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Traditional hydrogeological investigation methods are generally conducted at a large
spatial scale. Although these methods can delineate regional groundwater characteristics, they
often lack the spatial resolution required to accurately describe complex and heterogeneous
aquifer systems. As a result, uncertainties frequently arise in identifying permeable layers and
estimating groundwater flow velocity and direction. In recent years, thermal tracing combined
with Fiber-Optic Distributed Temperature Sensing (FO-DTS) has proven to be an effective
approach for characterizing groundwater flow under various hydrogeological conditions. This
technology provides continuous, high-resolution temperature measurements in both space and

time, offering a valuable complement to conventional hydrogeological investigation techniques.

In this study, FO-DTS technology was applied to analyze groundwater flow and heat
transport processes. A self-developed Thermal Vector DTS (TV-DTS) system was designed to
simultaneously install heating and multi-directional sensing fibers within a single well,
allowing the estimation of vertical flow velocity distribution and the determination of
groundwater flow direction. To minimize vertical thermal convection and improve the
reliability of temperature measurements, two temporary sealing materials—Flexible Liner
Underground Technologies (FLUTe) and Polyacrylamide Gel (PAG)—were also evaluated.
These materials effectively suppress vertical flow and enhance the accuracy of flow estimation

while enabling potential applications for multi-level pressure monitoring.

The experimental site is located in Chaozhou, Pingtung, southern Taiwan. By the end of
this reporting period, single-well active heating tests were completed in two monitoring wells
(T00483 and T00484), and the ADTS software was used to invert flow velocity and thermal
conductivity profiles. Additionally,a COMSOL model was established to simulate the influence
of different sealing conditions, and field-scale heating tests using FLUTe and PAG were
conducted in well T00567. Results show that well T00483 exhibits high permeability between
the depth of 3143 m and low permeability below the depth of 64-80 m, while well T00484
has higher permeability zones at the depth of 45-50 m and 70-80 m. The ADTS inversion
results indicate consistent trends with temperature data, and RMSE values mostly ranged from

0.2-0.6 °C, confirming good model agreement.

COMSOL simulations further demonstrate that, in cases of purely horizontal flow, low-
velocity zones exhibit significant heat accumulation and clear vertical stratification. When

vertical convection is present, temperature profiles become homogenized, reducing signal

X1



contrast. After applying sealing materials (FLUTe or PAG), vertical convection is effectively
suppressed, heat accumulates locally, and stratified temperature structures are restored. These
findings confirm that vertical convection is the main cause of signal distortion in single-well
heating tests, while sealing designs greatly improve thermal contrast and interpretability even

under low-power heating conditions.

Field tests with FLUTe and PAG further validate the simulation results. FLUTe reduced
vertical convection and clarified temperature layering, while the temporary vertical thermal
anomaly observed was attributed to pressure maintenance during operation. PAG formed a
stable stratified structure in the depth of 5-7 m section, showing temperature increases of
approximately 3°C near the depth of 6 m depth, effectively stabilizing the thermal field. Both
sealing materials improved temperature signal clarity and reliability, demonstrating their
capability to reduce vertical flow interference and to reflect groundwater flow and aquifer

heterogeneity more accurately.

In conclusion, by integrating FO-DTS with single-well active heating, numerical
simulation, and sealing techniques, this study successfully established a high-resolution
characterization of groundwater flow velocity and thermal properties. The findings provide a
reliable foundation for hydrogeological assessment and groundwater remediation planning, and
present new opportunities for the advancement and application of innovative groundwater

monitoring technologies.

Keywords: Numerical Simulation, Thermal Tracer, Fiber-Optic Distributed

Temperature Sensor (FO-DTS), Groundwater Flow Velocity, Borehole Sealing Materials
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iév&w > 2 iﬁ*—*’%T Ma ﬂfwi%m’%ﬁféf LA R BMHR(R RITR)DTREE - S

ERS ks 4 RBREALIE GRS RIS Tk R 0 8Tk
B8 IR A 2 2| HR L (S RS 1 1 penBl 424 4] F1 % (Dagan, 1989) o

B} TRERG DOBSHFETR O LARZETFRY AT G R RTG D
KB B AN TR F I OEF A A AR EF RO ARE 0 AR
FTRIZFBEITRST L BERK2 3 RREET S 22 ZREBKRRE ST
RN R AR A PRF RSN TR Rk Y sk iR e
Flit Fae e ikl TRE wI0s BRI - B3P A R BB TORF AR AR
WA A F R IR S B df o g S fRATRR S Rk B R
ﬂ&&@f&ﬁ SRR R OKBAS T S AIERB I AL S RPN oK
LA A GR AR AT E 2T W B RgR e e TR A N WA
’iéﬁﬂiﬁiﬁ@méfﬁ&p? EALEE AR REFT L 29E > TP HFAEF
AR REEF N A RRE LT ARRLRFS FFAREEF R 2T
D Ahd AR

4



UAKRRGEERR R B L MY MR AR TR e BIEEAD

=~ P,’L‘ P en

&% PLRNRTEA TN R EE R R R R R AA#H ;%ﬁfﬁ Hpappr~72 bn
;sﬁﬁfr}i%%‘b v Ed AF AR R e LA BN e > U R B 2D
Mg i B FR o B AATH AL R T RF AR APEDfRIT A 4 o At
HrEEE H i B h e R GOR R B LR(FEL & thermal vector DTS, TV-DTS):7 4 L=
F o HF P (T TV-DTS e8> 7 Wi da G g 3t adw F i & v 0 p PFfZ
Fr B TR B 0 SUPRILE LR BB 3 RS A (A 302 ] o gt v o
18 3 PR E (FLUTe) 2 B3 4 ket (PAG) S FEA7 P 12342 HAL enf% 7 2 £ 4754 5 48
ﬁ%“ﬁ”*’ﬁ“%ﬂ%ﬁmx@%ﬂﬁmﬁﬁwﬁfﬁmﬁ474’ﬁ%ﬁﬁﬂ%
G H s RORRERIZT IR R 0 T 4 B R BB AL R BRI KR 2
SEITERE R i N ﬂk?%ié’:? T2 RN G DB L Y ATH MRank TR F
4%&*??E@$?§%ﬁﬂaﬂ%%%’Pﬁﬁﬁmﬁ2¢%ﬁ¢ﬁﬁﬁ%1¢ﬁ
R R T FRRERS RE N R B TERERA A R R TA N R R TR
FRECHTALILDEEF T2 FF kg L ARTER 2O EERY Y
ARGEIIEER TRFTAAEE FoF RFTahE o
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MG B BT KR T B (groundwater tracer) I 2E— 38 370 A o BB L R
BRI fET 0 T BAr i P TR S e B R o R @ﬁ'ﬁﬁi? st 5 RAALE 7
TR R 20 fR 47 43t 1960 & X (Suzuki, 1960; Stallman, 1963, 1965; Bredehoeft and
Papadopulos, 1965) » #A @ X A ERIRBaiF B R » X ML G 7 IR HFE & F %
FREFLALORMEFRABY FHIES o TE REEE R RFOCE Byt h 2 E
B Hopmenir 2o bR 0 PR et A BRI @%‘]mfﬂiﬁtﬁ v R B T }T&
FEZ 0 MEG BUE oK 2 o BEE 907 7 4 (Anderson, 2005) o F L et &35 D EE I & B
T -k %2 3 8% (Doussan et al., 1994) ~ 4 {7 § iz % 8 (Freifeld et al., 2008) % & #pci* 1 &
gkt 2 B M (Leafetal., 2012; Pehme etal., 2013) o B & £t B * >0 2 T 5
ARELE e D AR T REY AR RTES AR AF Y 2 BEAE T (Klepikova et
al.,, 2016) ; M £ & » £ 18 ﬁ%]éfi %47 f#(de La Bernardie et al., 2018) ; & = { ## % 2.
BERREPR S NREPRER FTAES F F kA 2 f247 & (Maldaner et al., 2019 ; Lee et
al., 2020) ; & {;ﬁ d Wid 2 Bond T E KA M2 8 R % 4 $7(Munn et al., 2020) o

20 F xR EEERTHE A4V E R R B E (fiber optical distributed
temperature sensor, FO-DTS)# % B * & T Bl & P& 2_ gz iu )8 B % 1* (Selker et al., 2006;
Briggs et al., 2016) - FO-DTS AR IZ(FB] 1)1 & H:FL R T ET;‘)‘%’I%;F 697 A 4 T EL
(scatter)m JE B P O BIE R > R EFFE L F L g T A - FO-DTS & = 3
FBAFTOE RN T FHRIEAR > T X B AR 2 R F 23 4 (Selker et al,,
2006; Westhoff et al., 2007; Tyler et al., 2009; Vogt et al., 2010; Read et al., 2013, 2015;
Klepikovaetal., 2018) - FO-DTS i & it 430 f bz B F g F et 8 0p) >
10,000 2> = Rk g 5 &) A AP efgir RV ERE 0125 2 - BERIE @ AP
FrenfairRplas 157 RE- LERITH - BREPDFRRFE 01T 57 4
B A TR B RGBT ERIZ Y 0 AR & R R TR R R AR £ )ehd B 5 e
FoRBpABRAFEREIARACATFERL R AFE T ARFREREL > EM
e T kR SR RERE(R 2) 0 B TR BRI 2 247 & (Bense et al,,
2016) -
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Every meter along 10km optical fiber can be monitored with
one machine, which equals to 10000 traditional sensors

1m optical pulse

& 14}&{2\"]0%/3_&[{,/?] T % B

(4F p https://www.bandweaver.com/technology/distributed-temperature-sensing/)

a) b) °)

Thermal Advection Test Hybrid Cable Flow Logging Heat Pulse Test

— heating phase
— cooling phase
t=6p i

t=5p

t=4p

-— t=3p pa— L)— O
t=2p L
AT
t=p I
—t=0 i
— PR
=
= L
[
o
Temperature Temperature Temperature
———  Power cable (non-heated) Heating cable/element Fluid flux towards and in the
=== boreohle.In case of (c) fluid flow
——  DTScable ——  Combined (hybrid’) heating/DTS cable is around the cased borehole
Bl 2 4% ;8 FO-DTS £ B> 7% (a)thermal advection test » (b)hybrid cable flow

logging » (c)heat pulse test(4f p Bense et al., 2016)

4 FO-DTS #2345 2 pad 3844 (Pehme et al., 2013; Coleman et al.,
2015) « 4= Bakker % (2015)**;’1 BRE R 2 b R A b AR P AR
B INTERRIY EEFRPIERRTE TEFEESTTEE Y LB R PO -
2 ¥ 4r Coleman % % (2015)3t4c £ % & 9% % il (Guelph Ontario):@ % Hht 2. H v 2%

100 = & jF# & * 4 # 5% 4o 4 SR (active line source, ALS) 45 fie DTS & 7 44 7 Bigds% 0 &

PO A BB JR S B ATV BT SR AL A R R AR S R

03:20



< )Ele'}*}é_ﬁ
TR € PRI 74 F o 4o Klepikova % 4 (2011) 5 ;’”ﬁ d 2 B # 785 £ (Ploemeur,
Bretagne):#&gk Hrht 2_ % 7|3 5% A Wi {T 2K o ;ﬁ d b oRETg R TR Rdsn o
B E R R R T AR 2N BT BiGERSR 0 1L R /rfiam_fif%‘* E= Y AU N N e S O
=% ¢ H MK % fic(transmissivity) ¥ & (7 #c B A 4718 8 o Klepikova % 4 (2014)*t p i& —
W& HH AL B G 2 B -

4

B TORFAERN AR B TGN TR ERPET > BN S5 G
PALEFIRPNPFA R AR A G4 BE o doe g i

F25 T s Bprend|drie TR B-F - & P o Pehmeetal. (2013) &
probe (TVP) » #* TVP th¢ Wk B 4B B> ¥ 30 % 52 % EA - BEEAR B E
FE? BB AE EFERRPBLZER TR FAEH I M BFUFRZE TR
BB EFE (R 3) o d 3 TVP A Wi &9 TFER 8 i Tkt B g
EEER . FHRSFEA R R RERRRE > FREERAE LN RR A B g B
T EEEY Ty e B +’ WS ERREREZRY R -

P REAA K7 ih

—=

+— thermal vector

wv\-

Thermal Vector Probe - ”"TVP”

Magnetometers
-
4

4 Temperature Sensors

Depth

74
(a) (b)
B 3 (@TVP 7 L B(Mb)TVP & ER % (@ p Pehme et al,, 2014)
HEAD VA BNk g E R v R RN TR IS A AT AT R T F)

éiwﬁﬁﬁ BE kAR B k@m BTk AR HERE DA L
reavkiio kA - BRENE S > BAEAE KRR mé’— (Sterling et al., 2005) ,
peeh s F A Ee ek g E RS L
*%ﬁéﬁioﬁﬁ%1$ﬁﬂﬂ~&a#€’ﬂiﬁ*@?’&E%—&i*ﬁﬁ%
AT oA EE - v A RXERRE T L 2L AL o G U IRARI R B T
SRR U AAMHEZ G N(BHEREHE)EFER > R 0 Biiadt g
ZRZEREWPEZE A s TGP PR e F #0 o Colemanetal (2015) 4 # T ok
e BT AT 0 SR E R LR 0 &L AR E # T Hke(Flexible Liner
Underground Technologies, FLUTe) » #-2 # p 3038 (7 4+ » fog 2 g p 38-REIF 972
4 2. % R i s i(cross-connection effects) » e dF g 2Rk on 2 i A5 (8) 4) -
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VAR RGERRPIBREL L TSR TRIMEE I FRITAD A
WE R - BATE R 2 3 RGP AR5 (polyacrylamide gel, PAG) » B 4
B T 4% o Ry MacMinn et al.(2015)4- Hewitt et al.(2016) 7% 3 &7 » B[ i
PR AT KR R IR A 0 B SR AL A R {oR A 0 G TR T
rﬁ ¥ we@ R R S 1 o PAG R Tl IR GRS PSRBT A AT 10
» (Grattoni et al., 2001; Oyen et al., 2014) - Klepikova et al.(2018) - 2% ¥ & {7 #) 44 7
% > 11 PAG & &~ J\Lwé%%ﬁ-ﬁmf PO T UBHAEARARGEREAR  HESN
7T 0 x> PAG 2 {6 en# 8 > ¥ G 2uinfE IR R (R) 5) 0 7 & b it o % i - FLUTe £
MGaﬁ%@ﬁ“w\ BRI Sd FREPAERY BHRMARAT FHEg
T 3 N BLE R A I R TORF AR B 0 g B2 kY
AT ER

|

(b) DTS system heating system

(a) 240V power source

Case A Case B Case C

i ion of flexible sealed borehole calibration bath
unnatural flow in liner using driving recreating natural

borehole head higher than flow system power

blended static head monitoring variable
transformer
fiber optic cable design 1
measurement/ Junction
box outer jacket

flexible
liner

T - gel-filed loose tube
7.7 mm ‘% optical fibers.
|
* 18 AWG conductors

aramid strength members

plan view
cable location

cable design 2

souter jacket

18 AWG conductors
%
9.1mm tight-buffered fibers
| central swength
i L3 member

‘aramid strength members

integrated

heating and

measurement
cable

@4iMSﬁﬁiﬁﬁﬁﬁTﬁ%%ﬁfﬁﬁimﬁmﬁ:@HURQ%&«%
TRBE (DA EAR P EE L F Ao L S p Coleman etal., 2015)
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Eﬂi—%/f——/n v i

76s =
: Y s
T2 water
~ T3 water
£ 12F T4 water
g = ——T5 water
I = 5 S
g
I ™ é 08
water/PAM g -
e I Eos L
dye injection 100 min 280 min % -
|- ! #
I 57" -
i 1(.);0’ 2000 3000 4000
Time since start heating, s
Bl 5 R AR % (PAG)T B 2 R R 1259 325% % % (4 A Klepikova et al., 2018)

LI R 3 s ik i
4-1 AHAAFERRRFERARE

d ke B OFRE mih?ﬁ’ﬁﬁﬁﬁﬁme$°‘ﬁﬁﬁfﬁ“@ﬂﬁg’
A R AT R L g ke RS At RuE R 3R 28 K
TREET U R RRE R REFRFBREIPRZBEFFLF R F o FHAF
B TR RS EORS FEREE PR M A kel BABR 2 - i
ko mHVREGE R R RIE > > £ & fiber optical distributed temperature sensor( FO-DTS )>
Ao RIATEAR PRI AR KRR R R R R ERIE R ORILA B J F MK A TR A
Wikd T BT RAFRE > B BLEANA 2 2L B B RIS FR
SRR AT o F AT R GATA P VIR 0 5 T Sk A RiARY 0 F SR
ZHAEH B R O~ kARl > 2R @ 84 k3 (photon) A ihehiBARY F)E kg MpLIg M
Fradrst LR BF - » ML A2 T (SR R (JF ST 7 iR
Bad 4R e B ERE LA 4 Hoht (scattering) - H 1 & § = {57 B it
b+:% <475 (Rayleighscattering ) ~ # 2 ~ 474+ (Brillouin %) ™ 2 42 & $7%+ (Raman
scattering effect) o B ¢ » §F L {TBF AL £ & M Sk e KoApt TG s @ R L AT
B2 PR ATER € 3 kR (R 6)-

Hod#F B Ags s F otk EEHT A (electromagnetic forces ) & 2 kb chi &
T # P A o ipuet % A %1 1 B (acoustic waves ) £ B+ (phonons) #4F > 31423 7
1% JR IR 9 (resonant phenomenon ) o 5 d §7étk ek & =45 (wave length shift) £7 5k 5%
FReOFE A b B RRFROEG L LRTAF R DS F o REFAT Y
WREUR RS A R o A PR ARG - kS B AT IR f 0 R SHE SR



PSR R E R R RIE S A R R TR B TR &

AR R r SR AT S > IR % TALZ S 42§ etk (Raman scattering effect ) - if.?' 37
BESHE SR M2 LA S # 42 547 (Stokes scattering ) 3 Fo b iS4 % B 2 ELR] A

¢ 4= s KT8t (Anti-stokes scattering ) o € 3= S KTBf U FLE » Bk 55 R 2 BT E 5 SUILRE TS
RS UL VAR EF UV E ST X I F TR
Mo BT A FATHBLE R 2 b T EF LR TR A R LR Y TR R

BRER o BArt L RFERD T EEA TR NF L REL (2=0) AtPERT
KEFAETFYEREz2 8 » HATRPIZ BRI E 40T ¢
A
T(z,t) =
R0 (A 1
m(%ALU +C() — [ Aa(z)dz

A1 T REARK] 2z KRRt A ER[T]y 5 8 8L RE > Taoy
fl%[K] »h% 4 2% 5 % # (Planck’s constant ) > Q 5 ¢ 4 R 4gsfE7 » S+ 3 bf2 AFF £ 0k %
# %% % ¥ # (Boltzmann’s constant) - In (::s ((Zz’,tt)) ) RS S LR & e Y o
Rebrt X AHEEE D C () 3 SRR MBS H U ARSI E LR
WEL2 WRARERALR > M FEMEFHTLREALPICERS G TR
fo Aa(z)dz' 5 5L Z A~ % & (differential attenuation ) 2 4% 4 € [dB] > § 513k 4L F s
A NS H R R IR 0 R RS 0 SR R TR
AEEHI M AR RFRL G R 2 FRE

Frequency of
Incident Light
(Rayleigh seatlering)

Stokes ¥ Anti-Shokes

amglibude
shitfts with
temperatura

= Brillouin

g .

o Arli-Slakes

£ Brillovin ey

—_ il with Egmgn
E- [ ]

5 Raman MR,  nl-stehes
iR

E

3

s

[='

Freguency

Bl 6 Hchiinsiz 47 5 Bl L B8 p Selker et al., 2006)

4113 LB E R R BRE



Fp e
AR RRERRPI B AAE N R LT EGEES TR ﬁwa,g%\‘ Fana
Ao Ay E* Silixa Ltd #7902 ¢0 ULTIMATM-SDTS(B] 7)° B A #6  & 35 1 L&
FaprmdsEr s 2 Y ERAE MR TIRE T ”m@ﬁs‘]\%#&ﬂ B oo LA B L B o
A ALRE e B F S (channel) ¥ 4&TA 472 157 R B AR ATE e
B H1 (¥ B K L45°C+40°Cr £l S g7 E S 02 B R 25AEE 001 B> 3
FfEdr R B 5 0125 2% > ERIFEZF 1 47 &F - LERIFTH > 2R 2 RE
B "f«‘ffeﬁ RG> 7R ERTR . B AREA TR PEF S e
WY ME R F(AIS D PT-100) » ﬁ° FRERZ200 5 # /?'Jm.)i%ﬁﬂ % -50°C ~+250
°C,mjifﬁ?ﬁﬁlmi01°c’ GERRFTERIIIZEHERT w2 F v B R
2 5P e &mﬁipﬁﬁﬂﬁmii TALIIE e F R AR R P 0 VIR PR b R
B3 hepcd) kR £ B iR (RBRsolo3T) H & 7?']%'.?]% -5°C~35°Cif B4 8 & 5 +0.002 °C;
B pIf347 A B 5 <0.00005°C ; £ B R IET >0 1 5N £ 8] 2 £ 742 (2Hz) 4 2 B AR 00
P B REPT UHADISER F 2T 1&»

——1. Onn R

g —0L.35m 2 E Y
e ____——Teflonfhi &

(a) (b)
Bl 7 (a)T #% s 47 ik A % Ultima, SilixaLtd > (b) &V B RFR I % 7 & B
(Rt 5 )

AF N RERE RGP B AR T RS 47 R B Ao F i 4]k Si(heating
pulse controller, HPC > B] 8)— & & {788k o K@ 4cfbrd] k5 B8 F 8- LT ERN
P15 & Nk BR(UoF 8b rA > kB M- Ao § Eﬁﬁwﬁék’ﬁ%fﬁﬂm
D EF IR BT R R U R S R E 12V 2 24V TR R 8T B

2 \@] I FEEAEEL @ T gﬁ;bfiﬁlgr;:ig - alE: ] 7 O - R R TR
oAl OBLE M Bl P bl R R R Bk 0 i se e Y R A
d PEIASTRESF o F HPC fad s » i R i &N BT - P AR
PR NS E e B B R T P O SUDE R T A 4 R cHPC gy 7



LgpER 2025120 178 T £ 03:20
ARG R RERERIBESE Y R EESRE TR R §RTRED &

£ %

i
BB BEB XTI e fr FELHEFF > AT A EN R e REREFE
?ﬁﬁ;@,é_;gw_p,g;j,jk, EC: X e

(@) (b)
B 8 A £ E R R ,szg,g“éi;}"" 4% ke (a) cseh@ o (b) ksp grsga“
4-1-2 % S F R ¥

B AFGNRFRRR R BARS X TREFRPIF R REAE 9T o F
e 47k A 5 d E-2000/APC BB LR FRE > B Bipk £ R (20 5 H -
PlBE2. 10 8 5 M) 2 FAREE GRG0 ABE 2 0A B FERDEER? > KB
BIEEARY BRI ARG > 73 BEEFR A S E ~kB-k (cold bath) 2 #
'k (warm bath )» #- 98 4§ P 98 & 3% 2.5 0°C2 40°C(F R ERIERFF T )
FRAWE BN S > RIFME F (RRLER) FER  HFRLE B A E P 3R

Py

B%.-]')?

\F‘b

JRALT)E RE Ew kA58 - Biw Bl 38> 2 (8 3B P IR E BTG
BHPAHFERZ FREBFREE > 52 BHERNPN - HPA-KEZREE

34

e

3% 8 & (ambient
bath) ™% » Bois B3 8B (5 chh e 0 £ 7 R > AT IRK BB PEE P - 2

WG SR EA 47 RAPY 77 0 2 oh3vidds PTI00 8 & BRI B 032 i RT3

ZEHERTHET AU ERRE SR 5 RTIHFEZRRERTH I F 2

n‘%r&:& » 3R EER N AN 2 R B o doic A KR BRIk (RBRsolo T ) » ## i B A% § chF
§ BT R 4 ¥ T FO-DTS B RIE B2 7 f4 -
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R L It

E-2000/APC
Fiber optic cable o EBE
—_ o DTS Well
PT100

Ambient bath

Cold bath

Fusion splice

Thermometer Thermometer

cm
)

%]93&?’4\‘5(\"]53?\“3_}}2&1?1 WK T R

4-2 TV-DTS ik & i B Tk

PERE T2 U] AR T B TR AT BBk 0 Fle
WREZDHRERS T ke RESESLPB AN 2 FlHo 5 IR — 330

EH T ke T AT A BN s DTS e fFe 2o p WA E R
# «‘ii’ i Sk GhGR BRI R (FE2 5 thermal vector — DTS, TV-DTS » ¢ E# % &
1] 1P 5 1820721 ) o TV-DTS 17 % 5B % @ SR B B R B > e SR e 12
BB RR R EH E - ERY o TRERES T RUFR L E RIS
TV-DTS ¢t 4efl 10 #6573 k07 Bl gf £ 58 K5 7 R pFig 2 ok
BB R RER A SRR B AP RSP F R - SRR Ry P %R T e
RN S S E AT X

a
e
&
&
3
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PTFE Disk

_] > PrE Cytinger

35mm

96.875cm |

96.875cm

(b) (c) L L'|: )3

B 10 TV-DTS % %4 B : ()TV-DTS B %% (b) TV-DTS # % (c)% 4 7 %

U FE N

BB TV-DTS Bt ER[2 ¢ > § ¢ w2 47 &8 ki g b il
PR KRBT TR N2 LR ERATERITFZ AN A oD KR Ak
%iﬂﬁiﬁﬁ%“*zﬁk’ﬁ%ﬁﬁéﬂ?ﬁﬁﬁﬁlFﬁ&&ﬁi%1¢ﬁﬁf
FEr 2 B TR 0 BRI R 4oB 11 T o
S-Q:IO"F’m/s

2k 6 =m/4

Temperature, T [°C]

100 200 300 400 500 600 700 800

Time, ¢ [s]

B 11 TV-DTS # I = =2 & %1 (3 p Zlotnik et al., 2017)
4-3 TV-DTS # @& 1% f# 17 2

B 7 TV-DTS eh¥ & jRig &2 i w f2475F > ﬁﬁd 2 i ﬁ?ﬂ] #3247 = ;% (Bakker et al.,
2015)7 * 12 Foon Fok g ok AR 'Q%JH%*’%T RymiE 2 B A oo A3 FH & * Zlotnik and
Tartakovsky(2018)#74% 1! crf# 78 (7 4 47 » BR - kT w @ e k¢ > 7k B

12
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LSRRI R B i 2

EAE @A TR E R TR G - R Y e R R LRl BERILE A

Kivie ¥ Xgh™ e P2 BN o FAEF LB R RPE

B2 PoRfr Rl R E DR L gEpE > L j T ok # @ﬁ*] Bk T s

W2z kAP endg e o b KRR T il ARt G (Anderson, 2005 ; Bear, 1972 ;
Ciriello et al., 2015 ; Ingebritsen et al., 2006 ; Kluitenberg and Warrick, 2001):

cpg—:=|7-(k|7T)—cwpwq-|7T+F 2
N20 T s x=(xpz) B BR R L Ok A BBEGE o Bk B

pw e K2 B R BEREF M pe - &35 (Bear, 1972) > 45t 3 frow
cp = ncypy + (1 —n)cps 3
N3 REMBEE op FEMWMRE on FIVHF B g Aok R o p Bk
2R e N 2¢ Ft) s X T2 #REE @ q=(qu q» q-)/=KVh 5 d g » B¢
Kfeh Auap ToREk2 k4 BEGHRSEREER o 22 {3 EFEE iRk

B2 @5 s

L=v-@VD) -V -VT+f 34

k nky+(1-n)k .
cp newpwt(l-n)csps
C, .
V = W_pwq s\ 5b
cp
F .
f = — ;\ SC
cp

559 oD A AT RE B AT A REY 3RS e i kT e 2L
EeansagE 0 A8ld arE oarkor o @ kb frz R Y G BT T 7R E
FoG R lic(ko) £ 8 E B Gli(k) M 2 kR B HE Bl(h) T M D Fky = ky, kT
FlDg = ko/cpeo ™t # B E GRS BUEATE R 3T 7Rk ¢ DR fof i R
Moo P g kY S Hc R BT BV R EE -

Zlotnik and Tartakovsky(2018)% i/ f: #%#& 4% 22 Green’s function » #-#1 2 FTAR 5 — 3%
B AdROBREET o HERTEON o 3 R T AR B oR RIEE R o RH B
SRR RETE ARz R e S o d R E T e B F A
¢dd 2 e A FINRABE G 2%RE B T A - BAAE o H Y S

£

ﬁ%%@ﬁ@ﬁwéﬁf AR AR GG I BRI R 2
Flp g=(0,0,q)" o tpt L E P > R R D AR L

13
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D, 0 0

D=(0 M~0>’DTEﬁ=Dm+mVum=—nJ%+mV V=2t g
cp cp

0 0 D

R RS RIS

oT 92T 9T
or _ or or _ By
at DT(aazZ-l' )+DL Vaz+f 7

B A2 2 % 3 R4 £ f#(Cardiff et al., 2010 ; Zlotnik et al., 2017) » % A&k
ARGV w0 TR A BRAE KM FEZFAE Ay ) A Rk (X T, 2)
e (R 12)

- —xsinf + ycos @ ;8

(f) cos O (xcos @+ ysing) —zsin6
y
Z sinf (xcos @ + ysing) + zcos 6

¥ — * 5 > Zlotnik and Tartakovsky(2018)i% i & + f & 4& % -z BiE L3 T |

BHRUERRE - RE 0 AR TFHILLRRE)E U BEFERDP U EEERA T
R4 13
T, (X,7,Z,t)
%550 =1"""" o~ s 0<t<t,
T,(%,5,2,t) - T,(%,9,2,t — t,)

B R L AT LB R R T

R+Vt

o o~ s E/(pc) -1 - .
Tp(x,y,z,t) =m€Z[ Rerfc( \/—) +€R eT'fC(Z\/—)] 5\‘ 9b
He R
Dy .~ ~ ~ = A/ RV .
R=\/D—i(xz+y2)+Zz,Z=;—m,R=2—m ;7\‘ 9¢c

A A AR E B ende 40E 2 T (instantaneous line source) © H R B A (F (fE 4T fF 40

ToRRAAGARETIENTT O TEE IR AR R F B SRR 13977 o
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B kBT

ZA Zh

A |

B 12 AtRigi  (QZE0R(F RE B RS 5 5HRXRY2)E(XFZ)E 2 Ak d o git
ez wipedd LB (ES HEf)e Btk f Seniif i £ 3385 X R fhpoagg it &
()ig ¥ z phii A EH & B yo ¥y B Al 5 (x\y,z) Q)irF yhhis 45
BERO T gtBiTzhe B9 s X 28 zhk Z 30— TG 0 RS R &5 B
#FR) O)RERR(ER [ OREEREF z > o K ENEE RN 0 (2=
—1/2,z=1/2)» 2 S@x,y.z)? > @3 R BS =508 5 (</2sind,0,1/2cos0) &2
(1/25in0,0,-1/2cos8)) (3 B Zlotnik and Tartakovsky, 2018)

12p 3 :
q=10"% m/s q=10"" m/s

0=mn/4

Temperature, 7' [°C]

100 200 300 400 500 600 700 800 900 . 1000
Time, t [s]

"=

B 13 B A F d (2 x=0.03,y=0,z=0.03) > () & L £ 5 10°m/s > (b) & &

i E G

@85 10°m/s(3f A Zlotnik and Tartakovsky, 2018)
4-4 LFFRPT ~ #O8FE2 N fai5

x;rj'.;-;-,] Z_fEATRE R IV TR E R 2 0t K2 - AT A F VA 4T
SR B R OPII B $5(Active distributed temperature sensing toolbox, A-DTS Toolbox) ¢ # &
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UAKRRGEERR R B L MY MR AR TR e BIEEAD
{7 4 45 > A-DTS Toolbox ®£_d4 Simon fr Bour (2022)#72& ¥ B % » ¥ 4 4 L R F AP R K
R G L RFEHS T LRROROE GG RREREFHE RS

B d FE T A T oo

\\\?{Ir

B 14 52 k@5 #PFEHFTE 2 2 A48 F B4 5 (thermal response curve) » 8 A
FIATEFRF AT #2582 BHE R (2 ¢ )RR & n o #%4 7
BIE R R R (UTro) B2t Ao B R G st B K g i ﬁ;f‘]#?‘r'f“i sl 3T A A d i TR
Ak FRPN o HRF R L HFE F (Simonetal., 2021) » A A FTEART BIES Y ﬂfl“f o —

AR CRBREAN BT RRFARY Rl TR ZokE I AT RR LR
it l@%’l » I 44 @3 5 3 (conduction affected) » F)pt > A F B E L KR LEHEF > FRE
Ll X PR DR E FIVA P A l@%}mﬁ P

L e BERFRA L OB R R IE AR B BR YA UTPm)R
>d § 34 A F ¢ g @ E(conduction)frL it (advection) i F o F AP AT A LA B

HPEEL D W - PR st Pl t=tg 2 B ARG % (conductlon -dominant) » gt FFf
T ORI R (R 14)0 R ’%ﬁ%ﬁ«miﬂw’miﬁ;ﬂﬁﬁmﬁﬁ

Wirgrri o o p ¢ >t MEAT LA H (advection-dominant) 0 B B H i H A
GRPFR L R AAFEBT R AT AT B EOR L c EFRFT O
FE AT ERI AR EREHPERAR B LEARLT T LT A
SEAT(E FAFZ 0L 32 R > A7 A F B r fEdthfia e FELT TR
EPTHGEAEER) > S pF o B TR PR 2 B T HERRE R 0B M oo TR TR
BB LR B E G O RBDATEV R BRI TR G M F 2T
#X(Simon et al., 2021) °

d 3 ATpo et > te FFF B R AT TRl 2 sk ks B i 2 A R F R P I
W ATro BT M ATy g N kT 1 B 2 LGN k- X T ATro2- 18>
ﬂ*u’v“ rié A5 E R PF AR (Moving Instantaneous Line Source, MILS) #-7] (Jacger fv
Carslaw > 1959) » i B ¥ oA~ 4oB T To» M2 J50F x-y & v F S L BRI 2

F R ATpmAT=T-To) £ {8 11T > fg3% :
-2 ax cwPw X

ATPM(-XI }’) - ) exp [ZDt_Cp ] 3 10
_w _ x2+y2 qz CWZPWZ d_’{l N

fj;yz exp[ ( Dy )16th,p c2p? ] v 7 11

<

FP g AARTEE S X Pk TR EE TR )(m/s) ) Q E T B F
Ex oy #

# F(W/m) ; & T EEEGR R > & R 23 x=0 fr y=0 v op B 7K

>N
N
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FIE R AR
B 2 A EE (/mK)A cupw 5 ok 2 AR #F (/mY/K) 5 Dy 5 # e fhdie(m?/s) 14 5 WA
#HEAEWMK) ;¥ 5 8E -

(2) ATro + ATpy (1,4,9)

35

30 (1) A'l.‘]‘()'f" A'l‘p\] (t,A, (|:0)<)

S

O i ki
o 25] |
b
2 IE:
3 15 Slope s, ' :
) , _
2 > &
g 10[  /
5 A -
~ 5 =
< y —— ) >
0 et I .
| 10" 10> 10° 1& 10°
FO cable Time (sec) (logscale)
a Porous media o

Conduction Conduction Advection
affected  dominant  dominant
B 14 L858 R8F R R P EADTS)RIEH F gk o 8(2AR)(4F p Simon et
al., 2021)

4-5 FLUTe 4% H#

WA TEEFR B Fg‘rg@,ﬁp& s LA EYARIUEE R TR TR 0 A o d AN poen
poRkin o RS FHZBREELIPE TR AEREFLZETRY CH - R
%ﬁﬁgﬁﬁm&ﬂ4m’ﬁééﬁki&g7kﬂﬁmE4%T$Eﬂ—’@ﬁiﬁ
IpNEFEBRE Ra LTI G REEL S Fw%uig«—%uiﬁﬁﬁﬁ’
RS F R BT - PR SEAL TR F L TR
W%iﬁ&\Lv%?W%ﬁﬁ’éﬁi%uﬁﬁﬁﬁﬂﬁﬁﬁﬁm%ﬁ%ﬁiﬁ%’
double packer) » A @ 415 B X UM RRAFE T 2 ARF o

ﬂ

TE K - AT R HOR > fLz i 3 AR # T Hji(Flexible Liner Underground
Technologies, FLUTe) » & (7 ¢ T 3% H il 7 5 Wy 7 EHPL L 5 o J 12
chg FAeB] 16 77 0 BERL FOPARE FHEDT X P > W ARESRF > - HL
PAAR o R ERRE B Y TR o FRE K NARTU AR I g p herE A PR L
Y o RELABRET T BepE & E B 2 Z R A REEZ R Arid AR
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LR 20254120 17p T = 03:20

AR RRERERIES I M EFITRS TR EER S B IRTRAR S

RE o E S PR RIFER G TR kK 2B L B (Pehme et al., 2010 ; Klepikova et
al., 2011 ) »

TR BARE PR Ak RS T o R WA R R A
BLE 3R TR > TEL Y N DI E RTE 0 A AV REGE T AR > TR L FlAc i
A5 12 ] p #R ¥ in (free convection) @t -8 kit 0 F 3 B p] L 3R 2] o Coleman et al.
(2015) 1244 > SN AARIE T BT RS 0 TR PFR Y FLUTe v * w2 £ 8 » 77
BE BT 0 i@ ® FLUTe eni-a)™ > 7 5 22| 4 mplcentgag o 2 FLUTe i (7 34 %
o kTR RIPIZ B R LA F REFIFRE FRE P B TR R R R 2 KR
B Q&MPEL@'\%%m Bt o #e B X ERGERRIE R 2 R A e
WEEM > R BB TR 2 (R34 a 4 Bk R S 4 (Pehmeetal., 2013) -
Hose Velocity (@)

~Meter Liner on reel
(inside out)

Computer

Liner head
measurement
using bubbler
3

———> Original water in
hole pushed out
Fractures into formation
' € 1 3

Transducer

B 15 FLUTe % %7+ % Bl(Keller et al., 2013)

46 #2 HE - Rf FEERS (PAG)

x;rj 7+ ke FLUTe 42 2 ¢ » i # k3 - ?J%%gﬁi;}—jﬁ H r%\ﬁ % A v
(polyacrylamide, PAM > ] 17a) | BB 4o % »v 2 T3+% -PAM A d £/ &3 » A+ £k

A1 0 i@ A= R A AR REE (polyacrylamide gel, PAG) > ik 5 &P & d (B 17b)
PAGR EF W * o RRB LA kg L+ RESF  BFEFI 5 B3 BoRERE DT
it 78 0 G]4r:-COOH ~ -OH ~ -CONH2 % > it 227k & 4 & 42> & (8 853 R & ¥k arx
Yeg v i AL E £ 1200 2 500 & (Bhardwaj et al., 2007) - & & :hw;w} g R G R L
BEASL R TSR e Ay > BEAC G A TAMEAME > FE 6

j!_
A
=]
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LR 20254120 17p T = 03:20

b N N P 2

*‘—f%i B .E’. 14282 &#ﬁ%]ﬁ AR ¥ g % 30 3 3 # %(Wei and Durian, 2014) »

RRTE ARGk A BB LY N R o RF 1 E 0 i g R R A
/> -k %] % (Chauveteau et al., 2000; Elsharafi and Bai, 2016; Simjoo and Koohi, 2009) -

PAG sty B 28 4218k F - B 2 20 o T upp e ok d 4 R
BT g e pbth o d YRR A B d R s Tt H AU R ek 0 ]\mf,?n@
¥ {4 Bi(Davidson and Sherar, 2003; Zhang et al., 2011) = PAG 7 4k %5 4c ¢h 30 4 p& >
FHEPEF R T > kR RT pd nE S i F HPAG S A B4 T o H

LM g R T 'R 5% 4 M (permeability) 7 1L & *5 i (Klepikova et al., 2018) > @ %
et Mo F N g d SR > U Pl gk o

FHR-PAG i d 5 ke (7 H 2 2 T oo Rk o Hok% 22 FLUTe 4p i > #-5 84
WHEFALERY Y A2 EE R AR RE LR F DR RN Flhe#orrid g R
(free convection) > &M P R ¥ L F 2 347 > @ B R R ZFHT o ot BB
PAG 4v » - £ B & enF g2 ¢ > T8 H 55 40— ¢ ‘”'3@’* Rk ehg R R K
FREEEIR ZOREZ KRR R TERFERZ I F w4 o

(a) (b)
B 16 (a)PAM 3g 4 » (b)PAG

(7 # %R https://www.indiamart.com/proddetail/acrylamide-
polyacrylamide-15419531197.html ;
https://www.homesciencetools.com/product/polyacrylamide-waterless-crystals/)
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AR RRERERIES I HFEFFRF TRREE R B FITAD S

4TRTEREFFH XA 2 hﬁﬁ(ﬁ#m)

# %
1201234567 |81]9]10]11 =
1 i®F38 p
e
M2 TRE R .
TV-DTS %5 )

woponpre |

AU\*%HTJ:“JVP——‘/H'?"

H skl IR 3 A;FL%\J %54 e ---

=

% & X

iz FLUTe ¥t &
woRURE B IR B
2 Fri g

PAG 3 #4135 .

)& R X

T 47 PAG $3 e

DS

R KRR E P2

X Pz i

i1t FLUTe 2 PAG
S R R
2_ AR

REA 2 R
5, 3E ’]‘#?\: fé"f’,}_?ﬁ’]\
B

" COUSOL &L I
AR RS fadt .
s

1IFRB B AN 50, | 10 |20 (30 | 40 | 50 | 60 | 70 | 80 | 86 |92 |100
( 1% | % | % | % | % | % | % | % | % | % | %
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Eji"_%/z——m 2

241 v:rﬁ—xﬁ@ﬁﬁﬁﬁb%fTﬁiﬁﬁ

17 4 M FLUTe 312 #3335

TR W AR PAG 1 M IR R 5%

%% 3 ARE FLUTe 42 #HB e 2%

= P AR RECE PAG 2 LIRS R 5%
g¢CDMxm@»@aﬁ% AR R Rl T T
B FLUTe &2 PAG 32 #E3 Ip Jg* 2 inde
AT LAl B 5iiey
BBy - 2 kps

IEREPFAREREFTEF LA f;f‘fit;o FERERE M RA T HAip ) o

2~ r‘ll't‘in)ipA\L‘-JJfﬁgﬂj;ﬁo fg iF;Fhﬁ-rﬁ,ﬂﬁ‘-pA\LL’i—zﬁ_ﬂ iF]J}’F,"F/T}—IJTr‘]%;]‘%_
- R I(D)AFR R QEF AR Q) TR E > (DERE S PR LK
_3’_ o

3 THTAPE v VR P XEEL F & TR A PEh ) 5 8P Mgl
T& 38 o

A~ 120 (ERG > B DY RLE T A HRELEFTEFIRAFERSO% N > A EFL
LT EREAPISB Y K
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g pER o 20254120 17 T = 03:20

AR RS RS R E RS HE MR TR Tk e B R AN &

A BRI HER
5-1 #u % B

ip;»§%§i1a1¢ﬁ%%ia&&i RTHR G EE > 5 AR
103 EhiR% MiFire I {4 MEB TR FWRAMTLERDE2E 887 H(F5
N AL SRR AR SR RRNIER IS B L A A AN

ZFOREFTLYy oL HHTOME]LT I P R TRXFLRE LG T o

@ﬁ*“F¢%W%W§%EME”§ﬂﬁHﬂ AARRY £ E4NE B T
Bl FiEH bR > B AU E N FHREP N4 BB R TRY > LY
10 BB B F2%E > REF 44 v ToRERE > FIRA240-120m - A3
FER i N 99 E g 100 £ % 2 2 (T00226 ¥ T00239) % %/ 106 & 3 % [
109 # #7332 ]2 o R P SAEE B2 k2 B FEHT (B 18) ) il B
PEI AT ARd BT EB A RES I ALSZ BB ETE AT 10 42

SR A2 N d AR R F T RBBEA LR - 2 $ 2 Sk BB TR
ﬁ%i%ﬁﬁﬁﬂﬁﬁ%wk:a@%w%%1&5$3@@31@§ﬁ60»z—
T BT EBHRLF O RS2 L ER RS IOAEFT L AR A TR - &
%%ﬁff%Tﬁﬁ 50 2 M FIRUEER L B ld S @R KRR
XIRGBAE A e W R o WP A2 AR R AR NI H 2 F MR RR OF A
TZO?Qi?’@%%éﬂ*#E?%%PM’ AR SRR & R
Fe¥ -2%-32 J\/%] ¥ A EL

B
© FEMH
904 = #

REEHA4
© VFuE4
O 1005w
s 106+ EM#
b 09esas

B 17 75 ASuE R A% R 5 LRIORIRE B3 )
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ol I A

(m)e non w 0000 so00 ' 10000 IJ;III 14000 10000 18000

Bl ecxese Bl omesees [0 xasnwe [0] xow
I st [ e Bl et

R AMDSELNREER -HE - ER-WN - ZSPRBERE -

Bl 18 ¥ Fala BIGE A B B r ok ik )
5-2#%%E 4 %

KRR AT L R AL T 0 B R Y R R AR
TR A MR enip BERGE > AR H E T ¥ T00483 > 2 T00484 > 12 2 ¥ T00567 i {7 3%
ooz v H W E 2vt2 ok F o T0O0483 # & 5 80.55 & % > B & =B 48.20.55-80.55 = = »
PRy kB A SRt 2 k4 BEGHES 6.1%10° 2 2 /) T00484 2 £ /4 81.04 =
© o BB 30.04-81.04 2 % o k4 B thlich 7.44%10% 2 2 /s e

FEk 2 Y T00483 et e 4@ 19(b) » iFAE 25 2 ' b ~27-345 o % R 39-
63 2 P LAY &L Ed 02527 2% & 63806 2 ¢ 5 EF AL BET T
B # e Bl R R A2 o ¥ T00484 chgt o L 4] 19(a) > iF A& 32
DRILE V3666 2% FEHE AT & e > 3236 2% 2 66-81 % AR 4 Ak
T IR o 2 T00567 g e 4ol 19(c) > p# £ 1 10678 2 FRFRIP
B BY LA B AT BN o NER 025 2% 2 3497 2T HE KA
NEERAB Y A BT HEE BB EE 2534 22 97-106.78 2% p|F A
BIAIER TR > hIndmp) 0 F Rk E o

~

Aibd e kA T00483# TO0484 ch # 4o #1zksk 2 # T00567 it 2 L% -
- AR FHRRFE G R EERP .
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B 83

X BER g
6-1 B2 h#BHRERY® ERRES

0 AR A B e % TV-DTS ehiish o w4 & 7 S50 2 0 S 2 e 7 B 2 Lo
S B P i EEE T AR ERZLKT NG o ERIAARACT 0 F RSB A2 ¢ F R
HIEFERI G BRZEE I ARKR TR Tk e T2 H F 2 RS
FORRHPER R RS MR FEE A ERIER L BT R K TS
KT B A (o T S HOREB 2 v H 2 H X 36T W 8 5% 2 5 (T00483 e
TO0484) it {7 4 45 #2242 «

6-1-14 32K -

2 de BB ) S B R A B R R T A T:ﬁﬁ#"’ﬁfjw\g%ﬁfhwrﬁﬂ
FooIELRIE MR RF B R RPN KRR P LRR RS TR
WL RA G R A - R R Y T R 2 Bk g AR
B ERBAR A RIEET R R R o R R %dﬁﬁ%Wﬁ&,ay%ﬂ

7361\9537.1 J\}é]/,‘,\]rl,o

Bk T00483 o igskdn v A 2 RN 8055 o gk E BT
20.55 3 80.55 0% o X BRIZ K TR LE AT 32 O o EBEE D% A H
HE IOW: BRMES 1 A4 4 BPEER 12 B wRBPIER 6 ] pF o 5%
T00484 iz dad = > £ FH 81.04 =% »jg-kgx» T 3004 = 81.04 =
T oo EEEAE O A HF 3Wo BRMES 1 A4 A BER T B wiRREPIE
2 o pEF o

6-1-2 T00483 ¥ #EZ% % *

FHEAF B ERELRASERALALE  BUNT R FRAEFFZERR A2 F 40B 20
ST o RERATH 0 B TR FIER G 25°C e e MY R 0 FR 30-50m FEiz 2R
R B ERRE A 09-11°C TR A EP LS FR 65-80m
BROREFLEF R BRI A 14-17°C; 2FR 80m AL B HASE > 4
% 2.0-22°C-

FWH 5 0 FR 3045 m R ARERY AERAR) BT EAEE RS KR
BB s TR e B A BB AR 2 i iR AR R R BT =
¥R R 65-80m R LIREE KT H S ORERK R FEMR o B
Mo RA L RAER L IR -
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LigpE R s 2025127 17p T = 03:20

AR R R R B & PR AR TR 2 B BT &

FEE T00483 2 s #ESKk LSV v FR 3143 m SFKMEF R EXG
AR A8 M AER SImZ 6480 m Aok HESHE S RR 5263 m 2 o g%
BT S R T JOOER T FIREAR K2 Gkl P RECEIE LK Rl 2
&5 o

35

[N

1.5

Temperature T (° ¢)

Time (hour)

Bl 20 TO0483 H = 4c £18) I8 A& % 1
6-1-3 T00484 .3 FZ% % %

d ’Ebﬁ‘i}?_}il:’i”céﬁéiﬂfiiaﬁl???l% FirRERFZ ERB o F 4oB 21 - 30
SEHF (6 L) TR RTRIERY 30°C FHIERR TR DL
IR -

LUER 40 T 45 D RVRRIN AP AL ERLE > G304k 2 [ BEEER
= 2—2.5°C’_?*?ﬁ;%.‘@é%ifﬁlnaﬁ?i‘?i‘“’%ET‘F%Z%%’;"%E’K'I&?U&‘%HE%*s?,}"%’faf’
*M”*”?“éo?qéuﬁﬁ%ﬂ&mﬁﬁTﬁﬁﬁ’%ﬂ@aﬁ—05;—wc,
BT 2R R B EE RIS TR E s F L R A BB ART I  Fa P AL
2 MR kA A ERERREAF -

BIER 50-80 X RARFFEN CEAEFAIERELY 05°C RN ARHE KL W
TR TR RLEF  An By o REEARED rl” RoiFks a2 FRE 4550
DR Fh B EHRMZ RER B LFER 7080 2% ;oA FER 4045 o RS

\
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B 2%

BB EEA  SBE Y 1B BRRT | R FIEAR K2 S kLB 2
PR IFE B RRE ST LR TR R 1

25

depth (m)
a

3
Temperature T (° ¢)

05

Time (hour)

Bl 21 T00484 ¥ = 4o 18 IR B % 1
6-2H Z 4B TEE

6-2-1-1 T00483 ¥ # jxi& & 45 % % (ADTS-Toolbox 4 #5)

AFE A T00483 # 2 B 4ok %% > @ % ADTS Toolbox ( Simon et al.,
2021) i TR E R EA DR GR2 JEE AT REFE VR BR FIVH
GES kMg S B AR RS 2.5x10°Tm KT & 41x108Tm 3K o e
B RREER LT AT 1OW
AR GE LG F F T AP RFRHE ¢ BH AT S 2 BB EpPO
EFRS SR FHEERF RRIRE TG ATro 5 0°Co20i 5 RA BT
i B 22 ot AEROTEIAEEABE G2 AT RSE
Bl 22a) 5inid AT SR oM KEN R E T PAERRELE UER 2430m A
ok E) S0 0.95%107°~2.9%107° m/s 5 iF AR 3443 m R UR iR P oA g A
1.2x107°~9.7x10"m/s ; piF&E 44m T RIEBHT R > 15 1.6x10° m/s 0 iFR 44-80
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UAKRRGEERR R B L MY MR AR TR e BIEEAD
m iR 4 A0 0.95%x10°~2.4x10m/s o - A T 0 2YEAR 34-39m FRETI R
FF oM FER 50-80m PR ILFLLNE A F o

B 22(b) A ABEZE (M) »F S5 BRI AN W ECFREL"HF I FAR
30-50m FhoAt B hlci g 0 95 47-80Wm K A RAEH T R K T
(BOWm K)o ! MG ¥ it d W R EMEALENS T RITLmE FREEFFE
ENRBF I RRE 50-80m FEZ A ERd H 72Wm K E#aT R 1K 3.0
W-m K e

ARG EENBEEEY IR AL 2173 FIER Z RMSE (Root Mean
Square Error) 2 i e RMSE £ 9“2 R B R AR ES2ZFahhLiEr > 4
BES ] FTFREAHERRLTRE ST o 5 RMSE BERME > & 7 ZiFR 12
Sl (Ao ToRE SR BERE) L aRE R ARG L IrERY SRR S F 2
# RMSE % > RIRAFZFRZALRGE LRI A BE AL LA f i »
B g ind sl

Bl 23(a) 5 i5i# 4“4 fu s RMSE 2 > &4 7 = > 7532 & i $H k2 RMSE &
20-80m ER FFIN 4 5 AN 02-06°C 2 B BT &£ mﬁi’fi&f[ﬂ

AN E - R e BB i £ SRR PRI R R B
:%%%m— PARERFEDERRN T 0 T F Ay TR R (PRT R
BE R E) KEE > AEA G RROE TH ;fﬁvi/@ﬂg AR - &% o AFA 20m
MR ¥ > ¥ A RMSE I IAp¥im & afliE RIET 3T 0.8°C e ML deziip » A
HPMFEREVNE - KT ERX R EREAEAS T AR IERERINTERE R
it ofpiz_ " »30-80m iﬁ’?)iﬁlflp\ 7 RMSE & @] » T aiF Ay 03-05°C =+
Bk TR BT LAV ERET o

b

B 23(b) = A 2 F F % ik RMSE 4 k5 # @ & ki RMSE 3
#MD g RMSE 7 2 2 pk ehds (7% <% £ A% K /FA 20m 122 »RMSE P
Bih® 0 27 2428 1°C & » 7R 30-80m hF £ fé > # B E 4% RMSE % %
T FARNAER BB S B Y AT 0.6-1.0°C % (AAEN A P AL ).

ff&ﬁa?‘;’,r}iw 80m Rerynd R w Rz fFFnE -y Ava S @ KR
ENE L 4 BN ﬁx&wbizgﬂ%%wﬁmwﬂoﬁxﬁﬁ ﬁ;w v
e 3 K AT «‘%‘L@%l‘*ﬂx BANRARLEEEAIR M H UK F ARV L

B o
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SR

(98]
e
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(]
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o

Depth(m)
W
o=

60 |

70t

80 -

(a) (b)
B 22 T00483 2. ADTS-Toolbox A 45 % % : (a) inik » (b) # (@ % 4k
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