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Abstract: This study explores the characteristics of interannual and interdecadal air-sea interaction
related to Pacific Decadal Oscillation (PDO) over the different regions of the North Pacific based
on the relationship between turbulent heat flux anomalies and sea surface temperature (SST)
anomalies during 1958-2018. The results show that the atmosphere drives directly SST anomalies
over the Kuroshio-Oyashio Extension (KOE), and the SST anomalies forces atmospheric circulation
over the equatorial central and eastern Pacific on the interannual scale. On the interdecadal scale, it
shows SST anomalies are mainly driven by atmospheric circulation over the north center of PDO.
But ocean is very important in forming SST anomalies off California coast. Further analysis shows
that the area off California coast is one of the key areas of quasi-12a oscillation in the North Pacific.
The period is similar to the decadal oscillation of PDO. The anticyclone (cyclone) circulation off
California coast may be forced by the cold (warm) SST anomalies off California coast. The
upwelling of the equatorial central Pacific and the meridional wind stress anomalies in the
subtropical eastern North Pacific are the other two important parts in the quasi-12a oscillation in the
North Pacific.

Key words: off California coast; North Pacific Decadal Oscillation; Air-sea interaction; Turbulent
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Bl 1 (a) 1958-2018 “EA5ifEAL PDO $REGZE H I R4 (AR LI ZERE 96 H Lanczos i/ (RIEIE S 5 1
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Fig.1 (a) The monthly standardized PDO index for the period 1958-2018, bar is for the unfiltered PDO index,
thin/thick solid line are for interannual/(inter) decadal PDO index with 96-month Lanczos high-pass/low-pass
filtering. (b) The power spectrum of monthly PDO index. The red dash line is red noise test line, and black dotted
line and dot dash line are statistically significant at 90% and 95% level. The black dot and number indicate the
significant period more than 10 years. The PDO index is from http://research.jisao.washington.edu/pdo/
PDO.latest.txt [2021-3-25].

MAK (1D (2) WTEEY, il & EEZRBT U, g ts (gt THRAFED |
tq, PIHEIATHAE Tanimoto etal. (2003) FrifftiIJiE, KRR GE B S8l A kit
PSRV IREN R OB R 4 1 ST 45 AR (1D (2) Py RS- O )5 LA
PR, TR Sl T

Qi = Qe = Qe = paleCe {Ua(as — 4i) + Ua(@s — T) +|Vias — a0) - V(@i — an)|}  3)
Qi = Qs — Qs = paCypCa{Ua(ts — t) + Up(& — Ta) + |Uits — t) —~ Ua G — 1|}~ (#)
b )T R T 4 F 00058, R BRI T A AR 2 . X B ISR A

ST PR IO T AE B R TTER, B m TR T N E T LRSS . R BT IR T



ih]

h

BRZ AT, FAhTEC AN, (R RFCR AN, HEEDHD o FATRYE Smalletal. (2019)
SCH AT, FIH 1985-2018 4 OAFIux HAEMRYE AL (1) () 1HEARIRRA#H R
C HC,, BOZI B REU SN E NC, A C, IS THE, BASTHETEREAE 5107 2] 2x10° 2

6], G ZVEE SR BTl T RIC MG, A &l 2a0 b s

70W 110E 170E
o —— 1
05 09 1 11 12 13 14 15 16 2

Bl 2 i R THE A (x102) o (a) WFHGE BRI RIC,; (b) BAIEEmFAHREC, -
Fig.2 The estimate of the turbulent exchange coefficient (x10-%). (a) The exchange coefficient of latent heat flux

C,, (b) The exchange coefficient of sensible heat flux Cj.
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K3 1958-2018 4= (a) SST (°C) 31 (¢) () (g) MMHMIBEE (HF; W/m?) XHHFR PDO &% [H 35> 4
T S X IR ERIEE 95% HIEAS/KT) 5 (b)SST (°C) FHM (d) (f) (h) HAHGEE (W/m?) 3H4E4LER PDO
TREA A (T R X IR RE T 90% HIEEK) o Hrp SST SR A T HadISST 4k, it #vill &
53 5K T 1958-2018 4 OAFlux #idfifE (e d) « 1958-2018 4 NCEP #(#i4E (e. £) 1 1958-2013 4F JRA-
55 $lEgk (gv h) .
Fig.3 The distribution of the regressed anomalies of (a) SST (unit: °C) and (c) (e) (g) turbulent heat flux (HF; unit:
W/m?) upon the interannual PDO index from 1958 to 2018; (b) (d) (f) (h) are same as (a) (c) (¢) (g) but upon the
(inter) decadal PDO index. The areas with dots are statistically significant at the 95% level for (a) (c) (e) (g), 90%
level for (b) (d) (f) (h). SST is from HadISST, and turbulent heat fluxes are from OAFlux during 1958-2018 for (c)
(d), from NCEP during1958-2018 for (e) (f), from JRA-55 during 1958-2013 for (g) (h), respectively.
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Kl 4 1958-2018 4E4ERR PDO FRE S i B & 78 % /i (W/m?) R EE . (a) Ug[paLeCe(qs —
Ta) + PaCpCu(ts — o)), B ER R G kT Ru, Mo, 35 (2.5m/s) ¢ (b) paLleCoUy(qi — qi) +
PaCpCrla(t; = ta): (©) PaleCela(ds = qa)s (@) PaCpCrlalts = ta): () PaleCelUads + PaCpCnlatss (D
—[PaLeColaqy + paCpCrlyty]s T RIXIER NI 95% MIBEEAT . Hrbu, Mo,k EH T NCEP $#fidk,
Ugs tss quflt ¥R E T OAFlux i#E 4k

Fig.4 The distribution of the regressed turbulent heat flux anomaly components of (a) Ug[psL.Ce(qs — qq) +
PaCpCh (E — E)], the red vectors are for the climatology of u, and v, (unit: 2.5m/s), (b) paLeCeU_a(q; —qp) +
PaCpCrla(ts = t2) . (¢) PaLeCela(qs —qa) . (&) paCpChla(ts = i), (¢) paLeCelals +PaCyCrlats. (f)
—[pale C,Upql + pa Cp ChU_at[z] (unit: W/m?) upon the interannual PDO index from 1958 to 2018. The areas with
dots are statistically significant at the 95% level. The surface u, and v, are from NCEP, and U,, t;, q,, t, are

all from OAFlux.
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Fig.6 The distribution of the regressed anomalies of (a) (¢) SST (unit: °C), (b) (d) turbulent heat flux (unit: W/m?)
upon the (inter) decadal PDO index from 1958 to 2018. (a) and (b) are for the DJF-mean, (c) and (d) are for the JJA-
mean. The areas with dots are statistically significant at the 90% level. SST is from HadISST, and turbulent heat
flux is from OAFlux.
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Fig.7 (a) The standardized monthly time series of SSTA averaged over the area off California coast (Cal: 20°N-
40°N, 140°W-110°W) for the period 1958-2018. (b) The power spectrum of Cal. The red dash line is red noise test

line, and black dotted line and dot dash line are statistically significant at 90% and 95% level. The black dots and

numbers in (b) indicate the significant period more than 10 years. SST is from HadISST.
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Fig.8 The lead-lag regression between 96-240-month band-pass Cal and monthly sub-surface ocean temperature

anomalies, SSTA and wind stress anomalies during 1958-2018. (al)-(a9) sub-surface ocean temperature anomalies

averaged over 5°S-5°N (shaded; unit: °C). (b1)-(b9) sub-surface ocean temperature anomalies averaged over 30°N-

40°N (shaded; unit: °C), and climatological ocean circulation of the u, and w, (W,x10-) (vector; unit: 5.5 cm/s).

(c1)-(c9) SSTA (shaded; unit: °C). (d1)-(d9) wind stress anomalies (unit: N/m?), the areas with yellow shades are

statistically significant at the 90% level. The areas with dots are statistically significant at the 90% level in (a), (b)

and (c). “Lag” indicates Cal lagging, “Lead” indicates Cal leading. SST, sub-surface ocean temperature, wind stress

and ocean circulation of the u, and w, are from HadISST, EN4.2.1, NCEP and GECCO3, respectively.
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Fig.9 The power spectrum analysis of (a) monthly SSTA averaged over the equatorial central pacific (5°S-5°N,
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are statistically significant at 90% and 95% level. The black dots and numbers indicate the significant period more

than 10 years. SST and meridional wind stress are from HadISST and NCEP, respectively.
5 ZiwhEitie

ASCHIE T AEART AR PR ANEEARRR RUE S PDO FH2GH) SSTA Al it Hv it 2 57 19
HRKZR, PRUTT PDO R4 PR ANEEARBR T A] RUE B AN [l AE e UM LA IR, itk —

Ao TINRIAE JE ML T L A 5 PDO R I AT REBC R . IR

20



(1) TEFPRRE, A8 AKX SSTA Flimim AdEE (Ja) FoNIE) BRI

R IEAHIG, B AT AR Ol R IR AR KOE X R I 23 fpH ¢, Bl

A R B B ORGS0, SST U I oot #AGE & 5 1 (w52, R R

BIEMERE O

(2) FEFMBR R, PDO Jbrftr SSTA Alimit vl & (Ja EOVIE) SRR TR, &

LA —RE R SRIEEVE s NI J& MU PR 9 25 R B &35 IR AR, RITHEAE AT REE T Pl &

INFRAREN R o R EAE IS EAEA AT A2 : PDO b fE & TRy IR

AU R ARSI ILR , 1L 2 MR BN S5 IR 58 KRG, st & 4F 10 5 PDO

AR LR BN R SRR o DNAIAR JE NE L TE 18 R A2 & ik i B AR BN B35 (e o

I

(3) INAAEJE LAY LA LA TR dE 12 SR4R H AR X2 —, 55 PDO HE+4F

O JE ISR ACL o 78R3 rR PP K BRI T3 2R B Aty [X e 1) XU g (A2 A A KT

FEAE 12 %% 51 Ah D BT AR JE IR IRE RS (B8 R, R S

Jie U PRSI, BLEAEAC AR BRI AR AE X (PERIXD 57, BT

H RITEARCT PR O AR (PO 5 XA AT RE AR JE ML Ve (M) e

IR B AL A 8 B INE K7 U b, SHEIRIE F 2R AT SR JE s SST i

P (B FH, ALK ER LI SST I (W) S . [ FEFEA ZRE VI RFVERE ()

FH KR R E R 8.

ASCEIRAG I T INAE JE W MEE SST RAT g ssid X UK vRe I, HATVE 12 SRR

Ji34], PDO HEHERIIRG AT RE SMLA —E IR, ([HREMAEEL ML SSTA AL 51

2R, WX SR RACK T EHE 12 FIRGIE AR XK, EFd—PAHREE

21



TR AR T R AT ST, LG 3T Bkman P 2 11t I 4G B A DK 2 (19 13 16
TR AR R R A TR B AR AL R DTk, I 3k — 20 A P ESCE 1R 56 73 H DoA  JE S PR S i o i R
BT 12 FIRGESRIE .

S 3R

Alexander M A, Bladé I, Newman M, et al. 2002. The atmospheric bridge: The influence of ENSO teleconnections
on air-sea interaction over the global oceans[J]. J. Climate, 15(16): 2205-2231. doi: 10.1175/1520-0442
(2002)015<2205: TABTIO>2.0.CO;2.

Amaya D J. 2019. The Pacific meridional mode and ENSO: A review[J]. Curr. Clim. Change Rep., 5(4): 296-307.
doi: 10.1007/s40641-019-00142-x.

Bjerknes J. 1964. Atlantic air-sea interaction[J]. Advances in Geophysics, 10: 1-82. doi: 10.1016/S0065-
2687(08)60005-9.

Cayan D R, Kammerdiener S A, Dettinger M D, et al. 2001. Changes in the onset of spring in the western United
States[J]. Bull. Amer. Meteor. Soc., 82(3): 399-416. doi: 10.1175/1520-0477(2001)0822.3.CO;2.

Cessi P, Louazel S. 2001. Decadal oceanic response to stochastic wind forcing[J]. J. phys. Oceanogr., 31(10): 3020-
3029. doi: 10.1175/1520-0485(2001)031<3020:DORTSW> 2.0.CO; 2.

Chiang J C H, Vimont D J. 2004. Analogous Pacific and Atlantic meridional modes of tropical atmosphere—ocean
variability[J]. J. Climate, 17(21): 4143-4158. doi: 10.1175/JCLI4953.1.

Di Lorenzo E, Liguori G, Schneider N, et al. 2015. ENSO and meridional modes: A null hypothesis for Pacific
climate variability[J]. Geophys. Res. Lett., 42(21): 9440-9448. doi: 10.1002/2015 GL066281.

Di Lorenzo E, Schneider N, Cobb K M, et al. 2008. North Pacific Gyre Oscillation links ocean climate and ecosystem
change[J]. Geophys. Res. Lett., 35(8): 1-6. doi: 10.1029/2007GL 032838.

Fang J B, Yang X Q. 2016. Structure and dynamics of decadal anomalies in the wintertime midlatitude North Pacific
ocean-atmosphere system[J]. Climate Dyn., 47(5): 1989-2007. doi: 10.1007/s00382-015-2946-x.

Frankignoul C, Hasselmann K. 1977. Stochastic climate models, Part II: Application to sea-surface temperature
anomalies and thermocline variability[J]. Tellus, 29(4): 289-305. doi: 10.1111 /j.2153-3490.1977.tb00740.x.

Graham N E. 1994. Decadal-scale climate variability in the tropical and North Pacific during the 1970s and 1980s:

observations and model results[J]. Climate Dyn., 10(3): 135-162. doi: 10.1007/BF00210626.

22



Graham N E, Barnett T P, Wilde R, et al. 1994. On the roles of tropical and midlatitude SSTs in forcing interannual
to interdecadal variability in the winter northern hemisphere circulation[J]. J. Climate, 7(9): 1416-1441. doi:
10.1175/1520-0442(1994)007 <1416:0TR OTA>2.0.CO;2.

Gu D F, Philander S G H. 1997. Interdecadal climate fluctuations that depend on exchanges between the tropics and
extratropics[J]. Science, 275(5301): 805-807. doi: 10.1126/science.275.5301. 805.

Gulev S K, Latif M, Keenlyside N, et al. 2013. North Atlantic ocean control on surface heat flux on multidecadal
timescales[J]. Nature, 499(7459): 464-467. doi: 10.1038/ nature12268.

FTER, TR, SOR, FF. 2017, AFRKCFAESEAFRREG AT ENSO A T KUK AR AL 2R &K
PR R B[], KSR, 41(6): 1316-1331. HAN Zixuan, SU Tao, ZHI Rong, et al. 2017. Effects of
moisture budget changes on pacific evaporation associated with Pacific Decadal Oscillation and ENSO in boreal
winter[J]. Chinese Journal of Atmospheric Sciences (in Chinese), 41(6): 1316-1331. doi: 10.3878/j.issn.1006-
9895.1702.16257.

Hasselmann K. 1976. Stochastic climate models Part I: Theory[J]. Tellus, 28(6): 473-485. doi: 10.1111/j.2153-
3490.1976.tb00696.x.

Horel J D, Wallace J M. 1981. Planetary-Scale atmospheric phenomena associated with the Southern Oscillation[J].
Mon. Wea. Rev., 109(4): 813-829. doi: 10.1175/1520-0493(1981)109<0813: PSAPAW>2.0.CO;2.

Kleeman R, McCreary Jr J P, Klinger B A. 1999. A mechanism for generating ENSO decadal variability[J]. Geophys.
Res. Lett., 26(12): 1743-1746. doi: 10.1029/1999GL900352.

Latif M, Barnett T P. 1994. Causes of decadal climate variability over the North Pacific and North America[J].
Science, 266(5185): 634-637. doi: 10.1126/science.266.5185.634.

P, FIRZE, MRMEK, 5. 2011, AZEACRCT P A& I Pl 8 57 H A UM BAE A A & ORIl <
F 2R, 69(1): 52-63. Li Bo, ZHOU Tianjun, LIN Pengfei, et al. 2011. The wintertime North Pacific surface
heat flux anomaly and air-sea interaction as simulated by the LASG/IAP ocean-atmosphere coupled model
FGOALS s1.0[J]. Acta Meteorological Sinica (in Chinese), 69(1): 52-63. doi: 10.11676/qxxb2011.005.

R, T I, B R, 5. 2014, 3 50 4 e E KRS &2 AR AN XA A AP AL TT[0]. KR,
38(5): 974-992. LIANG Sujie, DING Yihui, ZHAO Nan, et al. 2014. Analysis of the interdecadal changes of

the wintertime surface air temperature over mainland China and regional atmospheric circulation characteristics

23



during 1960-2013[J]. Chinese Journal of Atmospheric Sciences (in Chinese), 38(5): 974-992. doi:
10.3878/j.issn.1006-9895.1401.13234.

Liu Z Y. 2003. Tropical ocean decadal variability and resonance of planetary wave basin modes. Part I: Theory[J].
J. Climate, 16(10): 1539-1550. doi: 10.1175/1520-0442(2003)016 <1539: TODVAR>2.0.CO;2.

R, BUASE, BREE, AF 2014, 3 AR E AR FR K AR PR AR RHIE S L IR R[], KR, 38(4):
782-794. Li Junmei, ZHU Congwen, JU Jianhua, et al. 2014. Interdecadal variability in summer precipitation
over east China during the past 100 years and its possible causes[J]. Chinese Journal of Atmospheric Sciences
(in Chinese), 38(4): 782-794. doi: 10.3878/j.issn.1006-9895.1401.13227.

Mantua N J, Hare S R. 2002. The Pacific Decadal Oscillation[J]. Journal of Oceanography, 58(1): 35-44. doi:
10.1023/A:1015820616384.

Mantua N J, Hare S R, Zhang Y, et al. 1997. A pacific interdecadal climate oscillation with impacts on salmon
production[J]. Bull. Amer. Meteor. Soc., 78(6): 1069-1079. doi: 10.1175/1520-
0477(1997)078<1069:APICOW>2.0.CO:;2.

Miller A J, Cayan D R, Barnett T P, et al. 1994. Interdecadal variability of the pacific ocean: model response to
observed heat flux and wind stress anomalies[J]. Climate Dyn., 9(6): 287-302. doi: 10.1007/BF00204744.
Newman M, Alexander M A, Ault T R, et al. 2016. The Pacific decadal oscillation, revisited[J]. J. Climate, 29(12):

4399-4427. doi: 10.1175/JCLI-D-15-0508.1.

Saravanan R, McWilliams J C. 1997. Stochasticity and spatial resonance in interdecadal climate fluctuations[J]. J.
Climate, 10(9): 2299-2320. doi: 10.1175/1520-0442(1997)0102.0. CO;2.

Schneider N, Miller A J, Alexander M A, et al. 1999. Subduction of decadal North Pacific temperature anomalies:
Observations and Dynamics[J]. J. phys. Oceanogr., 29(5):1056-1070. doi: 10.1175/1520-0485(1999)0292.0.
CO;2.

Small R J, Bryan F O, Bishop S P, et al. 2019. Air-sea turbulent heat fluxes in climate models and observational
analyses: what drives their variability?[J]. J. Climate, 32(8): 2397-2421. doi: 10.1175/JCLI-D-18-0576.1.

Stuecker M F. 2018. Revisiting the Pacific meridional mode[J]. Sci. Rep., 8(1): 1-9. doi: 10.1038/s41598-018-21537-

24



Tanimoto Y, Nakamura H, Kagimoto T, et al. 2003. An active role of extratropical sea surface temperature anomalies
in determining anomalous turbulent heat flux[J]. Journal of Geophysical Research: Oceans, 108(C10). doi:
10.1029/2002JC001750.

Tao L F, Yang X Q, Fang J B, et al. 2020. PDO-related wintertime atmospheric anomalies over the midlatitude North
Pacific: Local versus remote SST forcing[J]. J. Climate, 33 (16): 6989-7010. doi: 10.1175/JCLI-D-19-0143.1.

Wang Y Q,LiuHL, Lin P F, et al. 2019. Record-low coastal sea levels in the Northeast Pacific during the winter of
2013-2014[J]. Sci. Rep., 9(1): 1-8. doi: 10.1038/541598-019-40397-w.

Wu L X, Liu Z Y. 2003. Decadal Variability in the North Pacific: The Eastern North Pacific Mode[J]. J. Climate,
16(19): 3111-3131. doi: 10.1175/1520-0442(2003)016<3111:DVITNP>2.0.CO;2.

Wu L X, Liu Z Y, Gallimore R, et al. 2003. Pacific Decadal Variability: The Tropical Pacific Mode and the North
Pacific Mode[J]. J. Climate, 16(8): 1101-1120. doi: 10.1175/1520-0442(2003)16<1101:PDVTTP>2.0.CO:;2.

Xie S P, Philander S G H. 1994. A coupled ocean-atmosphere model of relevance to the ITCZ in the eastern Pacific[J].
Tellus, 46(4): 340-350. doi: 10.3402/tellusa.v46i4.15484.

MHERE, Kl WME, 5.2004. KCPAEERBRRG bR [T]. KAEEE, 28(6): 979-992. YANG Xiuqun,
ZHU Yimin, XIE Qie, et al. 2004. Advances in studies of Pacific Decadal Oscillation[J]. Chinese Journal of
Atmospheric Sciences (in Chinese), 28(6): 979-992. doi:10.3878/1.issn.1006-9895.2004.06.15.

YiDL,Gan B L, WuL X, etal. 2018. The North Pacific Gyre Oscillation and mechanisms of its decadal variability
in CMIP5 models[J]. J. Climate, 31(6): 2487-2509. doi: 10.1175/JCLI-D-17-0344.1.

Yu B, Boer G. 2004. The role of the western pacific in decadal variability[J]. Geophys. Res. Lett., 31(2): 231-254.
doi: 10.1029/2003GL018471.

YuL S, Weller R A. 2007. Objectively analyzed air - sea heat fluxes for the global ice-free oceans (1981 - 2005)[J].
Bull. Amer. Meteor. Soc., 88(4): 527-539. doi: 10.1175/ BAMS-88-4-527.

3K, HUR, BEIE 2020, AN[F PDO A4 T Bl Nifio % 4F Al La Nifia 4 75 T 5L 2 R 715 9 AR 46 [T]. KA URH
2%, 44(2): 390-406. ZHANG Wen, DONG Xiao, XUE Feng. 2020. Intraseasonal variations of the east Asian
summer monsoon in El Nifio developing years and La Nifia years under different phases of the Pacific Decadal
Oscillation[J]. Chinese Journal of Atmospheric Sciences (in Chinese), 44(2): 390-406. doi: 10.3878/j.issn.1006-

9895.1910.18269.

25



Zhang L P, Wu L X, Lin X P, et al. 2010. Modes and mechanisms of sea surface temperature low-frequency
variations over the coastal China Seas[J]. J. Geophys. Res., 115(C8). doi: 10.1029/2009jc006025.

Zhang Y, YuS, Amaya D J, et al. 2021. Pacific Meridional Modes without Equatorial Pacific Influence[J]. J. Climate,
34(13): 5285-5301. doi: 10.1175/JCLI-D-20-0573.1.

Zhang Y L, Yu Y Q. 2011. Analysis of decadal climate variability in the Tropical Pacific by coupled GCM[J].
Atmospheric and Oceanic Science Letters, 4(4): 204-208. doi: 10.1175/JCLI-D-18-0164.1/
10.1080/16742834.2011.11446930.

Zhi H, Lin P F, Zhang R H, et al. 2019. Salinity effects on the 2014 warm “Blob” in the Northeast Pacific[J]. Acta
Oceanolo. Sin., 38(9): 24-34. doi: 10.1007/s13131-019-1450-2.

Zhong Y F, Liu Z Y. 2009. On the mechanism of pacific multidecadal climate variability in CCSM3: The role of the
subpolar North Pacific ocean[J]. J. Phys. Oceanogr., 39(9): 2052-2076. doi: 10.1175/2009JPO4097.1.

Zhong Y F,LiuZ 'Y, Jacob R. 2008. Origin of pacific multidecadal variability in Community Climate System Model,
Version 3 (CCSM3): A combined statistical and dynamical assessment[J]. J. Climate, 21(1): 114-133. doi:
10.1175/2007JCLI1730.1.

Rai B, #IEHE 2003, ACPAEEARRIRE 5 P EAURAZR I RT]. SRR, 61(6): 641-654. ZHU Yimin,
YANG Xiuqun. 2003. Relationships between the Pacific Decadal Oscillation (PDO) and climate variabilities

in China[J]. Acta Meteorological Sinica (in Chinese), 61(6): 641-654. doi:10.11676/qxxb2003.065.

26



