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RESUMEN

Este estudio presenta un análisis de factores de gran escala para entender por qué la frecuencia de formación 
fg"ekenqpgu"vtqrkecngu"*EV+"gp"nc"ewgpec"fgn"Rce‡Ýeq"pqtqeekfgpvcn"hwg"gzvtgocfcogpvg"dclc"fwtcpvg"nc"vgo-
porada 2010. Se calculó el índice de génesis potencial (GPI, por sus siglas en inglés) que, en cierto sentido, 
rwgfg"tgrtgugpvct"nc"fkuvtkdwek„p"gurcekcn"fg"hqtocek„p"gp"42320"Ukp"godctiq."gn"IRK"pq"rwgfg"gzrnkect"
nc"htgewgpekc"gzvtgocfcogpvg"dclc"qdugtxcfc"gp"fkejq"c‚q0"Pq"ug"gpeqpvt„"wpc"tgncek„p"tqdwuvc"gpvtg"gn"
p¿ogtq"fg"EV"{"gn"hgp„ogpq"Gn"Pk‚q1Quekncek„p"fgn"Uwt"*GPQU+0"Ug"nngx„"c"ecdq"wpc"eqorctcek„p"gpvtg"
gn"c‚q"oƒu"kpcevkxq"*4232+"{"gn"c‚q"oƒu"cevkxq"*3;;6+"gp"fkejc"ewgpec."dcucfc"gp"wp"índice de diferencia 
fg"eclc ."gn"ewcn"rgtokvg"ogfkt"ewcpvkvcvkxcogpvg"nc"fkhgtgpekc"gpvtg"hcevqtgu"codkgpvcngu"fg"itcp"guecnc0"Ug"
encontró que los factores dinámicos son importantes para diferenciar la formación de CT en la cuenca del 
Rce‡Ýeq"pqtqeekfgpvcn"gpvtg"4232"{"3;;60"Nc"pqvcdng"fkhgtgpekc"fg"nc"ektewncek„p"oqp¦„pkec"gp"fkejc"ewgpec"
gpvtg"guqu"fqu"c‚qu"rwgfg"ugt"nc"ecwuc"fg"nc"fkhgtgpekc"gp"ekenqifipguku0"Ncu"eqpfkekqpgu"fguhcxqtcdngu"rctc"
nc"ekenqifipguku"gp"4232"rwfkgtqp"fgdgtug"c"nc"kpÞwgpekc"fg"qvtqu"hcevqtgu"fg"itcp"guecnc."vcngu"eqoq<"3+"nc"
ffidkn"cevkxkfcf"cuqekcfc"c"nc"Quekncek„p"fg"Ocffgp/Lwnkcp"fwtcpvg"gn"rkeq"fg"nc"vgorqtcfc"eken„pkec="4+"gn"
cwogpvq"fg"nc"vgorgtcvwtc"uwrgtÝekcn"fgn"oct"qdugtxcfq"gp"gn"Qeficpq"Índico, lo cual originó el desarrollo 
fg"wp"cpvkeken„p"uqdtg"nc"ewgpec"ekenqigpfivkec"fgn"Rce‡Ýeq"pqtqeekfgpvcn"{"gn"oqxkokgpvq"jcekc"gn"qguvg"fg"
nc"xciwcfc"oqp¦„pkec."{"5+"gn"ecodkq"fg"hcug"fg"nc"Quekncek„p"Fgecfcn"fgn"Rce‡Ýeq"*oƒu"pgicvkxc+"{"nqu"fqu"
grkuqfkqu"hwgtvgu"fg"Nc"Pk‚c"swg"ug"jcp"fgucttqnncfq"fgufg"42280

ABSTRACT

Vjku"uvwf{"cvvgorvu"vq"wpfgtuvcpf"yj{"vjg"htgswgpe{"qh"vtqrkecn"e{enqpgu"*VE+"qxgt"vjg"yguvgtp"Pqtvj"RcekÝe"
*YPR+"ycu"c"tgeqtf"nqy"fwtkpi"vjg"4232"ugcuqp."d{"cpcn{¦kpi"vjg"ghhgev"qh"ugxgtcn"nctig/uecng"hcevqtu0"Vjg"
igpguku"rqvgpvkcn"kpfgz"*IRK+"ecp"tgrtgugpv."vq"uqog"gzvgpv."vjg"urcvkcn"fkuvtkdwvkqp"qh"hqtocvkqp"kp"42320"
Jqygxgt."vjg"IRK"fqgu"pqv"gzrnckp"vjg"gzvtgogn{"nqy"VE"htgswgpe{0"Pq"tqdwuv"tgncvkqpujkr"dgvyggp"vjg"VE 
pwodgt"cpf"Gn"Pk‚q"Uqwvjgtp"Queknncvkqp"*GPUQ+"ycu"hqwpf0"C"eqorctkuqp"qh"vjg"gzvtgog"kpcevkxg"VE"{gct"
4232"cpf"gzvtgog"cevkxg"{gct"3;;6"ycu"rgthqtogf."dcugf"qp"vjg"dqz"fkhhgtgpeg"kpfgz"vjcv"ecp"ogcuwtg"vjg"
swcpvkvcvkxg"fkhhgtgpeg"qh"nctig/uecng"gpxktqpogpvcn"hcevqtu0"F{pcoke"hcevqtu"ygtg"hqwpf"vq"dg"korqtvcpv"
kp"fkhhgtgpvkcvkpi"VE"hqtocvkqp"qxgt"vjg"YPR"dcukp"dgvyggp"4232"cpf"3;;60"Vjg"tgoctmcdng"fkhhgtgpeg"
qh"oqpuqqp"Þqyu" kp" vjg"YPR"dcukp"dgvyggp" vjgug" vyq"{gctu"oc{"dg" vjg"ecwug"qh" vjg"fkhhgtgpeg" kp"VE"
hqtocvkqp0"Vjg"wphcxqtcdng"eqpfkvkqpu"hqt"VE"igpguku"kp"4232"oc{"jcxg"cnuq"dggp"fwg"vq"qvjgt"nctig"uecng"
hcevqtu"uwej"cu<"*3+"ygcm"cevkxkv{"qh"vjg"Ocffgp/Lwnkcp"Queknncvkqp"fwtkpi"vjg"rgcm"ugcuqp="*4+"yctokpi"qh"
the sea surface temperature in the tropical Indian Ocean during the peak season, causing the development 
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qh"cp"cpvke{enqpg"qxgt"vjg"YPR"dcukp"cpf"cuuqekcvgf"ykvj"vjg"yguvyctf"oqvkqp"qh"vjg"oqpuqqp"vtqwij."cpf 
*5+"vjg"rjcug"ejcpig"qh"vjg"RcekÝe"Fgecfcn"Queknncvkqp"*oqtg"pgicvkxg+"cpf"vjg"vyq"uvtqpi"Nc"Pk‚c"gxgpvu"
vjcv"jcxg"gxqnxgf"ukpeg"42280"

Mg{yqtfu<"Vtqrkecn"e{enqigpguku."yguvgtp"Pqtvj"RcekÝe."nctig"uecng"hcevqtu0

30" Kpvtqfwevkqp"
The tropical cyclone (TC) genesis frequency over 
vjg"yguvgtp"Pqtvj" RcekÝe" *YPR+" dcukp" kp" 4232"
ycu"gzegrvkqpcnn{" nqy0" Kh"pqv"qvjgtykug" urgekcnn{"
fgÝpgf."vjg"YPR"dcukp"tghgtu"vq"vjg"YPR"dcukp"cpf"
the South China Sea (SCS) as shown in Figure 1 in 
vjku"uvwf{0"Qpn{"36"VEu"ygtg"qdugtxgf"kp"4232"qxgt"
vjg"YPR"dcugf"qp"vjg"dguv"vtcem"fcvc"ctejkxgf"htqo"
vjg"Lqkpv"V{rjqqp"Yctpkpi"Egpvgt"*LVYE+."eqpuvk-
tuting the lowest TC frequency since the weather 
ucvgnnkvgu"dgicp"vjgkt"tqwvkpg"oqpkvqtkpi"kp"3;870"Kp"
eqpvtcuv."3;;6"rtgugpvgf"vjg"jkijguv"pwodgt"qh"VE"
*56+"qxgt"vjg"YPR"dcukp"ukpeg"3;95."yjgp"vjg"Fxqt-
ak technique was used for estimating TC intensity. 
Yjkng"rtgugpvkpi"c"xgt{"nctig"pwodgt"qh"VEu."3;;6"
ku"pqv"vjg"tgeqtf"jkij."ukpeg"57"VEu"ygtg"qdugtxgf"
kp"3;85"cpf"3;93="jqygxgt."vjg"vqvcn"VE"eqwpv"kp"
vjqug"{gctu"oc{"dg"dkcugf"fwg" vq" vjg"wpegtvckpv{"
in the TC intensity data record. Several previous 
uvwfkgu"*Ejcp."4228="Ncpfugc"et an0."4228="Ncpfugc."
4229="Mquukp"et an0."4229+"jcxg"uwiiguvgf"vjcv"vjg"
uncertainty in the determination of the intensity of 
historical TCs might lead to inconsistencies in the 
tgeqtfu0"Gocpwgn"*4227+"gzvgpukxgn{"fkuewuugf"vjg"

evolution in measurement and estimation techniques 
introduced in historical records of TC wind speeds 
and provided additional evidence supporting the 
pggf"hqt"c"fqypyctf"cflwuvogpv"qh"VE"kpvgpukvkgu"
kp"gctn{"tgeqtfu"rtkqt"vq"3;950"Wukpi"vjg"kpvgpukv{"
oqfgn"fgxgnqrgf"d{"Gocpwgn"et an0 (2008), which 
ku"cp"czku{oogvtke"pwogtkecn"cvoqurjgtke"oqfgn"
coupled with a simple on-dimensional ocean model, 
vjg"dcukp/ykfg"VE"kpvgpukv{"kp"vjg"LVYE"fcvcugv"ecp"
dg"tgcuqpcdn{"tgrtqfwegf"kp"vgtou"qh"vjg"kpvgtcppwcn"
and inter-decadal variations and climate trend in TC 
tgeqtfu"chvgt"3;95."yjkng"kpvgpukv{"ejcpigu"ctg"pqv"
consistent with the dynamically-derived intensities 
qxgt" vjg"rgtkqf"3;87/3;95" *Yw"cpf"¥jcq."4234="
Zhao, et an0 2014). Therefore, in this study the low 
pwodgtu" qdugtxgf" fwtkpi" vjg" 4232" ugcuqp" ctg" kp"
stark contrast to the record high TC frequency in 
3;;6"*Hki0"4c+0"Ukoknct"tguwnvu"ctg"cnuq"hqwpf"yjgp"
qpn{"eqpukfgtkpi"vjg"rgcm"VE"ugcuqp"*Lwn{/Qevqdgt+"
*Hki0"4d+0"C"VE"ykvj"uwuvckpgf"oczkowo"ykpfu"qh"
57"mpqvu"qt"cdqxg"ku"eqpukfgtgf0

Vjg" gzvtgogn{" nqy"VE" cevkxkv{" kp" 4232" jcu"
not received much attention from the community, 
although operational agencies and studies had re-
rqtvgf"vjg"hcev"cpf"icxg"uqog"rquukdng"swcnkvcvkxg"
gzrncpcvkqpu"*Ocwg."4233+0"Vjg"Gn"Pk‚q"Uqwvjgtp"
Oscillation (ENSO) condition was suggested as the 
most important determinant factor. Indeed, a strong 
Nc"Pk‚c"gxgpv"fgxgnqrgf"kp"vjg"uwoogt"qh"vjg"tg-
eqtf"nqy"{gct"qh"4232."yjkng"c"oqfgtcvg"Gn"Pk‚q"
event occurred in the peak season of the record high 
{gct"qh"3;;6"*Hki0"4e+0"Uvwfkgu"cnuq"uwiiguv"vjcv"vjgtg"
ku"pq"tqdwuv"tgncvkqpujkr"dgvyggp"GPUQ"cpf"vjg"VE"
pwodgt"kp"vjg"YPR."dwv"c"tgoctmcdng"uqwvj/gcuvgtp"
ujkhv" kp" nqecvkqp"qh"VE" hqtocvkqp"fwtkpi"Gn"Pk‚q"
{gctu"eqorctgf" vq" vjcv"fwtkpi"Nc"Pk‚c"{gctu"ecp"
dg"hqwpf"*Ycpi"cpf"Ejcp."4224="Ejw."4226="¥jcq"
et an0, 2010). Thus, the ENSO condition does not 
uggo"vq"dg"uwhÝekgpv"kp"vq"ceeqwpv"hqt"vjg"nqy"VE"
htgswgpe{"kp"42320"Kv"ku"cnuq"qh"kpvgtguv"vq"gzcokpg"
vjg"oqfwncvkqp"qh"4232"VE"igpguku"d{"vjg"Nc"Pk‚c"
dcemitqwpf0"
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Fig. 1. A map with different geographic location for several 
mg{" urgekÝe" tgikqpu" wugf" kp" vjku" uvwf{<" vjg" vtqrkecn"
Kpfkcp"Qegcp"*VKQ<"4407³"U"vq"4407³"P."62"vq"322³"G+."
vjg"gcuvgtp"Kpfkcp"Qegcp"*GKQ<"32³"U"vq"4407³"P."97"
vq"322³"G+."vjg"Uqwvj"Ejkpc"Ugc"*UEU<"gswcvqt"vq"44³"
P."327"vq"342³G+."cpf"vjg"yguvgtp"Pqtvj"RcekÝe"dcukp"
*gswcvqt"vq"57³"P."342"vq"3:2³"G+0
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Kp"cffkvkqp" vq" vjg" kpvgtcppwcn"xctkcdknkv{"qh"VE"
cevkxkv{" kp" vjg"YPR"dcukp."VE" cevkxkv{" ku" enqugn{"
cuuqekcvgf"ykvj"kpvtcugcuqpcn"cvoqurjgtke"xctkcdknkv{"
cnuq"mpqyp"cu"vjg"Ocffgp/Lwnkcp"Queknncvkqp"*OLQ+"
*Ocffgp"cpf"Lwnkcp"3;93="Nkgdocpp"et an0."3;;6="Dgu-
ucÝ"cpf"Yjggngt."4228="Jctt."4228="Mko"et an0, 2008). 
Nkgdocpp"et an0 *3;;6+" hqwpf" vjcv"VE" hqtocvkqp 

htgswgpe{"qxgt"vjg"YPR"dcukp"ku"nctigt"vjcp"qxgt"vjg"
Indian Ocean, preferentially during the convective 
rjcug"qh"vjg"OLQ0"Vjg"cuuqekcvgf"nqy/ngxgn"e{enqpke"
relative vorticity and convergence anomalies appear 
poleward and westward of the large-scale convective 
cpqocn{0"Uwdugswgpvn{."Mko"et an0 (2008) discussed 
vjg"OLQ/VE"tgncvkqpujkr"wpfgt"vjg"fkhhgtgpv"GPUQ"
eqpfkvkqpu"cpf"rtqrqugf"c"rquukdng"j{rqvjguku"qh"cp"
gpjcpegf"OLQ/VE"tgncvkqpujkr"fwtkpi"Gn"Pk‚q"{gctu"
cpf"c"ygcmgpgf"OLQ/VE"tgncvkqpujkr"fwtkpi"Nc"Pk‚c"
{gctu0"Vjg"wpfgtn{kpi"ogejcpkuo"d{"yjkej"vjg"OLQ"
modulates TC activity under the ENSO condition 
tgockpu"c"uwdlgev"qh"kpvgpug"kpxguvkicvkqp0"

Several recent studies have focused on the in-
Þwgpeg"qh"cvoqurjgtke"ektewncvkqpu"cuuqekcvgf"ykvj"
changes in sea surface temperature (SST) in the 
tropical Indian Ocean (TIO) and TC activity in the 
YPR"dcukp"*Zkg"et an0."422;="Fw"et an0, 2011). Based 
qp"dqvj"qdugtxcvkqpu"cpf"oqfgn"ukowncvkqpu."Zkg"et 

an0"*422;+"rtqrqugf"c"rquukdng"ogejcpkuo"kp"yjkej"
the TIO warming acts like a capacitor, anchoring 
cvoqurjgtke"cpqocnkgu"qxgt"vjg"Kpfq/yguvgtp"RcekÝe"
oceans. It causes tropospheric temperature to increase 
d{"c"oqkuv/cfkcdcvke"cflwuvogpv"kp"fggr"eqpxgevkqp."
gocpcvkpi"c"dctqenkpke"Mgnxkp"ycxg"kpvq"vjg"RcekÝe0"
Kp"vjg"YPR"dcukp."vjku"gswcvqtkcn"Mgnxkp"ycxg"kpfwe-
es northeasterly surface wind anomalies, and the re-
sultant divergence in the sudvtqrkeu"ku"tgurqpukdng"hqt"
suppressed convection and the anomalous presence of 
cp"cpvke{enqpg0"Fw"et an0 (2011) further discussed the 
kpÞwgpeg"qh"vjg"UUV"kp"vjg"vtqrkecn"Kpfkcp"Qegcp"qp"
TC activity in the WNP during the summer follow-
kpi"uvtqpi"Gn"Pk‚q"{gctu0"Kpfgrgpfgpvn{."¥jcp"et an0 
*4233c."d+"cnuq"hqwpf"vjcv"vjg"kpvgtcppwcn"xctkcvkqp"
qh"VE"pwodgt"kp"vjg"YPR"ku"enqugn{"cuuqekcvgf"ykvj"
the SST in the eastern Indian Ocean (EIO). Because 
of the role of the remote forcing from the Indian 
Ocean, results of these studies are potentially useful 
hqt"ugcuqpcn"hqtgecuv"qh"VE"kp"vjg"YPR"dcukp0"

Kp"vjku"uvwf{."yg"gzcokpg"vjg"kpÞwgpeg"qh"nctig/
uecng"ektewncvkqpu"*k0g0."GPUQ."OLQ"cpf"UUV+"kp"vjg"
TIO and relate them to TC activity to shed light on 
vjg"nqyguv"tgeqtfgf"VE"igpguku"htgswgpe{"qdugtxgf"
kp"4232"qxgt"vjg"YPR"dcukp0"Vjg"tgockpfgt"qh"vjku"
uvwf{"ku"qticpk¦gf"cu"hqnnqyu<"Ugevkqp"4"fguetkdgu"vjg"
data and methodology used and Section 3 discusses 
vjg"oqfwncvkqp"qh"4232"VE"igpguku"d{"GPUQ"dcem-
itqwpf0"Vjg"kpÞwgpeg"qh"OLQ"qp"4232"VE"igpguku"ku"
gzcokpgf"kp"Ugevkqp"6"yjkng"vjg"ghhgev"qh"vjg"vtqrkecn"
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Fig. 2. Time series of TC frequency for (a) annual TC 
ugcuqp"cpf"*d+"rgcm"*Lwn{" vq"Qevqdgt+0" *e+"Pk‚q/506"
UUV"cpqocnkgu"kpfgz"*³E+"cxgtcigf"qxgt"vjg"rgcm"VE"
ugcuqp"kp"vjg"yguvgtp"Pqtvj"RcekÝe"dcukp"ceeqtfkpi"
to the method of Wang and Chan (2002). The selected 
ycto"*eqnf+"{gctu"ctg"ujqyp"kp"tgf"*dnwg+"dctu"ykvj"
SST anomalies greater than a standard deviation (red 
nkpgu+."ykvj"yjkvg"dctu"hqt"pgwvtcn"{gctu0
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Indian Ocean on 2010 TC genesis is investigated in 
Ugevkqp" 70" Hkpcnn{." c" uwooct{" cpf" fkuewuukqp" ctg"
ikxgp"kp"Ugevkqp"80

40" Fcvc"cpf"ogvjqfqnqi{
Vjg"VE"fcvc"kp"vjg"YPR"dcukp"ku"dcugf"qp"vjg"dguv"
vtcem"VE"fcvcugv" htqo" vjg" LVYE."yjkej" kpenwfgu"
central location and intensity of tropical storms and 
v{rjqqpu"cv"c"ukz/jqwt"kpvgtxcn0"Kp"vjku"uvwf{."yg"cpc-
n{¦g"vjg"rgtkqf"htqo"3;87"vq"4232."htqo"vjg"dgikppkpi"
of satellite meteorology. In addition, we focus on the 
rgcm"VE"ugcuqp"htqo"Lwn{"vq"Qevqdgt"*LCUQ+"fwtkpi"
yjkej."qp"cxgtcig."oqtg"vjcp"8:'"VEu"qeewttgf"gcej"
year. The selection of peak season has three other rea-
sons. First, the TC frequency during the peak season of 
4232"ku"cnuq"vjg"nqyguv"tgeqtfgf"ukpeg"3;87"*Hki0"4d+0 
Ugeqpf."vjg"eqttgncvkqp"dgvyggp"vjg"cppwcn"VE"pwo-
dgtu"cpf"vjg"rgcm"ugcuqp"pwodgt"ku"cdqwv"20:."yjkej"ku"
uvcvkuvkecnn{"ukipkÝecpv"cv"c";7'"eqpÝfgpeg"ngxgn0"Cpf"
vjktf."vjg"rj{ukecn"ogejcpkuou"ctg"dgvvgt"wpfgtuvqqf"
for this time window within TC seasons.

Vq"gzcokpg"vjg"kpÞwgpeg"qh"vjg"Nc"Pk‚c/tgncv-
ed climate conditions on TC genesis, atmospheric 
xctkcdngu" *k0g0." tgncvkxg" jwokfkv{."ykpf." ckt" vgo-
rgtcvwtg." urgekÝe" jwokfkv{+" ctg" fgtkxgf" htqo" vjg"
PEGR1PECT"oqpvjn{" tgcpcn{uku" fcvcugv"ykvj" c"
407" '" 407³" nqpikvwfg1ncvkvwfg" tguqnwvkqp" *Mcnpc{"
et an0."3;;8+0"Vjg"oqpvjn{"gzvgpfgf"tgeqpuvtwevgf"
UUV"fcvc"*xgtukqp"5d+"htqo"vjg"PQCC"*Uokvj"cpf"
Reynolds, 2004) is used to stratify the ENSO years 
cpf"vq"kpxguvkicvg"vjg"kpÞwgpeg"qh"vjg"yctokpi"kp"
the tropical Indian Ocean on 2010 TC genesis. The 
Pk‚q/506" ugc" uwthceg" vgorgtcvwtg" cpqocnkgu" *UU-
TAs) from the Climate Prediction Center are used 
vq" kfgpvkh{" vjg"Gn"Pk‚q"cpf"Nc"Pk‚c"{gctu"ykvj"c"
uvcpfctf"fgxkcvkqp"ukoknct"vq"vjg"fgÝpkvkqp"kp"Ycpi"
and Chan (2002). As shown in Figure 2c, the years 
with a SSTA larger (less) than 0.81 ³C (–0.81 ³C) 
ctg"fgÝpgf"cu"Gn"Pk‚q"*Nc"Pk‚c+"{gctu0"Vjwu."pkpg"
Gn"Pk‚q"{gctu"*3;87."3;94."3;:4."3;:9."3;;3."3;;9."
4224." 4226." cpf" 422;+" cpf" gkijv" Nc"Pk‚c" {gctu"
*3;92." 3;93." 3;95." 3;97." 3;::." 3;;:." 3;;;." cpf"
2010) are selected for the present study.

The daily interpolated outgoing long-wave radi-
cvkqp"*QNT+"fcvc"*Nkgdocpp"cpf"Uokvj."3;;8+"htqo"
vjg"PQCC"rqnct"qtdkvkpi"ucvgnnkvgu"qp"c"407"z"407³"
ncvkvwfg1nqpikvwfg"itkf"ctg"wugf"cu"c"rtqz{"hqt"fggr"
eqpxgevkqp."vq"gxcnwcvg"vjg"kpÞwgpeg"qh"OLQ"qp"VE"
formation. 

50" Uvcvkuvkecn"cpcn{ugu"qh"vtqrkecn"e{enqpg"cevkxkv{"
kp"4232
Cu"ogpvkqpgf"cdqxg." vjg" uvtqpi"Nc"Pk‚c"eqpfkvkqp"
crrgctu"pqv"vq"dg"c"fqokpcpv"hcevqt"hqt"vjg"nqyguv"VE"
pwodgt" kp"42320"Pgxgtvjgnguu."ikxgp" vjg" korcev"qh"
GPUQ"qp"ektewncvkqp"cpqocnkgu"kp"vjg"RcekÝe"Qegcp."
it is instructive to know how TC activity responds to 
GPUQ0"Vjg"cxgtcig"VE"pwodgt"fwtkpi"vjg"rgcm"ugcuqp"
ku"cdqwv"3907"cpf"3807"hqt"Gn"Pk‚q"cpf"Nc"Pk‚c"{gctu."
tgurgevkxgn{0"Vjg"fkhhgtgpeg"qh"VE"pwodgt"dgvyggp"
Gn"Pk‚q"cpf"Nc"Pk‚c"{gctu"ku"lwuv"302."yjkej"ku"pqv"
uvcvkuvkecnn{" ukipkÝecpv" cv" c" ;7'"eqpÝfgpeg" ngxgn."
consistent with results in previous studies (Wang and 
Ejcp."4224="Ejw."4226="Ecoctiq"cpf"Uqdgn."4227="
Zhao et an0."4232+0"Jqygxgt."c"ukipkÝecpv"fkhhgtgpeg"
dgvyggp"Gn"Pk‚q"cpf"Nc"Pk‚c"{gctu" ku"qdugtxgf" kp"
terms of the genesis location, as shown in Figure 3. A 
pronounced eastward and southward shift in the TC 
hqtocvkqp" tgikqp" ku"qdugtxgf"fwtkpi"Gn"Pk‚q"{gctu"
eqorctgf"vq"Nc"Pk‚c"{gctu0"Hqt"vjg"v{rkecn"Nc"Pk‚c"
year of 2010, the mean TC formation latitude and 
nqpikvwfg"ku"3:0;³"P"cpf"34903³ E. This westward shift 
ku"swkvg"tgoctmcdng"htqo"vjg"cxgtcig"rqukvkqp"fwtkpi"
Gn"Pk‚q"{gctu"*3908³"P"cpf"36308³ E). Note that the 
cxgtcig"VE"hqtocvkqp"nqecvkqp"kp"urgekÝe"{gct"4232"ku"
sexep feirees"kp"nqpikvwfg"yguvyctf"htqo"vjg"Nc"Pk‚c"
cxgtcig"*3;03³ N and 134³ E). Particularly, a decrease 
ku"uggp"kp"VE"pwodgtu"*qpn{"Ýxg"VEu+"hqtogf"uqwvj"
of 20³ N and east 120³ E in 2010, which is similar to 
vjg"ecug"qh"vjg"{gct"hqnnqykpi"c"uvtqpi"Gn"Pk‚q"{gct"
*Fw"et an0, 2011).

To investigate the key factors for the low frequen-
e{"qdugtxgf"kp"4232."vjg"igpguku"rqvgpvkcn"kpfgz"*IRK+"
(Emanuel and Nolan, 2004) is adopted in this study, 
yjkej"jcu"dggp"gzvgpukxgn{"wugf"kp"qvjgt"uvwfkgu"*g0i0."
Camargo et an0."4229="Gocpwgn"et an0, 2008). The GPI 
ku"fgÝpgf"qp"vjg"dcuku"qh"hqwt"hcevqtu<

3

5 3 3 22|10 | ( ) ( ) (1 0.1 )
50 70

pot

shear

VH
VIPG = +  (1)

where バ"ku"vjg"cduqnwvg"xqtvkekv{"cv":72"jRc"*u–1), H 
ku" vjg" tgncvkxg"jwokfkv{" cv" 822"jRc" *'+."Xpot is the 
potential intensity (ms–1+."cpf"Xshear is the magnitude 
qh"vjg"xgtvkecn"ujgct"qh"vjg"jqtk¦qpvcn"ykpf"dgvyggp"
:72"cpf"422"jRc"*ou–1+0"Vjg"rqvgpvkcn"kpvgpukv{"Xpot 

ecp"dg"eqorwvgf"ceeqtfkpi"vq"vjg"cniqtkvjo"qh"Dkuvgt"
and Emanuel (2002), who consider SST and vertical 
rtqÝngu"qh"vgorgtcvwtg"cpf"urgekÝe"jwokfkv{"kp"vjg"vtq-
rqurjgtg0"Xpot"ku"fgÝpgf"d{"vjg"hqnnqykpi"gzrtguukqp<



357Low TC activity in 2010 over the WNP basin
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where Vs is SST, Vq"ku"vjg"ogcp"qwvÞqy"vgorgtcvwtg"
cv"vjg"ngxgn"qh"pgwvtcn"dwq{cpe{."Ek"ku"vjg"gzejcpig"
eqghÝekgpv"hqt"gpvjcnr{."EF" ku" vjg"ftci"eqghÝekgpv."
EARG*"ku"vjg"eqpxgevkxg"cxckncdng"rqvgpvkcn"gpgti{"

(CAPE) of air lifted from saturation at sea level in 
reference to the environment sounding, and EARGd is 
vjg"ECRG"qh"dqwpfct{"nc{gt"ckt0"Dqvj"swcpvkvkgu"ctg"
gxcnwcvgf"pgct"vjg"tcfkwu"qh"oczkowo"ykpf0

Figure 4a shows the overall GPI anomalies in 2010 
compared to climatology. An east-west dipole in the 
IRK"fkuvtkdwvkqp"ku"gxkfgpv."ykvj"rqukvkxg"cpqocnkgu"
eqphkpgf"ockpn{" vq" vjg"yguv" qh" 362³"G" pgct"Gcuv"
Cukc" cpf"pgicvkxg" cpqocnkgu" vq" vjg" gcuv"qh"367³"G"
kp" vjg"qrgp"qegcp0"Hkiwtg"6d"fkurnc{u" vjg"qdugtxgf"
TC genesis anomalies in 2010. Although an area of 
rqukvkxg"igpguku"cpqocnkgu"ku"cnuq"qdugtxgf"pgct"vjg"
East Asian coast, the large GPI anomalies over the 
Philippines and the South China Sea seen in Figure 4a 
do not correspond to positive genesis anomalies in 
Hkiwtg"6d0"Kp"hcev."igpguku"cpqocnkgu"ctg"pgicvkxg"qxgt"
the Philippines and near the long-term mean over the 
Uqwvj"Ejkpc"Ugc"kp"Hkiwtg"6d0"Ceeqtfkpi"vq"vjg"IRK"
analysis, we found that the proposed GPI (Emanuel and 
Nolan, 2004) is not a perfect surrogate for representing 
vjg"VE"igpguku"kp"vjg"YPR"dcukp."cnvjqwij"kv"ecp."vq"
uqog"gzvgpv."tgrtgugpv"vjg"urcvkcn"fkuvtkdwvkqp"qh"hqtoc-
vkqp0"Vjg"rcvvgtp"eqttgncvkqp"dgvyggp"vjg"qxgtcnn"IRK"
*Hki0"6c+"cpf"vjg"qdugtxgf"igpguku"cpqocnkgu"*Hki0"6d+ 
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Hki0"60"*c+"Qdugtxgf"VE"igpguku"cpqocnkgu"kp"4232"LCUQ"
eqorctgf" vq" enkocvqnqikecn"ogcp" *3;87/4232+." cpf"
*d+"IRK"cpqocnkgu"kp"vjg"4232"rgcm"ugcuqp"eqorctgf"
to climatological mean.
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ku"cdqwv"2049."yjkej"ku"pqv"uvcvkuvkecnn{"ukipkÝecpv"cv"c"
;7'"eqpÝfgpeg"ngxgn0"Hwtvjgt"cpcn{uku"kpfkecvgu"vjcv"
the annual TC frequency during the peak season over 
vjg"YPR"dcukp"hqt"vjg"rgtkqf"3;87/4232"jcu"c"ygcm"
eqttgncvkqp"ykvj"vjg"IRK"*Ýiwtg"pqv"ujqyp+."uwiiguvkpi"
vjcv"qvjgt"hcevqtu"dg{qpf"vjg"hqwt"xctkcdngu"kp"IRK"oc{"
play a role in modulating TC frequency. 

Vq"hwtvjgt"wpfgtuvcpf"vjg"kpÞwgpeg"qh"nctig/uecng"
gpxktqpogpvcn"Ýgnfu"qp"vjg"VE"cevkxkv{"kp"4232."vjg"
large-scale environmental conditions during the 
rgcm"ugcuqp"ctg"eqpvtcuvgf"hqt"vyq"gzvtgog"{gctu<"
4232"ku"vjg"oquv"kpcevkxg"{gct"*35"VEu+"cpf"3;;6"
is the most active year (28 TCs). Recently, Peng 
et an0" *4234+" fgxgnqrgf" vjg" dqz" fkhhgtgpeg" kpfgz"
*DFK+"ogvjqfqnqi{."yjkej"ecp"swcpvkvcvkxgn{"fg-
vgtokpg"yjkej"rctcogvgt"cv"yjkej"ngxgn"ku"dguv"kp"
distinguishing developing and non-developing dis-
vwtdcpeg"itqwru0"Wukpi"vjg"DFK"ogvjqf."vjg"tgncvkxg"
importance of environmental factors affecting TC 
igpguku"qxgt"vjg"YPR"dcukp"ku"cuuguugf."eqorctkpi"
cp"gzvtgog"jkij"VE"pwodgt"hqt"3;;6"cpf"cp"gzvtgog"
nqy"VE"pwodgt"hqt"42320"Vjg"fgÝpkvkqp"qh"vjg"DFK"
kpfgz"ku"cu"hqnnqyu<"

19942010

19942010

-

-MM
BDI =  (3)

where O2010 and h2010 represent the mean and standard 
fgxkcvkqpu"qh"vjg"xctkcdngu"hqt"vjg"VE"igpguku"qxgt"
the peak season during 2010. The corresponding pa-
tcogvgtu"hqt"3;;6"ctg"tgrtgugpvgf"d{"O3;;6 and h3;;6. 
Vjg"ukip"qh"vjg"DFK"tgÞgevu"vjg"rj{ukecn"pcvwtg"qh"
c"xctkcdng="vjg"ocipkvwfg"qh"vjg"DFK"ogcuwtgu"jqy"
ygnn" vjg"xctkcdng"ecp"fkhhgtgpvkcvg"dgvyggp"vjg"VE"
igpguku"kp"4232"cpf"3;;60"Oqtg"fgvcknu"ecp"dg"hqwpf"
in Peng et an0 (2012).

Vcdng"K"ujqyu"vjg"uqtvgf"nkuv"qh"korqtvcpv"igpguku"
rctcogvgtu"hqt"vjg"YPR"dcukp"cpf"vjg"eqttgurqpfkpi"
DFK"xcnwgu0"Vjg"tguwnvu"kp"Vcdng"K"kpfkecvg"vjcv"vjg"
xgtvkecn"ykpf"ujgct"cpf"vjg";47"jRc"fkxgtigpeg"ctg"
the most important parameters to differentiate TC 
igpguku"dgvyggp"4232"cpf"3;;60"Ugeqpf"kp"korqt-
tance are the 200 hPa divergence and deep layer mean 
ckt" vgorgtcvwtg." hqnnqygf"d{" vjg" :72"jRc" tgncvkxg"
vorticity. Last in importance appear SST, OLR, sea 
ngxgn"rtguuwtg"*UNR+."822"jRc"tgncvkxg"jwokfkv{"cpf"
tckp"tcvg0"Vjg"tguwnvu"kp"vjku"vcdng"engctn{"kpfkecvg"vjcv"
dynamic factors are more important in differentiating 
vjg"VE"hqtocvkqp"qxgt"vjg"YPR"dcukp"dgvyggp"4232"
cpf"3;;60"Cnvjqwij"c"tgoctmcdng"UUV"fkhhgtgpeg"ecp"

dg"hqwpf"dgvyggp"3;;6"cpf"4232."c"tcvjgt"wpkhqto"
SST zonally in the warm-pool region is characteristic 
qh"vjg"YPR"dcukp."yjkej"ku"hcxqtcdng"hqt"VE"igpguku0"
Therefore, the relative importance of SST and other 
vjgtoqf{pcokecn"hcevqtu"dgvyggp"vjg"3;;6"cpf"4232"
ku"pqv"ukipkÝecpv0

The importance of dynamical factors in differen-
vkcvkpi"VE"hqtocvkqp"dgvyggp"3;;6"cpf"4232"oc{"dg"
nkpmgf"vq"vjg"tgoctmcdng"fkhhgtgpeg"qh"oqpuqqp"Þqyu"
kp"vjg"YPR"dcukp"dgvyggp"vjqug"{gctu0"C"rtqpqwpegf"
oqpuqqp"Þqy"ku"hqwpf"kp"3;;6."yjkej"fkhhgtu"uki-
pkÝecpvn{"htqo"vjg"oqpuqqp"tgvtgcv"yguvyctf"fwtkpi"
2010 (Hki0"7+0"Vjku"oqpuqqp"ektewncvkqp"eqpvtkdwvgu"
to a more pronounced large-scale convergence and 
jqtk¦qpvcn"ujgct"cuuqekcvgf"ykvj"VEu0"Hkiwtg"7"ujqyu"
vjcv"c"ygnn/guvcdnkujgf"oqpuqqp"vtqwij"ku"rtgugpv"cv"
:72"jRc"kp"3;;6."yjkng"c"ygcmgt"oqpuqqp"vtqwij"
is seen in 2010. Note that TCs always develop in 
an environment where low-level cyclonic vorticity 
ku"uvtqpi"cpf"vjgtg"ku"c"rquukdknkv{"vjcv"vjg"ugcuqpcn"
mean cyclonic vorticity over the monsoon trough is 
rtqfwegf"d{"VEu"vjgougnxgu0"Vq"vguv"uwej"rquukdkn-
kv{."yg"gzcokpg"vjg"ugcuqpcn"ogcp"xqtvkekv{"Ýgnf"kp"
yjkej"vjg"kpÞwgpeg"htqo"VEu"jcu"dggp"tgoqxgf0"Vjg"
kpÞwgpeg"qh"VEu"ku"tgoqxgf"hqnnqykpi"Yw"cpf"Ejw"
*4229+."cpf"yg"eqpukfgt"c"rgtkqf"fwtkpi"vjg"rtg/ugc-
uqp"*47"Lwp/33"Lwn+"yjgp"pq"VEu"hqtogf"kp"vjg"YPR"
dcukp0"Hkiwtg"8"ujqyu"vjg"ykpf"rcvvgtpu"cv":72"jRc"hqt"
4232"cpf"3;;6"fwtkpi"vjg"rtg/VE"ugcuqp0"Fwtkpi"vjg"
rtg/ugcuqp"kp"3;;6."vjg"oqpuqqp"vtqwij"cpf"e{enqpke"
xqtvkekv{" ku" qdugtxgf" uqwvjgcuvyctf" crrtqcejkpi"
372³ G"*Hki0"8c+0"Kp"eqpvtcuv."kp"4232."vjg"oqpuqqp"
vtqwij"ku"pqv"qdugtxgf"cpf"e{enqpke"xqtvkekv{"ku"xgt{"
ygcm"*Hki0"8d+0"Vjwu."kv"dgeqogu"gxkfgpv"vjcv"ykvjqwv"
vjg"kpÞwgpeg"htqo"VE"cevkxkv{."e{enqpke"xqtvkekv{"ku"

Vcdng"K0"Tcpmu"qh"igpguku"rctcogvgtu"kp"vjg"YPR"cpf"vjgkt"
eqttgurqpfkpi"dqz"fkhhgtgpeg"kpfgz"*DFK+0

Xctkcdng"pcog DFK

;47"jRc"fkxgtigpeg Î2079
Xgtvkecn"ykpf"ujgct" 2077
Fggr"nc{gt"ogcp"ckt"vgorgtcvwtg –0.48
200 hPa divergence 2068
:72"jRc"tgncvkxg"xqtvkekv{ 0.34
Rain rate 2048
OLR (outgoing long-wave radiation) 0.20
SLP (sea level pressure) Î203;
SST (sea surface temperature) –0.13
822"jRc"tgncvkxg"jwokfkv{ –0.03
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closely related to the monsoon trough during the 
pre-season period. Assuming that the atmospheric 
uvcvg"ku"rgtukuvgpv."VEu"jcf"xgt{"nkokvgf"kpÞwgpeg"qp"
the seasonal mean cyclonic vorticity over the WNP 
kp"gkvjgt"3;;6"qt"42320"Vjgtghqtg."VE"kpÞwgpeg"qp"
vjg"ugcuqpcn"ogcp"xqtvkekv{"Ýgnf"ku"kpukipkÝecpv"cpf"
vjg"tguwnvu"qdvckpgf"cdqxg"ujqwnf"dg"tqdwuv0

60" Vjg"ghhgev"qh"OLQ"qp"VE"pwodgtu"kp"4232
Previous studies have shown that the intraseasonal 
VE"cevkxkv{"ku"ukipkÝecpvn{"tgncvgf"vq"vjg"OLQ"cevkxkv{"
*Nkgdocpp"et an0."3;;6="Jctt."4228="Mko"et an0, 2008). 
Yg"gxcnwcvg"pqy"vjg"rquukdng"korcev"qh"OLQ"cevkxkv{"
in the 2010 season through the analysis of the OLR as 
c"rtqz{"hqt"eqpxgevkxg"cevkxkv{"kp"vjg"vtqrkeu0"Rqukvkxg"
OLR anomalies indicate suppressed convection and 
negative anomalies correspond to active convection. 
A time-longitude cross-section of the OLR anomalies 
hqt"4232"ku"ujqyp"kp"Hkiwtg"90"Vjg"OLQ"cevkxkv{"ku"
gxkfgpv"htqo"Lcpwct{"vq"okf/Hgdtwct{"cu"cpqocnqwu"
convection propagates from the eastern Indian Ocean 
across the Maritime Continent to the equatorial cen-
vtcn/gcuvgtp"RcekÝe0"Fwtkpi"vjg"rgcm"ugcuqp"qh"4232."
yg"Ýpf"oquv"rqukvkxg"QNT"cpqocnkgu"htqo"vjg"gcuv"

of 120³"G" vq" vjg" Kpvgtpcvkqpcn"Fcvgnkpg" cuuqekcvgf"
with a very weak sign of eastward propagation. In 
eqpvtcuv."kp"3;;6"QNT"cpqocnkgu"gzvgpfgf"vq"3:2³ E 
with strong evidence of eastward propagation.

Several studies have suggested that cyclogenesis 
kp"vjg"YPR"dcukp"qhvgp"qeewtu"kp"cuuqekcvkqp"ykvj"
u{pqrvke/uecng"eqpxgevkxg"fkuvwtdcpegu"*OeDtkfg"cpf"
¥gjt."3;:3="Tkvejkg"cpf"Jqnncpf."3;;;="Uejtgem"et an0, 
2011, 2012). Thus, we evaluate here the role of these 
eqpxgevkxg"fkuvwtdcpegu"qp"VE"igpguku"kp"4232"cpf"
3;;60"Vjg"vkog/nqpikvwfg"etquu"ugevkqpu"qh"vjg"5/:/
fc{"Ýnvgtgf"QNT"cpqocnkgu"cxgtcigf"dgvyggp"9/47³ 
P"ctg"rnqvvgf"kp"Hki0":"hqt"vjg"rgcm"ugcuqp"kp"3;;6"
cpf"42320"Kp"dqvj"rcpgnu."gcej"eqpxgevkxg"fkuvwtdcpeg"
rcuukpi"qxgt"vjg"e{enqigpguku"tgikqp"dgvyggp"332"G"
and 140³"G"eqwnf"dg"vtcegf"dcem"cv"ngcuv"vq"392³"E. 
Pqvg"vjcv"gcej"VE"hqtocvkqp"*fgpqvgf"d{"vjg"enqugf"
fqv+" ku" rtgegfgf" d{" uwej" c"yguvyctf" rtqrcicvkpi"
u{pqrvke/uecng"fkuvwtdcpeg0"Dcugf"qp"vjgug"hgcvwtgu."
yg"uwiiguv"vjcv"vjg"5/:/fc{"eqpxgevkxg"fkuvwtdcpegu"
propagating from the east of the main development 
tgikqp"qh"vjg"YPR"dcukp"ctg"vjg"qpgu"tgncvgf"vq"vjg"
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oqtg"cevkxg"eqpxgevkqp"kp"3;;60"Vjgug"hgcvwtgu"qxgt"
vjg"YPR"dcukp"ctg"ukoknct"vq"uqog"tgrqtvgf"qxgt"vjg"
gcuvgtp"RcekÝe"d{"Oqnkpctk"et an0 (2000) and Wu and 
Ejw"*4229+0

ENSO is known to alter the characteristics of 
vjg"OLQ"cpf"4232"ku"c"uvtqpi"Nc"Pk‚c"{gct0"Uvwfkgu"
jcxg"ujqyp"vjcv"vjg"OLQ/tgncvgf"eqpxgevkxg"cevkxkv{"
gcuv"qh"vjg"fcvgnkpg"ku"gpjcpegf"fwtkpi"Gn"Pk‚q"{gctu"
(Hendon et an0."3;;;="Mko"et an0, 2008; Chand and 
Ycnuj."4232+0"Jqygxgt."ecwvkqp"ujqwnf"dg"vcmgp"ukpeg"
vjku"OLQ/VE"tgncvkqpujkr"ku"pqv"cduqnwvgn{"ceewtcvg."
cpf"VE"cevkxkv{"oc{"uvknn"dg"rtgugpv" kp"wphcxqtcdng"

eqpfkvkqpu"nkmg"kpcevkxg"OLQ"cpf"fgxgnqrkpi"Nc"Pk‚a 
episodes (Ching et an0, 2010). The actual mechanism 
d{"yjkej" vjg"OLQ"oqfwncvgu" vtqrkecn"e{enqigpguku"
under ENSO conditions still remains unclear. For the 
kpcevkxg"OLQ"rjcugu."uwej"cu" kp"4232." vjg"rquukdng"
ogejcpkuo"ujqwnf"dg"kpxguvkicvgf"kp"vjg"hwvwtg0

70" Korcev"qh"vtqrkecn"Kpfkcp"Qegcp"yctokpi"qp"
VE"pwodgtu"kp"4232
The SST anomalies in the tropical Indian Ocean 
jcxg"tgegpvn{"dggp"rtqrqugf"vq"rnc{"cp"korqtvcpv"
tqng"kp"vjg"fgxgnqrogpv"qh"vjg"uvtqpi"422;"Gn"Pk‚q"
{gct" kp" vjg"RcekÝe"Qegcp0"Ikxgp" vjcv"VE"cevkxkv{"
uwej"cu"igpguku"nqecvkqpu"cpf"ncpfhcnnu"ecp"dg"oqf-
wncvgf"d{"GPUQ."kv"ku"rncwukdng"vjcv"vjg"yctokpi"kp"

Anomalies: Daily OLR
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Fig. 8. Time-longitude section of anomalous OLR (with a 
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events..
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vjg" vtqrkecn" Kpfkcp"Qegcp"oc{"gzgtv" kvu" kpÞwgpeg"
on TC climatology in the WNP (Klein et an0."3;;;="
Wang et an0, 2003; Izumo et an0."422:="Zkg"et an0, 
422;="Fw"et an0."422;."4233="¥jcp"et an0."4233c."d+0"
In particular, Zhan et an0"*4233c."d+"kpxguvkicvgf"vjg"
eqpvtkdwvkqp"qh"GPUQ"cpf"gcuvgtp"Kpfkcp"Qegcp"UUV"
qp"VE"enkocvqnqi{"kp"vjg"YPR"dcukp"cpf"hqwpf"vjcv"
the effect of the eastern Indian Ocean is seen pri-
octkn{"qp"ygcm"VEu"*ykvj"uwuvckpgf"oczkowo"ykpf"
urggf">"6307"ou–1+"dcugf"qp"ukowncvkqpu"cpf"qdugt-
vations. Klein et an0"*3;;;+"rqkpvgf"qwv"vjcv"Gn"Pk‚q"
vgngeqppgevkqpu"kpfweg"c"tqdwuv"dcukp/ykfg"ycto-
ing over the tropical Indian Ocean, which persists 
vjtqwij"vjg"pgzv"uwoogt"yjkng"Gn"Pk‚q"kvugnh"jcu"
fkuukrcvgf"kp"vjg"gswcvqtkcn"RcekÝe"*Fw"et an0."422;+0"
Fw"et an0 (2011) further suggested that the tropical 
Kpfkcp"Qegcp"vgngeqppgevkqp"ku"ceeqornkujgf"d{"c"
warm atmospheric Kelvin wave propagating into 
vjg"YPR"dcukp"cpf"uwrrtguukpi"VE"cevkxkv{"kp"vjg"
uwoogt"hqnnqykpi"cp"Gn"Pk‚q"{gct."yjkej"ku"cnuq"
eqpukuvgpv"ykvj"ygcm"OLQ"cevkxkv{"fwtkpi"vjg"rgcm"
season of 2010 relative to other years. 

As demonstrated in previous studies and our 
statistical analyses presented in Section 3, there is 
pq" tqdwuv" eqttgncvkqp" dgvyggp"VE" cevkxkv{" kp" vjg"
WNP and ENSO events. The implication is that the 
uvtqpi"Nc"Pk‚c"eqpfkvkqp"ku"pqv"uwhÝekgpv"vq"ecwug"
vjg"gzvtgogn{"nqy"VE"pwodgtu"qdugtxgf"kp"42320"

Pqy"vjg"swguvkqp"ku."dgukfgu"vjg"nqy"OLQ"cevkxkv{."
what mechanism might have led to the low TC 
pwodgtu"kp"4232A"Kp"vjg"rgcm"ugcuqp"qh"422;."38"
VEu"hqtogf"kp"vjg"YPR"dcukp"cpf"Ýxg"qh"vjgo"ygtg"
intense TCs. In contrast, 13 TCs formed in the same 
period of 2010 and only two of them were intense 
VEu"kp"vjg"YPR"dcukp0"Kp"vjg"tgikqp"qh"vjg"Uqwvj"
China Sea, more TCs were found in 2010 (four TCs) 
vjcp"kp"422;"*vjtgg"VEu+0"Fw"et an0 (2011) also noted 
c"fgetgcug"kp"VE"pwodgtu"kp"uwoogt"eqorctgf"vq"
vjg"hqnnqykpi"Gn"Pk‚q"uwoogt"qxgt"vjg"YPR"*pqv"
kpenwfkpi"UEU+"cpf"cp"kpetgcug"kp"VE"pwodgt"qxgt"
the South China Sea. Following the argument of 
Fw"et an0 (2011), we note that very high SSTs are 
qdugtxgf"*Hki0";c+"kp"vjg"vtqrkecn"Kpfkcp"Qegcp"kp"
4232" *ugeqpf" jkijguv" kp" 422;+."yjkej" eqwnf" dg"
related to the low TC activity in 2010. Moreover, 
an anomalous anticyclone develops over the WNP 
dcukp"*Hki0"32c+"ykvj"gcuvgtn{"cpqocnkgu"uvtgvejkpi"
htqo"vjg"Dc{"qh"Dgpicn"vq"vjg"Kpvgtpcvkqpcn"Fcvgnkpg."
and the associated weakening of the monsoon trough 
*Hkiu0" ;d" cpf"32d+0"Vjg" uwoogt" cpvke{enqpg"jcf"
dggp"pqvgf"kp"rtgxkqwu"uvwfkgu"*Ycpi"et an0, 2003) 
and the associated weakening of the southwesterly 
monsoon wind causes a pronounced warming over 
vjg"yguvgtp"rctv"qh"vjg"YPR"dcukp"gurgekcnn{"kp"vjg"
tgikqp"qh"vjg"Uqwvj"Ejkpc"Ugc"*Hki0"32d+0"Kp"cffkvkqp."
vjg"vtqrkecn"Kpfkcp"Qegcp"kpÞwgpeg"rgtukuvu"kpvq"vjg"

Hki0";0"Fkhhgtgpeg"qh"gpxktqpogpvcn"Ýgnfu"kp"3;;6"eqorctgf"vq"vjg"enkocvqnqikecn"ogcp<"*c+"UUV"*ujcfkpi."wpkv<"³C), 
:72"jRc"ykpf"*xgevqtu."wpkv<"ou–1) and vertical wind shear (contours, unit: ms–1+="*d+":72"jRc"tgncvkxg"xqtvkekv{"*wpkv<"
10Î8 s–1); (c) 200 hPa divergence (unit: 10Î8 s–1+."cpf"*f+"722"jRc"Qogic"*wpkv<"323*Pa s–1).

14

11

8
5

2

0

–2

–5

–8

–11

0.75

0.6

0.45
0.3

0.15

0

–0.15

–0.3

–0.45

–0.6

14

11

8
5

2

0

–2

–5

–8

–11

14

11

8
5

2

0

–2

–5

–8

–11

30N

(a) (b)

(c) (d)

15N

15S

60E 590E 120E 150E 180 60E 90E 120E 150E 180

60E 90E 120E 150E 180 60E 90E 120E 150E 180

EQ

30N

15N

15S

EQ

30N

15N

15S

EQ

30N

15N

15S

EQ



362 H. Zhao and G. B. Raga

summer and sustains atmospheric anomalies after El 
Pk‚q"kvugnh"ku"iqpg."ejctcevgtk¦gf"d{"c"Ocvuwpq/Iknn"
rcvvgtp"kp"vjg"wrrgt"vtqrqurjgtg"*Hkiu0";e"cpf"32e+."
cnuq"pqvgf"d{"[cpi"et an0"*4229+"Fwtkpi"vjg"uwoogt"
qh"4232."hqnnqykpi"c"uvtqpi"Gn"Pk‚q"{gct"kp"422;."
the tropical Indian Ocean warming is the main 
rquukdng"ewnrtkv"hqt"vjg"cpqocnqwu"cpvke{enqpg"cpf"
uwrrtguugf"eqpxgevkqp"qxgt" vjg" uwdvtqrkecn"YPR"
dcukp"*Hkiu0";f"cpf"32f+0"Yg"cnuq"hqwpf"c"fgetgcug"
in vertical wind shear over the South China Sea with 
an increase in shear over the WNP (not including 
UEU+"dcukp0"Vjku"rcvvgtp"ku"rquukdn{"nkpmgf"vq"c"ycto"
vtqrqurjgtke"Mgnxkp"ycxg"gzekvgf"d{"yguvgtn{"uvtguu"
cpqocnkgu."yjkej"ku"kpfwegf"d{"vjg"vtqrkecn"Kpfkcp"
Ocean warming and that propagates into the WNP. 
Inducing surface divergence off the equator, the tro-
pospheric Kelvin wave suppresses convection and 
induces an anomalous anticyclone over the WNP. 
Both the suppressed convection and anticyclonic 
cpqocnkgu"ctg"wphcxqtcdng"hqt"vtqrkecn"e{enqigpguku"
in the region (Fig. 11). The westerly vertical shear 
associated with the warm Kelvin wave reduces the 
magnitude of the vertical shear in the South China 
Sea and strengthens it in the WNP (not including 
SCS). Such an east-west variation in vertical wind 
shear causes TC activity to increase in the South 
China Sea (especially in the southern part) and to 
decrease in the WNP (not including SCS). 
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10Î8 s–1); (c) 200 hPa divergence (unit: 10Î8 s–1+."cpf"*f+"722"jRc"Qogic"*wpkv<"323*Pa s–1).
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dgvyggp"342/382³ G"hqt"*c+"3;;6"cpf"*d+"4232."tgurge-
tively. Shading indicates vertical velocity (unit: Pa s–1) 
and vectors represents the wind (unit: ms–1) averaged 
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Kv"ku"kpvgtguvkpi"vq"Ýpf"vjcv"vjg"nctig/uecng"eqpfk-
vkqpu"kp"3;;6"ctg"vjg"okttqt"kocig"qh"vjqug"kp"42320"
In other words, the tropical Indian Ocean cooling may 
dg"cp"korqtvcpv"hcevqt"hqt"jkij"VE"pwodgtu"kp"3;;60"
However, note that the SST over the tropical Indian 
Qegcp"kp"3;;6"ku"pqv"vjg"nqyguv"gxgt"tgeqtfgf"pqt"
it is the highest in 2010, which indicates that other 
factors also affect the annual TC frequency over the 
YPR"dcukp0"

80" Uwooct{"cpf"fkuewuukqpu
Vjg"ghhgev"qh"ugxgtcn"nctig/uecng"hcevqtu"qp"vjg"gz-
vtgogn{"nqy"vtqrkecn"e{enqigpguku"ugcuqp"qdugtxgf"
kp" 4232"qxgt" vjg"YPR"dcukp" ku" gzcokpgf" kp" vjku"
uvwf{0"Wukpi"vjg"IRK"kpfgz"rtqrqugf"d{"Gocpwgn"
cpf"Pqncp" *4226+." vjg" kpÞwgpeg" qh" hqwt" hcevqtu"
on TC genesis is investigated for 2010, following 
Camargo et an0"*4229+0"Yg"Ýpf"vjcv"vjg"IRK"ecp."vq"
uqog"gzvgpv."tgrtgugpv"vjg"urcvkcn"fkuvtkdwvkqp"qh"VE"
hqtocvkqp"dwv"kv"ecppqv"gzrnckp"vjg"gzvtgogn{"nqy"
VE"htgswgpe{"qh"42320"Jgpeg."c"dgvvgt"VE"igpguku"
kpfgz" ujqwnf" dg" fgxgnqrgf" kp" c" hwvwtg" uvwf{0"Pq"
tqdwuv"tgncvkqpujkr"ku"hqwpf"dgvyggp"VE"pwodgt"cpf"
ENSO, in agreement with previous studies (Chan, 
3;:7="Ncpfgt."3;;6="Ycpi"cpf"Ejcp."4224="¥jcq"
et an0." 4232+0" Hwtvjgt." dcugf" qp" vjg"DFK"ogvjqf"
rtqrqugf"d{"Rgpi"et an0 (2012), dynamic factors are 
hqwpf" vq"dg"oqtg" korqtvcpv" kp"fkhhgtgpvkcvkpi" vjg"
VE"hqtocvkqp"qxgt" vjg"YPR"dcukp"dgvyggp"4232"
cpf"3;;60"Kv"oc{"dg"ockpn{"fwg"vq"vjg"tgoctmcdng"
fkhhgtgpeg"kp"oqpuqqp"Þqyu"kp"vjg"YPR"dcukp"dg-
vyggp"4232"cpf"3;;60"

Vjg"rgcm" ugcuqp"qh"4232"ycu" ejctcevgtk¦gf"d{"
ygcm"OLQ"cevkxkv{."yjkej"ku"mpqyp"vq"oqfwncvg"VE"
cevkxkv{"kp"vjg"dcukp0"Rtgxkqwu"uvwfkgu"uwiiguvgf"vjcv"
c"ygcmgpgf"OLQ/VE"tgncvkqpujkr"cpf"cp"gpjcpegf"
tgncvkqpujkr"ctg"hqwpf"fwtkpi"fgxgnqrkpi"Nc"Pk‚c"cpf"
Gn"Pk‚q"{gctu."tgurgevkxgn{0"Vjg"nqyguv"VE"htgswgpe{"
qdugtxgf"fwtkpi"4232"ku"rquukdn{"cuuqekcvgf"ykvj"wp-
hcxqtcdng"gpxktqpogpvcn"eqpfkvkqpu"cpf"ygcm"OLQ"
cevkxkv{="jqygxgt."vjg"rj{ukecn"ogejcpkuo"tgurqpukdng"
for the lowest recorded TC frequency in 2010 remains 
wpengct"cpf"ujqwnf"dg"kpxguvkicvgf"kp"vjg"hwvwtg0

Vjg" kpÞwgpeg" qh"ycto"UUV" cpqocnkgu" kp" vjg"
tropical Indian Ocean during the peak TC season 
crrgctu" vq"dg"vjg"oquv" korqtvcpv"hcevqt" ngcfkpi"vq"
low TC frequency in 2010. The statistical analyses 
for the 2010 peak season including the oceanic and 
cvoqurjgtke"eqpfkvkqpu"eqorctgf"ygnn"ykvj"Fw"et 

an0 (2011) and Zhan et an0"*4233c."d+."cpf"tgncvg"vq"
vjg"rtgugpeg"qh"cp"cpvke{enqpg"qxgt"vjg"YPR"dcukp"
and associated with the westward tilt of the monsoon 
vtqwij" ecwugf"d{" vjg"ycto" vtqrkecn" Kpfkcp"Qegcp"
SST anomalies. 

Cu"c"Ýpcn"eqoogpv." cnuq"pqvg" vjcv" vjg"RcekÝe"
Fgecfcn"Queknncvkqp" *RFQ+" rjcug" jcu" vwtpgf" fg-
cidedly more negative (not shown) and two strong 
Nc"Pk‚c" gxgpvu" jcxg" gxqnxgf" ukpeg" 4228."yjkej"
kpfkecvgu"vjcv"vjg"RFQ"oc{"jcxg"cnuq"eqpvtkdwvgf"
to low TC genesis in 2010 (Maue, 2011). While we 
jcxg"pqvgf"vjg"rquukdng"kpÞwgpegu"qh"ugxgtcn"hcevqtu."
it still remains unclear which are the atmospheric 
cpf" qegcpke"ogejcpkuou" tgurqpukdng" hqt" vjg" qd-
ugtxgf"gzvtgogn{"nqy"VE"cevkxkv{"kp"42320"C"oqtg"
quantitative analysis and numerical simulations 
ujqwnf"dg"ecttkgf"qwv"kp"vjg"hwvwtg0"Kv"ku"pqvgyqtvj{"
that 2010 was also a record low year in terms of 
VE"htgswgpe{"kp"vjg"gcuvgtp"RcekÝe"dcukp0"Vjg"tqng"
qh"UUV"kp"vjg"fkhhgtgpv"dcukpu"ujqwnf"dg"gzrnqtgf"
as they may relate to the low TC frequency during 
4232"vjtqwijqwv"vjg"RcekÝe0
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