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RESUMEN

Los datos del archivo de trayectorias mejoradas (best track) del Centro Nacional de Huracanes de Miami 
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CDUVTCEV

Vjg"Pcvkqpcn"Jwttkecpg"Egpvgt"dguv"vtcem"ctejkxg"fcvc"hqt"vjg"pqtvjgcuvgtp"Vtqrkecn"RcekÝe"kpenwfgu"vtqrkecn"
e{enqpgu"*VE+"vjcv"gzjkdkvgf"tcrkf"cpf1qt"gzrnqukxg"fggrgpkpi"fwtkpi"vjg"rgtkqf"3;;5/422;0"Eqpewttgpvn{."
ucvgnnkvg"cnvkogvgt"qdugtxcvkqpu"ujqy"vjg"pqtvjgcuvgtp"Vtqrkecn"RcekÝe"rqrwncvgf"d{"e{enqpke"cpf"cpvke{enqpke"
qegcpke"gffkgu0"Vjgug"vyq"uqwtegu"qh"fcvc"ctg"wugf"vq"uvwf{"vjg"tqng"qh"qegcpke"gffkgu"kp"vjg"urcvkcn"fkuvtkdwvkqp"
qh"vjg"qegcpke"jgcv"eqpvgpv"cpf"vjg"tcrkf"cpf1qt"gzrnqukxg"fggrgpkpi"qh"VEu"kp"vjg"pqtvjgcuvgtp"Vtqrkecn"Rc-
ekÝe0"Cpcn{uku"qh"vjg"tguwnvu"fgoqpuvtcvgu"vjcv<"*3+"Kpvgtcevkqp"dgvyggp"VEu"cpf"cpvke{enqpke"gffkgu"qeewttgf"
kp"\"95'"qh"vjg"VEu"ykvjkp"vjg"cpcn{¦gf"rgtkqf="*4+";2'"qh"vjg"VEu"vjcv"tgcejgf"oclqt"jwttkecpg"ecvgiqt{"
jcf"gzrgtkgpegf"cp"kpvgtcevkqp"ykvj"cpvke{enqpke"gffkgu="*5+"\"3:'"*5'+"qh"vjg"VEu"ygtg"ejctcevgtk¦gf"d{"
tcrkf"*gzrnqukxg+"fggrgpkpi"cpf"96'"qh"vjgug"VEu"tgcejgf"vjg"fggrgpkpi"uvcvwu"chvgt"fktgev"cpf1qt"kpfktgev"
kpvgtcevkqp"ykvj"cpvke{enqpke"gffkgu="oqtgqxgt.":8'"qh"vjgo"tgcejgf"c"oclqt"jwttkecpg"ecvgiqt{0"Cpcn{uku"qh"
vjg"cvoqurjgtke"eqpfkvkqpu"fgoqpuvtcvgu"vjg"korqtvcpv"tqng"qh"ft{"ckt"kpvtwukqp"cnqpi"vjg"xgtvkecn"rtqÝng"qh 
the lower atmosphere as an inhibitor of tropical cyclone deepening.

Me{words<"Vtqrkecn"e{enqpgu."qegcpke"gffkgu."tcrkf"fggrgpkpi0

1. Introduction

Vjg"inquuct{"qh"vjg"Pcvkqpcn"Ygcvjgt"Ugtxkeg"qh"vjg"
National Oceanic and Atmospheric Administration 

*PQCC+"*jvvr<11hqtgecuv0ygcvjgt0iqx1inquuct{0rjr+"

fgÝpgu"tcrkf"fggrgpkpi"*TF+"qh"c"vtqrkecn"e{enqpg"
*VE+"cu"c"fgetgcug"kp"kvu"okpkowo"ugc/ngxgn"rtguuwtg"
qh" 3097"jRc1j" qt" 64"jRc"fwtkpi"46"jqwtu0"Gzrnq-

sive deepening (ED) occurs in a cyclone when the 

Atmósfera 4:*3+, 49/64 *4237+
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egpvtcn"rtguuwtg"fgetgcugu"407"jRc1j"hqt"cv"ngcuv"34"j"qt 
7"jRc1j"hqt"cv"ngcuv"8"j0"Uwej"ejcpigu"kp"vjg"uvtwevwtg"
qh"c"VE"ecp"dg"cuuqekcvgf"vq"nctig/uecng"cvoqurjgtke"
forcing (e.g., advection of moisture that may protect 

kpfkxkfwcn"eqpxgevkxg"vqygtu"cpf1qt"tgfwevkqp"kp"vjg"
vertical shear of the horizontal wind, among others) 

and as recent studies have suggested, to mesoscale 

oceanic features.

Yjkng" vjg" qegcpu" jcxg"dggp" tgeqipk¦gf" cu" vjg"
energy source for hurricanes for more than half a 

egpvwt{"*Rcnogp."3;6:="Hkujgt."3;7:="Ngkrrgt."3;89="
Rgtntqvj."3;89+."uwdugswgpv"uvwfkgu"kpfkecvg"vjcv"vjg"
oczkowo"jwttkecpg" kpvgpukv{"ycu" eqpuvtckpgf" d{"
thermodynamic effects principally related to the sea 

uwthceg" vgorgtcvwtg" *UUV+" *Oknngt."3;7:="Gocpwgn."
3;:8+0"Oqtg"tgegpv"uvwfkgu"hqt"jwttkecpgu"Mcvtkpc"cpf"
Tkvc"*Lckogu"cpf"Ujc{."422;+"ujqygf"vjcv"fgetgcugu"qh"
the sea-level pressure were better correlated with the 

nctig"fgrvj"qh"vjg"48"³E"kuqvjgto"cpf"vjg"qegcp"jgcv"
eqpvgpv"*QJE+"vjcp"vjg"UUVu."yjkej"ygtg"guugpvkcnn{"
wpkhqto" hqt" vjqug"ecugu0"Vjg"eqpegrv"qh"QJE"ycu"
qtkikpcnn{"fgÝpgf"d{"Ngkrrgt"cpf"Xqnigpcw"*3;94+0

Over the last decades, several studies have high-

lighted the interactions between ocean features and 

VE"gxqnwvkqp"kp"ugxgtcn"e{enqigpgvke"dcukpu0"Fwtkpi"
vjg" 3;;7"Pqtvj"Cvncpvke" vtqrkecn" e{enqpg" ugcuqp."
jwttkecpg"Qrcn"*vjg"oquv"kpvgpug"kp"vjcv"ugcuqp+"gz-

rgtkgpegf"c"uwffgp"cpf"wprtgfkevgf"kpvgpukÝecvkqp 

24 h before its landfall. During the rapid deepening 

from";87 to";38 hPa over 14 h, Opal moved over an 

anticyclonic oceanic eddy that had been shed from 

vjg"Nqqr"Ewttgpv"kp"vjg"Iwnh"qh"Ogzkeq"*Jqpi et al0, 
2000). After the interaction with the eddy, the 1-min 

surface winds increased from 35 to more than"82 ms–1 

cpf"vjg"tcfkwu"qh"oczkowo"ykpfu"fgetgcugf"htqo 40 

to 25 km (Shay et al0, 2000).

Kp"vjg"yguvgtp"Pqtvj"RcekÝe."uwrgtv{rjqqp"Ocg-

mi (the most intense of the 2003"ugcuqp+"kpvgpukÝgf"
(in 1-min sustained wind) from 41 to its peak of 

77 ms–1 during its"58 h interaction with an anticy-

clonic oceanic eddy. Lin et al0 (2005) demonstrated 

that the anticyclonic oceanic eddy acts as an effective 

insulator between the typhoon and the deeper ocean 

cold water, inhibiting the effect of the negative feed-

back (Chang and Anthes,"3;9:+"between the ocean 

and the typhoon.

Jwttkecpgu"Mcvtkpc"cpf"Tkvc"*vjg"vjktf"cpf"ugeqpf"
most intense cyclones of the 2005 North Atlantic 

ugcuqp+" gzrgtkgpegf" tcrkf" fggrgpkpi" fwtkpi" vjgkt"

respective encounter with an anticyclonic oceanic 

gff{"kp"vjg"Iwnh"qh"Ogzkeq0"Lckogu"cpf"Ujc{"*422;+ 
have studied these cases using a variety of datasets 

to evaluate the rapid increase in intensity observed 

during their respective passages over mesoscale 

oceanic features such as an anticyclonic oceanic 

gff{"cpf" vjg"Nqqr"Ewttgpv0"Vjg"cwvjqtu"eqpenwfg"
that in each case the observed decrease in central 

rtguuwtg"eqttgncvgf"dgvvgt"ykvj"vjg"fgrvj"qh"vjg"48"³E 

isotherm and the OHC relative to this isotherm than 

ykvj"vjg"UUV0
Vjg"rtgugpeg"qh"qegcpke"gffkgu"jcu"c"fktgev"korcev"

in the vertical structure of the near-surface oceanic 

layers, modifying the structure of the energy source 

hqt"VEu0"Kp"vjg"pqtvjgtp"jgokurjgtg."vjg"cpvke{enqpke"
jqtk¦qpvcn"Þqy"qh"c"igquvtqrjkecnn{"dcncpegf"gff{"
induces a secondary circulation directed towards the 

center of the gyre, producing a high pressure region 

in the surface, which also increases the depth of the 

vjgtoqenkpg0"Vjg" tguwnv" ku" c" nqecn" rqqn"ykvj"QJE"
higher than the surrounding waters. Such a local pool 

of high OHC could constitute a localized heat source 

vq"vtqrkecn"e{enqpgu0"Vjgug"ycto"hgcvwtgu"ctg"ejctce-
terized by isotherms displaced downward by several 

meters at the center of the eddy; in regions like the 

Iwnh"qh"Ogzkeq."vjg"fgrvj"qh"vjg"48"³E"kuqvjgto"ecp"
gzvgpf"vq"oqtg"vjcp"322"o."rtqxkfkpi"c"eqpvkpwqwu"
source of heat for tropical cyclones to intensify under 

favorable atmospheric conditions (Hong et al0, 2000; 

Shay et al0, 2000). Conversely, a geostrophically bal-

cpegf"gff{"ykvj"e{enqpke"jqtk¦qpvcn"Þqy"kpfwegu"c"
secondary circulation directed towards the periphery 

of the gyre, producing a low-pressure region at the 

center of the gyre in the surface, which reduces the 

depth of the thermocline and generates a local pool 

with OHC lower than the surrounding environment. 

VEu" kpvgtcevkqp"ykvj" e{enqpke" qegcpke" gffkgu" ecp"
also have an impact by weakening their intensity, 

cu"kv"jcu"dggp"fkuewuugf"d{"Lckogu"cpf"Ujc{"*422;+."
but in this study we will solely focus on interactions 

with anticyclonic oceanic eddies.

Chelton et al0"*4233+"cpcn{¦gf"38"{gctu"qh"ugc/uwt-
hceg"jgkijv"*UUJ+"Ýgnfu"htqo"ucvgnnkvg"cnvkogvgtu"vq"
investigate mesoscale variability in the global ocean, 

revealing that more than 50% of the variability is 

accounted for by westward-propagating nonlinear 

mesoscale eddies. Such mesoscale variability is 

due to linear Rossby waves and nonlinear eddies 

(Chelton et al0, 2007). In contrast to linear waves, 
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nonlinear eddies can transport momentum, heat, 

mass and chemical constituents of seawater (Rob-

kpuqp."3;:5+0"Vjku"uvwf{"fgoqpuvtcvgf"vjcv"qegcpke"
eddies are originated nearly everywhere in the world 

qegcpu0"Vjgtg"ku"gxkfgpeg"vjcv"vjg"tgncvkxg"xqtvkekv{"
is nearly constant within the interior of most eddies, 

k0g0."vjg"Þwkf"oqvkqp"ku"crrtqzkocvgn{"kp"uqnkf/dqf{"
tqvcvkqp0"Vjg"qdugtxgf"gffkgu"rtqrcicvg"pgctn{"fwg"
yguv"ykvj"uocnn"qrrqukpi"ogtkfkqpcn"fgÞgevkqpu"qh"
e{enqpgu" cpf" cpvke{enqpgu" *rqngyctf" cpf" gswcvqt-
ward, respectively).

Palacios and Bograd (2005) perform a statistical 

study of the activity of anticyclonic oceanic eddies 

kp" vjg"pqtvjgcuvgtp"Vtqrkecn"RcekÝe"dcukp"dgvyggp"
3;;5"cpf"4226"cpf"eqpenwfg"vjcv"kv"ku"fqokpcvgf"d{"
wind-generated eddies that originate in the gulfs of 

Vgjwcpvgrge"cpf"Rcrcic{q0"Vjgug"gffkgu"oqxg"yguv-
ward away from the coast, within a band of latitude 

dgvyggp":³"cpf"37³"P."ykvj"jqtk¦qpvcn"fkogpukqpu"
tcpikpi"htqo"322"vq"qxgt"622"mo"kp"fkcogvgt0"Vjgug"
eddies maintain their intensity over several months 

(on average the eddy season begins in late October 

and ends in early July) and reach longitudes beyond 

352³"Y0"Oqtgqxgt." vjg" vqvcn" pwodgt" qh" qdugtxgf"
eddies presents a high inter-annual variability, with 

c"okpkowo"qh"vjtgg"cpf"c"oczkowo"qh"35"rgt"{gct0"
Vjg"pwodgt."kpvgpukv{"*kp"vgtou"qh"kvu"f{pcoke"jgkijv"
and geostrophic circulation) and lifetime of eddies 

kpetgcug"fwtkpi"Gn"Pk‚q"{gctu"*g0i0."Gn"Pk‚q"3;;9/
3;;:"cpf"4224/4225+0

Additional studies have analyzed and discussed 

vjg" gzkuvgpeg" qh" cpvke{enqpke" qegcpke" gffkgu" kp"
fkhhgtgpv" tgikqpu" cnqpi" vjg" eqcuv" qh" vjg"Ogzkecp"
Pacific. Studies particularly relevant for inter-

actions with tropical cyclones, have identified 

three other regions located further north than the 

Iwnh" qh"Vgjwcpvgrge<" *3+" vjg" eqcuv" qh"Iwgttgtq"
(Zamudio et al0, 2001); (2) the coasts of Jalisco 

and Nayarit in the area of Cabo Corrientes and 

Marías Islands (Zamudio et al0, 2007; Pantoja et 

al0, 2012); and (3) the southern part of the Gulf of 

Ecnkhqtpkc" *Mwte¦{p" et al0." 4234+0"Vjgug" uvwfkgu 
show the presence of anticyclonic oceanic eddies 

in those regions also during the hurricane season. 

Generation mechanisms proposed in those studies 

nkpm"vjg"oguquecng"gffkgu"vq"vjg"rtgugpeg"qh"gswc-

torially-originated downwelling coastally-trapped 

waves that propagate poleward along the coast of 

vjg"Ogzkecp"RcekÝe."kvu"kpvgtcevkqp"ykvj"vjg"rqng-

yctf"Ogzkecp"Eqcuvcn"Ewttgpv."cpf"cnuq"dctqenkpke"
instabilities of the near-coastal currents.

Vq"vjg"dguv"qh"qwt"mpqyngfig."pq"uvwfkgu"vq"fcvg"
jcxg"gzrnqtgf"vjg"tgncvkqpujkr"dgvyggp"vjg"rtgugpeg"
of anticyclonic oceanic eddies in the northeastern 

Vtqrkecn"RcekÝe"cpf"vjg"gxqnwvkqp"qh"vtqrkecn"e{enqpgu0"
In particular, we concentrate in this study on the 

contribution of those eddies to the spatial distribution 

qh"QJE"cpf"vjg"tcrkf"cpf1qt"gzrnqukxg"fggrgpkpi"qh"
vtqrkecn"e{enqpgu"kp"vjg"tgikqp0"Oquv"qh"vjg"uekgpvkÝe"
literature devoted to the analysis of hurricane-oceanic 

eddy interaction does not include the analysis of the 

atmospheric environmental parameters; it merely 

assumes favorable atmospheric conditions. In this 

study we also use a high-resolution regional reanaly-

sis of atmospheric variables to study and understand 

vjg"cvoqurjgtke"eqpvgzv"kp"yjkej"jwttkecpg/qegcpke"
eddy interactions occur and the potential role of those 

cvoqurjgtke"eqpfkvkqpu"cu"fggrgpkpi"kpjkdkvqtu0"Yg"
cfftguu"urgekÝecnn{"vjg"hqnnqykpi"swguvkqpu<

30" Fqgu" vjg" kpvgtcevkqp" dgvyggp"VEu" cpf" cpvke{-

clonic oceanic eddies occur in the northeastern 

Vtqrkecn"RcekÝe"dcukpA"Cpf" kh" uq." jqy"qhvgp" kv"
qeewtuA

2. Is such an interaction a necessary condition for 

tcrkf"qt"gzrnqukxg"fggrgpkpi"vq"qeewt"fwtkpi"vjg"
gxqnwvkqp"qh"VEu"kp"vjg"tgikqpA

3. Is such an interaction an important factor in the 

development of major hurricanes (e.g., categories 

3, 4 and 5)"kp"vjg"tgikqpA
4. Even in the presence of such an interaction, what 

is the relative role of atmospheric conditions in 

ewtvcknkpi"vjg"fggrgpkpiA

Vjku"rcrgt"jcu"dggp"qticpk¦gf"kp eight sections; 

section 2 is devoted to describe datasets used in this 

work, and section 3 describes the methodology to 

estimate OHC and evaluate the potential impact of 

anticyclonic oceanic eddies in its temporal and spatial 

distribution. A joint analysis of the best track dataset, 

OHC and satellite altimetry data is performed in 

section 4, while in section 5 we identify periods of 

tcrkf"cpf"gzrnqukxg"fggrgpkpi"kp"VEu"gxqnwvkqp0"Kp"
section"8 we analyze the atmospheric environmental 

parameters to then review the relationship between 

vjg"fggrgpkpi"qh"VEu"cpf"cpvke{enqpke"qegcpke"gf-

dies in section 7. Concluding remarks are presented 

in section":0
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2. Datasets

Kp" qtfgt" vq" cfftguu" vjg" uekgpvkÝe" swguvkqpu" vjcv"
motivate this work, we made use of a variety of 

datasets: (i) the best track information from the 

National Hurricane Center (NHC) (Davis et al0, 
3;:6+= (ii) satellite altimetry products (produced 

d{"Uucnvq1FWCEU"cpf"fkuvtkdwvgf"d{"Cxkuq"ykvj"
support from the Centre National d’Etudes Spatia-

ngu"]jvvr<11yyy0cxkuq0qegcpqdu0eqo1fwceu1_+="*iii) 
Vjg"Pqtvj"Cogtkecp"Tgikqpcn"Tgcpcn{uku (NARR) 

(Mesinger et al., 2005); (iv) the Generalized Dig-

ital Environmental Model (GDEM) from the U.S. 

Pcx{"*Vgciwg"et al0,"3;;2+= (v) NOAA Optimum 

Kpvgtrqncvkqp" UUV" *Tg{pqnfu" et al0, 2002); (vi) 

vjg" UUV" htqo"VTOO"Oketqycxg" Kocigt" *VOK+"
data (produced by Remote Sensing Systems and 

sponsored by the NASA Earth Science Measures 

Fkueqxgt"Rtqlgev"]fcvc"ctg"cxckncdng"cv"jvvr<11yyy0
tgouu0eqo_+=" cpf" *vii+" UUV" htqo" vjg"Cfxcpegf"
Microwave Scanning Radiometer-EOS (AMSR-E) 

data (produced by Remote Sensing Systems and 

sponsored by the NASA Earth Science Measures 

Fkueqxgt"Rtqlgev"cpf"vjg"COUT/G"Uekgpeg"Vgco"
]fcvc"ctg"cxckncdng"cv"jvvr<11yyy0tgouu0eqo_+0"

3. Estimating the ocean heat content

Since we want to understand the role of anticyclonic 

oceanic eddies on the spatial distribution of OHC 

wughwn"hqt"VEu"kp"vjg"tgikqp"*cnuq"tghgttgf"cu"vtqrkecn"
cyclone heat potential), we need to calculate the OHC 

tgncvkxg"vq"vjg"48"³E"kuqvjgto"cu"fgÝpgf"d{"Ngkrrgt"
cpf"Xqnigpcw"*3;94+<

OHC = ρwCw (T(z) – 26ºC)dz
z=n'

z=H26

∫  (1)

where とw is the average density of the upper ocean water 

*3248"mi"o–3), Cw"ku"vjg"urgekÝe"jgcv"qh"ugcycvgt"cv"
eqpuvcpv"rtguuwtg"*639:"L"mi–1"M–1), T(z) is the upper 

ocean temperature structure and dz is the change in 

fgrvj0"Pqvg"vjcv"vjg"tghgtgpeg"vgorgtcvwtg"ku"48"³E. 
since it is the temperature assumed for tropical cy-

enqigpguku"*Rcnogp."3;6:+"cpf"vjcv"vjg"nkokvu"qh"vjg"
kpvgitcn"iq"htqo"vjg"fgrvj"qh"vjg"48"³E"kuqvjgto"*H48) 

to the elevation of the free surface (さ').

Vjg"ecnewncvkqp"qh" vjg"QJE"tgswktgu" vjg"gxcn-
wcvkqp"qh" vjg"xgtvkecn" vgorgtcvwtg"rtqÝng."cpf"yg"
use the approach proposed by Goni et al0" *3;;8+"

and Shay et al0 (2000) where the OHC is estimated 

wukpi"ucvgnnkvg"cnvkogvt{"cpf"UUV"fcvc"kp"c"vyq/nc{gt"
reduced-gravity ocean model. In this scheme the 

upper and lower layers are separated by the depth 

qh" vjg"42" ³E" kuqvjgto"cpf" vjg" tgfwegf"itcxkv{" ku"
given by:

g' =
g(ρ2 – ρ1)

ρ2
 (2)

where g is the acceleration of gravity, と1 represents 

the density of the upper layer and と2 represents the 

fgpukv{"qh"vjg"nqygt"nc{gt"*QÓDtkgp"cpf"Tgkf."3;89="
Mwpfw."3;;2="Iqpk"et al0."3;;8+0"Kp"vjku"crrtqcej"vjg"
vqvcn"fgrvj"qh"vjg"42"³E"kuqvjgto"ku"ikxgp"d{<

H20 = H20 + η' 
g
g'

 (3)

where H
20

 "tgrtgugpvu"vjg"cxgtcig"fgrvj"qh"vjg"42"³E 

isotherm from climatology. Mainelli (2000) pro-

posed that H
20

  should be determined only for the 

tropical cyclone season in the region (May through 

November) instead of an annual climatology, orig-

kpcnn{"wugf"kp" vjg"crrtqcej"qh"Iqpk"cpf"Vtkpcpgu"
*4225+0"Kp"Gs0"*5+."さ' is the sea surface height anom-

aly (SSHA) from satellite altimetry measurements. 

Vjg"vqvcn"fgrvj"qh"vjg"48"³E"kuqvjgto"ku"fgvgtokpgf"
from the relationship:

H20 = H20

H26

H20
 (4)

where H
26

 ku"vjg"cxgtcig"fgrvj"qh"vjg"48"³E"kuqvjgto"
from the climatology determined over the tropical 

e{enqpg"ugcuqp"qpn{0"Vjg"QJE"ku"ecnewncvgf"kp"vyq"
uvcigu0"Vjg"Ýtuv" uvcig" ku" fgvgtokpgf" htqo" vjg" enk-
ocvqnqikecn"qegcp"okzgf"nc{gt"fgrvj"*h), using the 

ucvgnnkvg/fgtkxgf"UUV"cu"c"rtqz{"hqt"vjg"vgorgtcvwtg"
kp"vjg"okzgf"nc{gt0"Vjg"QJE"kp"vjg"okzgf"nc{gt"wr"
to the depth h is proportional to [(SST"&"48"³E+"× h_0"
Vjg" ugeqpf" uvcig" kpxqnxgu"guvkocvkpi" vjg"QJE" kp"
vjg"nc{gt"wpfgtpgcvj"vjg"okzgf"nc{gt."htqo"h to the 

fgrvj"qh"vjg"48"³E"kuqvjgto."cpf"kv"ku"crrtqzkocvgf"cu 
0.5[H48"&"h_]SST"&"48" ³E_0"Vjg" vqvcn"QJE" ku" vjgp"
estimated as the sum of both contributions. Some 

underlying assumptions of this approach and detailed 

evaluation of satellite-inferred values to observed 

rtqÝngu" hqt" vjg" pqtvjgcuvgtp"Vtqrkecn" RcekÝe" ctg"
discussed by Shay and Brewster (2010).

Yg"wugf"vjg"Igpgtcnk¦gf"Fkikvcn"Gpxktqpogpvcn"
Oqfgn"*IFGO."xgtukqp"502+"enkocvqnqi{"*5/F"Ýgnfu"
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of temperature and salinity) from the U.S. Navy, to 

calculate the climatological values of と1 and と2 during 

the tropical cyclone season (May through Novem-

dgt+0"Yg"cnuq"wugf"vjg"IFGO"vq"ecnewncvg"vjg"fgrvju"
qh" vjg" 42" cpf"48" ³E" kuqvjgtou" cpf" enkocvqnqikecn"
fgrvj"qh"vjg"qegcp"okzgf"nc{gt0"Kp"qtfgt"vq"eqxgt"vjg"
eqorngvg"rgtkqf"kpenwfgf"kp"vjku"uvwf{"*3;;5/422;+."
vjtgg"fkhhgtgpv"uqwtegu"qh"ucvgnnkvg/fgtkxgf"UUV"fcvc"
ygtg"wugf."uwooctk¦gf"kp"Vcdng"K0"Vjg"ugc"uwthceg"
height anomaly (さ’) needed for the calculation of the 

QJE"ycu"qdvckpgf"htqo"vjg"Uucnvq1FWCEU"rtqfwev"
that changed its periodicity from every seven days to 

fckn{"kp"Lwn{"4228."ykvj"itkf"urcekpi"qh"42"cte"okpwvgu"
in a global coverage.

Daily maps of OHC were generated objectively 

analyzing the climatological parameters and the 

kpuvcpvcpgqwu"ocru"qh"UUV"cpf"UUJC"vq"c"tgiwnct"
itkf"ykvj"20347³"urcekpi"kp"ncvkvwfg/nqpikvwfg."hqt"vjg"
hwnn"rgtkqf"qh"qwt"uvwf{0"Vjg"tguwnvcpv"ocru"eqorctg"
very well with those calculated by Shay and Brewster 

*4232+0"Vjgug"tgiwnct"itkfu"ygtg"wugf"vq"ecnewncvg< 
*c+" vjg"oqpvjn{" enkocvqnqi{" *3;;5/422;+"qh"QJE"
during the tropical cyclone season of the northeastern 

Vtqrkecn"RcekÝe" *Hki0" 3+." cpf" *d+" vjg" gxqnwvkqp"qh"
vjg"8/jqwtn{"kpuvcpvcpgqwu"QJE"cnqpi"vjg"vtcem"cpf 

nkhg/vkog"qh"gcej"pcogf"VE"kp"vjg"dguv"vtcem"fcvcdcug"
dgvyggp"3;;5"cpf"422;"*vjku"ncvvgt"vqrke"yknn"dg"fku-
cussed in section 4).

Vgorqtcn"cpf"urcvkcn"xctkcdknkv{"qh" vjg"QJE"kp"
vjg"pqtvjgcuvgtp"Vtqrkecn"RcekÝe"*Hki0"3+"fwtkpi"vjg"
months that comprise the tropical cyclone season for 

this basin appears to be closely linked to the presence 

of oceanic mesoscale structures. During May and 

Lwpg."oczkowo"xcnwgu" qh"QJE" ctg" eqpegpvtcvgf"
dgvyggp"322/332³"Y"cpf":/37³"P0"Vjku"oczkowo"
is likely dominated by anticyclonic oceanic eddies 

that were windgenerated"kp"vjg"Iwnh"qh"Vgjwcpvgrge"

and the Gulf of Papagayo (Palacios and Bograd, 

2005) and have propagated westwards towards the 

egpvtcn"RcekÝe0"Vjku"hgcvwtg"jcu"dggp"kfgpvkÝgf"d{"
Mguungt"*4228+"cu"c"vjgtoqenkpg"fgrtguukqp"cpf"jcu"
dggp" pcogf" cu" vjg" ÐVgjwcpvgrge"DqynÑ0"Mguungt"
*4228+"jcu"cnuq"tgrqtvgf"vjcv"kv"ygcmgpu"cpf"tgvtgcvu"
qhhujqtg"fwtkpi"dqtgcn"uwoogt0"Vjku"hgcvwtg"crrgctu"
to be a direct result of anticyclonic oceanic eddies 

activity in the region, but it still remains an open 

swguvkqp" hqt" vjg" qegcpqitcrjke" eqoowpkv{0"Pqvg"
vjcv"vjg"oczkowo"xcnwgu"qh"QJE"*cdqxg":2"mL"eo&4) 

are observed during May, at the beginning of the 

tropical cyclone season for this basin.

During mid-season months (July and August), 

the OHC appears to be dominated by a combination 

qh" vjg" tgopcpvu"qh" vjg"Vgjwcpvgrge"cpf"Rcrcic{q"
eddies and the arrival to the area of the downwelling 

eqcuvcnn{/vtcrrgf"ycxgu"vjcv"qtkikpcvg"cv"vjg"gswcvqt0"
Zamudio et al0"*4223."4228+"j{rqvjguk¦g"vjcv"vjgug"
waves can trigger anticyclonic oceanic eddies during 

kvu" vtcpukv" vjtqwij" fkhhgtgpv" tgikqpu" qh" vjg"RcekÝe"
eqcuv."htqo"vjg"Iwnh"qh"Rcrcic{q"vq"vjg"Iwnh"qh"Vgjw-

antepec and along the coast of the state of Guerrero.

Vjg"QJE"xcnwgu"dgikp"vq"fgetgcug"kp"Ugrvgodgt"
cpf"Qevqdgt"cpf"vjg"gzvgpukqp"qh"jkij"QJE"ctgcu"
uvctvu" vq" tgvtcev0" Vjg"oczkowo" xcnwgu" qh"QJE"
appear to be dominated almost completely by anti-

cyclonic oceanic eddies generated along the coast 

of Guerrero, Jalisco and Nayarit in the area of the 

Marías Islands and Cabo Corrientes, likely triggered 

d{" gswcvqtkcnn{/qtkikpcvgf" fqypygnnkpi" eqcuvcn-
ly-trapped waves that have already traveled more 

poleward (Zamudio et al0, 2007) or by baroclinic 

instabilities of the near-coastal currents (Pantoja et 

al0."4234+0"Vjgug"xcnwgu"rtqdcdn{"cnuq"kpenwfg"vjg"
presence of eddies in the southern part of the Gulf 

of California that have been reported by Zamudio 

Vcdng" K0"Uwooct{"qh"ucvgnnkvg/fgtkxgf"ugc"uwthceg" vgorgtcvwtg"uqwtegu"wugf" kp" vjku"
study for various analyzed periods.

Period Product Spatial resolution Periodicity Agency

3;;5/3;;9 UUV/Tg{pqnfu 3³ (long., lat.) Yggmn{ NOAA
3;;:/4223 VOK 2047³ (long., lat.) Daily TGOUU1PCUC
4224/422; AMSR-E 2047³ (long.,lat.) Daily TGOUU1PCUC

UUV<"ugc"uwthceg"vgorgtcvwtg="VOK<"Vtqrkecn"Tckphcnn"Ogcuwtkpi"OkuukqpÓu"Oketqycxg"
Imager; AMSR-E: Advanced Microwave Scanning Radiometer-EOS; NOAA: National 

Qegcpke"cpf"Cvoqurjgtke"Cfokpkuvtcvkqp="TGOUU1PCUC<"Tgoqvg"Ugpukpi"U{uvgou1
National Aeronautics and Space Administration.
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et al0"*422:+"cpf"Mwtm¦{p"et al0 (2012)."Vjg"QJE"
reaches the minimum of the season during Novem-

dgt."yjgp"kv"crrgctu"vq"dg"kpÞwgpegf"d{"vjg"rtgugpeg"
of anticyclonic oceanic eddies recently generated 

d{"jkij"ykpf" gxgpvu" kp" vjg" iwnhu" qh"Vgjwcpvgrge"
and Papagayo.

4. Joint analysis of best track data, ocean heat 

content and satellite altimetry

For the purposes of this study, the presence of an 

anticyclonic oceanic eddy in the region results in 

an area with high OHC. In order to analyze if the 

kpvgtcevkqp"dgvyggp"VEu"cpf"cpvke{enqpke"qegcpke"

gffkgu"qeewtu"kp"vjg"pqtvjgcuvgtp"Vtqrkecn"RcekÝe."
we used both OHC and SSHA daily maps in com-

bination with best track trajectories of the tropical 

e{enqpgu"vjcv"qeewttgf"kp"vjg"dcukp"dgvyggp"3;;5"
cpf"422;."xgtkh{kpi"kh"cv"uqog"rqkpv"kp"kvu"vtclgevqt{"
cpf"cnqpi"kvu"nkhgvkog"c"VE"rcuugf"qxgt"cp"ctgc"ykvj"
gswkxcngpv"QJE"*QJEE) higher than 50 kJ cm&4 

yjkej"cnuq"jcf"rqukvkxg"UUJC0"Yjgp" vjgug" vyq"
eqpfkvkqpu"ctg"hwnÝnngf."vjku"e{enqpg"ku"eqpukfgtgf"cu"
having an interaction with an anticyclonic oceanic 

eddy. It should be noted that the threshold value of 

50 kJ cm2 is almost three times the value of the 

17 kJ cm2"kfgpvkÝgf"d{"Ngkrrgt"cpf"Xqnigpcw"*3;94+"
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as the amount of heat needed to be removed from 

the ocean per day, for a hurricane to maintain its 

kpvgpukv{0"Vjg"eqpegrv"qh"gswkxcngpv"QJE"ycu"kp-

troduced by Shay and Brewster (2010) as a variable 

that incorporates the strength of the thermocline 

cv" vjg" dcug" qh" vjg" qegcpke"okzgf" nc{gt" wukpi" c"
climatological stratification parameter that al-

lows comparing OHC in different basins. OHCE 

is given by

OHCE = OHC Nmax / No  , (5)

where OHC" ku" vjg" rtgxkqwun{" fgÝpgf" xgtvkecnn{"
integrated thermal structure from the surface to 

vjg" fgrvj" qh" vjg" 48" ³E" kuqvjgto."Nocz represents 

vjg" oczkowo" dwq{cpe{" htgswgpe{" cetquu" vjg"
qegcpke"okzkpi"nc{gt"dcug."cpf"N0 is the reference 

dwq{cpe{"htgswgpe{"hqt"c"ikxgp"tghgtgpeg"fgpukv{"
*k0g0."vgorgtcvwtg"cpf"ucnkpkv{+0"Vjg"enkocvqnqikecn"
uvtcvkÝecvkqp" rctcogvgt"ycu" ecnewncvgf" dcugf" qp"
climatology from GDEM.

Hqt"vjku"cpcn{uku."vjg"8/jqwtn{"ocru"qh"QJEE and 

SSHA were generated objectively analyzing the daily 

maps of OHC and SSHA to a regular grid with"20347³ 
spacing in latitude-longitude, along the lifetime of 

gcej"VE"kp"vjg"fcvcugv"htqo"3;;5"vq"422;0"C"ogcp"
xcnwg"ecnewncvgf"kp"c"uswctg"ctgc"qh"3"'"3³"egpvgtgf"
kp"vjg"VE"rqukvkqp"cv"gcej"vkog"uvgr"ycu"fgvgtokpgf"
from the OHCE" cpf"UUJC"xcnwgu" gzvtcevgf" htqo"
vjg"8/jqwtn{"ocru0"Vjku"uswctg"ctgc"qh"3"'"3³"ycu"
fgvgtokpgf"vq"kpenwfg"vjg"g{gycnn"qh"oquv"qh"vjg"VEu"
in the dataset.

Hkiwtg"4"ujqyu"cp"gzcorng"qh"vjg"cpcn{uku"wukpi"
instantaneous maps of SSHA and OHCE"cpf"vjg"gz-

tracted time series for each variable along the track of 

jwttkecpg"Jknct{"*3;;5+0"Kv"ujqyu"c"engct"kpvgtcevkqp"
with a region with high values of OHCE enhanced by 

vjg"rtgugpeg"qh"vyq"cpvke{enqpke"qegcpke"gffkgu0"Vjqug"
gffkgu"ygtg"hqtogf"kp"vjg"Iwnh"qh"Vgjwcpvgrge"cpf"
off the coast of Guerrero in mid-July and had propa-

icvgf"yguvyctf"vq"kvu"ewttgpv"rqukvkqp."eqpÝtogf"d{"
reviewing daily satellite-derived SSHA data and its 

calculated surface geostrophic circulation (not shown).

By applying the methodology described in this 

section to all named tropical cyclones that developed 

ykvjkp"vjg"tgikqp"dgvyggp";2"cpf"367³"Y"*464"htqo"
3;;5"vq"422;+"yg"hqwpf"vjcv"399"qh"vjqug"e{enqpgu"
(73%) presented interaction with an area of OHCE 

enhanced by the presence of anticyclonic oceanic 

gffkgu0"Vjku"mkpf"qh"kpvgtcevkqp"ycu"hqwpf"kp"cnn"qh"
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Hki0"40"Gswkxcngpv"qegcp"jgcv"eqpvgpv"*mL"eo&2) calculated by the two-layer model approach (c), using SSHA (m) data 

htqo"CXKUQ"*c+"cpf"UUV"htqo"Tg{pqnfu"hqt"jwttkecpg"Jknct{"qp"Cwiwuv"39."3;;5"fwtkpi"kvu"kpvgtcevkqp"ykvj"c"tgikqp"qh"
nqecnn{"gpjcpegf"qegcp"jgcv"eqpvgpv"fwg"vq"vjg"rtgugpeg"qh"vyq"cpvke{enqpke"qegcpke"gffkgu0"Vkog"ugtkgu"qh"UUJC"*d+"
and OHCE (d) along the hurricane track and its lifetime are also presented; the red line indicates the thresholds applied 

for each variable.
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the 17 analyzed seasons. Note that in 13 of those 17 

ugcuqpu."vjg"pwodgt"qh"VEu"vjcv"kpvgtcevgf"ykvj"cp"
cpvke{enqpke"qegcpke"gff{"gzeggfu"vjg"pwodgt"qh"VEu"
with no interaction.

Figure 3 presents a summary of the basic statistics 

qh"vjg"oczkowo"xcnwg"qh"QJEE"hqwpf"d{"vjg"399"VEu"
vjcv"gzrgtkgpegf"cp"kpvgtcevkqp"ykvj"cpvke{enqpke"qeg-
cpke"gffkgu."ecvgiqtk¦kpi"vjgo"d{"kvu"UchÝt/Ukoruqp"
kpvgpukv{"uecng0"Cu"gzrgevgf."yg"hqwpf"vjcv"vjg"nctigt"
intensities are related with larger values of OHCE. 

Cat-3 hurricanes presented the larger outlier case in 

vjku"uwdugv"qh"uvqtou"*45304;"mL"eo&4 ), related with 

hurricane Alma (May 24 to June 1, 2002).

Yjgp"eqpukfgtkpi"qpn{"oclqt"jwttkecpgu"*ecvg-
gories 3, 4 and 5) we found that: 

k0" Vjg"vqvcn"pwodgt"qh"oclqt"jwttkecpgu"qdugtxgf"
fwtkpi"vjg"cpcn{¦gf"rgtkqf"ycu"830

kk0" Hkhv{"Ýxg"*;2'+"qh"vjgo"jcf"gzrgtkgpegf"cp"kp-

teraction with an area of OHCE enhanced by the 

presence of anticyclonic oceanic eddies.

5. Rapid and explosive deepening tropical cy-

clones

Vjg"okpkowo" ugc" ngxgn" egpvtcn" rtguuwtg" tgrqtvgf"
qp"vjg"PJE"dguv"vtcem"fcvcugv"cv"c"8/j"kpvgtxcn"ycu"

wugf"vq"kfgpvkh{"vtqrkecn"e{enqpgu"vjcv"gzrgtkgpegf"
tcrkf"fggrgpkpi"*TF+"qt"gzrnqukxg"fggrgpkpi"*GF+"
kp" vjg" pqtvjgcuvgtp"Vtqrkecn"RcekÝe"dgvyggp"3;;5"
cpf"422;0"Vjg"fggrgpkpi"tcvg"*dp1dt) was calculated 

using forward differences for every time step, for 

each named tropical cyclone in the selected period. 

VEu"ykvj" c" fggrgpkpi" tcvg" gswcn" qt" nqygt" vjcp 

&3097"jRc1j"*qt"&64"jRc"fwtkpi"46"j+"ygtg"encuuk-
Ýgf"cu"TF"cpf"VEu"ykvj"fggrgpkpi"tcvgu"gswcn"qt 
nqygt"vjcp"&407"jRc1j"hqt"cv"ngcuv"34"j"cpf1qt"gswcn 
qt"nqygt"vjcp"&7"jRc1j"hqt"cv"ngcuv"8"j"ygtg"encuukÝgf"
cu"GF0"Cu"cp"gzcorng."Hkiwtg"6"ujqyu"vjg"gxqnwvkqp"
of the central pressure and the deepening rate calcu-

lated for hurricane Elida (Fig. 4a) in 2002 and for 

jwttkecpg"Nkpfc"kp"3;;9"*Hki0"6d+0
Forty-three of the 242 tropical cyclones analyzed 

kp" vjg"rgtkqf"3;;5/422;" *3909'+." tgcejgf" vjg"TF"
criteria and eight (3.3%) the ED criteria (Fig. 5). 

Ukzvggp"qwv"qh"vjg"39"ugcuqpu"cpcn{¦gf"jcf"cv"ngcuv"qpg"
tropical cyclone that reached one of the deepening 

etkvgtkc0"Vjg"qpn{"ugcuqp"vjcv"fkf"pqv"jcxg"cp{"vtqrkecn"
e{enqpg"gzrgtkgpekpi"TF"qt"GF"ycu"3;;;."yjkej"vq-

igvjgt"ykvj"3;;8"ctg"vjg"oquv"kpcevkxg"ugcuqpu"kp"vjg"
analyzed record (when only nine cyclones developed 

hqt"gcej"ugcuqp+0"Vcdng"KK"ujqyu"c"uwooct{"qh"vjg"
characteristics of tropical cyclones that underwent 

ED; note that all of them reached the category of 

major hurricanes.

6. Assessment of atmospheric environmental 

parameters

Inspired on the environmental parameters originally 

fguetkdgf"d{"Itc{"*3;97+"cu"e{enqigpguku"rtgewt-
sors, we calculated the following parameters for 

analysis:

30" Xgtvkecn"ujgct"qh"vjg"jqtk¦qpvcn"ykpf"dgvyggp"vjg"
nqygt"*:72"jRc+"cpf"wrrgt"vtqrqurjgtg"*422"jRc+0

2. Middle troposphere relative humidity (550 hPa).

50" Xgtvkecnn{"kpvgitcvgf"tgncvkxg"jwokfkv{"*htqo"772"
to 1000 hPa).

Vjgug"rctcogvgtu"ygtg"fgvgtokpgf"htqo"vjg"rwd-

licly-available NARR dataset with a horizontal grid 

urcekpi"qh"54"mo"cpf"c"vkog"urcekpi"qh"5"j."kp"4;"xgt-
tical levels (Mesinger et al0."4227+0"Vjg"xgtvkecn"rtq-

Ýng"qh"vjg"tgncvkxg"jwokfkv{"*htqo"772"vq"3222"jRc+ 
was compared with a reference value of 75% in or-

der to estimate ivu"cpqocn{0"Vjku"xcnwg"ycu"ugngevgf"

240

220

200

180

160

140

120

O
H

C
E
 (

k
J
 c

m
–

2
)

100

80

60

40

TS H1 H2 H3 H4 H5

Saffir-Simpson scale

20

Hki0"50"Uwooct{"qh"gswkxcngpv"qegcp"jgcv"eqpvgpv"*mL"eo&4)

xctkcdknkv{"ecnewncvgf"hqt"vjg"399"VEu"vjcv"jcxg"rtgugpvgf"
interaction with anticyclonic oceanic eddies in the north-

gcuvgtp"Vtqrkecn"RcekÝe0



35Deepening of tropical cyclones during their interaction with oceanic eddies

6 1020

1000

960

C
e

n
tr

a
l 
p

re
s
s
u

re
 (

h
P

a
)

D
e

e
p

in
g

 r
a

te
 (

h
P

a
/h

)

980

940

920

900

4

2

b)

a)

0

0 30 60 90

RD

ED

Time (h)

Time (h)

120 150 180 210

–2

–4

–6

6 1020

1000

960

C
e
n
tr

a
l 
p
re

s
s
u
re

 (
h
P

a
)

D
e

e
p

in
g

 r
a

te
 (

h
P

a
/h

)

980

940

920

900

4

2

0

0 30 60 90

RD

ED

120 150 180 210

–2

–4

–6
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just below the value used by Emanuel et al0"*3;:8+"
kp"vjgkt"pwogtkecn"gzrgtkogpvu0"Cu"kpfkecvgf"kp"vjg"
gzcorng"kp"Hkiwtg"8."vjg"rqukvkxg"xcnwgu"*jwokfkv{"
values larger than 75%) and negative values (humid-

ity values smaller than 75%) were determined from 

vjg"rtqÝngu"gxgt{"8"j."fwtkpi"vjg"nkhgvkog"qh"cnn"TF1
GF"jwttkecpgu"kp"vjg"fcvcugv0"Cp"gzcorng"*Cfqnrj."
4223+"qh"vjku"xgtvkecn"rtqÝng"cpf"vjg"kpvgitcvgf"ctgcu."
representing relatively dry (light grey) and humid 

(dark grey) air in the environment surrounding the 

hurricane system is presented in Figure"80"Vjgug"vyq"
variables (dry and humid air) are reported in this 

study as percentage coverage of the indicated dry 

cpf"jwokf"ctgcu"kp"vjg"Ýiwtg0
For all the described atmospheric environmental 

parameters, we calculated the time evolution of the 

mean value in a 4"d{"6³"dqz"*cu"kp"Marín et al.,"422;+ 
centered at the current location of the cyclone, for all 

vjg"TF1GF"VE"kp"vjg"cpcn{¦gf"rgtkqf0
Figure 7 shows the time series for all the environ-

mental parameters described in this section for hur-

tkecpg"Lqjp"*4228+0"Kv"cnuq"ujqyu"vjg"vkog"ugtkgu"hqt"
central pressure (from the best track dataset) and for 

OHCE and SSHA derived as described in section 4. 

Note that all the atmospheric parameters were favor-

able in this case: wind shear in the order of 11 ms&3; 

relative humidity at 550 hPa close to":6' during the 

entire lifetime of the hurricane; vertically integrated 

humid air values around 32% (near 32% of the humid 

ctgc"rtgugpvgf"c"xgtvkecn"rtqÝng"nctigt"vjcp 75% of 

tgncvkxg"jwokfkv{"]TJ_+="cpf"ft{"ckt"xcnwgu"enqug"vq"
zero most of the time (no presence of air with RH 

uocnngt" vjcp" 97'"cnqpi" vjg" xgtvkecn" rtqÝng+0"Vjg"
OHCE values (Fig. 7f) were around 120 kJ cm&4. 

Each environmental parameter, both atmospheric 

and oceanic, was normalized to the highest value 

presented in all the analyzed RD and ED cyclones 

of the dataset in order to compare different cases. A 

uwooct{"qh"vjqug"xcnwgu"ku"rtgugpvgf"kp"Vcdng III.

7. Relationship between the rapid deepening of 

tropical cyclones and anticyclonic oceanic ed-

dies

So far we have separately analyzed the interaction of 

VEu"ykvj" cpvke{enqpke"qegcpke" gffkgu" kp" vjg"pqtvj-

gcuvgtp"Vtqrkecn"RcekÝe" *ugevkqp"6+"cpf" vjg" htcevkqp"

Vcdng" KK0"Jwttkecpgu" vjcv" gzrgtkgpegf" gzrnqukxg" fggrgpkpi" kp" vjg"
pqtvjgcuvgtp"Vtqrkecn"RcekÝe"dcukp"kp"vjg"rgtkqf"3;;5/422;0

Name Season Comments

Mgppgvj 3;;5 Category 4, second most intense of the season
Lidia 3;;5 Category 4, third most intense of the season
Linda 3;;9 Category 5, most intense ever in the basin
Carlotta 2000 Category 4, most intense of the season
Juliette 2001 Category 4, most intense of the season
Elida 2002 Category 5, third most intense of the season
Mgppc 2002 Category 5, most intense of the season
Howard 2004 Category 4, second most intense of the season

100

200

300

400

500
550 hPa 75%

Dry area Humid area

600

700

800

900

1000
20 30 40 50

Relative humidity (%)

P
re

s
s
u

re
 (

h
P

a
)

60 70 80 90 100

Hki0"80"Tgncvkxg"jwokfkv{"*'+"rtqÝng"cpf"kvu"kpvgitcvgf"xcn-
ues from 550 to 1000 hPa levels with respect to a reference 

value of 75% relative humidity, calculated from NARR 

hqt"jwttkecpg"Cfqnrj"cv"22<22"WVE"*Oc{"52."4223+0"Vjg"
light grey area indicates dry air (with RH less than 75%) 

and the dark grey area indicates humid air (RH higher than 

97'+"kp"vjg"gpxktqpogpv"uwttqwpfkpi"vjg"jwttkecpg0"Vjgug"
variables are reported as the percentage coverage of dry 

area (between 50%-75% and 1000-550 hPa) or humid area 

(between 75%-100% and 1000-550 hPa).
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qh"VEu"kp"vjg"dcukp"vjcv"wpfgtygpv"TF"qt"GF"fwtkpi"
the same period (section 5). In this section we analyze 

the atmospheric and oceanographic environmental 

eqpvgzv"kp"yjkej"vjg"TF"cpf1qt"GF"qeewttgf."kp"qtfgt"
to understand the role of anticyclonic oceanic eddies 

in the evolution.

Cu" cp" gzcorng."yg" rtgugpv" jgtg" vjg" fgvckngf"
description of the atmospheric and oceanographic 

environmental conditions during the lifetime of 

jwttkecpg"Nkpfc"*3;;9+."yjkej"gzrgtkgpegf"gzrnqukxg"
deepening. Immediately following we generalize 

the discussion in terms of the statistics for all the 

cpcn{¦gf"TF1GF"VEu0
903 Hurricane Ninda *3;;9+
Hurricane Linda originated from an easterly wave 

observed in the radiosonde data from Dakar, Sene-

icn."kp"vjg"yguv"eqcuv"qh"Chtkec"qp"Cwiwuv"46."3;;9"
*Ncytgpeg."3;;;+0"Vjg"ycxg"ycu"vtcemgf"cetquu"vjg"
Atlantic and the Caribbean Sea in satellite imagery by 

the NHC. Increased cloudiness and convection off the 

RcekÝe"eqcuv"qh"Rcpcoc"qp"Ugrvgodgt"8."3;;9"ycu"
likely associated with that wave. Evidence of a poorly 

fgÝpgf"enqwf"u{uvgo"egpvgt"ykvjkp"c"dtqcf"vtqrkecn"
disturbance appeared in satellite imagery early on 

Ugrvgodgt";0"Vjg"tgikqp"rtgugpvgf"xgt{"jkij"QJEE 

linked to the presence of several anticyclonic oceanic 

eddies that had formed along the coast and began to 

move westward. A banded cloud pattern emerged, and 

the NHC indicated that a tropical depression formed 

htqo"vjg"fkuvwtdcpeg"ctqwpf"34<22"WVE"qp"Ugrvgodgt"
;."3;;9"cv"cdqwv"962"mo"uqwvj"qh"Ocp¦cpknnq."Ogzkeq0"
Vjg"vtqrkecn"e{enqpg"oqxgf"pqtvjyguvyctf"cv"407"vq"
5 ms&3, partly in response to a mid- to upper-level 

low in the vicinity of southern Baja California. Deep 

convective banding increased and the depression 

uvtgpivjgpgf"kpvq"vtqrkecn"uvqto"Nkpfc"cv"22<22"WVE"
qp"Ugrvgodgt" 32." 3;;9"ykvj"oczkowo"ykpfu" qh 
3:"ou&3 and minimum central pressure of 1005 hPa. 
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Vjg"eqorngvg"rcvj"qh"Nkpfc"ku"ujqyp"kp"Hkiwtg":c."
combined with the spatial distribution of OHCE for 

34<22"WVE"qp"Ugrvgodgt" 33." 3;;90" Ukpeg" 28<22"
WVE"qp" vjku" ucog"fc{." vjg"fggrgpkpi" tcvg" tgcejgf"
xcnwgu"enqug"vq"vjg"GF"vjtgujqnf"*4047"jRc1j+"cpf"ycu"
ockpvckpgf"hqt"34"j0"Uwdugswgpvn{."cv"3:<22"WVE"qp"
Ugrvgodgt"33."3;;9"Nkpfc"gzrgtkgpegf"cp"grkuqfg"
qh"GF"*ykvj"cp"cxgtcig"fggrgpkpi"tcvg"qh"607"jRc1j"
hqt"34"j+0"Fwtkpi"vjqug"46"j"*kpfkecvgf"kp"Hki0":c"d{"
vjg"itggp"ektengu"cnqpi"NkpfcÓu"vtcem"cpf"kp"Hki0":d."e 
between the black vertical lines) minimum central 

rtguuwtg"fgetgcugf"htqo";96"vq";24"jRc"cpf"vjg"ykpf"
urggf"kpetgcugf"htqo"6303"vq":405"ou&3 turning Linda 

kpvq"c"ecvgiqt{"7"jwttkecpg"qp"vjg"UchÝt/Ukoruqp"uecng"
and becoming the strongest hurricane ever recorded 

kp"vjg"pqtvjgcuvgtp"Vtqrkecn"RcekÝe0
Cu"ujqyp"kp"Hkiwtg":e." vjg"cvoqurjgtke"eqpfk-

vkqpu"ygtg" xgt{" hcxqtcdng" hqt" kpvgpukÝecvkqp."ykvj"
ygcm" xgtvkecn" ujgct" *ctqwpf" ;0:"ou&3, during the 

Ýtuv"94"j+."xgt{"jkij"xcnwgu"qh"tgncvkxg"jwokfkv{"kp"
vjg"okffng"vtqrqurjgtg"*ctqwpf":5'+."ykvj"jwokf"
air penetration along the entire column (around 

40%) and almost without any dry air intrusion in 

vjg" xgtvkecn" rtqÝng" *ctqwpf"2033'+0"Nkpfc" hqtogf"

in an area with high OHCE (around 50 kJ cm&4) and 

its trajectory passed through an area with increas-

ingly high OHCE." fwtkpi" vjg"Ýtuv" 58" j" *tgcejkpi"
vjg"oczkowo"xcnwg"qh" 376057"mL" eo&4). Its effect 

ku" tghngevgf" kp" vjg" pgct" gzrqpgpvkcn" itqyvj" qh 
the wind speed time series, and the rapid decrease of 

vjg"egpvtcn"rtguuwtg"xcnwgu."cu"ujqyp"kp"Hkiwtg":d0"
Vjg"GF"qeewtu"koogfkcvgn{"chvgt"NkpfcÓu"vtclgevqt{"
rcuugf"qxgt" vjg"oczkowo"xcnwgu" qh"QJEE, in an 

ctgc"kpÞwgpegf"d{"vjg"rtgugpeg"qh"cpvke{enqpke"qeg-
anic eddies. It is important to note that the values of 

OHCE during the evolution of Linda are the highest 

gpeqwpvgtgf" kp" vjg"cpcn{¦gf"VEu" vjcv" tgcejgf"TF"
qt"GF"kp"vjg"fcvcugv"*3;;5/422;+0"Vjg"ygcmgpkpi"qh"
Linda coincides with the decline of the OHCE and 

this factor is clearly decisive, since it never made 

landfall. Although atmospheric conditions were 

very favorable for the remainder of the lifetime of 

the hurricane, even slightly improving (since the 

TJ"cv"772"jRc"kpetgcugf"wr"vq";2'."vjg"jwokfkv{"
cnqpi"vjg"xgtvkecn"eqnwop"kpetgcugf"vq":2'"]cnuq"vjg"
jkijguv"xcnwgu"qp"vjg"TF1GF"fcvcugv_"cpf"vjg"ujgct"
dropped up to 5 ms&3) the hurricane weakened until 

dissipating.

Vcdng"KKK0"Uwooct{"qh"vjg"oczkowo"xcnwgu"tgcejgf"hqt"vjg"fkhhgtgpv"gpxktqpogpvcn"rctcogvgtu"vjcv"jcxg"dggp"gxcnwcvgf"
hqt"jwttkecpgu"vjcv"gzrgtkgpegf"TF"qt"GF"kp"vjg"pqtvjgcuvgtp"Vtqrkecn"RcekÝe"dcukp"fwtkpi"vjg"rgtkqf"3;;5/422;0 

Environmental

parameter

Oczkowo
value

Name

qh"VE
Season Comments

RH-550 hPa ;4093' Fernanda 3;;5 Ecvgiqt{"6." vjktf"oquv" kpvgpug"qh" vjg"ugcuqp0"Vjg"oczkowo"
xcnwg"qh"TJ"cv"772"jRc"ycu"tgcejgf"fwtkpi"kvu"ygcmgpkpi"*391
Cwi13;;5"cv"28<22"WVE+0

Ykpf"ujgct 54098 ms–1 Juliette 3;;7 Ecvgiqt{"6."oquv"kpvgpug"qh"vjg"ugcuqp0"Vjg"oczkowo"xcnwg"
qh"ykpf"ujgct"ycu"tgcejgf"fwtkpi"kvu"ygcmgpkpi"*471Ugrv13;;7"
cv"22<22"WVE+0

OHCE 154.35 kJ cm–2 Linda 3;;9 Ecvgiqt{"7."oquv"kpvgpug"gxgt"kp"vjg"dcukp0"Vjg"oczkowo"xcnwg"
qh"QJEG"ycu"tgcejgf"fwtkpi"kvu"kpkvkcn"kpvgpukÝecvkqp"uvcig"*321
Ugrv13;;9"cv"3:<22"WVE+0

XK/JC 9;07:' Linda 3;;9 Ecvgiqt{" 7."oquv" kpvgpug" gxgt" kp" vjg" dcukp0"Vjg"oczkowo"
value of vertically integrated humid air was reached during its 

ygcmgpkpi"rgtkqf"*381Ugrv13;;9"cv"22<22"WVE+0

XK/FC 100% Howard 2004 Ecvgiqt{"6."ugeqpf"oquv"kpvgpug"qh"vjg"ugcuqp0"Vjg"oczkowo"
value of vertically integrated dry air was reached during its 

ygcmgpkpi"*321Ugrv14226"cv"28<22"WVE+0

TJ<"tgncvkxg"jwokfkv{="QJE<"qegcp"jgcv"eqpvgpv="XK/JC<"xgtvkecnn{"kpvgitcvgf"jwokf"ckt="XK/FC<"xgtvkecnn{"kpvgitcvgf"
dry air.
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904 Overall statistical anal{sis

Yjgp"cpcn{¦kpi" vjg"gpxktqpogpvcn"rctcogvgtu" hqt"
vjg"73"VEu"vjcv"gzrgtkgpegf"TF"qt"GF."yg"hqwpf"
vjcv"kp"5:"ecugu"*96'+"vjg"TF1GF"ycu"fktgevn{"tg-
ncvgf"ykvj"VE"kpvgtcevkqp"ykvj"cpvke{enqpke"qegcpke"
eddies; interactions had a mean duration of 30 h 

and an OHCE"ogcp"xcnwg"qh":8"mL"eo&40"Vjg"ogcp"
value of SSHA was 0.05 m and the mean values for 

atmospheric parameters were as follows: wind shear, 

;07"ou&3="tgncvkxg"jwokfkv{"cv"772"jRc.":2'="xgtvkecn-
ly integrated value of humid air, 30%; and vertically 

kpvgitcvgf"xcnwg"qh"ft{"ckt."308'0

Hki0":0"*c+"Qdlgevkxgn{"cpcn{¦gf"kpuvcpv"Ýgnf"qh"gswkxcngpv"qegcp"jgcv"eqpvgpv"*mL"eo&4) 

and best track trajectory for hurricane Linda (12:00"WVE."Ugrvgodgt"33."3;;9+"fwtkpi"
its interaction with enhanced OHCE by the presence of anticyclonic oceanic eddies. (b) 

Vkog"ugtkgu"hqt"ykpf"urggf"*dnwg"nkpg."nghv"uecng+"cpf"rtguuwtg"*itggp"nkpg."tkijv"uecng+0"*e+"
Pqtocnk¦gf"vkog"ugtkgu"qh"TJ"cv"772"jRc"*tgf"nkpg+."xgtvkecn"ykpf"ujgct"cv":72/422"jRc"
*ocigpvc"nkpg+."ft{"ckt"kpvtwukqp"*itggp"nkpg+."jwokf"ckt"kpvtwukqp"*dnwg"nkpg+"cpf"gswkxcngpv"
qegcp"jgcv"eqpvgpv"gxqnwvkqp"*dncem"nkpg+0"Vjg"itggp"ektengu"kp"*c+"cpf"vjg"dncem"xgtvkecn"
nkpgu"kp"*d."e+"jkijnkijv"vjg"gzrnqukxg"fggrgpkpi"rgtkqf"hqt"Nkpfc0
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Vjqug"5:"VEu"ogpvkqpgf" kp" vjg"rtgxkqwu"rctc-

itcrj"vjcv"jcf"gzrgtkgpegf"TF1GF"chvgt"vjgkt"kpvgt-
action with anticyclonic oceanic eddies, were further 

analyzed to determine the role of such an interaction 

in contributing towards reaching the category of 

oclqt"jwttkecpg0"Vjg"tguwnvu"kpfkecvg"vjcv"kp":8'"qh"
vjg"ecugu"*55"qwv"qh"5:+"vjg"u{uvgo"kpvgpukÝgf"chvgt"
vjg"kpvgtcevkqp"vq"dgeqog"c"oclqt"jwttkecpg"*:"J/7."
20 H-4 and 5 H-3).

8. Concluding remarks

Vgorqtcn"cpf"urcvkcn"xctkcdknkv{"qh"vjg"qegcpke"jgcv"
eqpvgpv"kp"vjg"pqtvjgcuvgtp"Vtqrkecn"RcekÝe."fwtkpi"
the months that comprise the tropical cyclone season 

for this basin, appears to be closely linked to the 

rtgugpeg"qh"cpvke{enqpke"qegcpke"gffkgu0"Yjkng"vjg"
oceanographic community has not yet reached a con-

sensus on the topic, there are a couple of hypotheses 

for their generation in this basin. Such eddies can be 

igpgtcvgf"kp"vjg"Iwnh"qh"Vgjwcpvgrge"cpf"vjg"Iwnh"qh"
Papagayo by the effect of the wind, a forcing mecha-

nism particularly important during the winter months 

but that can be present also during midsummer. Alter-

natively, such eddies can be formed by the arrival of 

fqypygnnkpi"Mgnxkp"eqcuvcnn{/vtcrrgf"ycxgu"vjcv"ecp"
spawn anticyclonic oceanic eddies during their transit 

vjtqwij"fkhhgtgpv"tgikqpu"qh"vjg"RcekÝe"Eqcuv."htqo"
vjg"Iwnh"qh"Rcrcic{q"vq"vjg"Iwnh"qh"Vgjwcpvgrge"cpf"
northward along the coast of the state of Guerrero. 

Regardless of the particular generation mechanism, 

such eddies are often observed in the basin during 

the months when tropical cyclones form.

Kp"vjku"uvwf{"yg"ujqy"vjcv"kp"vjg"pqtvjgcuvgtp"Vtqr-

kecn"RcekÝe"vjg"kpvgtcevkqp"dgvyggp"vtqrkecn"e{enqpgu"
and anticyclonic oceanic eddies is very common, and 

yg"ecp"gzrgev" vq"qdugtxg" kv" kp"oquv"qh" vjg" vtqrkecn"
e{enqpgu"vjcv"ctg"igpgtcvgf"gxgt{"ukping"ugcuqp0"Yg"
also show that a large majority of the major hurricanes 

qdugtxgf" kp" vjg"dcukp"dgvyggp"3;;5"cpf"422;"rtg-
sented interactions with anticyclonic oceanic eddies.

However, such interaction is not a sufficient 

eqpfkvkqp"vq"kpfweg"tcrkf"qt"gzrnqukxg"fggrgpkpi"qh"
vtqrkecn"e{enqpgu"kp"vjg"dcukp."pqt"ku"kv"c"uwhÝekgpv"
condition to produce major hurricanes. Neverthe-

less, most of the hurricanes that reached some of the 

fggrgpkpi" etkvgtkc" *:8'+." tgcejgf" vjg" ecvgiqt{"qh"
major hurricane after interacting with areas with high 

values of OHC. Furthermore, some hurricanes that 

fkf"pqv"gzrgtkgpeg"tcrkf"fggrgpkpi"cnuq"kpvgpukÝgf"

to the category of major hurricane after interacting 

with areas with high OHC.

It is possible to generalize that anticyclonic oce-

cpke"gffkgu"igpgtcvgf"kp"vjg"iwnhu"qh"Vgjwcpvgrge"cpf"
Rcrcic{q"jcxg"c"ukipkÝecpv"korcev"qp"vjg"TF"cpf 

qxgtcnn" kpvgpukÝecvkqp"qh"vtqrkecn"e{enqpgu"vjcv"fg-
velop during July and August in the basin. During 

September and October, dominant trajectories of 

tropical cyclones facilitate the interaction with areas 

of high OHC locally increased by the presence of an-

ticyclonic oceanic eddies generated along the coasts 

qh"vjg"pqtvjgcuvgtp"Vtqrkecn"RcekÝe"d{"vjg"rtgugpeg"qh 
fqypygnnkpi"Mgnxkp"eqcuvcnn{/vtcrrgf"ycxgu"qt"qvjgt"
documented physical processes.

Most of the analyzed cases that met the criteria 

of either RD or ED not only showed interaction with 

areas of high OHC, but they also showed favorable 

atmospheric conditions such as low values of wind 

shear, high values of relative humidity in the mid-tro-

posphere (550 hPa), and high values of vertically-in-

tegrated humidity (from 550 to 1000 hPa).

Vjg"jgcv"gzejcpig"dgvyggp"vjg"qegcp"cpf"vjg"jwt-
ricane, as it moves through a region with high OHC, 

locally increased by the presence of anticyclonic 

oceanic eddies, is not only the most important process 

kp"vjg"pqtvjgcuvgtp"Vtqrkecn"RcekÝe"hqt"c"jwttkecpg"vq"
tgcej"vjg"tcrkf"qt"gzrnqukxg"fggrgpkpi"etkvgtkc."dwv"
cnuq"ku"c"mg{"hcevqt"hqt"vjg"kpvgpukÝecvkqp"qh"vtqrkecn"
cyclones in the basin. Also note that the presence 

of dry air vertically integrated (with less than 75% 

relative humidity values) plays a very important role 

as an inhibitor for deepening of tropical cyclones in 

vjg"tgikqp."eqpÝtokpi"vjg"tguwnvu"tgrqtvgf"d{"Oct‡p"
et al0"*422;+"hqt"c"hgy"ecug"uvwfkgu0

Vjg"ejcpig"qh"vtqrkecn"e{enqpg"kpvgpukv{"ku"c"eqo-

rngz."pqpnkpgct"rtqeguu" vjcv"qhvgp" kpxqnxgu"ugxgtcn"
competing or synergistic factors. However, the results 

presented here strongly suggest that the variability of 

the OHC, partly associated with the presence of anti-

cyclonic oceanic eddies and likely with downwelling 

Mgnxkp" eqcuvcnn{/vtcrrgf"ycxgu" wpfgt" c" hcxqtcdng"
cvoqurjgtke" gpxktqpogpv." ukipkÝecpvn{" korcev" vjg"
physical processes controlling cyclogenesis, main-

tenance and intensity changes of tropical cyclones 

kp"vjg"pqtvjgcuvgtp"Vtqrkecn"RcekÝe0
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