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A Markov Model for Seasonal Forecast of Antarctic Sea Ice™

DAKE CHEN AND XIAOJUN YUAN

Lamont-Doherty Earth Observatory, Columbia University, Palisades, New York

(Manuscript received 1 August 2003, in final form 9 February 2004)

ABSTRACT

A linear Markov model has been developed to simulated and predict the short-term climate change in the
Antarctic, with particular emphasis on sea ice variability. Seven atmospheric variables along with sea ice were
chosen to define the state of the Antarctic climate, and the multivariate empirical orthogonal functions of these
variables were used as the building blocks of the model. The predictive skill of the model was evaluated in a
cross-validated fashion, and a series of sensitivity experiments was carried out. In both hindcast and forecast
experiments, the model showed considerable skill in predicting the anomalous Antarctic sea ice concentration
up to 1 yr in advance, especially in austral winter and in the Antarctic dipole regions. The success of the model
is attributed to the domination of the Antarctic climate variability by a few distinctive modes in the coupled
air-sea—ice system and to the model’s ability to detect these modes. This model is presently being used for the
experimental seasonal forecasting of Antarctic sea ice, and a current prediction example is presented.

1. Introduction

Antarctic sea ice, with its large seasonal and inter-
annual variabilities, greatly affects the energy balances
in the atmosphere and ocean by changing surface al-
hedo  <alt iniection and the insolation at the air—sea

1983; Carleton 1989; Simmonds and Jacka 1995; Ledley
and Huang 1997; Harangozo 2000; Yuan and Martinson
2000, 2001; Kidson and Renwick 2002; Kwok and
Comiso 2002). Various mechanisms have been proposed
for the ENSO-high-latitude teleconnection (e.g., Mo
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Timescale showing the skill progression from weather and seasonal forecast to climate projections, as used in VISCA DSS.

Source: Adapted from iri.columbia.edu/news/ ga-subseasonal-prediction-project
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ACC (Anomaly Pattern Correlation Coefficient)

RMSE (Root Mean Square Error)

TCC (Temporal Correlation Coefficient)
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<https:/www apce21 org/ser/hind do?lang=ko>

https://www.apcc21.org/ser/hind.do?lang=en
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Event observed
Event
— Contlgency Table Forecast Yes No Marginal total
— Hit Rate vs. False Alarm Rate Yes Hit (H:14) False Alarm (F:2) H+F
H =] ol A=) b~ I ey ) orrect Rejection
— O[HE /gt otetZ AEHst= 5 No I wec
Ol O-Ii IgEgljr? Marginal total H+M F+C H+F+M+C=N

0-1, 1: perfect, under 0.5: no skill

Perfect

classifier ROC curve
1.0e

R ROC Curve : PREC, NDJ (1991-2010)
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Fawcett, Tom({2006). "An Introduction to ROC Analysis” Pattern Recognition Letters. 27 (8): 861-874. 02 4 NN 0.56
https://www.apcc21.org/ser/hind do?lang=ko e ° 8N:0.63
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False Alarm Rate

Hit Rate = H/(H+M)

False Alarm Rate = F/(F+C)

ROC Score : PREC, NDJ (1991-2010)
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Dijkstra et al. 2019. The application of Machine Learing Techiniques to improve El Nino Prediction Skill. Front. Phys.
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Z4=. Kim et al. 2020, Assessment of MME methods for Ceom - s P,
seasonal prediction using WMO LC-LRFMME hindcast dataset MLP RBF GA Nino3.4 ampliitude

FIGURE 3 Time series of ACCs between observations and predictions of 2-m temperature by each MME method over the globe
(coloured lines with marker) and absolute value of Nifio 3.4 index (black line) for (a) MAM, (b) JJA, (c) SON, and (d) DJF for the period
1983-2009. The average scores during the same period are also shown |Colour figure can be viewed at wileyonlinelibrary.com|
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— Sea Level anomalies 8% / 53 =

Dynamical models

Retrospective forecast skills at lead-0 and -6 months for three dynamical model forecasts of monthly sea-
level anomalies. These models are chosen from the 10-model ensemble to represent ocean initializations
utilizing either no altimetry observations (CFSv2), temperature and salinity that are influenced by altimetry
(CFSv2-COLA), or assimilation with altimetry (SEAS5). Anomaly correlation coefficients (ACCs) are between
the model forecasts and either the altimetry (a—c for lead-0 month, and d—f for lead-6 months) or a single
member of respective model lead-0 month forecast (g—i for lead-6 months). All four start times (January,
April, July, and October) are considered. Hatching indicates correlations that are not statistically significant
at the 5% level using a one-tailed t-test. The domain average of ACC is shown for each panel (r).

ENSO - ML ¢fj=8H 2 HEsd -> ™X|

Long et al. 2021. Seasonal forecasting skill of
sea-level anomalies in a multi-model prediction
framework. JGR Oceans
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NAO (North Atlantic Oscillation)
— Dominant mode in the Atlantic domain, CH7|2E, &
- 07l 2E, SR X|G, A5 22| 054

3-(@) === Obs 7
w= Take-1-year-out: r=0.76
e Take-6-year-out: r=0.71
P == Take-12-year-out: r=0.69
S
£
o}
<
2
0.85]
0.8
0.75]
Q
Q 07
<
0.65[ | s Take-1-year-out
e Take-6-year-out
061 s T ake-12-year-out
Wang et al. 2017. A robust eimpirical seasonal prediction of 0.68-L 9 UKMO GloSead ; ; ‘ | .
winter NAO and surface climate. Scientific Reports 1980 1962 1984 1986 1988 1990 192 1994 1996
1999 2001 2003 2005 2007 2009 2011 2013 2015

(a) The observed and predicted DJF-mean NAO index for the 1980-2015 period. (b) The forecast skill of each 20-year window. NAO is defined as the

difference between the monthly mean sea level pressure (SLP) anomalies averaged over the domains of (50°W-10°E, 25-55°N) and (40°W-20°E, 55-85°N).

Similar results are obtained with several other popular NAO indices (see Methods). The year corresponds to the January of each DJF season.
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Wu Jie and Fei-Fei Jin, 2021. Improving the MJO forecast of S2S operation
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Madden-Julian oscillation (MJO) prediction skills
(lines) and the differences (bars) of the bivariate
correlation coefficient (COR) for the real-time
multivariate MJO (RMM) index as a function of
forecast days in the (a) BCC, (b) CFS, and (c)
UKMO models. The blue and red solid lines
indicate skills of the original model (denoted BCC,
CFS, and UKMO) and that after linear dynamics-
based corrections (denoted BCC.CRT, CFS.CRT,
and UKMO.CRT), and the red bars indicate their
differences (denoted BCC.CRT-BCC, CFS.CRT-CFS,
and UKMO.CRT-UKMO). The green and blue
dashed lines indicate the skills of the standalone
LIM predictions from LIM_obs (denoted LIM.OBS)
and LIM_fcs model (denote LIM.BCC, LIM.CFS, and
LIM.UKMO), and the green bars indicate their
differences (denoted LIM.OBS-LIM.BCC, LIM.OBS-
LIM.CFS, and LIM.OBS-LIM.UKMO). The solid color
bars show that the differences are significant at
the 95% confidence level. The skill limits with the
criterion of COR exceeding 0.5 of each model are
given in (d). BCC, Beijing climate center; CFS,
climate forecast system; LIM, linear inverse
modeling; UKMO, UK met office.

AP

+ BSISO Ct2 Ze

T

RPN

CLIMAT “CENT[R ﬁ’,f _‘,T.



apec cLimATE CeNTER [N



-
v B 7Y ZOEFEEE =20 WY FOX WYL

— Day 3NH —— Day 5 NH
Day 3 SH Day 5 SH

Day 7 NH — Day 10 NH

Day 7 SH Day 10 SH
98.5

95.5 1
90 |

80
70
60 -
50
40

Forecast skill (%)

ot

30 : ptton AR,

T T T T

2001

1981 1985 1989 1993 1997 2005 2009 2013
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X 60% Ol 7805, 80% 0| & 2 &

« Z7|0|=: eEcMwWFE &% 10 ZH10% S7t
v 23F0|EM2E 2016 60% > 20254 70%

(chance forecast2] 0| 54 S &2 50%)

¥ ECMWF 2E 9 2016-2025

ZH

« H71015: X'k 1019 ZHCHEf 1%/ Q| St

Field Lead S3 mean S4 mean S4 wins
(months)

Tropics T850 1 0.573 0.605 12112
Tropics T2m 1 0.601 0.635 12712
NH Z500 1 0.246 0.270 712
NH T850 1 0.266 0.306 10/12
NH T2m 1 0.345 0.375 10/12
Tropics T850 4 0.443 0.509 11/12
Tropics T2m 4 0.431 0.492 12/12
NH Z500 4 0.167 0.221 11/12
NH T850 4 0.192 0.249 1112
NH T2m 4 0.240 0387 10/12

Table 4.2.1 Area-mean of grid-point anomaly correlations for different variables, regions and lead
times, averaged over the 12 start dates. For scores computed in individual start dares, the last
column shows in how many cases (i.e.initial months) ACC is higher for S4 than for S3.

X ECMWF 7| 20| 52 F=h e (284 5) 7144(2007-2011)
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SEAS5-54: annual mean difference

a‘[ iw . Il

NH 2-4
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PREC_T

TR5-7

Figure A 4: Annual mean of SEASS - 54 differences in aggregated anomaly correlation over NHEX (NH) and
TR30 (TR), for re-forecasts verifying at 2-4 month and 5-7 months, based on 1981-2010 15 member re-l
forecasts. Bars for NH indicate the 1 sigma sampling uncertainty in the correlation difference.
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Europe builds ‘digital twin’ of Earth

to hone climate forecasts (Science, 2020.10)
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Yuhei T. et al.,

ARTICLE Skillful predictions
of the Asian
summer monsoon
one year ahead,
Nature

The teramn! varigity ofthe Ason summr mensoon hes Snficant mpacts n Asn Communications,

society. Advances in climate modelling have enabled us to make useful predictions of the

seasonal Asian summer monsoon up to approximately half a year ahead, but long-range 202 1 4
L]

predictions remain challenging. Here, using a 52-member large ensemble hindcast experi-

ment spanning 1980-2016, we show that a state-of-the-art climate model can predict the

Asian summer monsoon and associated summer tropical cyclone activity more than one year
ahead. The key to this long-range prediction is successfully simulating El Nifio-Southern

Skilful predictions of the Asian summer monsoon
one year ahead

Yuhei Takaya® '™ Yu Kosaka® 2, Masahiro Watanabe® & Shuhei Maeda®

Oscillation evolution and realistically representing the subsequent atmosphere-ocean
response in the Indian Ocean-western North Pacific in the second boreal summer of the
prediction. A large ensemble size is also important for achieving a useful prediction skill, with

a margin for further improvement by an even larger ensemble. APEC CLIMATE CENTER | 7.



o[

v Ol=:=7p7| 8 8L e S0

ofl A ™

[=1 3
of

FE: 2712

v

ofru

ol

* IBM, Microsoft

KIr

v Microsoft: {&12{'d 7|tHoj 7|%t

. ol

APEC CLIMATE CENTER |



2 0|85t M0 0=

71205 2o XAt EHY g0
- 2 90%, S A 77%

Multi—model RMM compo

a_All-season correlation skills for Nino3.4 (1984-2017)
CanCM3 —a— CCSM3 —e— GFDL-aer04
—o— SINTEX-F —e— CanCM4 ——

—e— GFDL-FLOR-BO1

Correlation Skill

P S S S S S N S S S
1 2 3 a 5 6 74 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Forecast Lead (months)

(Ham et al., Nature, 2019)

stern
\ a ific og
%

Indian
Ocean

0
RMM1

(Kim et al., Nature, 2021)

SLIYLID P

1usuURuo)




/|20= 7|=2| Dl

712 e

. CHERUYAE 7| 30|52 0|88t0] SWX| 0] ChSt BB 2Y 15
. HEJH M OZUX} JH0| S0 Al XD2FES MG > SOUK AHE M, JSHY X5 MY

Paten®#10-1901311, Copyright 2018, W_Kim @ Team ESPreSS0O
by WeonMoo Kim (WonMoo Kim@apcc21.org)
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Climate Outlook for September [Lead+1] Tmean 2019:

AN The ESPreSSO™ thinks the Eastem Pacific 2 m air temperature through
teleconnection is important aspect to consider in APCC MME when predicting
September [Lead+1] Tmean in Korea.

In September 20189, the 2 m air ter

PCC MME.

Ire is tobe ionally positive in

As a result, the ESPreSSO™ pradicts the September Tmean to be AN (AN: 44%, NN:

- 20%). The mode of Tmean is predicted to be 20.6°C, with the Highest
Densrly Intervals (HDIs) of 50% and 90% are expected to be 20.0 ~21.2°C and 19.2
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Patent#10-1801311, Copyright 2018, W_.Kim @ Team ESPreSSO
by WonMoo Kim (WonMoo Kim@apcc21.org)
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Conceptual Diagram of Climate Drivers and Responses:

Above conceptual diagram shows that the September [Lead+1] Tmean is moderately positively related to the Eastemn Pacific 2
m air temperature as defined by t2m [170°W-110"W, 10°N-25°N] for some stations through teleconnection.

@ MHE o S UXIet S- X[ (ex. REILtEL 7| =
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Verification Information:

@ o582 43 Zat HAl

Predictor information: Map:
Specifically, September [Lead+1] Tmean in Korea is moderately Lead |Cast| Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
positively related to the Eastemn Pacific 2 m air temperature as B B
Gened by Dm [170W-110-W, 10°N-25N] for some sidions AL | 48 26 329 26 236 230 108 189 | 294 | 351 128 108
through teleconnection. : 1 HIND | 09 45 491 18 268 152 89 223 | 304 | 330 196 170
In September 2019, the 2 m air temperature is predicted to be .
exceptionally positive in APCC MME. FORE | 200 25 125 50 139 472 167 83 | 250 | #17 83 83
As a result, the ESPreSSO™ predicts the September Tmean to
be AN (AN: 44%, NN- 36%, BN: 20%). ML | 33 33 289 151 38 207 149 47 31 209 128 230
Note that the prediction skill of ESPreSSO™ for September 2 HIND | 36 -18 438 196 393 232 143 89 277 277 116 196
[Lead+1] Tmean is high (HSS 29.1%)
FORE | 25 175 125 25 83 500 167 83 417 00 167 333
-~
@ 7| o I =X ul'O-" Ol Q.El AL [ 151 @2 121 07 1 M5 208 68 201 68 108 169
T = o
3 HIND | 170 89 223 62 330 241 250 16 223 116 143 277 i !
Of| 5 QIXt FIA| + HHE A 01I*21IM .
=1 - o FORE | 10.0 100 10.0 -200 333 667 83 83 500 83 00 -167
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