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Abstract: Sub-seasonal prediction is the central component but the key bottleneck of the seamless forecasting. Exploring more
predictability sources and improving the prediction skills at sub-seasonal range can increase our chance to plan ahead and devise
an optimal strategy to minimize the adverse impacts of weather disasters on the socioeconomic wellbeing of the modern society.
A new predictor for continental-scale cold events in the mid-latitudes, the pulse signals in the stratospheric meridional mass
circulation (PULSE), is introduced in this paper. The PULSE event has sub-seasonal predictability, close physical linkage with
the temporal-spatial variations of surface air temperature in mid-latitudes, and can be derived from model forecast output directly.
Therefore, the PULSEs are used to build a hybrid (dynamical-statistical) paradigm for sub-seasonal forecasts of continental-scale
cold events in the mid-latitudes.
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Fig. 1 A schematic figure of the structure of Northern
Hemispheric atmospheric meridional mass circulation
and the values of climatological mean meridional mass
transport in wintertime!"!

(The values in this figure are based on the data used for
deriving figure 1 in “¥ and their units are 10° kg s™". “THC”,
“EHC”, “SC” indicate the three sub—cells of the hemispheric

atmospheric meridional mass circulation: “THC” is the

Tropical Hadley Cell, “EHC” is the Extratropical Cell, and

“SC” is the Stratospheric Cell.)
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Fig. 2 A schematic figure for geopotential height, potential
temperature, and meridional wind field for baroclinic stable
waves (a) and baroclinic unstable waves (b)

(The upper panel is the longitude—Ilatitude cross—section,
and the bottom panel is the corresponding longitude—
pressure cross section. V is the geostrophic component
of meridional wind, and the slanted dashed lines separate
the trough and ridge. This is a simple two-layer model
composed of lower isentropic surface, middle isentropic
surface, and upper isentropic surface.)
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Fig. 3 Predictability limit of the ST60N, ST60ON_W1, and
ST60N_W2 indices in the seven winters (November—
March) of 2011—2018 (units: d) “*

(red bars indicate the maximum forecast lead time with a
correlation score exceeding 0.3. Blue, purple and gray bars
indicate the maximum forecast lead time with the fuzzy
Probability Of Detection (POD) exceeding the fuzzy False
Alarm Rate (FAR) in verification when a three—, two— and
one-day time shift is allowed, respectively.)
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middle panels) and over mid-latitude Eurasia (CEA0.5 in the lower panels), in the winters from November 1979 to March 2016*"
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marked by red and blue solid vertical lines, respectively. The CAO event peaks that were not paired with a PULSE event peak
(allowing 7 days lead/lag) are marked by a cross. The PULSE event peaks are highlighted by vertical dashed lines, and those
that were not paired with a CAO event peak (allowing 7 days of lead/lag) are marked by a cross in the upper panels.)

98 | Advances in Meteorological Science and Technology S&EHT#R 11 (3) - 2021



Progress 44 7 (£ &

(b) 4 7 8 9 1 2 3 4 5 6 7 8 9
_ s T 1 1/ XXX X 20
=z Lo i : i ; ; Lo Lo 10
g 3 L ABe A > AL A A S, QUASLEN._AcAw B
19 \Y v v 10
80 — 7 3 ) ] > ==
2 60 — 1 ‘M 5 S (2 N’.‘ 4 E
<zc‘>4o—: p/.—\——— ——————/X——\—————— ————— /\;{—( ———————— ENE--------- - - N e G - 5——)(6:—
© 20 — U~ — E-
© Gg —i/\}\ 2 §4§ 6 X7 1 2 3 4 xsi—
g a0 =L % e R L - N g I U I S W S S N =
© 20 — b P h : : P i E
° ‘ T T T T ‘ ‘ T ‘ T T
1989N D 19904 F M 1990N D 19914 F M
1 2 345 6 7 8 9 10 11 1213 1 2 3 4 5 6 7 89 10 11 12
15 ; CX CXX X i X i B3 [ Xx . 20
= H Pl oL i A a i i i i A i H 10
SR NN RS AR - M\HM - N /AN e AR - o
@ 5 T — o X7 VTR A\ 1o
= = : - AT
2 60 —;)\ /2\/\ /\ 7 P 3 4 5 m /\ ==
= 40 = ---\--4 - /: -- B R i A /~/ - SR A N A - R e
© 20 3 V4 ~ ! ’ \Wi =
o 68 =1 2! 3 4 5 i 4l x 7 | E_
: E i 1 ; 5 6 : 8 =
g 40 —:{\ 5 VR I/ U0 WS I N P < /‘</X ,,,,, i A B e - =
© 20 — g P ! i | { P : i E
o — H i i i N : i E
! I [ I I
D 19934 F M
2 3 4 56 7 8 9 10 11
_s BEE: 1 N ] XE 2
2 2 O s e NS A IDNAE Y
@ 1§ ¥ N =TT N~ %
"8 a5 1 3 P4 =
2 60 < i1 2 3 4 6 X 4 A 4x S =
= 40 F/£- Y GRRREE v O Y GHEER —————A— o GRERRRY - a i, | - At =
© 20 4 ! — y g T E
o0 = — : : - T E
o 60 — \ 1 : 304 5. i oxz 3| 4 =
£ a0 3 A0 2 .. B /\W\\/\’\/ N2 N S-S N S R ==
S 20 i ; - ! i i : i X E
o 3 : ~ il P i ; i E
! I [ I I ! LI I [ I I
1993N D 1994J F M 1994N D 1995J F M
1 2 3 4 5 6 7 89 10 11 12 13 1 2 3 4 5 6 7
_s g7 X XX T N T X X X 20
S i i : g i : H a | i i i 10
= A\ A a AL A B WM 7o /N N NN Ao o
1,§ T | N T \VaVZ2highaVa=adh I ad — P SN OGN | %0
80 3 2 4 7 3 1 X E-
260 o i1 5i g 2 3 4 sx 6x =
g A A A S A M oha o A XA E
© 20 — / \ h NE-
o = i ! NE
> 60 — 11 5 s 4X 1 o R 5 6§ ==
2 E ; i 4 =
Sao4 | R LS I RS DDA e 2 e S S L
8 20 1 T v ~ ; s P
° ! I [ I T ! I [ I I
1995N D 19964 F ™M 1996N D 19974 F M
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10 11
_ 18 ; i i X % X x P i X X i 20
: - : ‘L i QO z 10
g 3 AN e A Aa .5 A A BA o
-5 f i
10 : ! £ -10
80 — E
3 60 = =
=40 -S4~ St E
© 20 4 E
o = =
wn 60 — =
2 40 T .. A 1 =i
&
© 20 — =
o —— =
1997N
E5 4

WA RUEE A MIORF & (AR Bt B2 (1 e B 124 3t
TR S 5 B BN B d PR KRS 5 T
M2 HE H ARG B2 b, A5 B~ 5 H
FIRZETTRIEZ (14~60K) FRINGE R o 7540 <R 7=
W IR RO TN 45 SR A At B B I AT AR S
A4k, BIVAT A5 304 R AR T RTINS, 2R
5 5

U0 T A T 2 R TR Ak T b 55
BT 2, FEBE IR K A S R Pl A AR
o ARICEENH T b4 3R &2 R R 28 WG 3

PR RSN 1 —— PR KU R
Bk AR SRR KRR EA K RS AR LT =
KA BAT @R R I 54K
v B B L B ARG Ry SR THSE T AT . T %
Fetk, W@ ms e CRA BN 1 75 B3R5
TR KRR FUIR A IR A 1] 5 S R
FRPEETAE 2D FGeitAsise (AT ik 21 W i
] UL 5 P 5 Kt RUBE JE MR IR AR I St R 2D
2L R X BTV A i A6 1 S5 DK v 42 8 3 [X SR IR T 5+
P R TR R

Advances in Meteorological Science and Technology S&EHT#RE 11 (3) - 2021 | 99



TEBE

H
dvances in Met S&T

x|
x| ©
=N
(o)<

ST60N

g
Lo
)

CNA0.5
»0
5o

N
G
%
}:

o

o

X
o
T

CEA0.5
»
(=]
H\l\ \lH\lH |
N
%
’a

x
ol
H\l\ \l\HlH\

20
10

ST6ON

-10

CNA0.S

CEA05

\Hl\ \llH\lH H\l\ \i\Hl\Hl WFTWWFH

20
10

STBON

-10

CNA0.5

CEA0S

20

ST6ON

-10

CNA0.5
»
9

CEA0S
o e e e e
g_.
)x
o
*w
IN

H\lHMMMW
5;;
)
f
il
:
b
1
R IIIWQ

N
o
I}
a
z
o)
N
o
I}
o
[
7 —
S
N
°
o
)
z
o
N
°
o
N
<

ST6ON

gl ||Muuhjduumuum
;
; §§
\), %
&
L
P
¢

CNA0.5
»
)

CEA0.5
»
)

b
|2|5| il

n
o
o
3
z
o
n
o
o
®
[
Rl
<
n
o
<
@
z
o
n
o
o
©
e
a
<

E5 4

B H AT RBTTCER TR Z S SAERET NG S5

IS S ARG — SR, B4k, FRERS [0 % & W # &% 5 KEERARTNEARER. LA
A& ¥, 2013, 24: 641-655.

Jo B PRI ke A E‘Jﬁ‘ifﬁﬁﬁ\é%ﬁ‘{ﬂﬂ I IR AN 2 [2] Barnston A. Linear statistical short-term climate predictive skill in
p

* - A U B o - . = the Northern Hemisphere. Journal of Climate, 1994, 7: 1513-1564.

8, ZEGURE BHUKF R, R EAEBRT, [3] Huang J, Van den Dool H, Barnston A. Longlead seasonal

HERAAFHS2SE R, H—H5; Hk, FREK temperature prediction using optimal climate normals. Journal of

Climate, 1996, 9: 809-817.
TR e R R R ] (4 Unger D. Long lead climate prediction using screening multiple

N . N linear regression. Proc. 20th Annual Climate Diagnostics Worksho:
Fi A < J I Nban=% g g Ps
(RS £ X RICAFAE ZAFE RIS et AR IUAE R0 Seattle, WA, NOAA/Climate Prediction Center, 1995, 425-428.

b T YL FEE £ RF ) R0 [X AT A7 AR B R AN M, TR [5] Mo K. Ensemble canoni.cal correlation predictio? of surface
temperature over the United States. Journal of Climate, 2003,

HLBE T THBEA T 41 % P R AT 7T . 16:1665-1683.

100 | Advances in Meteorological Science and Technology S&EHT#R 11 (3) - 2021



(d)

Progress 44 7 (£ &

2 3 4 5 6 7 8 9 10 1112 1314
18 X i i X o : 20
= i i i i I H
= H . H : - 10
g 35 AV S V- W .\ bese o
-5 o == Vi Vv
38 "
2 60 — 1 2 3 4 56
R T P e i T ok Nl Ak SRR VA - G Rl Gl I Tty 2 S e e e - AN AN - e~ "~
© 20 — ) ]
o = : :
v 60 — 1 : 3 o
g 40 5 o ’\/\%A/k/,\, ,,,,,,,,,,,,,,,,,
© 20 H i i
P i i i
T T [ T T T I T T
2009N D 20104 F M 2010N D 20114 F M

STBON

CNA0.5

CEA0S

ST6ON

CNA0.5
N RO o

o

CEA0.5
N

N

© 0000000 cohonon
\lH

ST6ON

5 0 cohomom

N

CNA0.5

CEA0.5

2016N D 2017d F M
E5 4
[6] Van den Dool H. Searching for analogues, how long must one wait? 3177.
Tellus Series A, 1994, 46: 314-324. [15] 24, 28, REH, % MJO FHRARHE. LAALFEHR,

[7] Van den Dool H, Huang J, Fan Y. Performance and analysis of the
constructed analogue method applied to U.S. soil moisture over
1981-2001. Journal of Geophysical Research, 2003, 108: 8617.

[8] Kiladis G, Diaz H. Global climatic anomalies associated with

extremes in the Southern Oscillation. Journal of Climate, 1989, 2:

1069-1090.

% X. El Nifio #7La Nifia Fa R T X

A A, 2002, 26: 595-610.

[10] Thompson D, Baldwin M, Wallace J. Stratospheric connection

to Northern Hemisphere wintertime weather: Implications for

prediction. Journal of Climate, 2002, 15: 1421-1428.

Kenyon J, Hegerl G. Influence of modes of climate variability on

global temperature extremes. Journal of Climate, 2008, 21: 3872-

3889.

[12] Jeong J, Ho C, Kim B, et al. Influence of the Madden-Julian

oscillation on wintertime surface air temperature and cold surges in

East Asia. Journal of Geophysical Research, 2005,110: D11104.

RE, T-L.EAFEFYARGOEMTMRALE. KARF,

2012, 36: 102-116.

Ko K, Chiu P. ISO-Modulating effects on the East Asian summer

monsoon circulation patterns associated with Southern Taiwan’ s

monsoon rainfall. Monthly Weather Review, 2014, 142: 3163-

[9] LENCEN:E 4PN

(11]

(13]

(14]

Advances in Meteorological Science and Technology S&EHT#RE 11 (3) - 2021 | 101

2015, 26: 658-668.

Johnson N, Collins D, Feldstein S, et al. Skillful wintertime North

American temperature forecasts out to 4 weeks based on the state

of ENSO and the MJO. Weather and Forecasting, 2014, 29: 23-38.

Koster R, Mahanama S, Livneh B, et al. Skill in streamflow

forecasts derived from large-scale estimates of soil moisture and

snow. Nature Geoscience, 2010, 3: 613-616.

Koster R, Mahanama S, Yamada T, et al. The second phase

of the global land-atmosphere coupling experiment: Soil

moisture contributions to subseasonal forecast skill. Journal of

Hydrometeorology, 2011, 12: 805-822.

Yang F, Kumar A, Wang W, et al. Snow-albedo feedback and

seasonal climate variability over North America, Journal of

Climate, 2001, 14: 4245-4248.

Lin H, Wu Z. Contribution of the autumn Tibetan Plateau

snow cover to seasonal prediction of North American winter

temperature. Journal of Climate, 2011, 24: 2801-2813.

[21] Tripathi O, Baldwin M, Charlton-Perez A, et al. The predictability
of the extratropical stratosphere on monthly time-scales and its
impact on the skill of tropospheric forecasts. Quarterly Journal of
the Royal Meteorological Society, 2015, 141: 987-1003.

[22] Christiansen B. Downward propagation and statistical forecast of

[16]

(17]

(18]

(19]

[20]



102

TEBE

H
dvances in Met S&T

the near-surface weather. Journal of Geophysical Research, 2005,
110: D14104.

[23] Charlton A, Polvani L. A new look at stratospheric sudden
warmings. Part I: climatology and modeling benchmarks. Journal
of Climate, 2007, 20: 449-469.

[24] Yoden S, Ishioka K, Durran D, et al. Theoretical aspects of
variability and predictability in weather and climate systems.
Bulletin of the American Meteorological Society, 2014, 95: 1101-
1104.

[25] Stan C, Straus D. Stratospheric predictability and sudden
stratospheric warming events. Journal of Geophysical Research,
2009, 114: D12103.

[26] Li]J P, Ding R Q. Temporal-spatial distribution of atmospheric
predictability limit by local dynamical analogs. Monthly Weather
Review, 2011, 139: 3265-3283.

[27] Zhang Q, Shin C, Van den Dool H, et al. CFSv2 prediction skill of
stratospheric temperature anomalies. Climate Dynamics, 2013, 41:
2231-2249.

[28] Baldwin M, Dunkerton T. Propagation of the Arctic Oscillation
from the stratosphere to the troposphere. Journal of Geophysical
Research, 1999, 104: 30937-30946.

[29] Baldwin M, Dunkerton T. Stratospheric harbingers of anomalous
weather regimes. Science, 2001, 294: 581-584.

[30] #k= kT FIiEREHMAMER IR LN TR Hk
23t &, 2006, 21: 713-720.

[31] Cai M, Ren R. 40-70 day meridional propagation of global circulation
anomalies. Geophysical Research Letter, 2006, 33: L06818.

[32] Cai M, Ren R. Meridional and downward propagation of
atmospheric circulation anomalies. Part I: Northern Hemisphere
cold season variability. Journal of Atmospheric Science, 2007, 64:
1880-1901.

[33] Ren R, Cai M. Meridional and vertical out-of-phase relationships
of temperature omalies associated with the Northern Annular
Mode variability. Geophysical Research Letter, 2007, 34: L07704.

[34] Ren R, Cai M. Meridional and downward propagation of
atmospheric circulation anomalies. Part II: Southern Hemisphere
cold season variability. Journal of Atmospheric Sciences, 2008, 65:
2343-2359.

[35] Bkt MRiFF, T#A, € FiE - R EMEERG S RE
HBEREL G RAAKK R k. KRR, 2008, 32:
782-793.

[36] M &, T —iC.Fit B 5 Xyt BAE EAEH o Lt . AR M
Ht &, 2013, 3: 6-21.

[37] Baldwin M, Stephenson D, Thompson D, et al. Stratospheric
memory and skill of extended-range weather forecasts. Science,
2003, 301: 636-640.

[38] Sigmond M, Scinocca J, Kharin V, et al. Enhanced seasonal forecast
skill following stratospheric sudden warmings. Nature Geoscience,
2013, 6: 98-102.

[39] Karpechko A. Improvements in statistical for forecasts of monthly
and two-monthly surface air temperatures using a stratospheric
predictor. Quarterly Journal of Royal Meteorological Society, 2015,
141: 2444-2456.

[40] Townsend R, Johnson D. A diagnostic study of the isentropic
zonally averaged mass circulation during the first GARP global
experiment. Journal of Atmospheric Sciences, 1985, 42: 1565-1579.

[41] Johnson D. The forcing and maintenance of global monsoonal
circulations: An isentropic analysis. Advances in Geophysics, 1989,
31:43-316.

[42] Held I, Schneider T. The surface branch of the zonally averaged
mass transport circulation in the troposphere. Journal of
Atmospheric Sciences, 1999, 56: 1688-1697.

[43] Cai M ,Shin C. A total flow perspective of atmospheric mass and
angular momentum circulations: Boreal winter mean state. Journal
of Atmospheric Sciences, 2014, 71: 2244-2263.

[44] Cai M, Yu'Y, Deng Y, et al. Feeling the pulse of the stratosphere:

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

An emerging opportunity for predicting continental-scale cold
air outbreaks one month in advance. Bulletin of the American
Meteorological Society, 2016, 97: 1475-1489.

Yu Y, Cai M, Shi C, et al. Sub-seasonal prediction skill for the
stratospheric meridional mass circulation variability in CFSv2.
Climate Dynamics, 2019, 53: 631-650.

Yu Y, Cai M, Ren R et al. Relationship between warm air mass
transport into upper polar atmosphere and cold air outbreaks in
winter. Journal of Atmospheric Sciences, 2015, 72: 349-368.

YuY, Ren R, Cai M. Dynamical linkage between cold air outbreaks
and intensity variations of the meridional mass circulation. Journal
of Atmospheric Sciences, 2015, 72: 3214-3232.

Iwasaki T, Mochizuki Y. Mass-weighted isentropic zonal mean
equatorward flow in the Northern Hemispheric winter. SOLA,
2012, 8:115-118.

Iwasaki T, Shoji T, Kanno Y, et al. Isentropic analysis of polar cold
air mass streams in the Northern Hemispheric winter. Journal of
Atmospheric Sciences, 2014, 71: 2230-2243.

Yu Y, Cai M, Ren R, et al. A closer look at the relationships
between meridional mass circulation pulses in the stratosphere
and cold air outbreak patterns in Northern Hemispheric winter.
Climate Dynamics, 2018, 51: 3125-3143.

YuY, Cai M, Shi C, et al. On the linkage among strong stratospheric
mass circulation, stratospheric sudden warming, and cold weather
events. Monthly Weather Review, 2018, 146: 2717-2739.

YuY,Ren R, Hu ], et al. A mass budget analysis on the interannual
variability of the polar surface pressure in winter season. Journal of
Atmospheric Sciences, 2014, 71: 3539-3553.

Yu Y, Cai M, Ren R. A stochastic model with a low-frequency
amplification feedback for the stratospheric northern annular
mode. Climate Dynamics, 2018, 50: 3757-3773.

Runde T, Dameris M, Garny H, et al. Classification of stratospheric
extreme events according to their downward propagation to the
troposphere. Geophysical Research Letter, 2016, 43: 6665-6672.
Kodera K, Kuroda Y. Tropospheric and stratospheric aspects of the
Arctic Oscillation. Geophysical Research Letter, 2000, 27: 3349-3352.
Yoden S, Yamaga T, Pawson S, et al. A composite analysis of
the stratospheric sudden warmings simulated in a perpetual
January integration of the Berlin TSM GCM. Journal of the
Meteorological Society of Japan, 1999, 77: 431-445.

Perlwitz J, Graf H. Troposphere-stratosphere dynamic coupling
under strong and weak polar vortex conditions. Geophysical
Research Letter, 2001, 28: 271-274.

Zhou S, Miller A, Wang J. Downward propagating temperature
anomalies in the preconditioned polar stratosphere. Journal of
Climate, 2002, 15: 781-792.

Yu Y, Ren R. Understanding the variation of stratosphere-
troposphere coupling during stratospheric northern annular mode
events from a mass circulation perspective. Climate Dynamics,
2019, 53: 5141-5164.

Zhang G, Gao Y, Cai W, et al. Seesaw haze pollution in North
China modulated by the sub-seasonal variability of atmospheric
circulation. Atmospheric Chemistry and Physics, 2019, 19: 565-576.
Mitchell D, Gray L, Anstey ], et al. The influence of stratospheric
vortex displacements and splits on surface climate. Journal of
Climate, 2013, 26: 2668-2682.

Kidston ], Scaife A, Hardiman S, et al. Stratospheric influence on
tropospheric jet streams, storm tracks and surface weather. Nature
Geoscience, 2015, 8: 433-440.

Lehtonen I, Karpechko A. Observed and modeled tropospheric
cold anomalies associated with sudden stratospheric warmings.
Journal of Geophysical Research, 2016, 121: 1591-1610.

Kodera K, Mukougawa H, Maury P, et al. Absorbing and reflecting
sudden stratospheric warming events and their relationship with
tropospheric circulation. Journal of Geophysical Research, 2016,
121: 80-94.

Advances in Meteorological Science and Technology S&EHT#R 11 (3) - 2021



