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Abstract In order to evaluate the ability of the United States Geophysical Fluid Dynamics Laboratory
(GFDL) model to simulate ocean ventilation, three GFDL models ( GFDL-ESM2G, GFDL-ESM2M,
GFDL-CM3) are used to simulate the data of CFC=11 ( CCL,F) in the ocean. The characteristics of sea
surface concentration, total water column per unit area, total amount of substance, maximum penetration
depth, and vertical cross section (in the Atlantic Ocean, the Pacific Ocean, and the Southern Ocean) of
CFC-11 are analyzed. By comparing the simulation results of the GFDL models with the observations of
salinity, sea temperature, and CFC—11, the following conclusions are obtained. The high—value centers

of CFC~-11 at sea surface simulated by the GFDL models are concentrated in high latitudes, such as the
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North Atlantic and western North Pacific. However, the simulation result in the Ross Sea and the Weddell

Sea is 1.5 pmol + kg™ lower than the observation, which is caused by the negative correlation between

the solubility of CFC—11 and sea surface temperature, that is, the solubility of CFC-11 decreases as the

sea surface temperature increases. The total amount of substance of CFC - 11 in the global oceans

simulated by GFDL is higher than the observation, especially the simulation result of CM3 is 22.9%

higher than the observation, and the average value of the GFDL models is 15. 6% higher than the

observation. The analysis of the zonal sections of 46°N in the North Pacific, 24°N in the North Atlantic,

and 65°S in the Southern Ocean shows that there is still some room for the GFDL models to improve when

simulating some important water masses. For example, the position of the maximum value of CFC-11

concentration simulated by the GFDL models is too deep below 1 000 m in the section of 24°N.
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Fig.1 Distribution of average CFC—11 concentration at sea surface in the global oceans in the 1990s ( units: pmol - kg™';
a. observation, b. simulation, c. simulation minus observation)
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Fig.2 Distribution of sea surface temperature in the global oceans (units: °C ; a. observation, b. simulation)
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Fig.3 Distribution of total water column per unit area of CFC—~11 in the globe (units; pmol - m™; a. observation, b. simulation,

c. interpolation of simulation minus observation)
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Fig.4 Penetration depth of CFC—11 with respect to 500 m vertical integral concentration (units: m; a. observation, b. simulation,

c. simulation minus observation )
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Fig.6 The same as Fig.5, but for 24°N in the North Atlantic

F ALK PEYE 24°N Wi i) CFC-11 s3] B H,
O3AE T WA FEEARAE, EDFEL 000 m P g
JEMEFER) CFC— 11 #E7KF-J7 1) 43 A A G L #3415
£ 250 m ZEAT B — AR AE, DAF BE TR 3 B8
1,1 000 mPAFERIK 1 CFC— 11 PR 21 75 P 3 i
o th EJRK R CFC-11 2045 I AE K P43 A
(35 57 1 EUARSHRL ) 2 4, T ELAR K AE /K 10k B F
ARl WU AL T X MR R 2 1 CFC-11H)
KAE . SR I A BEAR G iy A5 400t i A4 KM
AR PG5 A0, BRI R R B T A B v
TE4r A, K5 BIAE 400 m DL R A 2K, LU 1.4
pmol + kg™ ZEE LR M ], LI A 7 800 m ZE A7, R VY
ARG RN LE SRR, 16 80°W Ab iRy
600 m ZE 47, A PG A 2R N, 7E 24 50°W 35 31 fie K I
B 000 m, fifif5 A 46 F 28 20°W A F] 100 m,

FE1 000 mPA FIRAKIZ , JoIS LI A R A 40 2 SR
153 AR 558 1y DA TG 280 R 1) 05 1 A6 32, SO D00 1) e KA
HILTE 80°W 11 500 mAd , BEAAR M ™ A i 43 AR
FIRFE , R AR KA B 7 B BELAE 2 000 m DL,

X 25 BB T GFDL iy 485 P10 1 32 ) T 1Y
CFC- 1Ak 7

JEIR PR 24°N F T (37 T Bl Ay BRI 1 1 A6 X
B TACRIE IR R o R IR T 45 4 ) FE TR AT IR
VGRS , Hoh A — AR S IE AR R ZE 0 v o
JEVR R T 2 24°N I AR 76 5 B A i 3 A AR
F8 SR I A B R A g Y AL AR AR, 3 AL o
T IAL AR DN L PG00 L AR AP o PRI 24° N 1) T A
ARE PG B T, 1 S W AE TR TR Y CFC- 11 9
BERMARBIPTZHTAL /N 1) o T HAZ ] R R Z
WSE A ORME AR ) PUAE T 98, IEGF Re e 17 B2
TR R RUBE B 3L A S ) By B 5 A . TC i 2
WL 25 2R , 3 J MU 45 SR A b K P8 3 114 7 XU O
(AERPGFERR I ) XFRJZ A CFC-11 YR LA T 2.5
pmol + kg™' . IR HURAL TR FJZ M R (H X, 0
il T 2K (300~ 800 m) il CRC-11 #e &, X
SIS DL AR R AL A — R DX I8 Py [ AR S e £ 7K
MR (] 3) M BRI E (& 4) o

PEAGR P E R R CFC-11 2 50K P



2

Tl : GFDL BRI R BN g o CFC-11 ) AR 25 R 1 PP A 49

AR KT B AU R PG P 14 22 1) e A5 %, TR i
LK B 1 iz i X [ 1000 ~ 1 500 miz
JE 7K A2 21 T i i 2 rA) S AR TR AR e
WRIZFFIE . P 6¢ F 6d FULIN AL 5 B2 7E —
FEPEUESE TOK AT Sk i B R TR A 2R B2
S W 4 2 ¥ 1T 7% &, 300 ~ 1 000 m i) = 7K Bk 1
JERPGFE 2K SRR 2K RS, A 1200 m
AR B3V R SR A S AU R DY P TRK A B R
IKAE B I— LA, fETRJE 800 ~ 1 500 mA] i id %
B K AR, 0t iU A5 R A B T AR
LA/ ER 270 35 psu (K, B i s i 1
1500 m LR 7K JZ WL 5 49 £5 52, %1 000 m 72 45 1)
K EALK 0. 8 psu, %X I CFC- 11 WAATER K
2250 PRI, BaCis A BRI B0 25 W]
2.3.2 FgPRRIEETE PR EO

7 5300 0 KT 65°S Wil CFC—11 frty ULl
458 (GFDL FyRE4s R h B 25 R (GFDL £ 57
FIZER . d T CRC- 11 7 i ARUKAE SR AE K
TERAUSSE RS LI A7 A BRI 22 5, o I e P R

400

800

1200

R /m

1 600

2 000

400

800

RS /m

1£1200
1600

2 000

45 35 25 15 5°W
B 7 HYRERTE 65°S T CFC— 11 ¥R BE (FA7: pmol - kg™ ) AR BE (B0 psu) T FL 40 A (a. CFC— 11 Y B2 LI 25

b.CFC— 11 FERTAL 45
Fig.7 The same as Fig.5, but for 65°S in the Southern Ocean

e S ARSI A8 2% S doe W 2., PRI T R T 65°S B
PEATAMT . HAZIT T CFC— 11 434 ] LA 31, WL
) 5 A DL L CHETE 200 m A B F R YRR Y
CFC—11 #RFEKFJ7 1] 53 A AR X 50 0 AT2H40 47
FH], W7 CFC-11 | PG RS A B, k)2
R U AU 2 e DA 2 10 PG 497 T 97, 2. 0 pmol - kg™
SR AE VO BB B TR B3k 200 m 245 (EAE 2R
WA 100 m Z2 4, B RAG 2 CRC-11 IR 5
FAL IR R T35 2 CH . XU
f¥) CFC—11 2 S [RIRE ST e /5 £ B i 22 5 1 (8 7e Fi
7d) o VLI ER T 25°W ZE A AR TE I R
200 m LI 2K B3 BRI 34. 60 psu L
KRN T )2, TR ¥ A5 A5 - 52 ke 3% W)
BIERAE , 35 DO AT 20 3% b i ok R 1 4540
R,

7E200 m LR rf 2K o B S5 R S
AR S0 2 5, W % W], 500 m LI B %)
2400 m4E — > CFC - 11 ¥ EF WAL (/MT 0.4
pmol + kg™ ) T} HL HLARI AT (943 A, (E AR DL 45 SRR

6.4
6.0
5.6
52
4.8
4.4
4.0
3.6

T 32

2.8

2.4

T 2.0

1.6

1.2

0.8

I 0.4
psu

e
(d) I 34.70

34.65
34.60
34.55
7 34.50
34.45
34.40

34.35
I 34.30
7 34.25

34.20
34.15

34.10
I 34.05

T
45 35 25 15 5°W

s R EEMLIMZE R, d. L EEASAUIZE R )



50 o

% ¥

5 40 &

OB A T E WY CFC-11 8B IR, 2.0
pmol - kg‘l%ﬁé;%%fﬂTKXﬂL%H’ﬂ “V" I, 1E
45°W B AL R EE A 800 m A Ay, H VY n] AR IR, £E
2y 25°W ik E| I KIW1 200 m, SR 5 B W6 TH 2 5°W
AFE] 300 m, BEAM ALY 1.6 pmol - kg™ S5 {E L ]
ZEHE L 10°W LT RY2 400 m LR K2, ol 2
7E1 500 mLL T IRIZK B CFC-11 YR B
Bt TN 4E S 300% , ix e AE E 3 A 4 FEIY
BERURE BRI 2 CFC-11 FH 558 8 3in kT
FE T 25 S 1) B S AR

MO i) 6 B v & 3L, 34,70 psu >k B AR FRHY
2 000 mPAF FIERK I ) 4 iz oK 2k A R
e S L i 126 7 R I SRR R K, DA R 5 1 A A /R
PRI, AR ZE R e T PR 2 KR
R T RIZ K (H I SR A e v 1 A 401 L SO0 U e
BRI AR, FH SRS 0045 S 1 et o 26 B o BRLAE
RN 600 m Ak (HTEFEA 15°~40°W Ju I, Hig
IR G5 LU 5T, BB R AR ™ A T 44 1) 1
BRGSO BLY CRC— 11 7532 % T8 1 v i
JEK A BRI 28 38 TR JE I AR VR A ¥ A 1) %
JRH o Rl XA T 7E 5°W BT, GFDL #X 7F
B RVERT A MRS T CFC—11 ) F ik i e,

3 #ig

it GFDL B4l CFC-11 34521, 45 53
VR IAT L FE A CFC =11 WA B kb 25 Al T GFDL #5
PUREY CFC-11 1 3 1 A AE G 00, A3 2040 F &
BEEE

1) GFDL BB CFC— 11 9 1k B 7K P43
A7 55 0 S 3E # — 2, GFDL B ) CFC-11
THT o VA J3E O R O 00 3 174 e e v 4 T A 1
5033 (1| NI & SN oy N R SO (B o {2 NP
%W U | R R v LA R L I E IR T 1.5
pmol + kg™ I CFC—11 f 5 fift B 55 5 11 L2 1 671
FHOCHT 1 B A o 7K AT B it 43 A7 [ 25 SR 3R B, GFDL
DPUASR G (T X5 285 S 5 UL B A b, fe BB 22 57
SR BRAE fe 4 B A G DR PGV A R R, AR by
Al 73R DI I 25 5 . X J& K ol GFDL K]
TR GR35, S 3R A3 K X e v o T
CFC-11 By g A7, JUHJ& 7E A6 KP4 v ifg Bl B i
GFDL xRl R BG4 ) 4 BRI 7 R CFC-11 &
Wy o ) R A L UL 5, JCHE: CM3 B 45 5 LI
WE 5t 22.9% , GFDL 55X - 84 {4 w5 F 00 0 i
15.6% . GFDL izt LICOM #{ &Mk T CFC-11

TFEAEAF R AR 16% (HX AR TR Z 9 o

2) AL XA A 46°N LK PG 24°N FI R
K 65°S 143 1) T [T 9 438 7T 1, H AT GFDL B
FEASADL— S 5 K A A — a2 i ek 2 ), A 45
AR Z K, AERPEFERIK, L SRS K PE o
WIZK. GFDL B fE b4 - MU HUL T 24° N I 1
AR JZ CFC—11 M KAR, (A A REAR 47 o ASE 401 1 ik
AR RAA B AR 8175 19 43455, X1 000 m DLF 7K
J2  RELLE SR AR i e XL T 1] 1) AR 5 17 DAV B AR 14 26
) B2 (EAR KB o7 Bt B 7E2 000 mLA T .
K 65°S W THT (43477 AT 1, GFDL Ak bk it , X
P RTR R MR BB AL, (R 3% 2K i) 1 ELIR &
R

ARSCHE ST T JE 1E GFDL A i B4 45
H R BT 28 () 43 A R AE R BE 45 & i ) 25 4k
I, JE S TAEE & ] AR U4 CFC- 11 i)
(] AR Ak Ty 18T J T, aE — 25 0 A0 b o A e — A A
3, A A R S

Bt - AR I L R e SR g R Y S B
WL, 2l CMIPS $R AR R0 s

S 3k

[1] BULLISTER ] L,
chlorofluoromethanes in the Greenland and Norwegian
Seas[ J].Science, 1983,221(4607) :265-268.

[2] WARNER M J, BULLISTER J L, WISEGARVER D P,
et al. Basin-wide distributions of chlorofluorocarbons
CFC-11 and CFC-12 in the North Pacific: 1985-1989
[J]. ] Geophys Res: Oceans, 1996, 101 ( C9 ).
20525-20542.

[3] WARNER M ],

chlorofluorocarbons 11 and 12 in water and seawater[ J |.

WEISS R F. Anthropogenic

WEISS R F. Solubilities of

Deep-Sea Res Part | . Oceanogr Res Papers, 1985,
32(12) :1485-1497.

[4] WALKER S J, WEISS R F, SALAMEH P K.
Reconstructed histories of the annual mean atmospheric
mole fractions for the halocarbons CFC-11, CFC-12,
CFC-113, and carbon tetrachloride[ J].J Geophys Res:
Oceans,2000,105(C6) ;14285-14296.

[5] KEY R M, KOZYR A, SABINE C L, et al. A global
ocean carbon climatology: Results from Global Data
Analysis Project ( GLODAP) [ J].Glob Biogeochem Cyc,
2004,18(4) :GB4031.

[6] WILLEY D A, FINE R A, SONNERUP R E, et al.

Global oceanic chlorofluorocarbon inventory [ J | . Geophys



2 Tl : GFDL B[RRI B rh CFC- 11 0 AT 45 R Al 51
Res Lett,2004,31(1) :L01303. R SR IE [J]. RSB, 2006, 30 (4)

[7] WAUGH D W. Changes in the ventilation of the southern 671-681.
oceans [ J |. Philos Trans Roy Soc A, 2014, 372 [20] Z=PHE, Bkts, =, 2. 23k i =g CFC-11 1%
(2019) : 20130269. WX U AR RUBE TR 45 S8 I U [0 ] i e 24l

[8] ENGLAND M H. Using chlorofluorocarbons to assess 2007,29(3) :31-38.
ocean climate models [ J ]. Geophys Res Lett, 1995, [21] ®AFY, BRPEE 15 KAE , 2. 2RI E CFC-11 MR %1%
22(22) :3051-3054. B B A AU MR [ 1].2012,36(6) :1253-1268.

[9] ENGLAND M H, HIRST A C. Chlorofluorocarbon uptake [22] WANNINKHOF R. Relationship between wind speed and
in a World Ocean model: 2. Sensitivity to surface gas exchange over the ocean[ J].J Geophys Res: Oceans,
thermohaline ~ forcing  and  subsurface ~ mixing 1992,97(C5) . 7373-7382.
parameterizations [ J |. J Geophys Res: Oceans, 1997, (23] 7R, cam , 220, & 3G 0 ki e CFC-11 1
102(C7) :15709-15731. W semn [ J ] v EREE,2014,38(2) 16-20.

[10] ENGLAND M H, GARCON V, MINSTER J F. [24] X0, 2 AR, ARk AR, 55 o RO IR TR & S 80 )2
Chlorofluorocarbon uptake in a world ocean model; 1. XT3 L K CFC—-11 B 52 [ )] RSB,
Sensitivity to the surface gas forcing[J].J Geophys Res: 2015,39(6) : 1149-1164.

Oceans, 1994,99( C12) ;25215-25233. [25] 1845, 2= 5, B 227, % MOM4_LAO =03 4Bk 7

[11] DIXON K W, BULLISTER J L., GAMMON R H, et al. CFC—11 A5 (A0, N L IXURE J1 AL [T ] sk 4y 3
Examining a coupled climate model using CFC-11 as an 23 ,2016,59(11) :3960-3973.
ocean tracer | J |. Geophys Res Lett, 1996, 23 (15): [26] The GFDL Global Atmospheric Model Development Team.
1957-1960. The new GFDL global atmosphere and land model AM2~—

[12] DUTAY J C, BULLISTER J L, DONEY S C, et al. LM2. Evaluation with prescribed SST simulations [ J].J
Evaluation of ocean model ventilation with CFC - 11: Climate 2004 ,17(24) :4641-4673.

Comparison of 13 global ocean models[ J].0Ocean Model, [27] DELWORTH T L, BROCCOLI A J, ROSATI A, et al.
2002,4(2) :89-120. GFDL’s CM2 global coupled climate models. Part 1.

[13] PEACOCK S, MALTRUD M, BLECK R. Putting models Formulation and simulation characteristics[ J].J Climate,
to the data test; A case study using Indian Ocean CFC— 2006,19(5) :643-674.

11 data[ J].Ocean Model,2005,9(1); 1-22. [28] WINTON M. A reformulated three-layer sea ice model

[14] BOOTH J, KAMENKOVICH I. Isolating the role of [ J].J Atmos Oceanic Technol ,2000,17(4) :525-531.
mesoscale eddies in mixing of a passive tracer in an eddy [29] DONNER L J, WYMAN B L, HEMLER R S, et al. The
resolving model [ J ].J Geophys Res: Oceans, 2008, dynamical core, physical parameterizations, and basic
113(C5) . C05021. simulation characteristics of the atmospheric component

[15] SHAO A E, MECKING S, THOMPSON L A, et al. AM3 of the GFDL global coupled model CM3 [ J].]
Mixed layer saturations of CFC-11, CFC-12, and SF( in Climate ,2011,24(13) :3484-3519.

a global isopycnal model [ J].J Geophys Res: Oceans, [30] ADCROFT A, HALLBERG R. On methods for solving the
2013,118(10) :4978-4988. oceanic equations of motion in generalized vertical

[16] ROMANOU A, MARSHALL J, KELLEY M, et al. Role coordinates| J |.Ocean Model ,2006,11(1/2) :224-233.
of the ocean’s AMOC in setting the uptake efficiency of [31] GRIFFIES S M, SCHMIDT M, HERZFELD M. Elements
transient tracers [ J |. Geophys Res Lett,2017,44 (11) . of MOM4p1: GFDL Ocean Group Technical Report No.6
5590-5598. [ R].Princeton; NOAA/GFDL,2009.1-371.

[17] GOES M, URBAN N M, TONKONOJENKOV R, et al. [32] TAYLOR K E, STOUFFER R J, MEEHL G A. An
What is the skill of ocean tracers in reducing uncertainties overview of CMIP5 and the experiment design[ J]. Bull
about ocean diapycnal mixing and projections of the Amer Meteor Soc,2012,93(4) ;485-498.

Atlantic Meridional Overturning Circulation? [ J]. J [33] BULLISTER J L, WISEGARVER D P. The shipboard
Geophy Res: Oceans,2010,115(C12) . C12006. analysis of trace levels of sulfur hexafluoride,

(18] 87, 48 A 130 AU 4 R B A A 2SR 4Bl b A v chlorofluorocarbon-11  and  chlorofluorocarbon—12  in
CFCs 2345 [ J]. HuBR ¥ ¥ ~#4R% , 2005 ,48(4) :798-806. seawater[ J ].Deep-Sea Res Part [; Oceanogr Res Papers,

[19] Z=BHA ARk AR, B8, 5 BRI R X CRC-11 43 2008,55(8) :1063-1074.



