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The Differences and Possible Mechanisms of Inter-decadal Trend
Shifts of Latent Heat Flux in Western Boundary Currents on the

Warming Hiatus Background
GAO Yingjian!, REN Baohua®, ZHENG Jiangiu® , and PAN Yunfeng!

1 School of Earth and Space, University of Science and Technology of China, Hefei 230026

Abstract The authors researched the inter-decadal trend shifts of latent heat flux (LHF) over the

Kuroshio extension (KE) region and Gulf Stream (GS) region during the warming period and the

warming hiatus period by using the latent heat flux data and relevant variables produced by the

Objectively Analyzed Air-Sea Fluxes project (OAFlux) of the Woods Hole Oceanographic

Institution, and the Ishii subsurface temperature and salinity data from Japan Agency for Marine-

Earth Science and Technology. Small perturbation method, EOF analyzation, and International

Thermodynamic Equation Of Seawater — 2010 (TEOS-10) are applied in this research. Contrast

inter-decadal trend shifts of latent heat flux exist in KE and GS region. The inter-decadal LHF trend

of KE region shifts from positive to negative around 2001, while the GS region shifts from negative

to positive around 1993. The variation of KE region is primarily resulted from sea surface

temperature change (ocean-induced) , while in GS region it is resulted from wind speed (1979~1992)
(atmosphere-induced) and sea surface temperature (1993~2013).The inter-decadal variations of
seawater heat content in KE and GS regions are also different: the inter-decadal variation of surface

heat content in KE region is consistent with mixed layer; the inter-decadal variation of surface heat

content in GS region is different from that in deep layer, while the changes below surface layer are

more consistent; the deep heat content changes in both regions reflect the phenomenon of warming

hiatus, and KE region may have the influence of the lower layer to the upper layer; while GS region

may have the influence of the upper layer to the lower layer. The difference between the surface of
KE and GS can be attributed to the difference between ocean and atmospheric factors, and the

vertical difference of inter-decadal variation of internal heat content may be attributed to the

structural difference between the two regions. All of those variations are associate with the warming

hiatus, and may affect the warming hiatus conversely.

Keywords Latent heat flux, Ocean heat content, Warming hiatus, Kuroshio extension, Gulf stream

1 58

BRI 22, RS AP AR 2R e S L, e R AR AR AL R
B AU BRI FI S MO R B, RS KRR AR A
I 2R AL RE, A TE T E B O HER B R R R > 2 — o il R -1
T b E AR AR B Ui SR 22 . MRS R R A A . R, semig e &
ARAG I BEA T AL T 1A A7 AE AR EL A, i = LI 22 2 0 Ui 22 DA XG5

2



(Cayan, 1992; Liu and Curry, 2006; Yu and Weller, 2007; Li et al., 2011a). J&#GE & 2810 H
A RIS ZSRE, FEASIF A ) R ZT . bR, ARARER KIS 2 U R E
A ZHEF (Alexander and Scott, 1997; Behera et al., 2000; FEFKEE, 2009), 7£ X - #
AR AHTF (Kwon etal., 20105 FRL7KIRSE, 2016). F#ilf, Lietal. (2011b) &) Tk
R VG TR DX I R 2 DX ARG e B 5 22 5, DONE R BRI IR 15 5 T VH I S X I &
FELEHF I SR ARSI o

B LR, ABRARE I T BN AR R AR AL, b A BRI RE (1728
I RE. A 20 A 70 ALK, A BRI IR R R RN BT, BRI
WM BL. 2000 4R A ISR, BSR4 BRI THNIRE 1) BT AT MR HE B S, AN
HAZAEE L. T2 anim ) oy E SR NSRS R & 2 S e RS
(RARBR (0 T B DN, AR 7 N 9% SR B R (5 10 A BR R THIIR BE 1) b T a4 R A 1)
TUARORFFAR ZE b Th. X — “IE”7 IR GHER Tz o0, #Rcoy “HRIEa" R
(Eastering and Wehner, 2009; Trenberth and Fasullo, 2013; Medhaug et al., 2017). iR 5 H1
RF 2013~2014 /47459 (Hu and Fedorov, 2017), #ATIAH 2000 4 2013 F 4047 A1
TS B ST IR I RUR OB T 2 B B T 2R AT RERALE], T VAL M
SERE AN PSR AR R I AL R (Xie et al., 2016) . MU {5 i AN R I A2 T i B 1 A2
th, TR LRI E PR B R (WS E) 128k (Chen and Tung, 2014;
Drijthout et al., 2014; Kintisch, 2014; Liu et al., 2016), XF A #8AE R AR L AT g2 511 1R
PRI IR R 2 — o BT 5 2, TE M AT PR RO S i B 1 /5 Sk 1 98 i A i ) B X —
FARBR LR SER NG 5 CRRONIERSE 5O T, Tl L fud & AR
BRAR A B DL I U AR O Ho—, 7RG E BRI X (nPail R X80,
B ER IR A R EAFEE R, DLROXF 2R R BRIV AR 22 5=
Ho =, EAEARAL DX 301 1 Pl B A7 E AR 57 (KB A, 122 DX P 2 11 5 7 R 1) 2
WAERT S % UL R RI a3 ST LR EFEES: K=, XX RERE
T LA K ] 1) e R A 7 TR T A s doea, PR 22 3 [ B URLASE Vi (7 5 TR R
AR SCREAIF FE Al BRI ST 1 S DX AR IR i R B B R AR
DI 195 DX Sl A3 (Y S 0 R T v B 22 L g 3R S M < L 22 [ R TR P 2
RR AR, BEMHhE KR £ FH 7R EFEEER, AR NEFESRSE RN
Wiy SERE—B R, T X R R S R AR AT R AL, R TR AR T AN R

E R ARACRTAL,  DARA AL IX 38R [F) 4 2R AR A T S5t BTG TR 15 R I R AR
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2 BUERRFE

S 8 ARSI 9 SR XA 2 TR AR TR R A SO B S AL R SO 3 SR IX
3ok R BB 3 K FLAE X 4k (Kuroshio Extension, KE) LA 58 P BFE Y X 3 (Gulf Stream,

o BT FU AR B R T AE R S R R (AR, H 2 (R L TS A B AR B
AR E R X IR R ERE N, FEEIEHE I 0~1000m, K7 ZEHEATHEE T
(M s RIS IR AN 1979 4F TFAR BIRIIRAF 45K (2013 4E), MO R MU I 41
1B

AR SCASE BB 04 R VB B SR BE R SR . e R PO R R T R 2%
FE IR T TR AL L A il B S H  (Objectively Analyzed Air-Sea Fluxes project,
OAFlux) ##ifE (Yuetal, 2008). ZEHEMMEON 2 CFEKSE, 2009; Kwon et al,,
2010; Li et al., 2011a; Li et al., 2011b; Li and Ren., 2012; HL7k5E%E, 2016), HFAREdE L5
(R ABAR S5 B /N R BE T SR i U S 2 WA Ty R T 2 5 B
SRR FTS 2000 5 iR T PGB B OCHIAT RS R E R EE, R ERm R &
(Bl & SR B, USRI E . 2m Ul 2m R, 10m KU
A3 R RO S I 1) 1979~2013 4R A P38, 2S5 Hion 1° , FRAb
BN AE-P B -

AHAR A T RGEE T A EONIE, BIIEDNIERS, FoREE K s A
HAEL NN, FoRKKEERERE. 540, BT OAFlux Hidh J R R gt
IR Q IR — A8k i, ARSI FH B (0 3 M0 LU SR I B2 (1 7 T HRL RS . A4 Magnus
250 0 AT HE R T S R KU -

e* = 6.11 x 1075%/(237:3+T5) (D

BEMA -

Qs = 0.98Q4 (Ty) = 0.98 x 0.622e*/p (2)

ARENEREALE, X (D, (2) de  MERUKE GO hPa) Q NiEREA
HIE A7 gkg®), Qe NAUKWIRILLIE CRfi: gkg!), TONERERE (b ©),
& IE R HL 0.98 75 BB g /K EhEEE BU/K IR FREMH M IZ IE (Fairall etal,, 1996), p
NFWS)E (Bf7: hPa), p=p0=1000hPa.

AT AP HTIE R R - S R T RGE R DTN, ASCR AN B s iR DT . Bk
W) 71% A3 (Livetal, 1979), ¥ #ull & LR N:
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LH = pL,C.UAQ = pL.C,U(Qs — Qq) (3
NPLHAHEEHGE R (latent heat flux, Hif7: Wm?), pAZESEE (Ffi: kgm™),
Lo NZERIER (AL Wsgh), CRZLHFRE, UNEHRIGE (A ms?), AQNIE
S ZE AL gkg), QNMIERIBAILIE CAf: gk, Q MNITHWERALLIE (H
fi: gkgo NRBNTIERPHAME iR RS S E M, W (3) AEA:
LH + LH' = pL,C,[(U + U")(AQ + AQ")] = pL,C,(UAQ + UAQ' + U'AQ + U'AQ") (&)
LH = pL,C,[UAQ + U'AQ))] (5)
LH' = pL,C,[UAQ’ + U'AQ + U'AQ' — U'AQ’] (6)
XU AQ KU AQ T H AT B /N, K/INAT LA  (Tanimoto et al., 2003), #:
LH' = pL.C,(UAQ' + U'AQ) = pL.C,(UQ,'— UQ," + U'AQ) (7D
& OAFlux ¥ 8 P L ifnfE R AR 4, A SCGENH T H AR =R A e
(Japan Agency for Marine-Earth Science and Technology, JAMSTEC) [ Ishii /X3 /2 iR 5%
#& (Ishii etal., 2005). ZEHEEAHFMEMSIEE, HET2EEE, GFEH M
FERPEER B IS (WODAD VEER BT (IRD) #G AP ER Sh 8 . BTl
(It LA IR 48 (COBE-SST) Akl #H TR H (GTSPP) LA Argo iF#r
HE, Jrad 7V RFNARFET (XBT) BRERIE. SR RTEE A 1945~2012 4. K
JiH 9 0.5° E~359.5° E. 89.5° S~89.5° N, Zp#%h1° x1° o BEHIEHEN 0~1500m,
0y 24 MRHEZE . A 2 KT FI A OAFIux BidiE4E, FEELJEH 0~1000m, I [E]TE A
1979~2012 4, FFALHR g eE-F- 2845 .
AT #E B (Ocean Heat Content, OHC) [+ 5. Al #/R N -
OHC = [} pocoant,T(2)dz (8)
APOHCHIRAEG T AL 1Dy pocean WIFFKEE (AL kgm?™), ¢, AIEKIE
AT CRAL: Tkg!' KD, TAREE RO KD, Al h2 N—Z#KI L FRE (8
fi: m), z NEKIRE (AL m)e poeean KXoy AL T Ishii #3650, THE 772K
FH b [ R B PR 22 B A 25 127 TAE4L (The SCOR/IAPSO Working Group 127,
WG127) RATBIHE KIS 12 7772 2010 (Thermodynamic Equation of Seawater 2010, TEOS-
10). TEOS-10 EEAL [ g /K [ HEAPE 5T RIR BE . 5 B2 DA S s[RI 7K 35 A ek B oG &
RN AE SE A AR B NE L N (¥ 5 AR A T AR S AT KR 25 )7 72 80 (Equation of State
of Seawater 1980, EOS-80) —FFIIAI AT, J& H BT SC TRl @ iU 1+ 50772



(Feistel, 2003, 2008; Millero et al., 2008). HAKTHE K H WG127 B 77 KA KK 5 A ek
B 710, Gibbs-SeaWater (McDougall and Barker, 2011), FEFALKYET http:/www.teos-
10.0rg [2018-12-05]

B LR VAL, ASCHERE S IE R A T 45 B RS BT 7% (Empirical
Orthogonal Function, EOF). ZRPE[EIH. W3] t #4055 7712 .
3 1979-2013 FitF Bk FFIBREBERBET AR THFE

1 (a)s (b) 435108 1979-2013 B[ Bt A BRICUKTFETE (60° N~60° S) Kb fBRIX i3k
SEI I OB E T A . N EBRAERR AR, 0 R AT K 9 IR AT
BEERBRFES . HEF I, TR R LR, R E R AR UERI N T
2000 HEHT R AE— IS, BITE 2000 452 5 (1 B FHE 3y 2000 42 G RGBS . N
T PRI — AR BRI (B A, SR S) t i3 7%, BB AR 5115 21
RS FH, FEXHEBF IS KN 9 IS t 5. B (o, (D AT, 3 KR
25 LR RE AT UG TEIX — IR, AR S s I R R T 2000 48, JLbekiliudE &t
BRI RAT 2001 4. KT 2000 F /247 EFRIREAGER (BRF) @R CAH M
IRFFT, BINIX — s S [FI G TR 5 1 5 VR BE 23 A R AR A LA R XU R AR A A

¢ (Cao and Ren, 2019).
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Fig. 1 Variations of area averaged latent heat flux (LHF): (a) global; (b) north hemisphere, and the trend test

series by moving t test in these regions (c), (d)
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Fig. 2 First EOF mode of detrended LHF in part of north Pacific region: (a) spatial pattern; (b) time series. First
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S T A BT TR B P9 o i B PO B A . BT 2 AU 5 OV 45

X AL BRI AN FEL TR XA, 0T R & A N sh o BT IX 3P, IRk ASAH
R (T Santer et al. (2000) 77k BR BAHSREEND, F LLE B A HRE X
3ol VS VG DX v Al e 1 AR AR ALE AN BRI A S DX N PR R, R IX 3T 2001
FRTJE R A R . TE 1979~2000 B[R] B, SR XS puB BRIV R BRI
AKX 0.88+0.36 W m? yr's M/ EL it 22 101 [R] 8 #om S AU A2 FE— B, 4 0.88+0.28 W m?
yrls 6T RSN EE 2 I R AR E IR 0 2m AR IR, T E AL R, ik
1.25+0.78 W m? yr', /G EZBUARE: KEBSAAS AN . 7E 2001~2013 IF[A] B,
PGB ERIROREE T BON R EEN, RRMET 222 EAME A TR, R
N 0.78+0.80 W m? yr'ls S PR 7 g R RN LUV AR AL R 2, AR RN -1.2040.93 W mr
2yl

XF BRI I, WG B AR S LI 8] 50 1993 4R RIS . 7E 1979~1992 I [H] B,
TEPGE R N, ALEAIA-1.1540.82 W m? yrts X T BB RV Bl B AL S,
PR 22 J R P I00, AR AT R X B — PR S LR 2 T A A, VA DX XU I P A2 £
FIFFRZE, NIEEZIE-0.5740.47 W m? yr's LG 22 AR A0 32 05 -0.68+0.63 W m™ yr-
Lo HEEERARH 2m R EEGRI, RIEM LRI A R E . KT 1993~2013
I IR B, W AAGE BRI 3 BT, T A s R T AR ) R X AR, i
FRMUMTELRR WA ¥ < LR 22 00 B, KGR R BE T BN B LT, (HF
A AR R RN

BTS2, X T BRI, e R A B A 0 1 = s ) R 1 TE 0 5 A B BB it
FMATLLIR I . T R DX A F 34 AR R sl PRl SR 220 2m 2L IRAR ) (¥ g <L 22
TA B RGBT, 34548 S A IR 1 RO R AN LR . A, RN LLE tifE
FURE R, T DATE S DX A B B DA S X I J5 — BB, SN 79 (X 3 Aol
B T B RN R GRRERZRD: i TR XIS a—p B, SRR A
AT LS M 2 2 S L T S A P B B (Cayan, 1992), AT X 38RO 34 = %
(1T F TE) S L IR 2 S IR M AT RS, BRIV AL X 3T 1979~1992 I (] B i #A i &=
AR 1 3 LR - g IR AR U s i PRI 2 . ORI D
Rl BRI X B AGE R O MR R T R ARG 2m 2RI
o 10m KU T 55 S T AR AL

Table 1 Linear trends of latent heat flux, the term of air-sea humidity difference, the term of surface specific
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humidity, the term of 2m-air specific humidity, the term of 10m-wind speed before and after the trend shifts

Kuroshio Extension Region Gulf Stream Region
1979~2000 2001~2013 1979~1992 1993~2013
LH' 0.88+0.36%** -0.78£0.80* -1.151£0.82%* 0.65+0.41%**
pL.C,UAQ’ 0.88+0.28*** -0.46+0.63 -0.68+0.63* 0.6710.30%**
pL.C.UQ,’ 0.37£0.68 -0.7410.82 0.89+0.83** 0.10£0.41
pL.C,UQ,’ 1.2510.78%%* -1.20£0.93%* 0.21£0.94 0.77 1 0.44%**
pL.C,U'AQ 0.11+0.15 -0.231+0.53 -0.5710.47%* 0.171+0.20*

e RAPERAA Wm?yr!, wex #x x5 0P80 99%. 95%. 90% {5 FEH 40 .
5 JtFBKFIAFRXEBIGKASEFNIRNSIHFIERTEUESR
ESCHRIN T BRI X IRAE 1979~1992 1X — I [ Bz 4b, R TPIAN PG SR X T &
3 B PR B AR 1 1 L R A MR LI T 9 A L S L F) R
(AR 5T, T RAAATE AL FBR AN TR AL X ol e s A i s A 1 = 4l
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