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Introduction

A rapid warming and freshening of the Southern Ocean have been observed over the past several decades
and attributed to the anthropogenic climate change. In this study, ocean model perturbation experiments are
conducted to separate roles of individual surface forcing in the Southern Ocean temperature and salinity
changes. Model-based findings are compared with results from a theoretical framework including three
idealized processes defined on the 0-S diagram.

Insights from a theoretical framework

» We use a theoretical framework from Bindoff and McDougall (1994, BM94) to
separate subsurface temperature and salinity (T&S) changes into three

FAFMIP experiments based on ACCESS-OM2

 Based on the global 1° ocean sea-ice model of ACCESS-OM2 (Kiss et al. 2020)
. . . . processes on the T&S diagram
[ - . . . . .
Flux-form forcing anomalies of wind stress, hea!t flux aqd freshwater flux coming » Pure warming: no salinity change at depth level --- the warming might be
from Flux-Anomaly-Forced Model Intercomparison Project (FAFMIP; Gregory et al. .
2016) traced back to surface heat flux input
» Pure freshening: no temperature change at depth level --- the salinity change
 FAFMIP forcing anomalies applied individually to separate total responses in ocean might be traced back to surface freshwater input
states like temperature and salinity » Pure heave: no spiciness signal, only isopycnal heave --- related to wind, wave
(a) FAFMIP wind stress perturbations (b) FAFMIP heat flux perturbations propagation, eddy etc.
/&EN e ”:_ G \s % T . - a ‘:;\ ™
60°N/~”” . e, \t,:&;\i\ 0.6 y S *\ o> 18 (a) Spiciness and heave (b) Pure warming process
.&-»:’ ‘— l'\ t {&E“ T SERN - 0.3 7// ’ \ \~: .) \\\— 12 & he 0 -
SR R = SRR Il‘ﬁ ff’ . o o - ' ! 6 newiemee L ?hr:-:?rirr;ilcline
7 ..:_ 0 _: é._ - o < .-:h o
4 AL o < 4 s Fig. 5. Schematic
- oo . N 3“;, s ; -12 spiciness diagrams for (a) the
, SO -0.6 -l _ p——— -18 o spiciness and  heave
e ’jg\é_f " sow S mw T neave ¢ components, (b) the pure
(c) FAFMIP freshwater flux perturbations (d) Global mean heat flux anomalies S warming process, (c) the
—_— : e 3 ' r ' ' ' ' T pure freshening process,
(c) Pure freshening process (d) Pure heave process and (d) the pure heave
27 ': 0 P1 P2 process. These diagrams
“-‘E1 new thermocline :ohr\iginal |' are redrawn from BM94
= | and Lyu et al. (2020).
| ——FAFMIP
0 —— FAFMIP-transient
‘ CMIP5 1pctCO2
-1 ' ' ' ' ' ' ' &
1 10 20 30 40 50 60 70 80 o heave
Year
S
Fig. 1. Annual mean FAFMIP perturbations of surface (a) wind stress (N m2) and wind stress curl (107 N m3),
(b) heat flux (W m2), (c) freshwater flux (10® kg m2 s'1), and (d) global mean heat flux anomalies for FAFMIP, PW-temperature PW-temperature-heave
transient FAFMIP and CMIP5 1pctCO2 experiments. 0 ~wn 0 - .\(»\ % 0
. 500 1 - 500 - % 500 |
a) All: temperature b) All: temperature heave c) All: temperature spiciness . . - - T - -
0 mat 0 e 0 e I E T ] T Pure
. i I1 £ 1000 - - 1000 - ‘ - 10001 | .
N 500 :_ 500 _: ] -—’:_ 500 _: | 0.5 Fig. 2. Zonal averages Of 8 ] E E E E Wa rm I ng
E i T VN —— i ] | g:? ocean (upper panels) 1500 - 1500 - 1500 -
£ 1000 - - 1000 7 - 10007 1.0.1 temperature and (lower | i ; i :
0 i : : | 82 panels) salinity changes in 2000 e 2000 e e Y e e - 2000 —
1500 - 15007 - 15007 4~ the all-forcing experiment. 80S 60S 40S 20S EQ 80S 60S 40S 20S EQ 80S 60S 40S 20S EQ
] i ] i ] 2 (Left panels) changes at SE-salinit S SE-salinitv-soici
2000 “=— e 2000 e e b e m 2000 e e depth levels; (middle U el T Al s S abdl e DESPICIISSS.
80S 60S 40S 20S EQ 80S 60S 40S 20S EQ 80S 60S 40S 20S EQ panels) changes related to 0 =y ° X«K\i‘*\%\jﬁi 0 - \ﬁ\i;;vr ISSZU
ealini ealini calinity amini he heave of isopycnals; . I MAv - : I I 0.1
(d) All: salinity (e) All: salinity heave (f) All: salinity spiciness t _ B _ 3 _ B _ 3 B
0 o 0 T e = R U e g e Psu  (right panels) spiciness - =00 2o \‘/ i : i _8'82
r I i ‘ ] ‘ S Igf changes along isopycnals E ] ] ] | 0.01 Pu re
500 - B - 500 A ~T "+ 500 - | \ 3 0.05 mapped back to depth == 1000 - - 1000 - - 1000 - " 001 .
T - \ P | - ooz levels, g ] S 1002 Freshening
£ 1000 ~ 1000 1 N__" 1000 N 1500 - - 1500 - - 1500 - - 005
: _ _ _ : 0. I _ _ _ -0.1
a _ i : i : ,  -0.02 _ [ : : : 0.2
1500 7 - 1500 7 - 1500 A\ n '8'(1)5 2000 ——r e 2000 oo e 2000 e Y e
\ I02 80S 60S 40S 20S EQ 80S 60S 40S 20S EQ 80S 60S 40S 20S EQ
2000 e 2000 ey e 2000 e b ) PH-salinity
80S 60S 40S 20S EQ 80S 60S 40S 20S EQ 80S 60S 40S 20S EQ 0 2C 0 TR ISNERESS psu
Latitude Latitude Latitude _ 1 : I 8-?
500 A 05 500 A - 0.05
i 10.2 ) ) 10.02
(3)  All: temperat (b) Heat: t t (c) - (d) - 1000 - | O £ 1000 - L []9.91 Pure
, . temperature eat: temperature Water: temperature Stress: temperature : 1 0.1 g 1000 7 1.0.01
% C ) i . oC : 1-0.2 S : 1-0.02 Hea\[e
: ] 2 1500 - o 1500 - o o
500 - : ] = ] - I; 3 3 Igg
£ 10.2 2000 F— s 2000 +—r+———rr—— ¢}t '
%1000_ L - L 4 | _ p '0(-)11 80S 60S 40S 20S EQ 80S 60S 40S 20S EQ
S |.0.2 Fig. 6. Contributions of the pure warming (upper row), pure freshening (middle row) and pure heave (lower row)
1500 - Ceo o - . :(1)'5 processes to zonal averages of ocean temperature and salinity changes in the all-forcing experiment, derived from the
H =2 underdetermined Singular Value Decomposition solution based on BM94.
2000 " .. [.] [
505 60S 408 208 BO: " o . e sre mom e TR TG b T gr Ty § 6 0 (M0 R0 e

80S 60S 40S 20S EQ gps 60S 40S 20S EQ 80S 60S 40S 20S EQ

Conclusion

» Numerical model perturbation experiment is a powerful tool to separate and
guantify distinct signatures of individual surface forcing in the interior ocean.

Fig. 3. Zonal averages of ocean temperature from (a) all-forcing (b) heat, (c) water and (d) stress FAFMIP experiments
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of ocean responses as found in heat flux and wind stress perturbation
experiments respectively, while pure freshening process cannot represent
responses to freshwater flux well.
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Fig. 4. Zonal averages of ocean salinity from (a) all-forcing (b) heat, (c) water and (d) stress FAFMIP experiments
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