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KIOST-ESM

Convection Scheme l
Involved in CMIP6

(Park, 2014)
PBL Scheme 4
(Bretherton and Park, 2009)
Dynamic Vegetation |
(Kim et al., 2018) j .
New Soil Respiration
(Kim et al., 2019)

GFDL CM2.5

SIS Sea-ice model

Ocean Data Assimilation
(Kim et al..2015)

/ [ MLD scheme ‘
(Noh et al, 2016) |

TOPAZ Biogeochemical model

KIOST Earth System Model
(KIOST-ESM)

(Reference model)

Reference Delworth et al. 2012 Pak et al. 2021

Land LM3.0 LM3.0 + UNIST scheme (Kim et al. 2019)
Atmosphere AM2 (~50 km) AM2 (~200 km)

PBL Lock 2001 Bretherton and Park 2009
Convection Rl e s /Schubety UNICON (Park 2014)

(Moorthi and Suarez 1992)
Ocean MOM4.1 (~28 km)
KPP (Large et al. 1994)
Data assimilation =
* KIOST-ESM'’s simulation list
AMIP, P1, 1PCO2, 4xCO2, Historical, SSP126, SSP245, SSP585

MOMS (~100 km)
Noh et al. 2016
EnOlI (Kim et al. 2015)

Vertical mixing

(( SSP Scenarios in CMIPG) ~

* Tier-1 Climate Scenarios

O'Neill et al. (2016)

CMIP6 Scenarios CMIP5
scenarios
SSP1 SsP2 SSP3 SsP4 SSP5
Sustainability Middle of Regional Inequality Fossil-fueled
the road rivalry
8s [ssrs s :

=
B i
=
g i
€ 6.0 RCP6.0
= 4
3| 45 RCPA.5
w 4
‘S 34
2
-9 =
2 26 RCP2.6
£ 7
[v) 1.9

SSP1-2.6 | X% 7hs & Ol MElA AlLt2|2

SSP2-4.5 | &t &0 0|t Eha BiE AlLt2| 2

SSP5-8.5 | 7|F B3t Mg CHAQf DER: HYE AlLt2|2

Historical Run Scenario Run
KIOST-ESM (1850 —2014) (2015 - 2100)
) L L
T T T
1850 2014 SSP1-2.6 2100
SSP2-4.5
SSP5-8.5

Global averaged SST

SST changes

= SSP1-2.6 (2015-2100)

{Marine Heat Wave event) 2

* Marine Heat Wave definition in literature

1) Get 90" percentile value of SST

(Historical 30 years, 11day window) © Heatwave

Heatspike
A

2) Smoothing of 90t percentile (30d)

mean
Teacios

3) Select days higher than 90" percentile

4) Remove heat spikes (< 5days) I

5) Fill short gaps (<= 2days)

6) Frequency: number of MHW event in year |,

Clmatologicalvalues

7) Duration: length of MHW event

Day of Year

8) Intensity: mean SST anomaly relative to the threshold (90" percentile)

Hobday et al. (2016)

L J

{ MHW predictions ) ~

Hist 30yrs Frequency (count) Duration (days) Intensity (°C)
60N
(1985-2014)
40N
20N =g e
1206 140E  160E  180E 120E 140 160E  180E 120E  140E  160E  180F
05 1 15 2 25 5 10 15 20 25 30 35 40 01 02 03 04 05

SSP1-2.6 Frequency (count) Duration (days) Intensity (°C)
2081-2100
S
. = L - . |
120E  140E 160F  180E 120E  140E  160E  180F
12 3 4 5 6 400 800 1200 1600 2000 04 08 12 16 20
SSP2-4.5 Frequency (count) Duration (days) Intensity (°C)
60N -
2081-2100 (
40N = o
Jia B
20N s
1206 140E 16 120E 140 160E  180E 120E  140E  160E  180F
T re——
12 3 4 5 6 400 800 1200 1600 2000 04 08 12 16 20
SSP5-8.5 Frequency (count) Duration (days) Intensity (°C)
2081-2100 i

120E  140E 160E 180 120E  140E 160E  180E 1206 140E  160E  180E

2000 4000 6000 800010000 20 25 30 35 40 45

¢ Area-mean Time series
Historical experiment ScenarioMIPs

Frequency (count) Frequency (count)

[N [T — 6
4 SSP1-2.6
2 -
SSP2-4.5
! Sl 2 W SSP5-8.5
- oSt e
1950 2000 2010 2020 2040 2060 2080 2100

Duration (days)

Duration (days)

VAN . .
——— SSP2-4.5 (2015-2100) WJ in ScenarioMIPs ;
——— S5P5-8.5 (2015-2100) (2015_2 100) 1990 2000 2010 2020 2040 2060 2080 2100
1 ' ACAA /\ AV Intensity (°C) Intensity (°C)
LT, SSP1-2.6 | 0.04°C
NVAMMA | | ssP2-4.5| 1.09°C e
0- SSP5_8 5 2 OZOC 1990 2000 2010 2020 2040 2060 2080 2100
2020 2040 2060 2080 2100
J . J

A_ cMIP6 model list ) \

* Download from ESGF server (https://esgf-node.lInl.gov/search/cmi
* CMIP6 model list containing daily historical and ssp126,245,585 results

1 Gregorian Noleap
2 MIROC MIROCE o o o o o gn Gregorian Gregorian
3 NCAR CESM2XWACCM 0 O O 0 O en Noleap Noleap
4 ccCma CanESM o o o o o gn Noleap Noleap
5 MRI MRI-ESM2.0 o o o o o gr8n Gregorian Gregorian
6 KlosT KIOST-ESM o o o - o grl Noleap Noleap
7 NOAA-GFDL GFDL-ESMA4 o o o o o gr8n Noleap Noleap
8 DKRZ MPI-ESM1-2-HR o o o o o gn Gregorian Gregorian
9 MPI-M MPLESM1-2-(R o o o o o en Gregorian Gregorian
10 AWI AWI-CM-1-1-MR o o o o o gn Gregorian Noleap
1 cmce CMCC-CM2-5RS o o o o o en Noleap Noleap
12 omcc CMCC-ESM2 o o o o o gn Noleap Noleap
13 CSIRO-ARCCSS ACCESS-CM2 o o o o o gn Gregorian Gregorian
14 CSIRO ACCESS-ESM1-5 o o o o o gn Gregorian Gregorian
15 1PSL 1PSL-CMEA-LR o o o o o en Gregorian Gregorian
16 NCC NorESM2-MM o o o o o gn Noleap Noleap
17 NCC NorESM2-LM o o o o o en Noleap Noleap
18 EC EC-Earth3 o o o o o gn Gregorian Gregorian
19 EC EC-Earth3-Veg o o o o o en Gregorian Gregorian
20 BCC BCC-CSM2-MR o o o o o en Noleap Gregorian

N\
) )

* Comparison with global MHW statistics
* Improving KIOST-ESM

/( Future works

\ J
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CIOIOIN AMAMY EHEFO B2 O Ao &%t A= 2HAIOF Ussuriiskii
Oo| Ostreopsis®ll Tt 2010EL BE1E oML, MMy, E9| AMAY
MR S (epiphytic dinoflagellates, EPDs)2l &89 CHSt St=3{Y Z2
200949 ZAAKIm & 2011)8 Aoz o9, Bt ©°tel EPD HLETF.

Sinophysis& MOl SFOMNOL YN
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Coolia

Gamblerdlscus

Prorocentrum Amphidinium

Ostreopsi

B. Gambierdiscus

C. Ostreopsis

Coolia

D. Prorocentrum

A. Amphidinium

Kim et al., 2011, OSJ

Ulva australis

Cladophora wrightiana

Dictyopteris prolifera  Gelidium elegans

Plocamium telfairiae

A = (M

7 o199 )

golia

Amphidinium operculatum 1859 Claparéde, E & Lachmann, J
Coolia monotis 1919 Meunier, A

Gambierdiscus toxicus 1979 Adachi, R & Fukuyo, Y
Ostreopsis siamensis 1901 Schmidt, J

Prorocentrum micans 1834 Ehrenberg, CG
Sinophysis microcephala 1944 D.Nie, D & Wang, CC
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Only 22 among 81 Macro-algal substrate species had EPDF abundance > the total mean (430 cells g = wwt). om 5m 10m 15m
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Strain cultivation

Potentiality of benthic dinoflagellate cultures and ESTUEE RGPS
screening of their bioactivities in Jeju Island, Korea Bl g BACompounds

Bioactive novel Molecules

Ostreol A: A new cytotoxic compound isolated from the epiphytic [P FVICIE SR VRPN
dinoflagellate Ostreopsis cf. ovata from the coastal waters
of Jeju Island, Korea

Toxicity of the dinoflagellate Gambierdiscus sp. toward the marine
copepod Tigriopus japonicus

Baek, 2012, HA,

Copepod toxicity Determination of the Absolute Configuration of Polyhydroxy
Compound Ostreol B Isolated from the Dinoflagellate Ostreopsis cf.

ovata

Hwang et al., 2018, JOC, New Molecule

Distribution and Molecular Phylogeny of the Toxic Benthic
Dinoflagellate Ostreopsis sp. in the Coastal Waters off Jeju
Island, Korea

Feeding by heterotrophic protists on the toxic dinoflagellate Ostreopsis
cf. ovata

Kim & Seo, 2019, jKSO,

with Phylogeny

Relative Configurational Assignment of 4-Hydroxyprorocentrolide
and Prorocentrolide C Isolated from a Benthic Dinoflagellate
(Prorocentrum lima)

Lee et al., 2019, JNP, New Molecule
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(Sub)tropical EPDFs

Ostreopsis & Gambierdiscus
'2\}, CoCliME FSN Food Safety News

Breaking news for everyone's consumption
Mediterranean https://www.coclime.eu/Mediterranean

Project confirms
growing threat in
Europe from toxins
created by microalgae

Gamblerdlscus 1(0) { [e{§[S)Y January 10, 2021

(https://www.foodsafetynews.com/2021/01/)

An international scientific meeting was held in
October for the EuroCigua project

which began in April 2016 and ends this month. The
presence of Gambierdiscus in the Mediterranean

Ostreopsis spp. blooms in the NW Mediterranean

Zone-3 Zone-1
o o — Sea, Cyprus and Greece was also detected, as
_cmacs L boter well as the first finding in the Balearic Islands.
. javanicus
Lautoka L n::ngz;ma
[ S O
A Nadi Korovoui \ 5 0nC c
o I Proposed zonation of Viti Levu Island, Fiji, based on CTX profiles
viflamm e Viti Levu Islan

CTX3C-type toxins were present in low levels in the fish. CTX1B-type and
CTX3C-type toxins co-occurred in the fish present in Zone-3. The toxin
X185 & CIacs macacl | profiles may have reflected the variation in Gambierdiscus spp.

V. louti V. louti

d (J. Mar. Sci. Eng. 2021. LC-MS/MS Analysis of Ciguatoxins Revealing the
Zone-2 Regional and Species Distinction of Fish in the Tropical Western Pacific)

Suva

Sigatoka

Northernmost EPDF habitats in Korea

1) Potential northward shift
2) Northward shifting velocity

1) Quantitative monitoring, (20 stations) x (>5 years) > Hints
2) LT-increase rates of (species x station x season)-specific population
= Northward shifting velocity of the overwintering boundary

— ’ l:‘.:l, " an—
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Egsr = model SST trend absolute error
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Introduction Data & Method
m Climatology of the wintertime North Pacific Jet (NPJ) m Data
(a) Climatology
conf 8 ~ D= e Upstream - ERAS5 (1°), HadISST (1°)
ok : thermally-driven jet -1979-2018, DJF & without linear trend
: meridional angular momentum transport

20N

via the local Hadley circulation m Index

| Inetensity: U200 average [30-35N, 120E-160W]
120E 180 120W ®
(b) Upstream (100 - 130°E) (c) Downstream (140 - 200°F) Downs-trea-m latitudinal: Latitude on U200, [15-70N, 120E-160W]
P : eddy-driven jet
A Subtropical Jet A
200 hPa |- — Polar-front Jet . - .
200hPa |- Jet Yaey “ : trc? Cﬁ)] lcst i nzll smﬁtrcc)l Elcsd-') Hac;lz ley clTll . m Method
| _ e, A mid-latitude =» eddy-driven Ferrell ce - Eady Growth Rate (EGR, Eady 1949)
Hadley Cell |  edd . .
" pomemumnx - Momentum flux convergence induced by | | : paroclinicity (static stability & vertical shear)
L;/:%@e” CEIi synoptic transient eddies - Wave Activity Flux (WAF, TNO1)
1000 hPa . . | S | Eldd\fhé"ét flux S | | |
S0c JON°© 4ON® 205° 20N°  40N° Chan et al. 2020 : Stationary Rossby Wave propagation related to NP]

2. NPJ impacts on US winter climate
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Fig 2 . Regression onto NPJ_INT index during 1979-2017 Fig. 3 Regression onto NPJ_LAT index during 1979-2017
Fig 1. (a) U200 {shading) & 55T {contour) climatology (a) U200, (b) Z5008WAF, (c) SLP&UV850, (d) SAT (a) U200, (b) Z5008&WAF, (c) SLP&UV850, (d) SAT
(b) NPJ intensity & latitudinal variability
*NPJ is collocated with the 55T frontal zone. *Each NPJ variability has distinct teleconnection pattern over the Asian-Pacific-American region.
*NPJ has distinct interannual variability =» The variability of NPJ’s intensity and latitudinal position are closely associated with the SAT pattern over the US.

on its intensity and latitudinal position.

3. Decadal changes in NPJ variability 4. Decadal SST warming & NPJ shift

15-year moving standard deviations (a) [P2 minus P1] SST - (a) [P2-P1] U (b) [P2-P1] MTG
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Fig. 6 Decadal changes in SST pattern Fig. 7 Decadal changes in (a) U (m/s), (b) MTG (K/m), (c) EGR (day?)

Fig. 4 15-year moving std for NPI_INT&LAT index

-Significant decadal changes in NPJ variance *Decadal SST warming may induce the northward NPJ shift related to change in atmospheric baroclinicity

_ = NPJ regime changes from a merged to a dobuled jet, contributing to enhanced NPJ latitudinal variation
: NPJ_INT =» NPJ_LAT across the late 1990s 5 5 5 5
(a) [NP-CTRL] U (b) [NP-CTRL] MTG _(c) INP-CTRL] EGR
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Influences of Arctic warming on summer over East Asia
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The Arctic region Is known to be sensitive to global warming. By
considering the annual average trend for 50 years from 1960 to 2009,
the warming rate of the Arctic region becomes twice, comparing to the
Northern Hemisphere average. Recently, many previous studies suggest
that warming in the Arctic region can affect the mid-latitude climate.

When the high temperature over the Barents Kara Sea, high pressure
appears in Western Russia. When the high pressure is formed in Russia,
the Russia cold winds are carried over to East Asia, causing cold winter
over East Asia. That Is, when the temperature over Barents Kara Sea Is
high, the winter East Asian monsoon intensifies, resulting in a cold
winter.

Two distinct influences of Arctic warming on cold winters over

(Kug et al. 2015)

2. Correlation between combined index and temperature in East Asia
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Figure2. Correlation coefficient of Combined index in Jul and the monthly mean temperature over the East Asia(EA) in
(a) July and (b) August. Filled circles denote values over 95% confidence level based on the r test. Scatter diagram
between combined index in July and the average temperature over (c) China (black box), (d) Korea, and (e) Japan in
August. ** denotes that the value is significant at the 99% confidence level based on the r test.

The combined index iIs positively correlated with the July mean
temperature In weather stations located In 25N-35N. However, the
positive correlations become higher and more significant in August.
The higher lag correlation than the simultaneous correlation suggests

that the Arctic signals can be used as a precursor of the East Asia
temperature. The correlation coefficients are 0.53, 0.68, and 0.57 for

Data China (black box), Korea and Japan, respectively, which are all
significant at the 99% confidence level.

1) ERAS Reanalysis data

2) Hadley centre data 3) ASOS Station data 4) East Asia Station data

Automated Synoptic Observing System
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China: 160 stations(CMA)

e 57 statione KA 3. Upper level atmospheric pattern (barotropic)

Japan: 153 stations(JMA)

Regression(index in Jul, Z200 in Jul and Aug)

(a) Jul (b) Aug (lag at +1month)
)
SR 30
v" Surface Air Temperature(SAT) v'Sea Ice Concentration v"Monthly & Station mean v"Monthly & Station mean 24
v" Geopotential height(GPH) Temperature Temperature 18
v' Zonal wind, Meridional wind
v" Surface downward short-wave 12
radiation flux(SWR)
— Remove trend & mean 6 -
0 E
-6
The data used for the study are surface temperature, geopotential -12
height, wind, shortwave radiation in the ERAS5, sea ice concentration in 18
: : -24
the Hadley Centre, and station monthly average temperature data In 30

Korea, China and Japan Meteorological Administration. The data
period Is 41 years from 1979 to 20109.

Figure3. Regression coefficients of the geopotential height(GPH) anomalies (shading) and wind anomalies (vector) at
200 hPa in (a) Jul and (b) Aug onto the combined index in July. Hatched and vectored areas are regions that are
significant at the 95% confidence level of r test.

Results _ _ o .
There Is strong anticyclonic circulation over the Kara Sea, which has a

brotropic structure. It Is possibly a response of the warm surface
forcing. It Is interesting that there Is clear wave train pattern from the
Atlantic to the Pacific in July.

1. SIC index and SAT index

(a) CORR(SIC, T(Korea))

(b) CORR(SAT, T(Korea))

In August, the wavetrain pattern in July disappear, and the cyclonic
circulation Is established In Kara and Laptev Sea. The anticyclone
circulation Is further iIntensified and slightly shifted to the East.
Consistently, the anticyclone circulation over the Korean Peninsula is
largely amplified. The enhanced anticyclone can directly affect the
warming in East Asia

4. Temperature rise due to increase in SWR and warm advection

CORR(index, T850) Reg(index, SWR)

06 04 02 0 02 04 06 (a) Jul — Barents-Kara Sea
50N _-.{/ &
Figurel. A month lag correlation between the average temperature over the Korea Peninsula in August with the (a) . Jul
surface air temperature (SAT) and (b) sea ice concentration (SIC) over the Arctic region in Jul. Hatched areas are 40N o =
regions that are significant at the 95% confidence level of r test. W, o SAT T, SIC !
30N - +Z g
—SIC index + SAT index 20N
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East Asia & North Pacific
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The sea ice concentration (SIC) and surface air temperature (SAT) In 4
the Barents-Kara (B-K) Sea in July have a strong correlation with the N
temperature on the Korean Peninsula in August. Regions having a high 30N 5:.3;,?" " Anti cyclonic circulation
correlation with the temperature of the Korean Peninsula were defined _ _‘ ’i Y In the low level atmoshere

as SIC index and SAT index, respectively.
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The combined Index Is defined as the average of the normalized SIC 0.6 -0.4 02 0 02 04 06 2 6 0 6 12

(Wm~2)
Index and SAT index. The -correlation coefficient between the
combined index In July and the average temperature on the Korean
Peninsula in August is about 0.69 in the 99% confidence range.

Warm adv, SWR 1

Figure4. Correlation coefficient of temperature anomalies (shading) and regression

coefficients of wind (vector) anomalies at 850 hPa in (a) July and (b) August with Tem T
combined index in July. And the regression coefficient of downward short wave p
radiation(SWR) anomalies at 850 hPa in (c) July and (d) August with combined index in

July. Hatched and vectored areas are regions that are significant at the 95% confidence

level of r test.
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| particular, the magnitude of EP-type El Nino more increased than the
(Yeh et al. 2009) (Cai et al. 2018) CP-type El Nino.
Under the climate change, previous studies have been conducted
steadily on how ENSO diversity will change. Especially, changes to Increased ocean stratification
the spatial diversity has also been noted. Yeh et al. 2009 argued that
central Pacific (CP) type El Nino would increase, while Cai et al. Diff ( SSP — HIST )
2018 claimed that eastern Pacific variability would increase the mean Temp mean dT/dz Surface layer feedback
occurrence of strong eastern Pacific (EP) type El Nino. Sference . o
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1s responsible for the changes in El Nino diversity. Consistent with
the previous studies, the CMIP6 MME commonly simulate the
We used climate model data in the Coupled Model Intercomparison enhanced stratification in the upper ocean. The faster warming in the
Project phase 6 (CMIP6). Due to the different variables provided for surface layer increase vertical density difference, indicating stronger
each model, 30 for SST, 16 for the zonal wind stress and zonal current, stratification.
and 20 for potential temperature were used. The trend and seasonality The stronger stratification leads to stronger air-sea coupling. That is,
are linearly removed. the surface layer responses to a given wind stress anomaly become
stronger under the stronger stratification, indicating stronger surface-
layer feedback.
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FIG. 1. Identifying the changes of distribution of El Nino center. Probability density e " @B N
functions (PDFs) of El Nino longitudinal center. First row represents the distriubion in the \ o0 T~ / \
reanalysis data for the ERSST and HadISST. Second row represents the distribution of the 0. - 0. ‘ -
multi-model ensemble mean in the CMIP6 30 models during Historical period, last 50-yr of 130. Lo:;?';dc #10. 1%, w"’:"de 70,
ngitu

SSP585, and difference between Historical and SSP585. The red, blue, gray bars denote the CP
El Nino, EP El Nino, and mixed-type El Nino, respectively. The error bars indicate 95% (Jin and Neelin 1993)
confidence level through bootstrap method.

In observation, the PDF of El Nino peaks have bimodal distribution
with a local minmimum at 125-135W. Although weaker than
observations, CMIP6 MME also has a bimodal distribution.

The difference in the probability clearly shows that the probabilities
at 165W to 145W are significantly increased and they at 115W to
105W are significantly decreased. This suggest that the CP El Nino
will occur more frequently in a warmer climate.

The stronger surface-layer feedback plays an important role in
controlling two major ENSO characteristics. First, it leads to stronger
ENSO variability by increasing positive feedback, especially, it leads
stronger zonal advective, which prefers to shifting active SST center
westward. Second, the stronger surface-layer feedback can play a role
in shortening ENSO period.
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ARCTIC PRODUCTIVITY

Changes in phytoplankton concentration now drive
increased Arctic Ocean primary production

K. M. Lewis, G. L. van Dijken, K. R. Arrigo*
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* Global climates has been suffered by increases in greenhouse gases
that especially lead to the rapid warming the Arctic Ocean than
the other regions resulting in enhancing the sea i1ce melting,
intensified vertical stability and increased runoff.

e These

environmental changes also

have

influenced the

phytoplankton dynamics, such as phytoplankton community and
size, blooming timing and biomass, via decreased nutrient supplies,
increased light transmissions.

* Precise projection of chlorophyll is important for understanding
Arctic climate 1n projection of net primary production and climate
feedbacks 1n Arctic Ocean.
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World Climate Research Programme
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1850-2015
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We used Earth System Model data in the Coupled Model
Intercomparison Project phase 5 and 6 (CMIP6). 13 CMIP5 and 13
CMIP6 models are used for the analysis, which both provided
biogeochemical variables, chlorophyll and nitrate, and other physical

variables

such as surface temperature,

concentration.

Results

salinity,

and sea 1ce

1. Higher Uncertainty of Chlorophyll Projection
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FIG. 1. Projections of chlorophyll and nitrate concentration in the Arctic Ocean. Time
series of the annual mean chlorophyll (a,c) and nitrate (b,d) concentration in CMIP5,6 in
historical experiment: historical (black), RCP26, SSP1-26 (blue), RCP45, SSP2-45 (green),
and RCP85, SSP5-85 (red). Projected chlorophyll change rate (¢) under RCP85, SSP5-85
(2090-2099) relative to historical simulations (1980-2000). Projected nitrate change rates (f)
relative to historical simulations were arranged by the same order as (¢).

* Uncertainty of the chlorophyll projection in CMIP6 shows larger
inter-model spread than CMIPS despite of the same decline of
nitrate concentration projections.

* The order of the nitrate changes has been week relationship with the
order of chlorophyll changes (r=0.35). In terms of understanding the
inter-model diversity in rates of chlorophyll and nitrate change, we
cannot simply conclude that the decrease of the nitrate is the
dominant factor to determine the chlorophyll diversity in future
projections.
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2. Different Patterns for Chlorophyll Projections
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FIG. 2. Spatial distribution and seasonality changes of the chlorophyll projection. The
composite map of chlorophyll changes under RCP85, SSP5-85 (2080-2099) to historical
simulations (1980-2000): CMIP5 (a), CMIP6-Negative (b), CMIP6-Positive (¢). The changes of

chlorophyll seasonality on each group: CMIP5 (d), CMIP6-Negative (e), and CMIP6-Positive ().

* We classify individual CMIP models: CMIP5, CMIP6-Negative,
CMIP6-Positive groups depending on chlorophyll projections.

* Strong seasonal difference is distinctively shown on each group:
consistent chlorophyll increase in winter and spring with increased
light availability and diverse chlorophyll responses in summer.

3. Large Seasonal Diversity in Boreal Summer

Diversity of ACHL Seasonality
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FIG. 3. Diversity of the seasonality in chlorophyll projections and nutrient limitation. Inter-
model spreads of chlorophyll change rate (a) and nutrient limitation (b) in each season. Each box
means an interquartile range between 25th percentile and 75th percentile and the orange

horizontal line shows the median value of each group.

 The different seasonality of chlorophyll projections 1s caused by
the nutrient limitations of each group, which 1s controlled by the
background nitrate concentration.

* Although the light availability is enhanced by reduced sea-ice in all
models, the chlorophyll of each group differently responded to the
warming because of the background nitrate diversity in the Arctic
Ocean.

4. Emergent Constraint for Phytoplankton Changes
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FIG. 4. The inter-model diversity between background nitrate and the chlorophyll change
rate. The annual mean of nitrate and chlorophyll change rates over pan-Arctic Ocean in each
model are represented as individual scatters. The black line shows the regression line between
background nitrate and chlorophyll change rate of total CMIP5,6. The blue and orange vertical
line shows the GLODAPv2 and WOA13 observation nitrate concentration..

* Combining the CMIP5,6 models, it shows a strikingly high positive
correlation (r = 0.83, P < 0.001) between the background nitrate
concentration and chlorophyll future changes.

* Using the Emergent Constraint (EC) method, we can estimate that
the chlorophyll concentration will be decreased about 31%
(WOA13) to 42% (GLODAPv2) than the current state under a

strong global warming scenario.

* This estimation 1s distinctively lower than the projection of CMIP5
and CMIP6 multi model mean (-15%), suggesting that the current
ESMs tend to underestimate the reduction of the Arctic
chlorophyll in a warmer climate
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Background

Global total net CO2 emissions

Billion tonnes of CO,/yr

In pathways limiting global warming to 1.5°C
with no or limited overshoot as well as in

T ==
pathways with a high overshoot, CO2 emissions = * EI *1 q
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are reduced to net zero globally around 2050.

Four illustrative model pathways
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» The global CO, emissions need to reach
. het zero around 2050 to give a reasonable

- IPCC 2018: Global Warming of 1.5°C
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,,2 change of limiting warming 1.5°C.

P3

— Carbon dioxide removal using negative
emission technologies is inevitable.

P4

» |n addition to anthropogenic carbon emission, the terrestrial biosphere as a natural
carbon sink determines the future levels of CO, and climate change.

= However, there still remain large uncertainties of future land carbon cycle
especially including its behavior under the negative emission situation.
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Data and Method
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Results

1) Temporal evolution of global land carbon fluxes and stock
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= Globally, the net atmosphere-to-land carbon flux, net biome productivity (NBP),
exhibits a large hysteresis behavior; NBP is still positive, absorbing more C for
decades after the CO, peak, and afterwards the land is converted into C source.

= The total land C stock anomaly, the accumulation of NBP, remains higher even
after the CO, concentration returns to the initial level.

2) Latitudinally-dependent land carbon cycle response to CO,
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= Such hysteresis behaviors are latitudinally-dependent and the
timescales of reversibility is much longer in high-latitude regions because of
the inertia of vegetation dynamics under favorable climate condition.

= Therefore, the transition of C sink to source in high latitudes is more
delayed than in tropics and thus terrestrial biosphere continues to absorb C
for decades after the atmospheric CO, decreases.

3) Hysteresis of land carbon stock and its inter-model diversity
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= At aregional scale, the total land C stock on CO, ramp-down phase distinctly
increases especially in boreal forests, the Maritime Continents and East Asia.

» The inter-model diversity can be explained by the sensitivity of NPP to CO,
iIncrease to a large extent, but in high-latitudes cannot be sufficiently explained.

4) Irreversible terrestrial carbon loss in the permafrost region
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In two ESMs coupled with CLM5 (including permafrost, group A), the climatology of
soil carbon is ~15 times greater than the other ESMs and the Rh exceeds the NPP.

Therefore, unlike other ESMs, group A simulates C release in pan-Arctic region
even during the CO, ramp-up period, thereby showing the irreversible carbon loss
about 38 Gt C in the permafrost at the end of simulation.

Discussion and Conclusion

* In this study, we investigated the reversibility and hysteresis behavior of land C
fluxes and stock, especially with a focus on carbon cycle response to the

negative emission.

= The land C stock also remains higher even after the CO, concentration returns
to the initial level due to the hysteresis behavior of land C flux, implying the
potential mitigation of climate change along with the possibility of decreased
burden on the negative emissions.

The hysteresis behaviors of land C are latitudinally-dependent with a longer
timescales of reversibility in high-latitudes and regionally boreal forests can
store C for a long time than any other region under the removal of CO,

These spatiotemporal characteristics could be considered for establishing the
effective strategy of natural climate solution such as forest management.

sowon@postech.ac.kr
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= During the decarbonization, the small ocean diversity can be amplified via
AMOC-driven positive feedback and AMOC-induced large vertical mean
temperature gradient.

* The diversity of global-mean temperature does not change in the ramp-up
period but fastly increases in the ramp-down period (peak at Year 2280).

» The accumulated large diversity induces the large uncertainty in Arctic
climate recovery projection, further in the global-mean temperature
projection.

= This increasing diversity in the ramp-down period mostly comes from the
Arctic region.
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INTRODUCTION

A number of previous studies have shown that ENSO behavior is complicated and modulated from decade to decade. Due to the decadal modulation of ENSO
characteristics, the global impacts of ENSO also change in decadal timescale. Therefore, understanding the decadal modulation of ENSO characteristics and

its underlying mechanisms is important for predicting related weather and climate phenomena.
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Decadal changes of ENSO amplitude and thermocline feedback

« It is evident that the decadal changes in the BJ index match well with that of the Nino3 standard deviation in both models, suggesting that the BJ index is a
good representation of the decadal modulation of ENSO amplitude.
* The strength of the thermocline feedback is the most important for ENSO decadal modulation.

 The decadal changes in thermocline feedback are primarily controlled by changes in the oceanic thermocline response to a given wind-stress forcing.
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Cause 1: The meridional scale of ENSO

 The oceanic response is more sensitive to wind-stress forcing, which eventually leads to strong ENSO variability

. _ _ | Temperature difference
ne east—west thermocline responses are stronger in response to narrower zonal wind-stress forcing. (a) ave [5°S-5°N]
10 -

T
 The SST anomaly associated with ENSO is narrow during the strong period.
T

ne meridional scale of the SST anomalies is controlled by the strength of the poleward current

Cause 2: Ocean stratification
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* The western-to-central Pacific 1s more stratified during the strong period

 Enhanced stratification increases the contribution of the high-order baroclinic mode The narrow SST anomaly 220 -

during the strong period. . . . .
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« This increased contribution leads to a stronger oceanic response in the upper layer.

* QOceanic stratification changes contribute to the decadal modulation of ENSO amplitude in the two models. —09  -05 03 01 00 01 03

(a) GFDL r=0.59** DISCUSSION / CONCLUSION

. Two critical features of the background states contribute significantly to decadal modulation of ENSQO: 1) the ENSO meridional scale and 2) ocean

3
7 - 4 e o . i o . i . i i o .
: Iz stratification. Background subtropical meridional overturning circulation plays a role in regulating the meridional expansion of sea surface
temperature and associated zonal wind-stress anomalies. Ocean stratification also modulates the sensitivity of ocean responses to a given wind-

stress forcing, which affects ENSO amplitude.

Narrow index
-}
Thermocline feedback

I When the thermocline feedback is strong, both narrowing and stratification indices are high, whereas both are low when the thermocline feedback

IS weak. The correlation coefficient between them is 0.59. This result implies that the ENSO meridional scale and ocean stratification may work

2 0 2

Stratification index together.
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