hadas (1972) 0.33  0.07 -34.9
2 (i) Fuchs and Hadas (1972) 0.35 0.43 -36.5
L3 Asaeda and Ca (1993) 0.36  0.27 -42.4
kGE o~ RE) Souch et al. (1998) 0.5 0.21 -39.1
EE¥%RiE LY =gy 0.16  -0.12 -6.34
2. B7%
Vancouver ( gravel on
tar) Yap (1973) 017 01 -17
Uppsala(concrete, asphalt
or gravel) Taesler (1980) 044 057 -28.9
Kyoto (concrete) Yoshida et al. (1990-91) 0.82 0.34 -55.7
A2z ®wETE (R -
) Y 047  0.26 -32.69
3. HE/ZEE S
Rt Doll et al. (1985) 081 048 -79.9
P, Asaeda and Ca (1993) 0.85 0.32 -28.5
BT Narita et al. (1984) 036 0.23 -19.3
BT Asaeda and Ca (1993) 0.64  0.32 -43.6
BT Anandakumar (1999) 0.82 0.68 -20.1
11
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229 %P BHERER R

@ By ) AZRET RKEFH BERIE Ve €S al S
A 2007/5/2 2012/6/5 2013/1/1 2013/1/1
~9/5 ~2013/9/18 ~12/31 ~12/31
& 3(m) 12 22 195 150
ik 24 24042°N, 25°01°N, 51959°N, 51°55° N,
120°34°E 121°53’'E  8°45°W 9055 W
F EHE A PlEFFzE MEAFTFE OBEF 50 p A
£ *% & (mm) 1773 2405 1161 1834
#3298 (°C) 22 23.9 9 10.1
=& % A& (cm) -- 5~45 10~45 --
£ R % & (M)
eddy-covariance  13.62 1.25 5 3
dEAAEE -0.08 -0.1 -0.1
FEER -- -- -0.05 --
d R R -- -0.02,-0.06 -0.015,-0.05,-0.075 -0.1
B Ten 4
WHEAZFE -- 45 2.07~3.3 3.42~3.99
(MJ m3 K1)
VR -- -- 0.61 0.8~0.95

dORAER A E 2 2 S A
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%3 Gz ®HETRFREF % 82007 £#5% ~7 7 510bjective hysteresis model

(OHM) % dc = ()P #edy 3 2 30 8chp 2 w|F E(T 3 A7)

' »/OHM %k al a2 (hr) a3 (W m?)

5 0.456 0.232 -32.88

6 0.457 0.249 -27.6

7 0.485 0.289 -37.6

= 0.466 0.257 -32.69
(0.461) (0.492) (-31.92)

TRz 0.014 0.024 4.08

13
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204 RFPIETHE S8 F ORPITF %Y 2012 £ 6 7 ~2013 & 9 10

Objective hysteresis model (OHM) %% % o ()P #icdy 5 >V BIp2 ® fﬁ_ﬁ_(ﬂwz g

")
1> JOHM 4 #ic al a2 (hr) a3 (W nr?)
2012-Jun 0.259 0.367 -21.76
Jul 0.285 0.659 -37.93
Aug 0.206 0.672 -30.42
Sep 0.249 0.532 -28.11
Oct 0.27 0.694 -22.35
Nov 0.299 0.619 -19.57
Dec 0.368 0.686 -14.28
2013-Jan 0.457 0.555 -20.45
Feb 0.462 0.698 -20.4
Mar 0.43 0.791 -29.47
May 0.495 0.315 -43.19
Jun 0.293 0.488 -34.56
Jul 0.221 0.332 -23.92
Aug 0.178 0.414 -21.89
Sep 0.169 0.491 -19.05
T34 0.309 0.554 -25.82
(0.26) (1.1) (-24.67)
S 0.104 0.144 7.7
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% 5 L £ % 3%+ Dripsey 9 %% 2013 # 4 * ~2013 # 9 * & Objective
hysteresis model (OHM) % #ic o () #cdp 5 2 08Iz 2 v §F (A L)

' »/OHM %k al a2 (hr) a3 (W m?)
4 0.1 0.08 -11.9
5 0.06 0.06 -8.5
6 0.08 0.11 -7
7 0.07 0.07 -4.3
8 0.04 0.01 -8.6
9 0.08 0.14 -12.7
R =] 0.07 0.08 -8.8
(0.06) (-0.004) (-5.5)
A 0.02 0.04 2.8
15
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% 6 B ¥ % 2% Glencar % %%+ 2013 # 2 *

~ 2013 # 11 * &7 Objective

hysteresis model (OHM) e - ()P #icdy 5 i%ﬂﬁz#‘gi?ﬁfﬁ (TR AT

1 i»/OHM 7 #ic al a2 (hr) a3 (W nr?)
2 0.18 -0.23 -4.61
3 0.14 -0.08 -6.25
4 0.12 -0.17 -4.6
5 0.13 -0.07 -12.13
6 0.15 -0.07 -11.43
7 0.14 -0.06 -11.55
9 0.16 -0.08 -0.79
10 0.2 -0.14 -5.8
11 0.19 -0.17 0.11
I 15 0.16 -0.12 -6.34
(0.13) (-0.15) (-8.25)
A 0.03 0.06 4.29
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%7 &9 s @k fF 2 Objective hysteresis model (OHM)#g ipjs % 44l
EL
B

Zo % Fo 4

O Bcdh s 1% Toal,a2,a3 GHcE (T3 A4 ) E 2

P ok B AL % £ R2 RMSE (W m?2) F il

Glinear

Az ®%ETR 0.89 5.22 0.89 41.45 612
(0.89) (5.27) (0.89) (41.61)

FKFE & 0.39 2.48 0.39 70.18 4213
(0.35) (2.65) (0.35) (72.55)

)= 2 0.85 0.58 0.82 6.13 1378
(0.76) (0.62) (0.76) (7.05)

BET L ERE 0.81 0.8 0.81 13.28 1918
(0.78) (0.89) (0.78) (14.01)

GoHm

iz %A 0.92 3.41 0.92 34.48 612
(0.92) (3.66) (0.92) (34.79)

¥ F & B 0.72 1.16 0.72 48.07 4213
(0.65) (1.42) (0.65) (53.07)

BE%REe 0.83 0.45 0.83 5.96 1378
(0.76) (0.62) 0.77) (7.04)

BE®R-EEE 0.87 0.52 0.87 10.68 1918
(0.84) (0.66) (0.84) (12.05)
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W4 B EpFRyY > 28 hEE 5 5 L3 o (after g G 2008)
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Chapter 2.
S RN =S & ' QEREY iy

Estimating latent heat flux using a nonparametric method
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1.8 3

AFACARBERY £ & - o ZFAE- A RONE 2 T E R ER
HERFHS -F2GE P -z xr 22452 Fend 3 i8*  (Shukla and
Mintz, 1982; Chahine, 1992; Pitman,2003) - Z# it 7 fiL i -k # L £ &2 £ e £
TfEs ks TgF g & F ki 4 LAk (Brutsaert 2005) > #102 Su SRR F iR
B kfd g8y 3 KFho3d o 2 (Katerji and Rana
2006 ;Vercauteren etal » 2009 ;  Shuttleworth 2007)

SOORAIERIRFE R F S A RA NI Z BRI EauT o 2 7 Bowen
ratio-energy balance (BREB) method & - & 8 = 27 % k357 R #£2 -k § i
EoHZ RO EG S F R CERVARAEEF RS R - BREBehBEK IE 2
ER-E SR 22 .;i;gi;] Bk F i né;ﬁi%l %#ic— 3k o %@ % Bowen ratio (B)
BHiT-1pF » BREB#-& 2 5 »ap Rl R F 2 VR AU E » AT g # 2 ok f

W

¥

ETIAS

BERUEUEAPERS ofpr PFopbif2 5284 4% P Ba T a2 g
FenpFiz (Unland et al., 1996; Pauwels and Samson, 2006) -

Penman-Monteith (PM) equation B|E_¥ — s F »xfz 3k i €03 2 - PM
equation TBE3K #7F AR FATKR P B R o R AFEITRI A F AT E A B L4
7 AT U R A R I S LI SRR N O SR IS L e S < N A R LI AR
ZHEEAEFRTRE T FER MR LA
equation ® & G FEFL R IR fE R RSB E R L g LG A GHK S
@ﬁuﬁ@«%ﬁﬁ’?az@i@%ﬁ@%%&ﬂxg%¢%ﬁi FREE g1
Wik H pehid % 2 % /r 2t (Rauapch,1998) -

L]
o
e

R m 7 Penman-Monteith

TR AL A R Al TR s R 2 3 Ao LiuE A A 2012

# 12 hamilton’s principle 5 #7877 d1- 2248t 2 2 (Non-parametric method) %

BRRFRATRAREE L2 FR E Pl R BRI Sk 5
‘liﬁ’-& &‘_:r_‘ﬁm_}i i“?\m_fiqp EE J‘ },i\,'%%i’g'_"LIU:’EAtLZG TE‘

BLREE Y SRRt 2 E o gy 23 BRELPIEEG F A AR 0 ¥ & PM equation %
BREB & #& = ;2 tavt > 8 szt f it 2 £ = B2 ¢ & (Liu etal, 2012)
Yang & 4 7 2015 & $f25 S fc it 2 0 3= ’;}g ML R AR RTRE T §
* o2

BEd o kil £ FIFEEFL GICERS
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Hcit ;= & equilibrium evaporation equation -+ 4 ¥ 3i7 -equilibrium evaporation equation
P AR AETFRRLAIGRE T E kF i £ 2 (Yang et al, 2015) o
DenMead and Mcliroy (1970)45 ! equilibrium evaporation equation i jRe1+ §
P AP RICEFDEINT 4 G VDRSS 0 FL N A 10% M p o
Wang % 4 #2016 & » F|* 2L feit 2 2 473% 7 2 AP W2 P B g *
S 2 ZAA PR RIARESE G F Pt o EA Y 2R 2
LY AR § PR R E Fopt o Wang £ 4 I % 2h gl 2 5 A G R B &
PaBREEVR S APRRSEAGEL R AV TEL 62% 0 5 hick BB OREL
FANTI0L 595% S A AR RE BBk F LR BRIE R
BFoh 2B Z AR RS TTERSRF I E PSR < I 22
Hx A 2 Rfez 5 BR > 7 2 EAEE P EE ] (Wang et al,, 2016)
GE LB EC AF SRR RE T RE R E L - AT 2 Bt {
P AT B v A & o0 o g2 2R VYang etal (2015) ~ Wang etal. (2016) % + 45 &1 22 %
i AP RFEBIEG R LB E RIS R o LYang B ML Skt 2
gzequilibrium evaporation equation- 4 337 > @ equilibrium evaporation equation i
2y

BEET IV DR RF AR AT P DGR S 2

“‘kﬂ

BN (7 - 9 $F 3 2 S it 2 @ equilibrium evaporation equationz. B g 7~

BRI YRGS 2SI hEA B P o

2. R %

2.1 Site Dripsey (7&iE & )

Dripsey 7%= 3 #2305 € f et suss  (Cork)d 4 * 625 2 2 & (59°59°N,
8°45°W; ;4 3% 195m) o 3% " H- F R A2 B A § i > 30 £enTimF R 5 94°C
£ I E%a g 5 1207mm (Met Eireann, 1960-1990 climate norms at Cork Airport
Meteorological Station) » A= 3 #p F 2. &# T355 F 5 9°C~ £ & £ 5 1161mm -
Dripsey # S+t /f- B S FenfedfeX > 5 84 2 324 R e s > 452
FUORAMELfrREY  FE B AfH9SE 1020 24 X REF 5 45 o4
(Jaksic etal., 2006) - 2+ 3AFA| 2 HHT 2§ FWANIEETE > FHEP T Z

& A2%F) 4 ~ 41%ks Frd ~ 17%3%E 2 (Lawton et al,, 2006) » 1 20 = & iFed 3 &
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¢ 3G AUER G 5.9% (Byme et al, 2005) - jfsindp Bk st (Eddy covariance
system)ZE KX B A GG BRI - F LRk F AR (LiF7500)% & A& F
Ab i# 3E (CSAT) ™ 10Hz o S B i85 30 A dsin— LT39E & S - X f#fh>
R 2V RAMEEE T DR (Webb correction) e o H 48 Bl B T LR
£Z 155 (CNR1) ~ # 3£ § (HpOl) ~ B & ~ ¥R R (HMP45C) - 1 3EF R
FEX AR T L5575 8RR EREN L AGE- S5 30AHET S
- Ay o AT EHY 2013 A ARG TA { PR ST AR
(Peichl et al.,, 2011) -

2.2 Site Glencar (i&- %5 %)

Glencar 5 - /2% 3, € § o % = ¢ Country Kerry (51.55 N ,9.55 W,
HALL50M) o 3B R R S AR ZEA F o ALY FL Ti55 8 5 101°C #
R G 1834mme Azt o b XNk e R R AR SEF IR
BAEEHBAE S 005(gemd)atHF 5 95% ik R EIFRE 255 2 R (Lewis
Etal, 2012) - § s d 4oy RE 2 H 9 30%:0% & 4 o o fhin e A
BADZERAFERA > B3 RO EHF AT o R BRI B G AR
(Sottocornola et al., 2009) o ;2% ¥ il B35 A4S B 3 D % e E Ko M
& % (Eddy Covariance system) » o 4z jt kb i# 3+ (CSAT)RRI= 4> v b & ~ &
=g (virtual potential temperature)rz % = § i g /-k § 4 17 % (Licor 7500) & ipl-k §
oo § CBUER o R B I0HZ dE S B ¥ F 30 A dbia- TH0E 0 b
S S ok F 2 TR AT R SET R (Webb correction) AT o B £ i
hi B F hferkB ¥ s RNZ I EALE (C)F wadir 6 2 2 3
CNRL 7 % 3+ 47 10 24 2 Hfp0L £ip]> 2 B A E X bk 6 T 10 24 iF k-
ZFEAR CAPHIRAERNEEE 3 2 ¢ g HMPASC 0] > BRliE s 2 1 A4 B

d

- = & 30 » 48T 35— =x (Sottocornola et al., 2010; McVeigh, 2014) - *# %
B 2013 & B & i b el TR o

3k

3.1 25 %% it ;2 (Nonparametric method)
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ARA T M LuE A A 2012 & Ardk M enZb S it Rk 2 TR A E
£ S ficit J2 2 Hamilton’s Principle % 15w i {7483 » ¥ B3R AR5 HPF
AP >y RECFRFEM B AaZ s s o 0 TR A ]\srg LT

B2 3 EHEEMRS Fa 0 I+ Lagrangian’s Principle 48 (8 2 38 4o

H= =R, = @) +eo(T = T) - Gln(;—Z) 1)
LE = ﬁ(Rn —G)—eo(TH—TH + Gln(;—Z) @)
0] (In) (1

HY HEivR#d £ (Wm?)SLE 5-kf @& (Wm?)> y(psychrometric constant )
=CpP/0.622L % izi% % #k (KPaK?1)~ Cp 2744 (OkgtKY)~P 5+ 7 &4
(kPa) ~ L & 7% 4. (Jkg?) ~ A (slope of saturated vapor pressure) & 5 # ¢ fo %
FRpR (kPaK?)~RozEfpst Wm?)~G 53 &AL E (Wm?) e 5 fF 45
(AFE g A F B » b3 * 095099 ~0=567x108 % ¢ ¥ =k & (Stefan-
Bolzmann)% #& (Wm?2K*) T3+ 28R K)"Taid 35 EAR (K)o & * 254k
T“iéb’%%%ﬁ%pﬁﬂ%ﬁi’ﬁ Rn~G~Ts~Ta ® T;K'” ngd 2Rl F o WL S&K
Lok St ord kang L 2 2 et (Liuetal, 2012) - A1)~ QY EE
TRy =23 AP o8 x - sm e L5 NP_I> ® NP_I & Equilibrium

evaporation equation> 3% 2\ k2 v @ gL AR o m AN MR - HE R A
Wl f 5 NP_ILSNP_H e 258 ende 6482 { F chlo& ¥ 0 54 ér B o

3.2 Penman-Montieth method

PenMan-Montieth method 5 — B 5S4t * FE kg 72 > H 2504

_ . ﬂéqfn?“rﬂ;
LE = 2+(1475) (Rn G)+ A4 (14 }}r @)

B 8q s &EFBEKPY 15 5 &G s m)(EAF g JI* FE DT i
) T 55 F B4 RS ML) H 2 E & e

_ ku,
fav = In(Z=)-wy, & (4)

H ¢ k=04%Von Karman constant ~ U+ 2 B ¥ A(Mm s~ zZ ERIF R ~205 %5
e ke B ~ W(ZL) = stability correction function for momentum ~ L 3 Obukhov & &

(Obukhov length) (Brutsaert 1982) - ¥ &£ |* i EF &34 8 » 258407 ¢
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H=R,—G—-LE (5)

3.3 Bowen ratio energy balance method

Bowen *+ 1926 # #% ! Bowen ratio (B)s L4 » H T & Z VR AL LFEE
BT ERER T RS RF a\?'}fﬁ@ﬁ%fﬁﬁﬁdﬁl’? v Hoov 505
AT
B—i—pcpKHE— £ (6)
T Gp_4e Vg
}’K":lz

29 p 5 %A kgmd) Cp iz f & (koK vy 38 ¥ & (kPaK?)
mé?@ﬁizm@ﬁﬁ&\m;«%aﬁizm®ﬁﬁ&\ﬂﬁﬁ%z%%

BT AL K)~Ae 2 B2 3 AT vk i BA (KPa)o d 238 F &vos {1 % &5
ABIRBRDERBRATTHENBE S BFR AT 2R R TN
R,=H+LE+G ()
SRR SR

1 p _
LE = 7= (R, —6) 8)
_1+B( n_ ) (9)
BREB i# i f3t 2+ P Beni sk » m B2t P @i Ry 8.7 Emd g

RERAFRT M F GohiEip ity ELdogiin @il 288
iﬁ*ﬁﬁm”ame%&Eng%k (AEZ 5 3 H-i 0 B )~ A 47) o
Perez »+ 1999 # 3% 41— £ 4. > ¥ Rn-G~Ae 1 %2 £ BREB: & @ ¥ H -~ LE & &
R ENEE PP E g HE LEE trrehe Vb g B iERiT-1 > BREB
Ee EBAME FLEEERE) - (NABT T ER S M PFREATRS BRI
I mApF o SRR EFE A AP D P E R R REE FIR T RELRY G
Wy 0 3L B EGFEDFEFRIEDN  blAoy BE <-075 & £ F-13<B<0.7 pF
T Hodp B ’ﬁ (Ortega-Farias et al., 1996; Unland etal., 1996) # # 7 #-1.3<B <
0.7 E%ﬁﬂ’p”fﬂ‘:iwll"f °

3.4 Equilibrium evaporation
Wb kRE 2 F B ok g P RBBE EF BRL (VPD)E P &

I fF 7 g & 5 (equilibrium evaporation) (Slatyer and Mcllroy, 1967; McNaughton,
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1976; Monteith, 1981) -
LEy, = (R - G) (10)

~ 74 (10)7 25 4 equilibrium evaporation 2 % 2t 4-dicit ;2 % — 38 © equilibrium
evaporation % # fi 2B 3 F Z AR pEE o b 2B 7§ s JRIRE

B % - ®&kpFs €352 equilbrium evaporation o ¥ g £ A1 * 2N 6)i EF LR o

i

B 1~® 2 % 2-%# i ;% - Penman-Montieth ;# - BREB 12 2 Equilibrium
evaporationn = #& > ;% . Dripsey % Glencar 73f iz % % - B] 1-a~%] 1-d = Dripsey
E L EpLokfdE (LE)2 £pE2 47 B > 2 ¢ 2 Penman-Montieth ;% &
@ fFay = 0.76x+32.4 ~ R2= 0.7 11 2 RMSE = 42.4 (W m?)shffd 4 5 = 46~ %
¢ - B 2b St jE e fF Ay =0.59x+24.6 ~ R?=0.76 2 RMSE =68.01 (W
mr?)r4 % Equilibrium evaporation =i jF 4ty = 0.58x + 19.68 ~ R*=0.77 # RMSE =
77.2T(Wm2) > A Fehd AT 5 e i 27 LRI Gha B o hfbn fas 2
b £ 15 BREB - it jfa 5 y =0.44x+19.67 ~ R?=0.74 - RMSE % 138.08 (W m?) -

B 2-a~® 2-d 5 Glencar & & & *27p - ki L & (LE)Z £ RIE2 477 B >
H ¢ 7x 12 Penman-Montieth j s Eﬁs‘fsﬂ y = 0.71x+28.64 ~ R? = 0.54 17 2 RMSE =
3428 Wm2)ehfE 2 M i w f5> 2 ¢ Bdran- B o 2L 5 it o fFa y=
0.43x+25.85 ~ R2=0.63 2 RMSE =85.39 (W mr2)r2 2 Equilibrium evaporation =i b
# y=0.43x+23.88 ~ R2=0.66 2 RMSE =88.82 (Wm?):» = AR S 1
B A REAEhd Bekidw 22 Y B L oh: BREBoi jFM Gy =0.27x+28.01
R?=0.52 ~ RMSE % 175.29 (W m?) o

P BIETRAS H)PLEEF R kfid (LE)g s - Afm
Bt 2% 4 3odrdk 2978 AFERIV R4 5 > Dripsey 2 Equilibrium evaporation
fit fF 4y =0.65x+10.6 ~ R2=0.62 # RMSE =48.59 (Wm?) cffd4 M few 6
¢ BdFo@m % 3enGlencar » 2 Equilibrium evaporation i Eﬁ:“sﬂy =0.77x+12.29~

R2=0.61 2 RMSE =3551(W M) 4 b #6732 ¢ SdF « KRMA = 0 7 %
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7

A

# BLE_% Dripsey st #_ Glencar » Penman-Montieth /% g 5 -k § i £ (LE)sh

o

% Rm AIp BV R A (H)iz= w B2 Equilibrium evaporation # IR # 47 »

(dm
r

s

AL iEd PEAEANEIE L F L F2act o d Fl3aZ 30T

F
!
fim
A
P

2

=
] Ty 0 T LG E R B FE 0 KA Blenik fF AL

‘L“'\l“\
T
paf)
ey

¥ 114 & Dripsey £ Glencar srit £ B & & 4 %] % 0.7 &2 0.68 -

42 L3RRI E G X Bl el £l E 2 B
REAFEDOREAE EERY SVEIN DRI F I TSR s
A AT R g b (Rn)a‘r“,lfi*l A E (G)E ¢ ~ 3k inAp b ST E R F] T
R# (H)Z2 kg & (LE)en& (Fokenand Oncely 1995; Finnigan et al., 2003; Kanda
etal,2004) &2 ¥ 5 A M EF FE PR FIpw LRI ELEPFNRFFL S AL
v 2 g RE TR REF S o s R) Tl £ ik
SN E R BRI L IR EF LR A A B S R T
MIDEECRIM O AF LA RDFHKRY BT T 0L R P £ (Kanda et
al., 2004, Inagaki et al. 2006, Steinfeld etal., 2007 ) - ¥ /xid & d 7 rU4L R i 4p B 2 7
el B 2 R TSR M Rt > B ha £ T fES W
HT T B BT grena Vi g 4o (Foken, 2008) ¢

2

—\\

Rn= G+ (LE)s+ (H)s+ (LE)L + (H)I

B THRSEA QR THRIAEAFR ) TBER A R RME L R ET Bowen
ratio s e % - IR 0 i ¥ #a0 £ 2 B & 2 2% @ 4% R Bowen ratio vt B A R T R A
(H)22 kFd® (LE)> @ izie= s hi4 4 ¢ 5atr 5 v £ k" (4 Lee,
1998; Twine etal., 2000; Liu et al., 2012) o F]p A= 7 E * v X ficdy > U7 g # =~

i3 é*

3t 30 (W nr2) 5 450 & 50 % 5 it e 3V R o F
¥eio £ B & e AR B 56 Bowen ratio (HILE)E #7325 i&m (B 5|12 1 i (8 ehv B
# (Hcorrected) 2 % -k i & (LEcorrected) °

B 4~B 5 3 #-%#H i - Penman-Montieth ;2 - BREB 2 2 Equilibrium
evaporation = & > ;= & Dripsey % Glencar g s 2% & i3 & 5 € Pl E2Z 47w B>
1 e fa 2 & Dripsey ~ Glencar g 5 7 g & (H)4 2 -k i & (LE)e>
BEERE i&—i&ﬁﬁéﬂ\RzJ‘li RMSE E &322 4~ 4 50d 2 4 24 5?—?,- &
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# 4_Dripsey ¢ £_Glencar &3 B & (s v g4 (H)yw 2 kg & (LE)¥ re2b4%
#e it 2 2 Equilibrium evaporation R85 % S i > Bk F L & (LE) ik fFa £
3 0.71~0.91 2. & ~R2 /i >+ 0.8 ~ 0.9 ~ RMSE 7/ 4 »* 32.9 ~46.95 (W m?)2_ /¥ ; 3¢
BB RS2 R A (H)aue Eﬁf‘ﬁl A > 1.04~1.34 2. ¥ ~R? 4 >+ 0.74~0.82 - RMSE 7
4+ 32.91 ~ 46.95 (W m2)z_ fF o

4.3 vt g2t it £ &2 Equilibrium evaporation

AR & 4.2 % 2L 48 it 2 &2 Equilbrium evaporation # #% % Dripsey ¢ Glencar
FRTEH HME RFLE (LE)LmEds » 23 F i fjF ~R? 2 RMSE i

FhL A AT o 2L S il 2 3 5 8 % 25 % #2317 Equilibrium evaporation - I %
Yang & 4 » % 2015 # M A M2 B S 3 22 kT E By o B 6 3
2t % it ;£ & Equilibrium evaporation % Dripsey 2 Glencar 3¢ -k % & £ (LE)2
I BO6FMEER A 22Oy 3o FRAF S S5 0974096
RZ %2 099~ 0.96 2 RMSE=14.5 (W m2) ~ 18.3 (W m2) o & F A it o = 2 A §
Btk enfiin ™ I € $4F 0 B 7~ B 8 & &% 5 Equilibrium evaporation g % -k
FUE (LE)opLpd 225t 2 Rfd € (LE)OwpL24gn B 27 24
Z (Evaporative fraction)z -k 5 i £ &2 2dg st d = A Fant &> F LE /(Rn-
G) (Yang etal, 2015) - /€8 7 ~ B 8 2% i* ¥ 123 3 A Dripsey 2 Glencar @ § 2% & >
AR L A BN FF S5 0.6 B F R L L EEFE AR F s e
U@ R Ao MR AL X B G 1 P endicdhiE 4o T2 St 2 & o Equilibrium
evaporation 4+ % » %k 4R 9~ R 10 - B 9 ¥ g d1 e F S Dripsey § #

&P 0.6 pFEL LB 2 & Uik b Equilibrium evaporation 4F o i — A 2N -
AL 05 MR FE KA 07 ﬁvﬂdfgﬁx A 4w B i 2 27 Equilibrium

evaporation $f 3 # t5-k fF A B R R E2 4c B o MU -W 127 updgg I F &
FEL 05 PF s A 2T ERIBIT LI A F FF XA 07 B B
E_Equilibrium evaporation #4317 1:1 &> 3 p4 A 7 120 18 41 &8GR 373 4o Dripsey>
% A% 5 %006 pFié * Equilibrium evaporation ¢ 7 -k 3 £ (LE)# i > F 2§

B S Lr 06 PRI RS 2Rk F LR (LB > prmenie jF AT
34 6o FRm - % AF sk Glencar ¥ A% 24 > B 10 5 F % Glencar § %%
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A B G & POy HATH RN R IR 1 o B A S ARG 0T i R TR %
b Glencar 5 - jn&H A0 B 2 A G FHRFY O FILEGKEFF L 0 E kG A

(LE)'# ¢ -+ » #17 Equilibrium evaporation =k f o

ek

30— HAT Y %k 2 & Equilbrium evaporation 2. fF e X B o Bt A
L ez BIRA > F AN P HES F % Dripsey 2 Glencar 2t % #c

e
LE? - A RES ZF XA R TRIIS R 14 d A FIT g D AR
e

A
R T AR D R - BA R FAEFI R LR DS - A A
HERRS P - ReFAIF DR AT TP EE SR 2T
AR Z R RS A ARRT SRR T 0 (W m?) s - BRI Yang & 4 5%

kS

2015 # et 7 kAR e o lmm‘c‘;ﬁ@q"ﬁrw tF 7% 15~ B 16 5 24 dcit

FEAEBE B KFUEBEZ M EEFS AR SHT {4 b hak

R R - TR T8% bt b s @ & = 3R K 25% 0 % = 3

RIABIT 0% o tput 27 3 R B b 0 FREAF TR A & - FFArik Bl 5

6 B % - 18R e 100% > i&- I % ¥k Equilibrium

evaporation B 4x7 & 5ok f & £ 0fFA) 0 @t PRI git 2 QIR Y 258 i 2 9
LE N RS TIBELS NECY S SISERNEE 3 Sy I

FinGh I ARRE o
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1. 29 FHERL kfdE (LEE> 6 > 2 #HF % B4 & Dripsey ¢ 4

Glencar » Penman-Monteith <3 ip] i % £ hdd 1> H i fF AR AL 30 383F 11 4

A oAIE BT R A (H)ie= & B2z Equilbrium evaporation shff 48 # g 47 » 2
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2. kF U BV R 42 §plE 546 Bowen ratio 1% 1 {5 > &% 4 & Dripsey &

2
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N\

evaporation sHE # k% % B AF E ok F W £ (LE)due jFaR 43¢ 0.714 ~0.913 2 '~
RZ 4 > 0.7996 ~ 0.90169 ~ RMSE | 4 »* 32.91 ~46.95 (W m2)z_ [ ; FEip| i3 &t {s

B A (H)shie j7a 420 1.04~1.34 2 7 R? /2% 0.74~0.82~RMSE 7] 4 >+ 32.91
~ 46.95 (W m2)z f¥ -

3. # # &_7 Dripsey & §_Glencar: 2- 4 # i* j# ¢h7f & % % 27 Equilibrium evaporation
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%2 L2z Dripsey/RER ¥ Rk FELE (LB)E7ERLE HwiFriiie
RMSE: root mean square error (W m-?)
Flux Method

Bowen Ratio Equilibrium

Nonparametric Penman-Monteith :
Energy Balance evaporation

LE

Slope 0.59 0.76 0.44 0.58

Intercept 24.61 32.44 19.67 19.68
R2 0.76 0.70 0.74 0.77

RMSE 68.01 42.42 138.09 77.27
Number point 2842 2842 2842 2842
H

Slope 0.63 0.39 0.92 0.65

Intercept 5.19 18.13 28.73 10.60
R2 0.63 0.61 0.38 0.62

RMSE 57.77 112.39 45.48 48.60
Number point 2842 2842 2842 2842
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% 3 & 22 Glencar i &% TRRl K §

RMSE: root mean square error (W m-?)

g R R (H)w A frd-

Flux Method

Nonparametric ~ Penman-Monteith Bowen Ratio Equmbrlym

Energy Balance evaporation

LE
Slope 0.43 0.71 0.28 0.43
Intercept 25.85 28.64 28.01 23.88
R2 0.63 0.54 0.52 0.67
RMSE 85.4 34.29 175.29 88.82
Number point 2724 2724 2724 2724
H
Slope 0.65 0.38 0.35 0.77
Intercept 20.97 23.87 84.68 12.29
R2 0.58 0.61 0.18 0.61
RMSE 41.71 108.69 91.17 35.51
Number point 2724 2724 2724 2724
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(Heorrected) ¥ & 4* 7 % = RMSE: root mean square error (W m-2)

=4

3 it

% 4 % = ;2% Dripsey (BB 3 b 5P|

is Kk 7:{: i ’;\'Ef_ (LEcorrected)-,';E.’ g J,E\,‘ #‘ﬁ ’E_

Flux Method

Nonparametric Penman-Monteith Bowen  Ratio Equﬂlbrlpm

Energy Balance evaporation

LEcorrected
Slope 0.91 0.89 0.68 0.89
Intercept 21.99 27.1 15.13 15.12
R2 0.9 0.83 0.89 0.9
RMSE 33.21 42.74 80.21 3291
Number point 2842 2842 2797 2842
Hcorrected
Slope 1.04 0.8 1.53 1.08
Intercept -12.92 17.94 25.91 -4.87
R2 0.8 0.71 0.51 0.8
RMSE 33.21 42.74 80.21 32.91
Number point 2842 2842 2797 2842
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(Heorrected) # & 4* 7 % = RMSE: root mean square error (W m-2)

=4

% 5 & 323 Glencar JR B X » FERI B 1

sk F i & (LEcorrected) & ¥ | il &

Flux Method

Nonparametric  Penman-Monteith

Bowen

Ratio Equilibrium

Energy Balance  evaporation

LEcorrected

Slope 0.71 0.82 0.47 0.72
Intercept 20.29 20.87 20.28 17.1
R2 0.8 0.65 0.67 0.84
RMSE 46.39 42.72 131.2 46.95
Number point 2724 2724 2263 2724
Hcorrected

Slope 1.13 0.8 0.59 1.34
Intercept 10.82 31.52 119.83 -6.3
R2 0.74 0.75 0.22 0.816
RMSE 46.39 42.72 131.2 46.95
Number point 2724 2724 2263 2724
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% 6 A% = Evaporative fraction J§-;= ™ 2L % #c it ;2 ¥7 Equilibrium evaporation
3t Dripsey /R 3 3 FERI2 & 8-k F 3 £ (LEcorrected) ¥ Eﬁ? AT %

Flux Method
LEcorrected Nonparametric Equilibrium evaporation
Evaporative fraction > 0.7
Slope 1.066 1.05
Intercept 37.37 27.07
R2 0.95 0.95
RMSE 51.7 40.1
Number point 389 389
Evaporative fraction < 0.5
Slope 0.806 0.783
Intercept 6 1.93
R2 0.931 0.933
RMSE 31.72 38.09
Number point 709 709
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T SEi 2R kFE B2 2R TREA

L e = S =B B B T B

Dripsey I 500.84 -29.18 176.53 104.04
I 50.64 -90.37 12.87 8.7
" 12.88 -6.14 0.7 1.44

Glencar I 572.81 -37.48 160.01 88.48
I 132.69 -117.79 4.73 19.2
" 14.19 -14.99 0.49 1.85
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%08 - RHCH A M 2 R LR R (F A )

F B ¥ Rn (x5%) (G (x5%) Ta (£5%) Ts (£5%) | (£5%)
Dripsey [H 4.7 0.9 11.5 10.6 1.07
LE 6.3 1.1 11.5 11 1.07
Glencar H 7 2.2 15.4 114 1.07
LE 7.8 2.6 9.8 9.6 1.07
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(c) 700 : : : . : : .

y=0.44703x+18.446
600 , -
R2=0.75216

500

400 §

300

D
LE_. (Wm™?)

200 -

100

-1 00 1 1 1 1 1 1 1
-100 0 100 200 300 400 500 600 700

(d)sso : T T T T T T T T T T

500 | |
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450t 7, |
R?=0.76571
400 |
350 - ] |
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200
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)
LE_. (Wm?)

-50

_100 1 1 Il 1 1 1 1 1 Il 1 1 |
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2
LE o (Wm?)

W 1 Dripsey /BB 3 &2 2Rkl (LE)> 2P 2 BA%S 5 (2) 2258

/% (b) Penman-Montieth ;= (c) BREB (d) Equilibrium evaporation °
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1 1 | 1 | 1
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(b) 500
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R2=0.5417
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(c) 700 : ; : . : : .

y=0.51005x+9.6318
600~ °, -
R?=0.80189

B
LE . (Wm?)
w (3]
o o
o o

-

(=4

o
T

-1 00 1 1 1 1 1 1 LI
-100 0 100 200 300 400 500 600 700

2
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(d)550 T T T T T T T T T T T
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y=0.42665x+23.8841
450 B 2 T
R“=0.66735
400 &
350 - &
300 - §
250 B .
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LE_. (Wm?)

-50 1
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(a) 900 T T T T T
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(a) 550 T T T T T T T T T T T T
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(c) 700 : ; : . : : .

y=0.6834x+14.1842
600~ °, -
R?=0.89345
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(c) 700 : ; : . : : .

y=0.51005x+9.6318
600~ °, -
R?=0.80189
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Appendix A : 2 3 ?iﬁ%ﬁﬁi
B IHAFERE L L0 PRET P AERT Y - ISk
T 0 o ‘\—&r'—': .

T(0,t) = T,,, + A(0)sin[ @ (t — t,)] (A1)
P Tave 2 iR BEHR? TR R ~ AQ) 5 # £ F & jrtg(Ticd @ JEYT

e d SR A ) 0T /12 5 RS AR b A AR &

ERFRDIIE S TEER D AN T

T(zt) =T, + A(O)exp(—%)sin[w (t—ty) — %] (A2)

HBe zi2FER D L FER(amping depth) > ¥ d T N E

D=—"A~%2 _ |2 (A3)

In(4,)-In(4;) ®
B AvAok Bl G B BIFR o nadktes £ 5 B PBI0R (thermal diffusivity) -
PAPFEABRANZE EE - FRDIZERF > TT ;{sﬁ“r} A2~A3 ;8 iR

ERd R R R BPITRE £ o FAPRL N A2 HIFR M T E

aT;Zt) =0+ A(0) exp (— —) cos [&)(t— ty) — —] X —
+sin[w (t —t,) — B] A(O)exp(—E) X _F (A4)
A A EFEGET D T URE
G= -k (A5)
H¢ Kk 5 #0383 R (thermal conductivity) - % £ p|#riB et EHE E B E 2

SCALCAS TR R IR B R Ko L S F L F BERPIITREFI Y+ 2013
E51 27T p 26 BIAL A HRB S EFHERIELFRAEZB - e f)* 750
FrABERKZE D A3 REOEBFIE T REMFER T Ep,C, (volumetric

heat capacity) :

psCs="= (A6)

K
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100

—=— 23

B [=)] co
o o o

Ground heat flux(W /m?)

Hour

WAL 28 F 2 f JRRPZRATS 2013550 27 p > 2R EHREL T
wE R EZERE B -

71

d0i:10.6342/NTU201703865



Appendix B 1 b4 #ivii e ¥

Liu et al. (2012) 2 Hamilton’s Principle 3 1% 4& 3 » 2L 4 #c/2 - Hamilton’s
Principle ¥ 12 ® @ik & 57 ¢ Ak 2 & - % Sien Lagrangian (L) 5 fac (U)ig 5 5t
(BEx)enie o - PRECp » 2 e 3 Sieri@ (FELS € 1@ 9 H Lagrangian ¥ pF FF chfg 4 &
#]- (See Appendix C):
ftto Ldt has a minimum value (B1)
H 4 F-K%E Fermat’s Principle (% € 4473 PFF B @efe ) » R | (¥% £ RIT
Bt %4 KT 0 B s - b A R P R RIEL KR -

BF s .-J‘L:‘!ftto Ldtz {& i - {8 4) Euler-Lagrangian equation (p* 2% A & i

%45 » ¥ %% Classical Dynamics of Particles and Systems-Marion ,Thornton, 1965.

CH6 2 CH7):

oL  d oL _
E_L% -y (B2)

dt ox'

,de

;E,T v X (BZ); ,‘;v L ’félﬁ mluﬁ ]’+ l—- ° 7 ]9 'F'L'% IBF IF)‘V/Q

First Assumption i3k #¢ % 525 318 % 5o (closed system)> 4+ % si2. Lagangian 7
NE P R 8 (ZLPE P RE K

oL

Second Assumption B3k i Bk B~ PERF E B o P
U=U(®) (B4)
4 First Assumption (=3¢ B3) » 53-8 7 {8 !

. oL

L—x—
ox’

= H, = constant (B5)

H ¢ Hp i % fenHamiltonian - £ % 4] * Second Assumption (= ;% B4)g3: 5 v 1
(&3 ¥ 43 Classical Dynamics of Particles and Systems-Marion ,Thornton, 1965. CH7 ~
9):

H,=U+E,=E (B6)
HeY E% ksii - 5&(B5) - (B6) v ¥ :

E = H, = constant (B7)
ARBNTEA PR LS BN T E N (e L P s s H e gy e
P s TLIE) °
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BAAPY B L - TF o Fa YRt o H R R kbl S (1
Ro 21 ) 0 € d4 3 408 & ol ~ Rk 8 B (LE)> 22 b2 3§
g U) RFR Y RT G o RAE]  FIL AP LR g e B B
FUL L () EF (I HAF)UE G s T (0 G A F) e F o AR
e Loefg Bac AR G Ay o BETF Bl A Y O RE(S mar T O N B o @ AP R
5 BAV(H +GHLE)AR 5 #24c © 1 * Lagrangian’s Principle » % i # 7 :
Hy, =[] GdAdt+ [ [ (H+LE)dAdt+ [ [ R,dAdt=constant (B8)
He ARATG2 45 B o REAPUR LRAT)EA &BHE - @

a2 [, (G+H+LE+R,)dAdt dHy,

ar, = d_TS =0 (Bg)
fttlz [y A(G+H+LE+R,)dAdt —0 (B10)
daTy
d(G+H+LE+Ry) _ 0 (B11)

T,

He 238 B9 3 o5t Bl 2 3 4% AppendixD

e Rn & 2w ’?‘TE =0- aa’;" = —4e0T3 * g—: = g(See Appendix E)#% 5 ¥ {8 :
oH _ 3_ G
o, = 4eoTd =7 (B12)
FRLF g RIS P T L T A
> oH dT.=H H

TO aTS S Ts T,

T G T T 1
=f %dﬁ——dﬂ=4w[ ﬁ%n—af —dT,

T, T To Ty 's

1 T, T,
= 4€O'Z (TS‘*)TZ — GIn(Ty) 7
= ea(T} = T¢) — GIn () (B13)
0
WA g M Hy R F Hy
Hy =R, —G —LE; (B14)
He
__4 _

LE;, = 7~(R, = G) (B15)

-_r —
Hy, == (R, = G) (B16)
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] Aoy F :“‘HT % LETS
=H; +f —dT

Hy = ﬁ(Rn — ) + eo(T¢ =T — GIn(>) (B17)
0

LE;, =R, —G —Hy,

LE, = Ai—y(Rn —G) —eo(TH=TE) + Gln(%) (B18)

N

Appendix C : An Example of Hamilton’s Principle
TRh-BrR(FEm XIES T CSFHMBAL Y EF hdER g H 2

f (U) 2 moy » &5 (Ex) & m(dy)2 o J&* Hamilton’s Principle » % i* 28 $ T 5% ehig

)

ftto(U — E,)dt has a minimum value (C1)

I hAsES R B E

d(f:o(U — E)dt)/dt =0

mgy —;m(;)* =0

HATE I gti =y (C2)

Appendix D: (255 A9)Z (278 All)2

g oA _ ot

FAE A RE(A R fotch DR BT B o+ L —— =0 Rl
VLR R A B A T (BO)E ¥ (BLO) o A A e mf’*ﬁ»(ﬂ @) L
B AR (A) 5 o0 (BB)RR 2 v T

t2
¢y Ja A(G+H+LE+Ry)dAdt

0 (D1)

ar,

d(G+H+LE+Ry)
dT

=0 (D2)

Appendix E : Derivatives of R, and G with respect to Ts

74

d0i:10.6342/NTU201703865



a. .ﬁig—: (%% Magyari and Keller, 1999) :

TR CHITH o ER G do AP F g _Heat conservation equation 2 % Fourier’s
law > 122 B R iEE(X =0, x=d, t=0)fF 11 p T R B HFEFRF (T(x)2

R BRI 2 (GXD)m RS

T
pc E(x, t) + — (x,t) = 0, Heatconservation equation

0x
0<x<d, t=0 (E1)
G(x,t) = —k%(x, t) , Fourier’s law

Heat conservation equation 2 & & = #E€ 75 - BKFRFp > ZF Faof g 81
(pcAdxdT) 12 5 2 1 4 e (G(c+dx,t)-G(x,t)); Fourier’s law 2. & & B 2 #in 27§

]
B RAD N c BE- 0 7@

0CaT _ 9T
Tg(x,t) —ﬁ(x,t) (EZ)

& A e Bk T )=0()f(t) -

030 WD) _ 276 WD)

k ot dx?

oc afy _ d* 0
K 6 () dt f dx?
pc 1 df) _ 1 d?0 _

kK f(©) 0t 6 (0 0x2 =-4 (E3)

Flh SHce AN EES N T NBEXREES H55 - Fi-A(R g
Ao P B FiEiiE ERLFOXTEEZHEERER TP LT 3
A e fE) APLY R BTG Mt As (F R TC)E F PR ahec
B HESLEPMA LT B(FE TXO)H 8 i)

L dO__y, _ﬁﬁA:Ali
f() at pc
1 —_ —
%df(t)— Adt

1 ] J—

ﬁdf(t) = [ —Adt
Inf(t) = —At
f(t) = e~ 4t

1
f(t) = e_;t s ,‘/FI_ v T = (E4)

1
A
FB N, A F ]
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T(x,t) = 0D = 0 (X)e s (E5)

Frmw g

Gt = —g(Of = —g(x)e s (E6)

ANy * T 5 E =
F Jv-'r} HBT
aG _ aG ot
aT 9T aT

a(e” T) 1 at
Z ema(e—g

=—g(x)
=—ﬂ@e(—b<

o(x)e” r(——)
_t
_ —gXe T
- -t

0(x)e T

= (E7)

b. 2%

Befg B A A (S)E £ AA (L) Al ch kR Ik TR F e 40
F g R e g e o e g M e B S e B2 F MR (F A e 4
otekdg ot FIL A £ Bigst A2 hR) s 2 Sn=S|-aS) = (1-0) S| > B ¢ S|
SO e s E o A B A EAE RO S RISt R G T F
g b T Ll=e, 0T, & 5o ¥ & 5 F 10 2 b 4 #2455 T L1=eoT,) +
pLl=eoT}+ (1 —a)Ll=eoT}+ (1—e)L > HP g, 5 5 F cigsfF »p 5 ¥ 4D
Fobdso bl Bk A ePig S 2 A B 2 K & Mo FM a=goLn=L|-L1% Rn=Ln+Sn
TE.
n=0—-a)Sl+ee,0T)—eoT}

-

OR, __ 0(—80‘TS4) _

T, o,

—4ea TS (E8)
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