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Using fiber optic distributed temperature sensor as a downhole tool to investigate the

hydrogeology with high resolution
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This study is a two-year in-situ project. The fiber optic distributed temperature
sensor (FO-DTS) is applied in a groundwater contaminated sites to investigate
hydrogeological conditions. The injection of hot water into the wells were conducted in
the first year. The permeable zone at different depths can be identified via temperature
recovery. Besides, the hydrogeological parameters can be estimated by the coupled
numerical models of MODFLOW and MT3DMS which are used to simulate the process
of heat transfer. In the second year, the active-DTS is applied to estimate the
groundwater flow velocities at differet depths. The permeable zone at different depths
can be identified via the temperature rising and recovery. Besides, the groundwater flow
velocity is quantified by the analytical solution of heat transfer with a heated line source.
This study area mainly focused on three wells at the upstream of groundwater flow
direction, i.e., E-01, E-01-1 and E-01-2 and the rest of wells at the downstream of were
used for monitoring. The results show that the distributions of high and low permeable
zones are at the depth of 7~10m and 12~14m, respectivity. The temperature changes
were observed in the wells at the downstream. Compared to the hydraulic conductivities
obtained from the coupled numerical models, the estimated flow velocities through the
analytical solution are consistent with each other. Due to continuous measurments of
DO-DTS, the spatial resolution of estimated flow at different depths can reach to 50 cm.
The low cost of fiber optic cable makes it is feasible to conducte many field tests within
a short period of time and provides further information of changes of hydrogeological
environment. Furthermore, the analysis of using the analytical solution can provide the
sensitivity between the heating time and temperature changes and establish a standard
operating procedure for the FO-DTS test. In this study, the innovative FO-DTS can
provide an alterntive technique of hydrogeological investigation effectively without
disturbing groundwater flow and extending the contaminated plume. The developed
technique and measured procedure can be considered as a reference tool and improve
our capability of hydrogeological site investigation and groundwater contaminated sites
remediation.

Keywords: fiber optic distributed temperature sensor, heat tracer, active-DTS, line

heating source, hydrogeological survey, groundwater contamination
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Uncertainty in the saturated conductivity
versus thermal conductivity
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Bl 1o 5 LR — FIB T E Ko /,> 7 R 50 B R R E (fiber optical distributed
temperature sensor, FO-DTS > Bl 2) %74 » £ LR T s 8974 4 m‘*{ﬁq‘:%
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Wi ETEHNE M TR R kg E (B 3) e Vogtetal. (2010) 4-%f -
& P ’%PchgﬁEiEJ*“ﬁ&ﬂ » &1 FO-DTS %% ¢ S RE BRI R
R i@ kB B o Briggsetal. (2012) » i * 22 Vogtetal. (2010) 4p e Vi
(7 FO-DTS i 2% » & 441 % BRL AP 1 i1 beaver K §Fie 17 Rin k% B F o1
4 enfz47 (Bl 4) - Seboketal. (2013) I * FO-DTS # 5 et &3 T2 Kk 5
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Longitudinal Temperature Profile (hourly average)
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DTS Coil
——— LWV
to calibration bath ——— \\m\ & N «
and recording unit \ N
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5 (a) FO-DTS shF #2247 s * > (b) FO-DT S *+ i Maules i ' 5P 18
¥ 3% 25 (Halloran et al., 2016 )
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(A) (B) (C) (D) (E)
Temperature . Temperature
Thermal Profile Flowin Profiles at Heat

Zones Character Fractures Different Times Transport
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flow in fractures
imparts temporal
temperature
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Thermic steady profile

Zone over time
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] 6 4 d 3 /’v\‘g{\%%/x_&},&/?] + 'ﬁ%m KRBIEA BT & B (J}?B
Pehme et al., 2013 )
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May 28, 2010

Bl 7FO-DTS /f & T Bl » A E R &G BEPIE DEFI S w2 810 (3§
p Leafetal., 2012)



+gpER 02020127 21p = 09:

(b) DTS system heating system

Y

(ﬂ) 240V power source
Case A Case B Case C .
cross-connected installation of fiexible sealed borehole calibration bath
unnatural fiow in liner using driving recreating natural
borehole head higher than flow system power
blended static head monitoring variable
transformer
cable design 1
outer jacket
— : gerfiled loose tube
flexible L 77mm optical fibers

liner ¥
g 18AWG conductors

aramid strength members
plan view
cable location
cable design 2
outer jacket
18 AWG conductors

integrated tight-buffered fibers
heating and
measurement member »
cable

aramid strength members

B] 8 FO-DTS ** 2 T A 45 2_ 4 Sk fie
liner);(b) » %73V iR & B B B 22

(a)&ﬁ 12+ 48 £ ¢ % £ (flexible borehole
i Bi(4f p Coleman et al., 2015)
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DR
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Temperature Difference (°C)

B 9 FO-DTS £ Bl& % (@) p XLk m_)i A 3 & [Test#l];(b) 2 ¢ & 3t
év [Test#2]22 41 & [Test#3]2. p X -Kinid % Z % (4 p Coleman et al., 2015)
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DTS Temperature Difference
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Bl 10 FO-DTS *+# MW-25 2 4c# 2 2 4rif B £ £ & % & K & (5 1775 ~ Natural
gamma ~ ATV 5 & ~ B[4 4 f# - virtual cahper ~FLUTe T % Packer T +* (4§ A
Coleman et al., 2015)
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A1 AR R R ERRBIEER A

AR R R RER BB ERER B RITA & d F AR EES TR PEE
TE BRI R 1S FHEITRRNINGE > AR nF R A B ouEsRY
HF gz A5 R~ 54k 4ple > A 304 k3 (photon) AigifeuEizs 7
LRGP NP F T F22ITHFALBRRE ET%:*H"W AR A FREFN B
(HFE LI VaiEiaan B &2 ) aPc B ERF BEZ 4 $05
(scattering ) F S J¢ - % 2 MO~ SRR S L IR R L2 DR FTsta
& (Raman scattering effect » B 11) ’ ﬁU\ e R R 2 F B IUELAL 5 % 3 s ATt
( Stokes scattering ); i » &£ 37 5 B 2 Fr s BLRIAL 5 F € 4= 5o F75+( Anti-stokes
scattering ) o ¥ $= FLHTEFIMELET A qu;’o SR 2R E G OAUMRE R F g de AT e EL
xr//Tf BN skag BB AR TR b s TR ng%.u_l_;;{)#ﬁgtf&g oo F) o FiEt
B FROTAR R AZ b TERFRR AT FRH LR Y AR R R BUE
Jert KRR TR A R R A F LS R (2=0) AtPERT o kAT
BY Rz 8 > BOrR Rl B RS 4o

P.(z,1)
YT SERKz S ERL]t 2RIy 5 5 0E3 R Tk 5 y—ho/k
INEIEE RIERE SRR E S LR T L AV ET S TR X

|%R“D
P.(z,1)

Clt) 5 F BRI B F L LT HF 3k sz Bpg il

T(zt)= ! (1)
(RQJ)J+CG%JzAaQ)m'

J B R GATHE R FE UATHUELR RV BT BT p AR

SRHIEEFTE REA LN G §m4%ﬁ%;ﬁmaméﬂﬁi9%ﬁ

(differential attenuation ) 2 # 4 £ [dB] » F &3 £ G4 G L 8- p 3Ly 5
FEOEF QLIS BB EREAES L A RS LAFTRAL SN 2
WEREEF R ZRPFEE- BB REFRRPIBNAHREAN LT SR
Selker et al. (2006)7= &
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Frequency of
Incident Light
(Rayleigh seatiering)

Stokes 4——— | ——® Ant-Sokes

shifts with
kermperatura

=

£ Brillouin

% Arti-Shakes

L Traguercy

o Shilks: with Raman
=4 t fu LEaman
o Emp=ature Anli-stokes
ur amglibudz
E

=

[T

o

Frequency
B 11 $csan g2 48 S Bl 4B (4 Selker et al., 2006)
42 AR BERERIBAI A B RN i

AR RERRPIBEZ A M E X R L FHREAS (T RLPBEREERFTSR
A % WA 3 heB 12a #ro (A5 ¢ Silixa Ltd., XT-DTS™) » H #=4] 6 5 4 @]
12b #777 » & 3 2 RGEREET ~ FTEARVEET IR IRE R NG
BILE UL AELL G A WAL RE e B T S (channel ) ¥ A 47
EEA R R ATE BT o § SR A 4T R A Jf%‘ﬁﬂ—‘"ﬁi‘p P wohInig g A
R (A5 PT-100) > e HARE A S 2 2% 5 2RIEARF B 5 -50°C~+250
°C ; iR f#+7 & B 5 £0.1°C > EZ ERRFTERIFIZEGEHERTRET N E D
BREREZ R B 13 55 - A2 24 R R ERREPI B (A5 ¢ Silixa
Ltd., Ultima-DTS™)» # #";#‘J\i & XT-DISMA | Bl i 7Ry R
BRI AAEAE A R B ¥ o do {5 A2 R R BRI TR U 4o S M AR PR
P AR ChgEER Ch 3R 2 R R 3 4v i3]k R £ B R (RBRsolo’T) 0 B B §5 ] 5 -5
°C~35°C > § B4 & & 5 £0.002°C ; & PlfE47 & B 5 <0.00005°C ; & BIF FE7 1
fimgRl 2 LF (2HZ) HERAERF HFME R T H 4 FLDTS LRIE AR 2
TR pwd et FIFECLLAAGNRAERREBE > do Agilent
Technologies, Inc ; Sensornet, Ltd ; SensorTran, Inc # Silixa Ltd & » A3-3[3p -
* Silixa #7# 2. XT-DTS™ £2 Ultima-DTS™ i& {7 4 s 2244 T k5 A 3p 2 2 TR
Rk XT-DTS™ H £ jpld ~ e v i 10km > 8 & 247 & iZ 0.01°C > 57 B 347
BE 025m> BRIFHELZE 5 - £ 745 Ultima-DTS™ H &l + jE4 ¥ &
S5km- B R fETRE 001°C> 2 FfE47 2 5 0.125m> € RIFIE -5 1 - £ FH
(% 1)
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% 1 XT-DTS ¥ Ultima-DTS

XT-DTS™ Ultima-DTS™

SRl hiaad: A 5km

0.01°C

0.125m

1s

LA R R R P BY - £ & a5 kR A (fiber optic cable ) 0 sk &
FEAREERPP AT ER LS > RBEPRIFRBE DT o A7EF R R F R
FOTAR 0 - AT IR TR Y 2 BRI R EY 2 FE%RES
AREFBUB S EBEKEE L Pk L EEE  KRFRSMAER S
EHI R eda(d pach) kRS (optlcﬁber) B 5 B A d (Kevlar )
,%fi%f: ( Metal tube ) ~ !%}i%,é'nuv%] (Braiding) % ¥ "4 % & (Jacket) B 14 3
kAl g sy LB (Y F ¢ Kaiphone, Taiwan ) » 7 5 k-4 5p3h % 3003
—’U}‘?‘hl’ R o FHMEFAITRLPE LRFTAT 453 & 53§ E-2000/APC

% Ep (1B ALRES o pigtail ) SBT3 F L FIURRF BRI R FEGF S X
H?Joas‘« Faey & (fusionsplice ) o >Rk A L2 2 RIEEF > F]p o Jo‘g'g\«‘{gifq-
i A7 P i R B R (fusionsplicer) = it % = o A HTN R EE R R PR A
PR b AR BB A Q%Li“%%ﬁéa\p  FRBE T ERIIREZ LR GBS
R TR B ‘m_)ik T fre Ry FNBFIF R FAOPIEEE O EF - R 2k
oW ARBERS L F RFEFISA 30 U o B TR g R B
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AR RBREARRBEAR TR AFR L FRTAL TR H TR

(a) (b)

B 12 (a) §o%ira 7 k82 (b) 4le £ (XT-DTS™, Silixa Ltd )

® 13 Ultima-DTS™, Silixa Ltd

__— Jacket
Braiding
Kevlar
—_Metal tube
"~ Optical fiber

B 14 g5k gFmz 825 7 % B (Kaiphone, Taiwan )

4.3

-

B AN KRR S E
ZIER P

AN AFERERARREF AL AN T ERIL R Y 3
KB RRERPIRERF DR PBIER - PRR T FREIREAS TR BE LG
P i E B AR e 4]k 5t (heating pulse controller, HPC ) » 4] 15 -

HPC shle = 2 & # 35 microFusion power controller ~ relay board ~ power supply ~
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fuse block ~ output terminal stripe ~ circuit break ~ emergency shutoff ~ USB connector
% powerinlet o #7rs e 2 RE H3r— ok~ Wi g+ ¢ (B 15a) 0 #
Ao % 4o 15b

AENAACERE AR R BRAEFE TR & £ 6 - 0T RS HPC &
RFEF R A BROREA I THRL T AL Fa o FIS FH»T L
BB T 0 T AkgeniE b4 Bulohg o %%&:*fﬁ?%ﬁﬂﬂﬁﬁﬁ
ﬁ&@ﬁ@é?%iéﬁ%ﬁéﬁé%(EIQ Er LR G RS
B FRE T A ED ek o R FR DGR NP RFRKT KA
AT R A B FAPH AT e A R AR (738 550 4o @) 17 757 > microFusion power
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SR AR BEOFRoARA E OE-1-OE-3 2 & 8§ B ¥ & M F )i;}nﬁl?'ﬁ" 04 B
PP ol N F G PR R e Y B0l 2 2B L G B e BBERT
"i%'rﬁl**“ﬁz Flpt s # OE-1-0OE-3 B Rl % P RaPHER S o Ta5Ep 2

B ESRY d N EERRGE BRSO I X IR R I EHEE RIS 7
FEIHARE R RN EFHE TR H IR FRZERATREFTER -
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5.3 # W 217 f2
531 fR{5f3skE

v

0 iE- ﬁ}ﬂ it DTS ’—“‘i’f?‘],_ BRETE ) FL %Fi ¥ ’f‘u ’\‘5‘\}'}%%/})7177 z{?u @%}ﬁ*
1FTEE T B R R A BB B e MR R P B 5T 2015 # Bakker
EARBERSEE TR fri Eand @ﬁ%]ﬁ;’ﬁﬁ S B R R RS T
TR AN BEFTERHE PN ERF LSS B TR Xy 5 EERF SR
RZAPF R o A BPEFRF L 43 RERIFRFL 8% od BT ERI AR 404
Fid o ARPEEZRERPCEAARE OB S RL)IERESRBIT 0 ¥ 0
BPTORGTHN e FIRER VAR CBRFERAESEI(0,1); 24 A(-1,0)8 X
BECRIEARE » R Tk P S e s FIMERVARIEEF CITI R
QO)Fliedgiig B R P H g R P EE M o K F AT ARE S EEREIRRT S
@12aﬂ’ﬁﬁ@@ﬁ@ﬁﬂ?*eﬁ%’ﬂ&%ﬁﬁﬁﬁ&%%mﬁo&%
2015 # Bakker % A #rip Eenfgdrfz o5 (58 7)) A5 1 2 MATLAB 4758 (7

RSN AHER > X R 2 S Bk R BREARS 2 DA o BB fRITIEY K
i ’—“'Tﬁ-sg] DR B A 4B 58 fror o #-H BB 57 i (T WO IR B "F!T/*”“ Ko
EE T FEMSRTES AR B R 0 DTS TRl B2 R AR TR d
AT AcEE AR RIRR 2 T RN o

— X=1cm, y=0
— X=0, y=1cm
— X=-1cm, y=0
— X=2 cm, y=0
— X=1m, y=0

temperature increase (°C)

time (days)

B 57 f347 /3973 8 2 7 £ REES 2 F & % (3 p Bakker et al.,2015)
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9 —
- —x=1cm, y=0
8 1 g —x=0, y=1 cm
| —x=-1cm, y=0
T . —x=2cm, y=0
—x=1m, y=0

o))

Lh

-~

(8]
S —

temperature increase( ¢)

2
1 |
0
0 1 2 3 4 5 6 7 8
time(days)
B 58 12 Bakker et al(2015) 2 f347/3 %7 S8k THFH F 2RFEHE2 2 8 B %
[ ’F‘l: 5

532 #M & RA '@ﬁl fR47 /% S K 2

&d 5.3.1 F & %3 Bakkeretal. (2015)#73% ! f#47 f# chsk 7 > #1295 MATLAB
PR RN E A BB E ) A BT E R A B e AR B8 DTS 4
ERIZEFEBEFHRE G H FIERZ P T oKiRiE (groundwater velocity ) o & »%
Z AP R%EF £ EO0l2F4eg > Flptnd B0l Z P BEERER
IG 238 f8GF FRRZE Tokinid o d 3 DTS ch BV B 245 2 » A3+ 4 1
205 R 2 3T RdalG LI RARZ KIRER DTS Ry B 2472 5 25 o 4
B F- B0l Tokize UTAFARAY THODIS £ipEEFTTIHEGE > Biniti
L 65~145 28 Bl - E0 5 1T BRERGEHRSE S FINTEF 1T BF
B2 KRR B oo AfEITiE S8R Y o % TOARHER S 2R R A S Tt
™ Z A-4F3Y I 5 (porosity ) ~ & @ 3 % #c (thermal conductivity ) ~ 1 3% 4% % #ic (heat
diffusivity ) ~ #t & ¥ % #) (retardation coefficient ) % %‘J I FERAEGEFT R T

by o
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Fir%

-z kA BPelRIEREPT LABEXRDHRT > ILHF - ABE G H
AT e BB F T AR S - R P A SR RS 20 wim/C (F 2 & %
HHEHRE AR LSWm/T )~ 0.4 0.06mYd £ 20 Bbe EiBATY 0 ek LI
5 300W o ks MR B L kg r F f;;;i M g KR #3028 s
& ok g7 Bl #UR 20W mﬁiﬁ* (20W/m)eo Se#pFF ik 2 o ipskie 7R 2 (A4
B4 365 % 48 | pF)> E‘«?EE?F'&”';#;ZPE&‘%«E“HPQK(Q |5 1.2~1 2%
3% )od A Hdp iy Jo.:a‘é«ias % PE # R 0 BEHAP E 41T 0 FI AR B
T R 2 pEAE g T [T 0.003 o R BFR E 0 b fERr iR 4P MR Y
23° o AR ASER TS USSR TF R R 2 % (FL % 2 (calibration)
T A B B E R R W% L% (validation) eF R 0 F 2B
B2 TR A pavkinnd R B E Gl oL 17T B2 BFIERE2Z DIS R
ERIFH . F 3 REL (root-mean—square-error, RMSE) £ 7| & @ pF > pt
ek R G EGERT L B G2 el o

.r-@”
'\f\#t- =1

W

F 3 fE47 iR S BCR T

3 S [z
IYHF N 0.4
il G k (w/m/C) 2.0 & 15*

FYFEC 28 D (m?/d) 0.06
B F R HR 2.0

3 %l # & Q (W) 300

£ & (m) 30

Hi+£ Rk ?g’é“r. Furt & (W/m) 20

X5 - B % 2 XK LKLE

533 # E-01 % - x4 #EHREER

B 59 51995 5.3.2 F & ehfdiek RS R E 2R R - B L FIEET 0
L DTS BRI B R FH  SER LRI 2T RGE2ERS B 7HFR > UE
1R G ZERSCEDIS BRI S5 EEIT B9 2 FAEAT 285
REE R c At heFw o FRTORERIAGTR CFR TS AN
+ 258 B /%’}i 885 SR FEREAFIP AN 4851 B2 B o izt dedris
ER 85872 B PFERCH s mvfii}’«’f R TR R % BT o B 59
EE ;S AR E'J 10.5 2 & e %ﬁﬁﬁ*mm&%iu o BBt 4w o JER 10 2%
R R FAE 53R FR 95105 o) FULPYES2RZEL D IFRAI S

65



AR ARRBAN TR SR FRTAL TAIHTRE

CER AL A0R o B b HE 0 SRR ER R AR BT -

Bl 59¢ 2iFAR 11 223125 2% A4 RYPFaf BFNT o LB 4w
RIS 125 a2 g R P AT 56 B FER LS~ 12 SR GERR A WA
53 51 Bt de$iis iFR 12 2 % 7 “55/5'_?%17&—1*’/#&}”4’ ik L 11.5~
I1~125 2% - BS9d 2/ FAR 13 223 145 2% AW #AHF g R - A&
dAeFm o FR 4SS o B EFAT 6T R FRE 4 SRR A 6.25
B ‘«‘%3}?. 13~135 22 P A2 BRIMPAIN6~6.1 B2 B o it 4cfiis > JFR
135 2% A EFRABFRE B v FARGE R PIHRIEIT o

LIFRRMBEZMEREZEFIN A 40d 2P BEVERED "%?ﬂ?fi 7 -
Rz s HURE R R R X2 RMSE 4 % 0.1~0.6 2 &F (LSE & 4 3 1.01 ~
38.6) BT L 2 WAARHE) ;AR AE%EZ RMSE #54 & 0.05 ~ 0.15 2 [¥
(LSE & /3242 ~194) TR E2 25T ERF - FA TE 145 2 ¢
F 2k L2 RMSE &4 % % 0.86 %7 0.67 (LSE &4 ] 5 63.12 &7 38.61)’ iR %E
L2 3 F %8B RFLAFRRE TE 145 28 At fuie 402 8 B 4204 (0.03~0.11day)
W RELRERL o

81 ° 7m —7m simulation
7 L ° 7.5m 7.5m simulation
8m 8m simulation
° 8.5m —38.5m simulation

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14
time(day)

(a)
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6 1 ° 9m ——9m simulation
5 //rﬁ ° 9.5m —9.5m simulation
/,@ﬁ > 10m ——10m simulation
5
4 ;,} 10.5m 10.5m simulation
KN
8
2 g
\\'-_3
1
%
“ﬁ‘\“
0 e e e g B i e e e
0.0 0.2 04 0.6 0.8 1.0 1.2 1.4
time(day)
(b)
7 -
° 11m —11m simulation
6 ¢ 11.5m =—11.5m simulation
5 . ° 12m ——12m simulation
12.5m 12.5m simulation
4
N
<
3
2
1
0 e T A A B g s P ST
0.0 0.2 04 0.6 0.8 1.0 1.2 1.4

time(day)

(©)
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° 13m ——13m simulation
T ° 13.5m =—13.5m simulation
° 14m ——14m simulation
14.5m 14.5m simulation
2
1
0 L T A T AT e G TR
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

time(day)

(d)
B 59 ¥ E-01 § — = e #4385 8 B & & % : 7~8.5m ~ (b)9~10.5m ~
(©)11~12.5m ~ (d)13~14.5m
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442 B-01 - X482 B%2 28w L 2%

mE | ¥ | F% | Am | A
u(m/d) LSE RMSE LSE RMSE
7 0.9 63.12 0.861 8.56 0.1
7.5 1.45 2.57 0.17 4.86 0.07
8 2.9 7.66 0.3 4.95 0.079
8.5 3 16.03 0.434 3.66 0.068
9 3 22.95 0.519 7.97 0.101
9.5 2.9 11.36 0.36 6.02 0.087
10 2.75 9.68 0.33 4.46 0.075
10.5 3 13 0.391 6.07 0.088
11 2.1 1.25 0.12 2.42 0.055
11.5 2.45 13.1 0.392 5.31 0.08
12 2.8 15.29 0.42 7.26 0.09
12.5 1.8 1.01 0.1 5.26 0.08
13 1.15 5.99 0.26 9.45 0.11
13.5 1.45 3.89 0.21 194 0.15
14 1.25 9.21 0.32 19.12 0.15
14.5 0.95 38.61 0.67 15.97 0.143

*number of calibrated data point = 85; number of validated data point = 779
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534 # E-01 % e AR E

B 60 31345 532 % &P BR T AT E 2B AR o B U FIBHET D
» DTS £ R[2 B R T SR 5 fRirferrit G 2 B R > B 7 # R jz
WA G2 B R %2 DTS £Rl% %404 817 - Bl 60a 2 FR 6.5 2 ¢ 3] 8.5
DUHE RGN o AT O FRTARMERYA T 8 R IFARSS D
E'JF—“:@TJ73}§°$?$}§ TS5 82 BRI A AN 6T~T2 B2 B o ik deHiid
FR8 A AR EFRA IR CRFEREZIFRTS TS T 2% o Fl60b 5
FROACI105 2 bR FAEREL o BB LSBT FER 102D
BAELETTARFR 9950105 2 FRPR AT 69T R e Bk
B FRI S 2w RERGEEBIFEROTRERR -

"

-

Bl 60c 2iF&E 11 2% 3] 125 % e BHFIGE R o Aidik e o
R 125 2 B R0 89 R IER 1211 2R BRI LTI NTO6R -
RIS 2R BRI AGT R ZE o B s s o BRI &7 A% ,E_ﬁtﬂn
WOERRE- HURRGNE R SR RET - Bl 60d 2FER 13 28 3] 145 o ¢
BB FE R c AR BT FRE LS 2 HmERYET 1280 FA
13135 1428 F A2 BRFER A3 993 B2 B o Bk seftil o 973 FR
B ACEREAY ERR Y ARIT

LIRBRMBRIEMMEREZEEIINL 504 &0 ”EL’”'  LIFRBREF E
2 RMSE &% it j= i~ ; @ %#2 RMSE &4 02~04 2 & (LSE @& 4%
257~115 ) B4t B %2 ¥ 5B A8 «FA 11.5% 145 2 « § & & #.2 RMSE
@Aau s 100425 (LSE @A 6] 5 147~2208) B F 2 8 %At » ¢ 2
PR L R PR F] A A di e 47 R #542.(0.03~0.16day) 2 o SEE L B R
IR o A wiR RS2 RMSE @R A %5 023043 (LSE & 4%t 324 ~
1154) BT o2 FAR I FERE o
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° 7m
° 7.5m
8Sm

° 8.5m

—7m simulation
—7.5m simulation
8m simulation

—38.5m simulation

0.0 0.2 0.4 0.6 0.8 1.0 1.2
time(day)
(a)
[ ° 9m —9m simulation
° 9.5m =—9.5m simulation
° 10m ——10m simulation
10.5m 10.5m simulation

5 7
8 P
P &
8P i D A0
R . PO U Gt R D i — |
0.0 0.2 0.4 0.6 0.8 1.0 1.2
time(day)

(b)
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10
° 11m —11m simulation
9 L
° 11.5m =—11.5m simulation
8
. ° 12m ——12m simulation
6 12.5m 12.5m simulation
25
4
3
2
1
0 EA I B S o M
0.0 0.2 0.4 0.6 0.8 1.0 1.2
time(day)
(©)
14
° 13m =—13m simulation
12 ¢ ° 13.5m —13.5m simulation
° 14m —14m simulation
14.5m 14.5m simulation
st L i PN i a o
e N N e
0.6 0.8 1.0 1.2 1.4

time(day)

(d)
B 60 ¥ E-01 - S se#i25%B B4 L 2% 1 (a) 7~8.5m ~ (b) 9~10.5m ~ (c)
11~12.5m ~ (d)13~14.5m
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452 B0l 5 x4 #ipsz Sl 2

g | % | F% | mE | A

m u(m/d) | LSE RMSE LSE RMSE
! 1 |6.633428 | 0.233179 | 30.39361 | 0.225257
75 | 245 |48.98808| 0.633673 | 38.2292 | 0.25263
8 3 |68.18145| 0.747572 | 50.44623 | 0.290202
85 | 205 |33.17255| 0.521446 | 29.74768 | 0.22285
9 235 |56.62277 | 0.681264 | 39.19507 | 0.255801
9.5 2 | 87.65924 | 0.847655 | 42.50693 | 0.266389
10 1.4 [38.20726| 055962 | 26.47857 | 0.210249
105 | 195 |99.90119| 0.90491 | 45.31329 | 0.275042
11 1.4 | 27.45755| 0.474407 | 25.70559 | 0.207157
115 | 05 |147.2595| 1.098656 | 32.49204 | 0.232903
12 0.95 |19.15193 | 0.396211 | 37.16104 | 0.249075
125 | 055 |38.79683 | 0.563921 | 58.91004 | 0.313604
13 05 | 27.0329 | 0.470724 | 72.15765 | 0.347079
135 | 05 |3205526| 051259 | 80.83005 | 0.367344
14 05 |127.8567 | 1.023722 | 96.39097 | 0.401148
145 1 05 |2208.298 | 4.254504 | 115.4295 | 0.43898

*number of calibrated data points = 122; number of validated data point = 599
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535 # E-01 %= X4 #BRI|EES

Bl 61 519395 5.3.2 % & hfdieik L i & LB AR o Bl U FIEHRT 0
L DTS Bipl2 A FA - SER 5 BB TR BER%L » B 7R 1 f3
izt 2 B RSB DTS ERESApERIT-B6las/FA TP 852
TR R o it b o JER TS8R ZBAREYAYNYOISE o RERE TS D
R FPH 92 E ~85 a0k FUPATHEHOI4 R o i kel JFER TS 2%
405 m@ﬁﬂ@ w*&%’ﬁiﬁﬁﬁ%ﬂﬁﬁﬁﬁo@6%%%&92?
T 105 2% AAcBB TR AR o AR SeFwm o JER 9S5 DU ERE A iy
BE3 521038 AR I02 BERASM%99R »EAE 9105 > BRI
29697 B2 o BB FR O A EERERY ERATREL
TIRRGNE R R W AR 4RIT o

B 6lc 5F& 11 2= F125 2% 4 BT g BRI o izt e fim o
R 12 v EnE R AT 13 R FER 125 2R EAEMNFAEH 109 B - FAE
11~11.5 2= B R R F 2 5 103~106 & 2+ o Bk 4cfuts > (7R 11 2% A58
PR d e ZRE HUFRATERS M RZEIT -BO6Id ZFR 132314 2
AP FE RS o ARt fw o JER I3 RYE T 105 B
R 135 14 o A2 BRPABE 103598 & o Bk deis o FR 14 2

FEEFRAWIERE  BERAELIER 13513 2% o

AERUBEEERLEZ LRI A 6od AP TR ER 79 2 F
Bz RMSE @9 % 02 24 (LSE & 43 59.5~83 ) b7 B AL 2384 ]
@ %2 RMSE & 4 »t 0.42~0.51 2 & (LSE & 4 ** 130~190)  i® & 9.5~11.5 =
© BB & %2 RMSE @& /4 % 0.34~0.66 2. & (LSE & 4 > 165~632) » &7 8 B %
£z 34 Ed~ ;%2 RMSE & 4% 0.38~0.45 2 & (LSE i 4 *t 104~146) »
RTRBESFBEWETLRS FR 12 0 ¢ % %2 RMSE & 5% 1.15 (LSE &
A0 187581 ) M R % BT 5%E jﬁ\,m;;;;%ﬁ y AL AL EERY B
BEFRFARER > FHREPEP AL RS - TR EAREEE ALY &
%2  RMSE 5 0446 (LSE & 5 141.7)» Bm % & &% R4F o FR 13~14 = ¢
B R & %2 RMSE &% 5 0.26~032 =+ (LSE @& 4> 82~146) k7 if R4z &
2 34 ] ; @ B2 RMSE & 4 0.41~0.55 2 ¥ (LSE & /1 % 119~219) -
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F @R 20208122 21p =
EIRrF
12 - ° Tm —7m simulation
° 7.5m —7.5m simulation
8m 8m simulation
° 8.5m —8.5m simulation

4
2
0 e 1 1 1 1 J
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
time(day)
(a)
12 ° 9m ——9m simulation
° 9.5m —9.5m simulation
10 ° 10m ——10m simulation
10.5m 10.5m simulation
]

(=)
AT

Ty

0.0

1.5
time(day)

1.0

09:13

(b)
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14 - ° 11m
o 11.5m

——11m simulation
—11.5m simulation
——12m simulation

12.5m simulation

time(day)

(c)

12 - 13m

——13m simulation

—13.5m simulation

——14m simulation

0.0 0.5 1.0 1.5 2.0 2.5
time(day)

3.0
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(d)

Bl 61 ¥ E-01 %= x4 MBFHRERBEEFH 1 (2) 7~8.5m ~ (b) 9~10.5m ~ (c)

11~12.5m ~ (d)13~14m




462 B-01 = 42 335%2 2 8m L 2%

mE | ¥ | ¥R | mE | wE
u(m/d) LSE RMSE LSE RMSE
7 1.05 83.068 0.242 147.198 0.455
7.5 1.25 50.994 0.189 187.35 0.51
8 1.15 59.583 0.204 156.9 0.469
8.5 1.2 60.937 0.207 190.23 0.51
9 1 82.168 0.24 130.71 0.428
9.5 0.75 272.364 0.438 111.714 0.396
10 0.8 279.3 0.443 104.99 0.384
10.5 0.85 165.02 0.341 143.02 0.448
11 0.65 299.863 0.459 118.49 0.408
11.5 0.5 632.873 0.668 146.35 0.45
12 0.5 1875.81 1.15 141.7 0.446
12.5 0.5 470.285 0.575 138.205 0.41
13 0.55 146.01 0.32 119.84 0.41
13.5 0.7 82.456 0.241 151.65 0.461
14 0.9 102.54 0.26 219.02 0.555

*number of calibrated data points = 1418; number of validated data point =711
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53.6 # E-01 # T3 T -kinid SRR B0

1995 5.3.3~535 F &R & it % 0 Bz NRRTF LLFR 2 KINE BN
FREASBO2d B VEED > A BHRESFITHGLINELSFT T AR
2019 # 10 ? 32 {7 % — KRB G 2 mE A F R A2 093 m/day > # ¢ o iF
B85 ~9 i jnib TR T O ERGER 2020 #4727 F :’téﬁ%;v'ﬁr
2 i A 0.5~3m/day > FR 8 2 % i B SRR 13~145 2 % i
B 02020 & 7 7 BT R Z @SR G2 i AT 0.5~ 125m/day w75
DR GRE BOE- 0 JER 11.5~12.5 2 % jnag Bfh o

FEZ AR PRITIEGZ R AT Ry 0 B - BRI Z A Ek o R
R ERARE L R F - kL gt AR B A& 2-3 m/day °
FoA PRI G2ZNEREARL T FEE S 0 R FHAET IR EY & 1.5-25
m/day c % = KRS Z ik 0P R A SRR M0 A& A F 3 0.8~1.2 m/day -
R AR PR R 0 ¥ - A FEHA T NE L FR 8905 v K AL
10512 2% > BRI EIER 13~145 27 5> preb s AR 11 &% 7 Linig ek
ZTH Bl o b D NEEHRZ RS NFR TS5 S kP H S 105 27 s Kk
Bt LR 13~145 2% s 11~115 28 " S hd R Bh o $ 2 X m%dis 2
it AER 7.5~85 2% Bk BB EIER 11~13 &' o

"

'

u(m/d)
0 0.5 1 1.5 2 2.5 3 3.5

10

Z(m)

11

12

13

14

15 =

Jul-20 3 = R % Apr-20 % — kX5 Oct-19% — R ¥k

%] 62 = = "‘Zél(‘vé“%g;}ilw-»/‘ - J\m 1? i/#&%“‘
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541 B $iFRRMEIMND ~ BB EILR

Bl 63 5 A3 H3 7 ERATRITZ ARy B8 ToRmEEFE 2
FRES X SERME I B B R L o B TS 2 FA55 2015 %
Binidimme Rz % o FRE 678611125145 2 ¢ #p|F 2 jnig A W 4
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BE L HVY 2 LF g EERRBANRE B MR (432m/day) 0 F o
Pl 5 REATRIF 200 0 Zoothiz i Aw Bl F G sclidpr(ND) o & 2020 £ &9
ERIEEET > TAFRE 1013 2% 59 pF ﬁvﬁwj 4.32 ~ 5.184 m/day °
djﬁﬁ%v%m’ﬁﬁﬁﬁﬁﬁﬁﬁééﬁ%%iﬁiﬁ*°uuﬂma;’
2015 & 5 FAE N E e FRAIEFLNECPERS Y ARFRERELE RS
v BRI 2020 & 3 &&mﬁﬁéﬁﬁﬂﬁiﬁﬁ@ﬁ’i %“%
R FIR D RBRRIHRE R BRIFIFER 1013 2% 2 Jnid o
%uzﬁnﬁm§¢%w2m5&g@w%1¢mﬁmﬁw$@%2&0&&%T
R MR ERERER R ARE A 2 02015 F SRR NE N R AIER 125 2
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RO 2k B o
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d3a X SER R RN E R ENL | BEEa ) LI RE
BB T2 IR PR Bl W R 23 S R T o R TR
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TR etk - Koo @ B T ORTRE R R B 4o d 3R B Mg g o R 2015 &
DL RRIE e BRI E L - M TR R RS BB R
FTHEIR O RER 3T~5 SR B R SRR E AR B RE KRR AP
$H2 im0 2 K@k R 75 0 r Rl i ¢ AR s
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bR 2020127 218 & 09:13

AR ARRBAN TR SR FRTAL TAIHTRE

u(m/d)

4.32(ND)

¥
NP &

10 L 4.32

Z(m)

11 *
12 4.32(ND)
4.32(ND) *

¢ 5184

N P S

13

14

15 1 1 1 1
0 50 100 150 200
u(m/d)

—o-Jul- 20 = k3R - Apr20F —Z3R8 o Oct-19F — Rk & 2020 5 3R B ARG ¢ 2015 SR ARRARE

Bl 63 fA45 A%t 2 ¥ TRt B SRR S 2 B R Lo f 2 R
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e

300 350

542 1% - ERAFKEF VR

Bl 64 5 £ #RTHFZ R L H N e BRFR TG 22 TR EE % -
£ RAFRFERE AT S5 BBz Rk b'L'rifé'f- o2 ik WeHgE E-01 &2
- ERAFLBHRESEF R FMA T = kTG 2 A BT
R T95 SR AR REORE P EFR 105 S AR R RE SRR
125~145 R Bl Z i B i ® B o A E KBRS 8T "f 7 # E-04 2 ¢ >
Hepgpld iR 69 DR BLRFLORE > B ZFAR 11~15 2% » FR
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