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. Title
- Analysis on the impact of Antarctic ozone hole on tropical Pacific warming

pattern

and

Purpose and Necessity of R&D

Il.
insufficient understanding of climate feedback processes

©0Due to the
tropics-extratropics teleconnections, a variety of physical processes might be

inaccurately represented in coupled climate models, which may in turn cause

uncertainties in future climate predictions
© The characteristics of teleconnections depend on the spatial pattern of sea

surface temperature change and variability over the tropical Pacific
© Enhanced understanding of the physical processes governing the climate change

over the tropical Pacific is essential for improving future climate predictions not

only over the tropics but also over the polar regions
© The spatial pattern of sea surface temperature trend affects the characteristics of

regional water budget and extreme weather events, such as severe droughts and

flooding, which may exert a detrimental impact on economy and industry

©Due to both the limitation of in-situ observing system and the potential errors
of physical processes depicted in climate models, it is challenging to
unambiguously attribute the causes of observed climate changes

O There is an imperfect understanding of the forced response to non-greenhouse

gas forcing agents
O Considering that these limitations may cause substantial uncertainties in
climate change, it is crucial to improve the current

predicted future
both externally-forced and internal variability-related climate

understanding of

changes

lll. Contents and Extent of R&D
© Acquisition and analysis of in-situ observations, reanlaysis dataset, and satellite

observations



O Assessing the accuracy of reanalysis dataset based on satellite observations

© Acquisition of climate model simulation output

© Analysis on the characteristics of climate change over the Southern Hemisphere
high latitudes and over the tropical Pacific resulting from decreases in
stratospheric ozone concentrations, increases in greenhouse gas concentrations,
time-varying anthropogenic aerosols

© Analysis on the role of internal variability in shaping the observed La Nifia-like
sea surface temperature change

© Analysis on the potential causes responsible for the model-observation

discrepancy

IV. R&D Results
© Characteristics of tropical Pacific sea surface temperature variability

- The Pacific has experienced a substantial long-term variability of sea surface
temperature, partly due to internal variability

- The observed La Nina-like sea surface temperature trend pattern since the late
1970s is accompanied by a strengthening of the Pacific trade winds related to
the intensification of the Hadley and Pacific Walker cells

o Assessment of the accuracy of reanalysis data set

- It is found that the tropical tropospheric temperature trends from the ERA5
reanalysis data set is largely consistent with microwave satellite observations

© Contribution of internal variability to the observed La Nifa-like sea surface
temperature trend pattern

- Comprehensive analyses indicate that the observed La Nifia-like sea-surface
temperature trend pattern since the late 1970s is closely linked to internal
variability, more specifically, the Inter-decadal Pacific Oscillation

© Role of external forcing agents

- Climate model simulations integrated with individual external forcing agents
show that the observed La Nifa-like sea surface temperature trend pattern is
likely to have driven, partly, from changes in non-greenhouse gas forcing agents,
particularly, decreases in stratospheric ozone concentrations and time-varying

anthropogenic aerosols

V. Application Plans of R&D Results
© The linkage between stratospheric ozone decrease and La Nifa-like sea surface

temperature trend pattern can be used to roughly predict the response of

tropical Pacific sea surface temperature to the projected recovery of Antarctic



ozone hole

© The results obtained from this study will be used as a benchmark for assessing
the model performance

© The results obtained from this study will be used to better understand the
two-way interaction between the tropics and the Southern Hemisphere high

latitudes
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period 1979-2014 (Chung et al., Nature Climate Change, 2019).
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Fig. 9. Inter-model comparison of simulated warming over the period 1979-2014. (a)-(l)

Ensemble-mean trends in annual-mean SST for a given model with stippling denoting

regions where the ensemble-mean trend exceeds two standard deviations of the trend

across the ensemble members. (m) Box plot of the corresponding global-mean surface air

temperature trend for the individual models (a) to (I) with the red line representing the
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representing the maximum and minimum values.
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Fig. 13. Sensitivity of the observed trends to analysis period.
streamfunction trends over the period 1982-2014 from ERAS5. Black contours represent the
climatology over the period 1950-1978 (unit: 10° kg s”) with positive and negative values
denoting clockwise and counter-clockwise circulation, respectively. (b) Same as in (a), but for
trends in sea level pressure (shading) and surface winds (vectors). (c) Same as in (a), but for
ERSST5 SST trends with stippling indicating statistical significance of the computed trends at
the 95% confidence level. (d-f) Same as in (a)-(c), but over the period 1950-1994. In (b) and
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Fig. 17. Dependence of SAM-linked inter-annual surface zonal wind variability on the El
Nifio-Southern Oscillation (ENSO) in pre-industrial control simulations with IPSL-CM6A-LR. (a)
JEM-mean surface zonal wind anomaly averaged over the years when preceding DJF SAM
anomalies are greater than one standard deviation (SD) and the magnitude of the
corresponding NINO3.4 index is smaller than 0.5 SD (i.e.,, neutral ENSO year). (b) Same as in
(@), but for annual-mean surface zonal wind anomaly. (c) Same as in (a), but in an El Niflo
condition (preceding DJF NINO3.4 index > +0.5 SD). (d) Same as in (c), but for annual-mean
surface zonal wind anomaly. (e) Same as in (a), but in a La Nifia condition (preceding DJF
NINO34 index < -05 SD). (f) Same as in (e), but for annual-mean surface zonal wind
anomaly. In (a)-(e), stippling denotes regions where more than 70% of the cases exhibit the

same sign.
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(c) Same as in (a), but in an El Nifio condition (preceding DJF NINO3.4 index = +0.5 SD).
(d) Same as in (c), but for annual-mean SST anomaly. (e) Same as in (a), but in a La Nifia
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Fig. 19. SAM-linked inter-annual SST variability in observations and model simulations. (a)
Detrended January-to-March (JFM)-mean SST response to a unit change in preceding
detrended DJF SAM anomaly estimated from a regression analysis using the British
Antarctic Survey SAM index and ERSST5. (b) Multi-model-mean (in total, 14 models) of the
JEM-mean SST response to a unit change in preceding DJF SAM anomaly in pre-industrial
control simulations. Stippling indicates statistical significance of the regression slopes at the
95% confidence level in (a) and regions where the multi-model mean exceeds two standard
deviations of the regression slope across the models in (b). (c) Monthly mean SST anomalies
averaged over the Southern Ocean (70°S-50°S) with the red and grey lines denoting,
respectively, observations and individual models. (d) Same as in (c), but for SST anomalies
averaged over the southeastern tropical Pacific (20°5-10°S, 120°W-80°W). Note non-linear

color scales in (a) and (b).
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Fig. 21. Spatial inhomogeneity in the time of emergence over the tropical Pacific in
the CESM2 LE. (a) The median value of the year, at each grid point, in which the
corresponding annual-mean SST lies, for the first time, outside the 90% annual-mean
SST range simulated under the pre-industrial control condition. (b) The median value
of the end year of a given period starting in 1950 over which the magnitude of the
corresponding trend is at least twice large as its uncertainty for the first time. (c)

Same as in (b), but for periods starting in 1979.
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Fig. 22. Inter-ensemble variability in model-simulated SST trends. Each panel denotes
annual-mean SST trends over the period 1979-2014 for an ensemble member of MIROC-ES2L

with the accompanying title denoting the ensemble member.
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Fig. 23. Inter-ensemble variability of simulated SST trends due to internal
climate variability in the CESM2 LE. (a) Spatial pattern of the first EOF
mode for the 1979-2010 SST trends across the ensemble members. (b)
Corresponding standardized PC.
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Fig. 24. (a) Ensemble-mean of annual-mean SST trends over the period 1979-2010 for
the CESM2 LE with stippling denoting regions where more than 70% of the
ensemble members exhibit the same sign. (b) Spatial pattern of SST trends averaged
over the ensemble members with their PC values at the top 10%. Stippling indicates
regions where the corresponding ensemble members exhibit the same sign. (c) Same
as in (b), but for the ensemble members with their PC values at the bottom 10%. (d)
Difference in the mean SST trends between the top 10% and bottom 10% subsets.

Fol 8 AFoE oF AAY Xl FETAE B3 T =% ¥Wst A

g di7leg Wsl gk oA GAE WHE Atoldl HA g Aol UEWI e
Ao oy
s o=



205 =7 .0

s g
B R — ~

o o e il e oy e

BOS et o ===
120E  150E B0 150W 120W  90W  GOW 120E  150E 180  150W  120W  90W  GOW
Pa decads’ Pa decads’
40 =25 -16 10 -5 5 10 15 25 40 B0 -50 -30 20 -10 10 20 30 50 80

(c) Botton 10%
— GON

BON

40N 40N

20N 20N

a

208 i)
405 408
505 605
120E 150E 180 150W  120W  S0W  GOW 120E 160E 180 150W  120W  90W  BOW
| Fa flacalde"' ' Pa decade”
- — ]
-80 -50 -30 -20 -10 10 20 30 50 80 -8 -50 -30 -20 -10 10 20 30 S50 80

Fig. 25. (a) Ensemble-mean trends in sea level pressure (shading) and 850-hPa winds
(vectors) over the period 1979-2010 for the CESM2 LE. Contours in black denote the
climatological high-pressure regions with stippling denoting regions where more than
70% of the ensemble members exhibit the same sign. (b) Same as in (a), but for the
ensemble members with their PC values at the top 10%. (c) Same as in (a), but for
the ensemble members with their PC values at the bottom 10%. (d) Difference in the
mean sea level pressure and 850-hPa winds trends between the top 10% and bottom
10% subsets.
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Fig. 26. (a) Spatial pattern of the first EOF mode analyzed in the Pacific (70°5-60°N,
120°E-60°W) for the 7-yr running-mean difference between ERSST5 and the CESM2 LE
ensemble mean in annual-mean SST anomaly relative to the 1950-2022 means. (b) Same as in
(@), but for an EOF analysis with 7-yr running-mean, annual-mean SST anomaly from CESM2
pre-industrial control simulations. (c) Time series of the standardized PC values corresponding
to the first EOF mode shown in (a). Also presented are PC time series computed with the
ensemble-mean SST anomaly of MIROC6, MPI-ESM1-2-LR, and ACCESS-ESM1-5 along with
ERSST5. The red line denotes the observed time series of low-pass filtered IPO index
multiplied by -3.
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Fig. 27. (a) 7-yr running-mean differences between ERA5 and the CESM2 LE ensemble
mean in annual-mean sea level pressure (shading) and 850-hPa wind (vectors) anomalies
regressed onto the standardized PC1 for the ERSST5 minus the CESM2 LE ensemble mean
SST. (b) 7-yr running-mean annual-mean sea level pressure (shading) and 850-hPa wind
(vectors) anomalies regressed onto the standardized PC1 for CESM2 pre-industrial control
simulation. Contours in purple represent the climatological high-pressure regions in

observation (a) and in the CESM2 pre-industrial control simulation (b).
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Fig. 28. Potential role of internal climate variability in the model-observation discrepancy in
SST trends over the Pacific. (a) Spatial pattern of the first EOF mode analyzed over the
Pacific (70°S-60°N, 120°E-60°W) for the difference between ERSST5 and ACCESS-ESM1-5
ensemble mean in annual-mean SST anomaly relative to the 1950-2021 means. (b) Same as in
(@), but for an EOF analysis with SST from ACCESS-ESM1-5 pre-industrial control simulations.
(c) Same as in (a), but with the MIROC6 ensemble mean SST anomaly. (d) Same as in (b),
but for MIROC6. (e) Same as in (a), but with the MPI-ESM1-2-LR ensemble mean SST
anomaly. (f) Same as in (b), but for MPI-ESM1-2-LR.
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Fig. 29. (a) SST trends over the period 1979-2010 from ERSST5, with stippling
indicating statistical significance of the computed trends at the 95% confidence
level. (b) Sea level pressure (shading) and 850-hPa wind (vectors) trends over
the period 1979-2010 from ERA5. Contours in purple represent the
climatological high-pressure regions.
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Fig. 30. (a) IPO-related SST trends over the period 1979-2010. The SST regression
slope against the IPO, which is used to construct the IPO-related component, was
computed at each grid point after removing the impact of time-varying CO,
concentration. (b) Difference between the observed SST trends and the IPO-related
SST trends.
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Fig. 31. (a) IPO-related sea level pressure (shading) and 850-hPa wind (vectors) trends
over the period 1979-2010. The corresponding regression slopes against the IPO, which
are used to construct the IPO-related component, were computed at each grid point
after removing the impact of time-varying CO, concentration. Contours in purple
represent the climatological high-pressure regions. (b) Differences between the observed
trends and the IPO-related trends.
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Fig. 32. (a) Model-simulated SST trends resulting from time-varying greenhouse gas
concentrations over the period 1979-2010. (b) Same as in (a), but for anthropogenic aerosols.
(c) Same as in (a), but for biomass burning emissions. (d) Same as in (a), but for changes in
land use and ozone concentrations. (e) Same as in (a), but for land use changes and their
interactions with other forcing agents. (f) Same as in (a), but for time-varying ozone depleting
substances and resultant stratospheric ozone concentration changes along with their interactions

with other forcing agents.
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Fig. 33. (a) Model-simulated sea level pressure and 850-hPa wind trends resulting from
time-varying greenhouse gas concentrations over the period 1979-2010. (b) Same as in (a), but
for anthropogenic aerosols. (c) Same as in (a), but for biomass burning emissions. (d) Same as
in (a), but for changes in land use and ozone concentrations. (¢) Same as in (a), but for land
use changes and their interactions with other forcing agents. (f) Same as in (a), but for
time-varying ozone depleting substances and resultant stratospheric ozone concentration

changes along with their interactions with other forcing agents.
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Fig. 34. (a) SST trends over the period 1979-2000 from ERSST5, with stippling indicating

statistical significance of the computed trends at the 95% confidence level. (b) Same as in (a),

but for model-simulated SST trends resulting from time-varying greenhouse gas concentrations.

(c) Same as in (b), but for anthropogenic aerosols. (d) Same as in (b), but for changes in land

use and ozone concentrations. (e¢) Same as in (b), but for land use changes and their

interactions with other forcing agents. (f) Same as in (e), but for time-varying ozone depleting
substances and resulting stratospheric ozone concentration changes along with their
interactions with other forcing agents.

7l Fo 2A7A s FUhE AT Rddd A BMEd 947 o9 st 4
I A FATe] o3t gl RelEof ey JE 9 sl 2= W A et
Fde HolX U=

AT AEHE o2& vk WS v RAdAPY A FHE G A A

W o7Itel st %S Hel sy Feje) 54w 2% wWa 4TS 9o £ 9
Ao A

_39_



(ol GHG

12E 1HE FEQ 180w B0 BOMY AORY 1206 180E e TEDW TR0 B0 BOW
b Agrosal i) EE - MAT

05 T T — T 1
120E IS0  UB0 I50W  120W  SOM BOW 120E 150E 180 I50W  1I0W BOW  BOW
i8] Land Usg ) s

120E 1506 UEO 150W 120W  B0W B0 120E  18GE 980 150W 120 B GO0

Pa decade’
T e W) — — ——— —
60 40 -30 20 10 & -3 3 ] 10 20 30 40 B0

Fig. 35. (a) Sea level pressure (shading) and 850-hPa wind (vectors) trends over the period
1979-2000 from ERA5. Contours in purple represent the climatological high-pressure regions.
(b) Same as in (a), but for model-simulated trends resulting from time-varying greenhouse gas
concentrations. (c) Same as in (b), but for anthropogenic aerosols. (d) Same as in (b), but for
changes in land use and ozone concentrations. (e) Same as in (b), but for land use changes
and their interactions with other forcing agents. (f) Same as in (b), but for time-varying ozone
depleting substances and resulting stratospheric ozone concentration changes along with their

interactions with other forcing agents.

© Biomass burning °lolZ & WsE AT AP BIF Y AJolA FHF 9

el BeHL s

o L o9l oR 2915 53] AT 2T Aot dAYste] BEF A FqFol
A= e X Jo wat Syur ge e sl 2k Wt Jgo] fud
AOE A H

_40_



{a) ERS8TS (dy MIROCHE

G0N BOMN
40N 40N -
2on M 20M -

o 0 -
205 205 -
a5 405 -
s0s 60S e

120E  150E 180 15OW 1200 90w BOW 120E 150E 180 150W  120W S0W  6OW

{b) ERAS {e) CESM2 LE
G0N — g

40N

ZCIN

205

405

60S

120E 150E  1BO 1G0W 120 SOW  BOW 1208 150 1BO 150W  120W SOW  GOW
{c) HadISST (N MPI-ESM1-2-LR
T T . - BN

40N

L2105
40N e il
200 4 20N

205 205

405 405

o

T = T T

605 B0S

L r- T F 1
120E  150E 180 150W  120W 90w BOW 120E  150E 180 150W 120W  S0W  B0W
K decade’
| I

i | :
-4 <03 02 -0a5 -0 -006 -002 002 006 01 Q1% 02 03 04

Fig. 36. Observed and model-simulated SST trends over the period of
pronounced stratospheric ozone depletion. (a-c) Observed SST trends over the
period 1979-2000 from (a) ERSST5, (b) ERA5, and (c) HadISST, with stippling
indicating statistical significance of the computed trends at the 95% confidence
level. (d-f) Ensemble-mean SST trends over the same period for (d) MIROCS6, (e)
CESM2 LE, and (f) MPI-ESM1-2-LR, with stippling denoting regions where more

than 70% of the ensemble members exhibit the same sign.
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Fig. 37. SST response to non-greenhouse gas forcing. (a) SST trend difference between the
historical and hist-GHG experiments over the period 1979-2000, with stippling indicating
regions where more than 70% of the corresponding model simulations exhibit the same
sign. (b) Same as in (a), but over 1979-2002. (c) Same as in (a), but over 1979-2006. (d)
Same as in (a), but over 1979-2010. (e) Same as in (a), but over 1979-2012. (f) Same as in
(a), but over 1979-2014.
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ta) ODS EOF1 {44.8%) {b) Non-GHG EOF2 (8.1%)
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Fig. 38. (a) Spatial pattern of the first EOF mode analyzed in the Pacific over the
period 1953-2011 for multi-model multi-ensemble mean, 7-yr running-mean, and
annual-mean SST anomaly difference between the historical and hist-1950HC
scenarios, which represents the response to ozone depleting substances. (b) Same
as in (a), but for the second EOF mode for multi-model multi-ensemble mean,
7-yr running-mean, and annual-mean SST anomaly difference between the
historical and hist-GHG scenarios. (c) Time series of the standardized PC values
corresponding to the EOF modes shown in (a) and (b), with the red line denoting
the observed DJF-mean SAM index (multiplied by 0J5) estimated from
station-based sea level pressure measurements from British Antarctic Survey. (d)
Model-simulated SST trends over the period 1979-2000 under the hist-GHG
scenario, with stippling indicating regions where more than 70% of the
corresponding model simulations exhibit the same sign. (¢) Same as in (d), but

under the historical scenario.
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