"m Check for updates

A Asrs] A A 56W Al 3%, p. 395-403, (20204 6Y) ISSN 0435-4036 (Print)
J. Geol. Soc. Korea, v. 56, no. 3, p. 395-403, (June 2020) ISSN 2288-7377 (Online)

DOI http://dx.doi.org/10.14770/jgsk.2020.56.3.395

<Technical Report>

5 A A4 BEVE o8 757 A FSd4n]

o
=42 9% A4

| o] A=37]7](Cavity Ring-Down Spectroscope; CRDS)E ©|-&3F 57] ¢ T d4aH| 9 A&
Z4o] 7hsaide| met Aule] &2 ext W A= E 5t BAH| gt A7t @] o] Fo2| 1 9k &
ATE £57] A 5AYAR] A BEHE S AL AAE A gtk B Ao M E BE £57E 3
HAEAE S IEE A 220 FHYAHE LT 9t F 7K RE2EAS 7|$A1A o) AER7| 7|2
dA43 02 FHAFT B4 2= £57] o B9 YA o] ] 237 By EEAE T3l AlXS o]
349 Zo| 2 Rl £ A= A on-board) E SR G 57| FH A4 9 ST} 22 ohofst 34
ol X o] HA =2 AL Flstna} ekt Au|e £57] 5T TEL AHs 7| AATEF ] (Automatic
Weather Station; AWS)2] 27| == 72 0]43to] BASATH A2 2 §%0 (-7.98% T} -37.44%0)S}F 6D
(-56.1%0 7+ -294.8%0) 3t ZHe T o] BREAE Tl 57| S =2 YA 2N SHg 35 35
715 BAst] AR AT AAWS Bo RPE 2AZ] B4 9HA)E AP0t ASDe] Haf Z+
ZF0.1£0.21 %03} 1£1.4% ©|3t2 SRIE o, 27 Frof 2 FIFPL Koz et 2 AFE F3) A
el 257] g FHUA BAHE E2 £57] B8 Hole oA AV 2A Rt 42357
FHEAHE ZA3ke o] f-8 282 5 U2 Aoz Bl

FRO0: 43571 Y FHYE, 35 A A 237), AW

Daeun Lee, Yeongcheol Han, Songyi Kim, Soon Do Hur and Jeonghoon Lee, 2020, Development of a calibra-
tion system for stable water vapor isotope measurements using Cavity Ring-Down Spectroscope. Journal
of the Geological Society of Korea. v. 56, no. 3, p. 395-403

ABSTRACT: Recent development of laser-based spectroscopy introduces continuous measurement method for
water vapor isotopic compositions. The measurement precision and accuracy should precede to obtain high
temporal resolution data. Here, we developed a calibration system for water vapor isotopic measurement for
applications to field studies. Each standard water vapor, evaporated from two isotopically distinct standard waters,
was constantly introduced to the Cavity Ring-Down Spectroscope (CRDS). The theoretical isotopic compositions
of standard water vapor, calculated using an equilibrium fractionation accompanied by constant temperature, were
used as references to calculate a measurement error. This study was conducted in various environment, such as
on-board measurements and in Antarctica, to validate the stability of the system when the humidity was lower
than the analyzer recommendations. The cavity humidity was calibrated using local Automatic Weather Station
(AWS), and then the calibration equation was determined in each different humidity level using enriched (61801
-7.98%, 8D: -56.1%,) and depleted (5'°0: -37.44%,, SD: -294.8%o) standards. The calibration system successfully
reproduced normalized errors(A) within reported values, less than 0.1+0.21%, (1£1.4%,) for §"%0 (6D), without
humidity dependency. As a result, the method is widely applicable for long-term high resolution observations at
extremely dry environment like polar regions and high altitude regions.

Key words: stable water vapor isotopes, Cavity Ring-Down Spectroscope, calibration

' Corresponding author: +82-2-3277-3794, E-mail: jeonghoon.d.lee @ gmail.com


https://crossmark.crossref.org/dialog/?doi=10.14770/jgsk.2020.56.3.395&domain=http://jgsk.or.kr/&uri_scheme=http:&cm_version=v1.5

396 olcle - sHdH .

(Daeun Lee, Songyi Kim and Jeonghoon Lee, Department of Science Education, Ewha Womans University, Seoul 03760,
Republic of Korea,; Yeongcheol Han, Daeun Lee, Songyi Kim and Soon Do Hur, Department of Paleoenvironment, Korea
Polar Research Institute, Incheon 21990, Republic of Korea)

1. ME

Abdo S QFY BUaHEE B 8 A7
A 88 FAAR AT AL 598470,

r

D)= 8 ¥2 U] dei= s53te= F%el A
o, oj9} I 2 712 FHdae U 5

7] Al o @o| ZA3ttH(Dansgaard, 1964). o]
gt =84 B4 S8 & oY St 7
9] 719 2R3} o] 5ol gt AR E Lt & ot
A F9Yan s sHEL7E 23 Ategrd
(isotope enabled global circulation model &+=isotope
incorporated global circulation model; iso-GCM)
oA = - 2H T LR E Bl FAAR o)§
H3le=t, 571 & FYan HolEE FUtE
ARgste] B 8 2gol|A 9 o bkt E24 2
o gt A3o] 7Fs3FHTH Yoshimura ef al., 2011;
Risi et al., 2012a; Bonne et al., 2015; Galewsky et al.,
2016). Y La7F =34 A a3k g (is0-GCM)
& o83t A= FHE Gl Y =571 7]
K3} o] F(Risi et al., 2012b; Fiorella et al., 2018; Zannoni
et al., 2019), 3% 719 =571 F74Uemura et al., 2008;
Steen-Larsen et al., 2015; Benetti et al., 2017; Bonne
et al., 2019), SAH 57| H & MY FHEEE
0|83t AL (Steen-Larsen et al., 2013, 2016)2} 2]
ot A9 2 715 2o A7t XY= o
71&9 #57] o FHYan] de A2 A
AW ol g3tel £371% TS AT, AR el
H 2 o E9UaNE Bk we Bel
FE At Uemura et al., 2008; Galewsky et al., 2016;
Kim et al., 2016, 2019). 23}, 22 & A 5949
2 BRI ol AR 7] o] gt Qla) &
3715 9% BA4sk= A7t 7Fs sl Atk (Crosson
et al., 2002). T, %1-5-91/3 9] A €A Fg (termal
IR radiance)& ©]-&ste] 719 =57 FHEL: 5
o4 8D 2k A AA 02 A5 4 oA Htet
(Worden et al., 2007; Lee et al., 2011, 2013b, 2015b;
Risi et al., 2012b). = ol A= EA| Los GatosAke]
Off-Axis Integrated Cavity Output Spectroscope (IC05)

2} PicarroARe] Wavelength-Scanned Cavity Ring-
Down Spectroscope (CRDS) &+ &-72] E4%|7}
ZPEAL etk CRDS % ICOS 74| ¢] i == Isotope
Ratio Mass Spectrometry (IRMS)$} 8| 15} =19]
NAE BaE S} (Brand et al., 2009; Gupta et
al., 2009), =l A= CRDS &4 of| thsfA|et =
1% o] lek(Jung et al., 2013; Kim et al., 2016).

g|o]A23717](CRDS)= ol A &332 e
£ ol&st=t, ol RAstaA sk 714 -9
T 2HEYS o] go1o] T AlEle] T (cavily)
o oA &3 sd(infrared absorption spec-
trum)E 44 AZF 2ARE & 35 kel Sl= 1A
o F4 7wt o] 2k AT ol gstol
7Rl SEoh FNALNE SASH BAol
(Crosson et al., 2002; Ryoo et al., 2006; Jung et al.,
2013). o]&jgt B4 7]&2 7]&2] IRMSE o]83t
240 uhajo) ula) AR WA} Lgo] e B
g oh 2} CRDS®] @7 o] 0] Al o2 417] o
2ol okt 8 Eofoll A S8 gUth(Lee et
al., 2013a, 2015a; Jung et al., 2013).

CRDS A= ti7] F #5714 71571 & Al
28 4 BA51] ulo] Aule] S elan] 54
e RAT) 9191 57 ot Amel Folels
H]E 1 & sfjoFgth(Dennis and Jacobson, 2014). &
8] 23k 45712 57 A9)(18,000-23,000
ppmv)E BojuH FH] 27t AZ. webA, 4
%7] 5%7}5,000 ppmv 0]} ZrAsh= TR 1}
AR ] 739 57] P F 4] Y] HA o]
%-8a3stchNoone et al., 2011; Bailey et al., 2013,
2015; Steen-Larsen et al., 2013; Bonne et al., 2014).
E3L 2EEZ9 FHEaEE ARG W] F
T57] 8 FHYan] BS HAE ZFsfof &
t}. gl & E9], & A& £4] A] VSMOW-SLAP ¥&
S0 2/ HRolA gkt S783kol tiet 7171
o} A ol8510] EIL4HE AT Jung et
al., 2013; Lee et al., 2013a). o] A &334} 3=
53719 BYAs 24 WS Eashe Z1A
O NE & REEHLRE HAsYoF gt



o1d AT BT 55719 24 S elan]
HAL FEEES 73R 2 A A ST 5
2718 BAshs BASA BAES ol8eigl
thH(Lee et al., 2013a). 7|SFA| & o] &3l= HL &
& 457wl Ao fo] B 24 27 44
o] of%it}. E7, B4R o] Hujol 12 ALg] A
237} a7 5= @ dFolle 71SHEAIE o83t
Bauplo] HUSA B & Utk EE 45712
d&A oz WA= FEES Al AT
& A7} gl ort Fohamh Al it 7eis
o] A= @ Aol ol-8HA] E3F%irH(lannone
et al., 2009; Wang et al., 2009). 0|23t &S a2
517] fl5te] & dAtolds BEEES 7137
=3 ¥rA)7](dew point generator)?] Y& o|-&
sto] Tt 57 FEolA o8 T A B
A& AXSTA} FHHWang et al., 2009; Steen-Larsen
et al., 2013; Bailey et al., 2015).
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CRDSE &3l &4]5k= Walolch. 2 1914 H2
A AV o 2 FAJE &3-0]= WE(solenoid valve,
Swagelok)E ©]&3to] ¥7] EF(3M sHE)S
zgelo] BAT BERAS Auet) B2 45
7] B4 A] 719 &I (memory effect)E WA]8l7] ¢
o 102 o)ipe] AlHE B2 7t £ 527]8 B
o)z BopAon], 4 FAsh ) 2he) 714
& Hasjslel Be 43719 oEAE 2olm,
57171 B3h= AH| 12| A (stainless steel tub-
ing)2 F4(60C) o2 7tdste $2-& UA|eHck
7 A= =2 RIS sl @34 thermoelectric el-
ement, TEC1-12706)%} 7 T AFRKpolystyrene)
otof| HA|3te] YA 2=(+05C)2 SR 4= U
3, 7k 25(24~31 C) o) wl} 59 FiARK equilibrium
fractionation factor)E 2] (1), (2), (3), (4)E o]-&3}
of 7 4= Q13 TH(Majoube, 1971).

A AR A FF 5715 B Hs A
z 3715 BEEH0] 1 Feol T &
5 247|(MKP TSC-210)E ©|-&st &7 =5
7) el B EE 45718 A4 A4
B2 2Z7)= 2THI(Gast DOA-PYMA-AC)IE o]
$510] CRDS ulo] BTAI A, £ 7o) B2E
A2 FR(KT)2} 2812 WA R(EX)7H AHEIS)

AR A= 7 22 A2 37](dry ain)E
ol-g3t A 57 TR AT} RE FFVIE
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Fig. 1. Illustration of the calibration system setup. Flow path of water vapor is shown in grey arrow and the solid
lines indicate connecting stainless tube where dry air (grey) and mixed vapor (black) passing through. Each solenoid
valves controlling the flow path represented as black triangles.
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on, & Py Folean] E4 SAATAox CRDS
4] (Picarro L2140-i) & o|-8-3lith 4 &) A2
T 503} 5D7}0.07%, 0.7%001CHKim et al., 2019).
2EA BB RE ES RIS || 2RE B&
©2 85 km Fojz AEA HlElo| A FPH 2011-

2012, 2014-2015 3= 34| 7|7k E3E A|Folt}
(Han et al., 2015; Kwak et al., 2015). #2242 5

A= AT GFAHoA F2 BSHe & ¢
E9UA0|0) M9E BT 23 5 YES Age
Stk A7) 274 A BE2A) 2 o4 FUa
o Wbt 9 4 goms, FrlHo By 5
SEFSEERISE e

£ 45719 SolAauE F37] 919 24 %
7] i ot 2] Zalalgohe dlelelo] Z5(Rayleigh
fractionation), & Hg ¥ dA dojdtt 714

33 1'/]-('Steen—Larsen etal., 2013). g Lo] S7 =

oz AYE +F715 AEA D67 L8l Al
2 gjj=l= = A9kA7](Dew Point Generator, Li-Cor)
(Wang et al., 2009)L} Bubbler system (Steen-Larsen
et al., 2013)3} Z-& 7= v E o] & = Ut &
Ao A= Steen-Larsen et al. (2013)9]] AAH =
A7)0 A E o8-8t EEEE (Ruuetiguia, 0
true liquid) ©| B FEHoll Ax F7)(dry air)E S
AA EF 57 (Rirueoapors Otruevapor) S 273 FHIL,
& 27| & o] &3t #57] =5 2SI

_ Rtrura/iqud (1)

true,vapor a

20| - 5|z - 0|FE
Rtrufz.m or
true,vapor (}2‘[)_1 > 1000
1 VSMOW (2)
= E(éf,ruﬁ,liquid + 1000) —1000

EE 737 THL2H9] e vapor
ol §3 FE2A ] P T A D] (Ourue tigui)
o 2EE g2 BEAN(0)E ol83ste] AXE
& ek ojuf EHAI (o) FEE WY &

=(T, K2 A9 o3 2ol Alud 4= 3
tH(Majoube, 1971).

Sk

24844 76.248
Qy = exXp T T ———+52.612X10" } (3)
1137 0.4156 3
Q) = exp TZ T 2.0667 <10 } (4)

= *l’ﬁr qu_} ﬂ°ﬂ
=3H 37 s & EH%iHI = 2745kt
1) dule 57] Ad 5= S3US A7 188
2212 (Automatic Weather Station; AWS)Z2
ST U719 Al s= g vwste] 24
o2 2).

3719 o] 9HA 37A o] %57]
L2 AAsl], BF £E715 YA B
37| B4 AT 5& ol = TRt
FSHAAA 719 EIHmemory effect) 2 213t
A X5 WA sfjof gt o]g A fojzl o
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Fig. 2. (a) The humidity measurements from Picarro L2140-i (black) and on-site AWS (grey) at Browning Pass.
(b) AWS (x-axis) and Picarro L2140-i (y-axis) measurements correlation. The black line represents a polynomial

fit to the Picarro measurements.
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Table 1. Standard water isotope ratios sampled in different dates.
Date (UTC, §"°0 [%] 8D [%0]

YY-MM-DD) KT SX KT SX
18-11-25 -7.98+0.02 -37.44+0.03 -56.1+£0.0 —294.8+0.3
18-12-05 -7.79+0.02 -37.43+0.01 -55.1+£0.0 —294.5+0.0
18-12-17 -7.89+0.05 -37.41+0.02 -55.4+0.1 -294.4+0.0
19-01-27 -7.87+0.01 -37.38+0.02 -55.2+0.0 —294.240.0

2 5k gAY £357] Y S B & ol8sle] F 33 stk A HA A (case
T2 29 - 94 v (humidity- 1) WA olgk23 33 7] A E A (15 m asl)o
isotope response function)& A= H 2 A 11¥€ 25U X g 129 3U7FA] 2k 109 7F 124172
f3th(4] 5). F712 F N o= S5 712 E 5=
22 71 Az otk A Ho3le 7] B

8o = 04ye TV, 0+ d ) ZH)(AWS) 2 5E] B3}tk AR 428 A] 95

Oraw &} v= CRDS ] 0| A Z43F 529 4H](%o0)
o} =371 FE(ppmv)E 5B, S B4
9] gk vrehdlTh A4 a2} b O 90 ol B
H] ST (Orm) ol = VFS K5 -2
AGBAE 2=tk P8t A c—t« %ﬁ
228](Ope) & 27 B=(0)7F ] ZAZH ) ol
£ E4A JS Uehdct FojA EdEe AR &
Eot AR Y Sol T FEA wet 7)7] &
Aghol Aozt U = Lo m g Apulo] WM (drift)
L 23] Q3] A== a7t ZasichJung et al., 2013)
3) F 71 BE 3719k Al 9 ole] =57
Frof wht ] SIS eI, *—l 1)
o) 7t J5E5 T8 4 Aok WA E Ha
M= A0, b, ¢, dE 2] 150 o] 4] 62

L

ol g3te] 1 3k Tkt

r= Z \/ rau 1’7‘71(’ + bv + C6fru(”u + d)>2 (6)

4) #pa)o) QPPAE 24 7170l et gepxm
Z, ot 5719 B5gk B ARl &
2 u)50] njet 93 7] 24 At 5o A1
3t E-5 ¥4 ¥R4S YiK(interpolation)
sttt

3. Zn § =9
57| P S9an] A% AH2 Picarro L2140+

At 57 5= HAE =FE s IS 2E
715 A/dslor gt o] & $f8f <F 8,000 ~ 18,000
ppmv e 57| F= HelolA Al dA = FE5}]
T IE Y YR E A olF
T {9 A = HiEhenk skt A el
A = Ak = HA A (case 2) o AH 1 7|
ZHE EAZ0=Z 60 km # g 9] 9l Tourmaline
Plateau (74°09.728’S, 163°27.083'E ) oA 12 16
5B 12 25971R] 9 7|7HE e 12417 71 = ¢F 1
A7 52k AR ABE AN Eah, T oY
T%(1,650 m asl)Z2 Q3 P =7 x| w
E 2| 2315 AA5H7] ¥3) 5,000 ~ 10,000 ppmv
HelolA FEo| mE 527] oY S
Hoieh niAEe 2, AR W S| 2R E BAmO
2 9F5 km A2]of| 9l= Browning Pass (74°35.3'S,
164°11.2E)oll A 19 7UEE 19 25U7H4] 427]
W Teiean] 1Y AAS 1A F712 oF 1A
7t 59t A5t F thcase 3). G H= 7|17 Ax
27)(dry air) 8 A1) B W £57] 5= A
e 4= AL, €F 3,000 ~ 10,000 ppmv 2] HH] o
A %57 AR 78 % A,

9% o) Az BRe A % R
2] W& EF 571 (Onueopor) ] FLZE A4to]
fsieh wEkA, A 7|17 F1H o s g2 W &
T A (Orruetiquia) = AFI5t] QHg F91Pasn]of W
37} Ql=A] ERlsto] o] & Sk Alktel WHdsta
th® 1). R2EZ0 F2 L)o] AF F 427] Iy

O = QIFH AT g) Bt FAS| WAL, w57 T



400

Aol o3t 2E= o] HYEH Y4 WMok Picarro
A o] B oY F 9 h4n] B4 0 24(5"%0:£0.07%,
8D:£0.7%0) M ] Frh(Kim ef al., 2019).

e £57] & S4 it S &l
517] Yol = WA 7] (dew point generator)t 7]
A T= AR E o]88 4= th(Klein and Welker,
2016). ZHATE]A ZI3YH HA-Lol| A Picarro 7
F(Mypicarro) Tt 71/ S A (Mimeteo) & S87 2
2 T (Mimeteo=0.013 Mpicarro +0.77 Mpicarro-0.25)
o] Fe|=S = grHBonne et al., 2014). B AT A
& CRDSY| 57| 5= 9] A gele Hs
AE7VFBSEA(AWS) Y] Al 57] &9 H|
W3Rt 2,000 ~ 5,000 ppmve] H Lol A Picarro
ZHH]9F AWS Z47E2 mpicarro=0.0002 mAw52+O.96 MAws
+200 (R*=0.936)2} 7+&- 23} TF}A] (polynomial) T+
AE HeEPHRTHTHE 2b).

A1) )2 S8 Axkat o 2FHE Ome) T B
B] Z324(5"00) ] X}0](AS°0) 7} $:57] FES}
S 7170l wet ojE §igkE HoleX|o s &
OofR 112} A(7)& B3l 4 A @A (reproducibility)
< ZRlsth 2= Wt F 55719 o234
FOpe)o] Wal7] whiel, B4 AR & ATo|
A AAE AW A3k (normalized) £42
22 gopr 1} 51 T

AélSO: 61807’()w - 6180t7'ue

olcke - BleE - 20| - Hi2E - 0FE

39 30]) ASOE 3¥19] A7 7]7bo] Thgt 4257
353,000 ~ 12,000 ppmv)oll A ZA5t Ak et
itk 4257 ol T2 A8 P09} ASD 2] 3
Holx] geka 94 @ X} (random error)E XE T}

Al o] Ay B9t AARE B8 BAE FEY
108 F4gke] 240t 9 ¥F HAH(1 o) case 1
o] A ASBOL} ASDO Tl Zkzk0.1:0.21%02H 1+1.4%,
case 2= A0} ASDo| i3} ZH2} 0.1+0.10%03} 1+0.
7% case 32 AS"°0L} ASDo|| iaf zHzt 0.04+0.1
1%02}F 1+1.1%0 2 15t o)A Aol A 1,500
~ 4,000 ppmv ] £:%7] FEAA EAT 509} 5
D] 108 FFZHe] S 3= 247k 0.23%0T 2.4%0 2
Bl E] 913, 20,000 ~ 30,000 ppmve] - 0.14%o
7} 0.85%02] 2213k 2H= A o] Bl E 9th(Steen-
Larsen et al., 2013, 2014). & Ao A AAJSH HA
2(4] 5)2 $57] kol wE Au|o] Fo|Ha|
T=7he] 5ol tigh RS Z3sl] g o)A
ATt g £37] Fro 2 exte] AP
Holx] ¢h= Ao & AYzhgr

2 IS B3l 37 w0l o2 HsHEgt
ofUa}, Zu] #Z 7|7hol| T B ot HFA
o] A=A ot gteh 1195 1] Magst A A
H(case 1, 2, 3)9] AtA A FH L8] S AFHAS
PO)e AT 717F & A7t BB wE AP
o]7] ¢S ¢ 4 AUSTHH 3). WA &F F
Z3t case 12 W Hol| A £ &t case 29} 3R T}

b
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Fig. 3. Time drift on the normalized error (AS'%0) by Picarro L2140-i. The x-axis indicates humidity measured
by Picarro L2140-i and the y-axis shows instrumental error for each calibration term. The observed error of §'*0
for both standards in 3 case studies at different humidity levels are shown in 10 min average and its best fit line
by cross (grey solid line), diamond (long-dashed line), dot (short-dashed line).
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A 35?410}@‘7%1% SR 7SR B2 = *% I
o] of] F-4E A2 oA

oN l‘UEE oZi rlu

71E9] 1715 ATl = ke T ean |
3lS dov|= 947} iy 7Pk SHAR

et AR o83 17|F A9 2T Tl 1L
=27l E) 2 Aol wht Kok et £4 o]
8= Qlck(Furukawa et al., 2017). A2 E4
< "oty 913t BT WEE AFAL o7
T 75719 v AR o= Qs o 20% 9
A2t B 4= qlokal B E It (Madsen
et al., 2019). o] & ®A|3}7] YA L= =571
oFY T BAE 58 ot 714 Hapete
AT A7 dasith 2 AT FA G T2
A% 3749 % AFollA o8 7Hse A
AXB7] 8l =57] ¢ Ew-l Han HA A S
S5t ieh SHAIRE U A 27004 3714 o]
2 A7) 574 Al A9 " dzol 24 AE
goll HSF A 4= QlaL, o] 2 QIFE F9laH] &
27} A S 4= Qltk(Jung et al., 2013). wahA, ZE"E
ST A 2HofA A7t AR 578 Al |
o] T3t T4 A7t 8 ETh(Bailey et al., 2015).
2 AFOAE 7|2 FolH B4EE Bas 2
Aol ohd 52 £3718 04 Ll due
AT 2N hekgt 715 A
CRDSE |83t #3571 0}@ %° e 349 75
S HYok & 7§7§ BAE o]§3t A
7] SHEaH| o A7 SAS AT A
3‘4513‘01 7hsshe, Kok ohekgt ‘i‘% o9 &
2k Aol -85HA ARE o Sl Ao E 7|
%EP.

ZAe 2

o] AL St LAY “LE7 A=Y
A9 e, A, B &3l "“%(2017R1D1A1A
00000732)" 2 SHRS|eTIol7| 49 HA A el
& “IA ARSI S HEYZE &83 ti7]-Y
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21g-0] A, Q1917 EA7(PE20190)"
© Z]%g ol PHAFUT FA] ] 2
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A 43 Aunsitls) 3 WIdTes ot

AN 7 HA] TES ‘:%MEP =
-& UA} Ao g AESD T AL =
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