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RESUMEN

Los datos del archivo de trayectorias mejoradas (best track) del Centro Nacional de Huracanes de Miami
para el Pacifico nororiental tropical incluyen ciclones tropicales (CT) que exhiben profundizacion rapida y/o
explosiva durante el periodo 1993-2009. Al mismo tiempo, observaciones de altimetria satelital muestran al
Pacifico nororiental tropical poblado por remolinos oceanicos ciclonicos y anticiclonicos. Estas dos fuentes
de datos se utilizan para estudiar el papel de los remolinos oceanicos en la distribucion espacial del calor
oceanico y la profundizacion rapida y/o explosiva de los CT del Pacifico nororiental tropical. El analisis
de los resultados demuestra que: 1) la interaccion entre CT y remolinos oceanicos anticiclonicos ocurrioé en
~ 73% de los CT del periodo analizado; 2) de los CT que alcanzaron la categoria de huracanes, 90% habia
interaccionado con los remolinos oceanicos anticiclonicos; 3) ~ 18% (3%) de los CT se caracterizaron por
profundizacion rapida (explosiva), 74% de éstos alcanzaron el estado de profundizacion después de su inte-
raccion directa y/o indirecta con remolinos oceanicos anticiclonicos, y de ellos el 86% alcanzo la categoria de
huracan mayor. El analisis de las condiciones atmosféricas demuestra que la intrusion de aire seco a lo largo
del perfil vertical de la atmdsfera inferior desempefi6é un papel importante como inhibidor de la profundizacion.

ABSTRACT

The National Hurricane Center best track archive data for the northeastern Tropical Pacific includes tropical
cyclones (TC) that exhibited rapid and/or explosive deepening during the period 1993-2009. Concurrently,
satellite altimeter observations show the northeastern Tropical Pacific populated by cyclonic and anticyclonic
oceanic eddies. These two sources of data are used to study the role of oceanic eddies in the spatial distribution
of the oceanic heat content and the rapid and/or explosive deepening of TCs in the northeastern Tropical Pa-
cific. Analysis of the results demonstrates that: (1) Interaction between TCs and anticyclonic eddies occurred
in ~ 73% of the TCs within the analyzed period; (2) 90% of the TCs that reached major hurricane category
had experienced an interaction with anticyclonic eddies; (3) ~ 18% (3%) of the TCs were characterized by
rapid (explosive) deepening and 74% of these TCs reached the deepening status after direct and/or indirect
interaction with anticyclonic eddies; moreover, 86% of them reached a major hurricane category. Analysis of
the atmospheric conditions demonstrates the important role of dry air intrusion along the vertical profile of
the lower atmosphere as an inhibitor of tropical cyclone deepening.

Keywords: Tropical cyclones, oceanic eddies, rapid deepening.

1. Introduction defines rapid deepening (RD) of a tropical cyclone
The glossary of the National Weather Service of the ~ (TC) as a decrease in its minimum sea-level pressure
National Oceanic and Atmospheric Administration  of 1.75 hPa/h or 42 hPa during 24 hours. Explo-
(NOAA) (http://forecast.weather.gov/glossary.php)  sive deepening (ED) occurs in a cyclone when the
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central pressure decreases 2.5 hPa/h for at least 12 h or
5 hPa/h for at least 6 h. Such changes in the structure
of'a TC can be associated to large-scale atmospheric
forcing (e.g., advection of moisture that may protect
individual convective towers and/or reduction in the
vertical shear of the horizontal wind, among others)
and as recent studies have suggested, to mesoscale
oceanic features.

While the oceans have been recognized as the
energy source for hurricanes for more than half a
century (Palmen, 1948; Fisher, 1958; Leipper, 1967;
Perlroth, 1967), subsequent studies indicate that the
maximum hurricane intensity was constrained by
thermodynamic effects principally related to the sea
surface temperature (SST) (Miller, 1958; Emanuel,
1986). More recent studies for hurricanes Katrina and
Rita (Jaimes and Shay, 2009) showed that decreases of
the sea-level pressure were better correlated with the
large depth of the 26 °C isotherm and the ocean heat
content (OHC) than the SSTs, which were essentially
uniform for those cases. The concept of OHC was
originally defined by Leipper and Volgenau (1972).

Over the last decades, several studies have high-
lighted the interactions between ocean features and
TC evolution in several cyclogenetic basins. During
the 1995 North Atlantic tropical cyclone season,
hurricane Opal (the most intense in that season) ex-
perienced a sudden and unpredicted intensification
24 h before its landfall. During the rapid deepening
from 965 to 916 hPa over 14 h, Opal moved over an
anticyclonic oceanic eddy that had been shed from
the Loop Current in the Gulf of Mexico (Hong et al.,
2000). After the interaction with the eddy, the 1-min
surface winds increased from 35 to more than 60 ms
and the radius of maximum winds decreased from 40
to 25 km (Shay et al., 2000).

In the western North Pacific, supertyphoon Mae-
mi (the most intense of the 2003 season) intensified
(in 1-min sustained wind) from 41 to its peak of
77 ms ' during its 36 h interaction with an anticy-
clonic oceanic eddy. Lin et al. (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, 1978) between the ocean
and the typhoon.

Hurricanes Katrina and Rita (the third and second
most intense cyclones of the 2005 North Atlantic
season) experienced rapid deepening during their

respective encounter with an anticyclonic oceanic
eddy in the Gulf of Mexico. Jaimes and Shay (2009)
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
eddy and the Loop Current. The authors conclude
that in each case the observed decrease in central
pressure correlated better with the depth of the 26 °C
isotherm and the OHC relative to this isotherm than
with the SST.

The presence of oceanic eddies has a direct impact
in the vertical structure of the near-surface oceanic
layers, modifying the structure of the energy source
for TCs. In the northern hemisphere, the anticyclonic
horizontal flow of a geostrophically balanced eddy
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
thermocline. The result is a local pool with OHC
higher than the surrounding waters. Such a local pool
of high OHC could constitute a localized heat source
to tropical cyclones. These warm features are charac-
terized by isotherms displaced downward by several
meters at the center of the eddy; in regions like the
Gulf of Mexico, the depth of the 26 °C isotherm can
extend to more than 100 m, providing a continuous
source of heat for tropical cyclones to intensify under
favorable atmospheric conditions (Hong et al., 2000;
Shay et al., 2000). Conversely, a geostrophically bal-
anced eddy with cyclonic horizontal flow induces a
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.
TCs interaction with cyclonic oceanic eddies can
also have an impact by weakening their intensity,
as it has been discussed by Jaimes and Shay (2009),
but in this study we will solely focus on interactions
with anticyclonic oceanic eddies.

Chelton et al. (2011) analyzed 16 years of sea-sur-
face height (SSH) fields from satellite altimeters to
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 al., 2007). In contrast to linear waves,
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nonlinear eddies can transport momentum, heat,
mass and chemical constituents of seawater (Rob-
inson, 1983). This study demonstrated that oceanic
eddies are originated nearly everywhere in the world
oceans. There is evidence that the relative vorticity
is nearly constant within the interior of most eddies,
i.e., the fluid motion is approximately in solid-body
rotation. The observed eddies propagate nearly due
west with small opposing meridional deflections of
cyclones and anticyclones (poleward and equator-
ward, respectively).

Palacios and Bograd (2005) perform a statistical
study of the activity of anticyclonic oceanic eddies
in the northeastern Tropical Pacific basin between
1993 and 2004 and conclude that it is dominated by
wind-generated eddies that originate in the gulfs of
Tehuantepec and Papagayo. These eddies move west-
ward away from the coast, within a band of latitude
between 8° and 15° N, with horizontal dimensions
ranging from 100 to over 400 km in diameter. These
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
130° W. Moreover, the total number of observed
eddies presents a high inter-annual variability, with
a minimum of three and a maximum of 13 per year.
The number, intensity (in terms of its dynamic height
and geostrophic circulation) and lifetime of eddies
increase during El Nifio years (e.g., El Nifio 1997-
1998 and 2002-2003).

Additional studies have analyzed and discussed
the existence of anticyclonic oceanic eddies in
different regions along the coast of the Mexican
Pacific. Studies particularly relevant for inter-
actions with tropical cyclones, have identified
three other regions located further north than the
Gulf of Tehuantepec: (1) the coast of Guerrero
(Zamudio et al., 2001); (2) the coasts of Jalisco
and Nayarit in the area of Cabo Corrientes and
Marias Islands (Zamudio et al., 2007; Pantoja et
al., 2012); and (3) the southern part of the Gulf of
California (Kurczyn et al., 2012). These studies
show the presence of anticyclonic oceanic eddies
in those regions also during the hurricane season.
Generation mechanisms proposed in those studies
link the mesoscale eddies to the presence of equa-
torially-originated downwelling coastally-trapped
waves that propagate poleward along the coast of
the Mexican Pacific, its interaction with the pole-

ward Mexican Coastal Current, and also baroclinic
instabilities of the near-coastal currents.

To the best of our knowledge, no studies to date
have explored the relationship between the presence
of anticyclonic oceanic eddies in the northeastern
Tropical Pacific and the evolution of tropical cyclones.
In particular, we concentrate in this study on the
contribution of those eddies to the spatial distribution
of OHC and the rapid and/or explosive deepening of
tropical cyclones in the region. Most of the scientific
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
the atmospheric context in which hurricane-oceanic
eddy interactions occur and the potential role of those
atmospheric conditions as deepening inhibitors. We
address specifically the following questions:

1. Does the interaction between TCs and anticy-
clonic oceanic eddies occur in the northeastern
Tropical Pacific basin? And if so, how often it
occurs?

2. Is such an interaction a necessary condition for
rapid or explosive deepening to occur during the
evolution of TCs in the region?

3. Is such an interaction an important factor in the
development of major hurricanes (e.g., categories
3,4 and 5) in the region?

4. Even in the presence of such an interaction, what
is the relative role of atmospheric conditions in
curtailing the deepening?

This paper has been organized in 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
rapid and explosive deepening in TCs evolution. In
section 6 we analyze the atmospheric environmental
parameters to then review the relationship between
the deepening of TCs and anticyclonic oceanic ed-
dies in section 7. Concluding remarks are presented
in section 8.
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2. Datasets

In order to address the scientific questions that
motivate this work, we made use of a variety of
datasets: (i) the best track information from the
National Hurricane Center (NHC) (Davis et al.,
1984); (ii) satellite altimetry products (produced
by Ssalto/DUACS and distributed by Aviso with
support from the Centre National d’Etudes Spatia-
les [http://www.aviso.oceanobs.com/duacs/]); (7i5)
The North American Regional Reanalysis (NARR)
(Mesinger et al., 2005); (iv) the Generalized Dig-
ital Environmental Model (GDEM) from the U.S.
Navy (Teague et al., 1990); (v) NOAA Optimum
Interpolation SST (Reynolds et al., 2002); (vi)
the SST from TRMM Microwave Imager (TMI)
data (produced by Remote Sensing Systems and
sponsored by the NASA Earth Science Measures
Discover Project [data are available at http:/www.
remss.com]); and (vii) SST from the Advanced
Microwave Scanning Radiometer-EOS (AMSR-E)
data (produced by Remote Sensing Systems and
sponsored by the NASA Earth Science Measures
Discover Project and the AMSR-E Science Team
[data are available at http://www.remss.com]).

3. Estimating the ocean heat content

Since we want to understand the role of anticyclonic
oceanic eddies on the spatial distribution of OHC
useful for TCs in the region (also referred as tropical
cyclone heat potential), we need to calculate the OHC
relative to the 26 °C isotherm as defined by Leipper
and Volgenau (1972):

OHC = p,C,, | (T(z) - 26°C)dz )
z=H)g

where p,, is the average density of the upper ocean water
(1026 kg m™), C, is the specific heat of seawater at
constant pressure (4178 J kg' K'"), 7(z) is the upper
ocean temperature structure and dz is the change in
depth. Note that the reference temperature is 26 °C,
since it is the temperature assumed for tropical cy-
clogenesis (Palmen, 1948) and that the limits of the
integral go from the depth of the 26 °C isotherm (H)
to the elevation of the free surface (#').

The calculation of the OHC requires the eval-
uation of the vertical temperature profile, and we
use the approach proposed by Goni et al. (1996)

and Shay et al. (2000) where the OHC is estimated
using satellite altimetry and SST data in a two-layer
reduced-gravity ocean model. In this scheme the
upper and lower layers are separated by the depth
of the 20 °C isotherm and the reduced gravity is
given by:

glp2—p1)
T m @)

!

where g is the acceleration of gravity, p, represents
the density of the upper layer and p, represents the
density of the lower layer (O’Brien and Reid, 1967;
Kundu, 1990; Goni et al., 1996). In this approach the
total depth of the 20 °C isotherm is given by:

Hao=Hyy+ éivﬂ' ®)
where I—E represents the average depth of the 20 °C
isotherm from climatology. Mainelli (2000) pro-
posed that [—?0 should be determined only for the
tropical cyclone season in the region (May through
November) instead of an annual climatology, orig-
inally used in the approach of Goni and Trinanes
(2003). In Eq. (3), ' is the sea surface height anom-
aly (SSHA) from satellite altimetry measurements.
The total depth of the 26 °C isotherm is determined
from the relationship:

Hyo = T Hyo “)
where I-E is the average depth of the 26 °C isotherm
from the climatology determined over the tropical
cyclone season only. The OHC is calculated in two
stages. The first stage is determined from the cli-
matological ocean mixed layer depth (%), using the
satellite-derived SST as a proxy for the temperature
in the mixed layer. The OHC in the mixed layer up
to the depth £ is proportional to [(SST — 26 °C) X h].
The second stage involves estimating the OHC in
the layer underneath the mixed layer, from /4 to the
depth of the 26 °C isotherm, and it is approximated as
0.5[Hys — h][SST — 26 °C]. The total OHC is then
estimated as the sum of both contributions. Some
underlying assumptions of this approach and detailed
evaluation of satellite-inferred values to observed
profiles for the northeastern Tropical Pacific are
discussed by Shay and Brewster (2010).

We used the Generalized Digital Environmental
Model (GDEM, version 3.0) climatology (3-D fields
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of temperature and salinity) from the U.S. Navy, to
calculate the climatological values of p, and p, during
the tropical cyclone season (May through Novem-
ber). We also used the GDEM to calculate the depths
of the 20 and 26 °C isotherms and climatological
depth of the ocean mixed layer. In order to cover the
complete period included in this study (1993-2009),
three different sources of satellite-derived SST data
were used, summarized in Table I. The sea surface
height anomaly () needed for the calculation of the
OHC was obtained from the Ssalto/DUACS product
that changed its periodicity from every seven days to
daily in July 2006, with grid spacing of 20 arc minutes
in a global coverage.

Daily maps of OHC were generated objectively
analyzing the climatological parameters and the
instantaneous maps of SST and SSHA to a regular
grid with 0.125° spacing in latitude-longitude, for the
full period of our study. The resultant maps compare
very well with those calculated by Shay and Brewster
(2010). These regular grids were used to calculate:
(a) the monthly climatology (1993-2009) of OHC
during the tropical cyclone season of the northeastern
Tropical Pacific (Fig. 1), and (b) the evolution of
the 6-hourly instantaneous OHC along the track and
life-time of each named TC in the best track database
between 1993 and 20009 (this latter topic will be dis-
cussed in section 4).

Temporal and spatial variability of the OHC in
the northeastern Tropical Pacific (Fig. 1) during the
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
June, maximum values of OHC are concentrated
between 100-110° W and 8-15° N. This maximum
is likely dominated by anticyclonic oceanic eddies
that were windgenerated in the Gulf of Tehuantepec

and the Gulf of Papagayo (Palacios and Bograd,
2005) and have propagated westwards towards the
central Pacific. This feature has been identified by
Kessler (2006) as a thermocline depression and has
been named as the “Tehuantepec Bowl”. Kessler
(2006) has also reported that it weakens and retreats
offshore during boreal summer. This feature appears
to be a direct result of anticyclonic oceanic eddies
activity in the region, but it still remains an open
question for the oceanographic community. Note
that the maximum values of OHC (above 80 kJ cm™)
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
of the remnants of the Tehuantepec and Papagayo
eddies and the arrival to the area of the downwelling
coastally-trapped waves that originate at the equator.
Zamudio et al. (2001, 2006) hypothesize that these
waves can trigger anticyclonic oceanic eddies during
its transit through different regions of the Pacific
coast, from the Gulf of Papagayo to the Gulf of Tehu-
antepec and along the coast of the state of Guerrero.

The OHC values begin to decrease in September
and October and the extension of high OHC areas
starts to retract. The maximum values of OHC
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
Marias Islands and Cabo Corrientes, likely triggered
by equatorially-originated downwelling coastal-
ly-trapped waves that have already traveled more
poleward (Zamudio et al., 2007) or by baroclinic
instabilities of the near-coastal currents (Pantoja et
al., 2012). These values probably also include the
presence of eddies in the southern part of the Gulf
of California that have been reported by Zamudio

Table I. Summary of satellite-derived sea surface temperature sources used in this

study for various analyzed periods.

Period Product Spatial resolution Periodicity = Agency
1993-1997  SST-Reynolds 1° (long., lat.) Weekly NOAA
1998-2001 TMI 0.25° (long., lat.) ~ Daily REMSS/NASA
2002-2009 AMSR-E 0.25° (long.,lat.)  Daily REMSS/NASA

SST: sea surface temperature; TMI: Tropical Rainfall Measuring Mission’s Microwave
Imager; AMSR-E: Advanced Microwave Scanning Radiometer-EOS; NOAA: National
Oceanic and Atmospheric Administration; REMSS/NASA: Remote Sensing Systems/
National Aeronautics and Space Administration.
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Fig. 1. Monthly climatology (1993-2009) of the ocean heat content during the months that
comprise the tropical cyclone season of the northeastern Tropical Pacific (KJ cm?).

et al. (2008) and Kurkzyn et al. (2012). The OHC
reaches the minimum of the season during Novem-
ber, when it appears to be influenced by the presence
of anticyclonic oceanic eddies recently generated
by high wind events in the gulfs of Tehuantepec
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
interaction between TCs and anticyclonic oceanic

eddies occurs in the northeastern Tropical Pacific,
we used both OHC and SSHA daily maps in com-
bination with best track trajectories of the tropical
cyclones that occurred in the basin between 1993
and 2009, verifying if at some point in its trajectory
and along its lifetime a TC passed over an area with
equivalent OHC (OHCg) higher than 50 kJ cm™*
which also had positive SSHA. When these two
conditions are fulfilled, this cyclone is considered as
having an interaction with an anticyclonic oceanic
eddy. It should be noted that the threshold value of
50 kJ cm? is almost three times the value of the
17 kJ cm? identified by Leipper and Volgenau (1972)
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as the amount of heat needed to be removed from
the ocean per day, for a hurricane to maintain its
intensity. The concept of equivalent OHC was in-
troduced by Shay and Brewster (2010) as a variable
that incorporates the strength of the thermocline
at the base of the oceanic mixed layer using a
climatological stratification parameter that al-
lows comparing OHC in different basins. OHCg
is given by

OHCg=OHC+\Npax /N, , %)

where OHC is the previously defined vertically
integrated thermal structure from the surface to
the depth of the 26 °C isotherm, N, represents
the maximum buoyancy frequency across the
oceanic mixing layer base, and N, is the reference
buoyancy frequency for a given reference density
(i.e., temperature and salinity). The climatological
stratification parameter was calculated based on
climatology from GDEM.

For this analysis, the 6-hourly maps of OHCg and
SSHA were generated objectively analyzing the daily
maps of OHC and SSHA to a regular grid with 0.125°
spacing in latitude-longitude, along the lifetime of

)

" | , | , | . | ,
130 120 110 100 90
Long W (°)

each TC in the dataset from 1993 to 2009. A mean
value calculated in a square area of 1 x 1° centered
in the TC position at each time step was determined
from the OHC; and SSHA values extracted from
the 6-hourly maps. This square area of 1 x 1° was
determined to include the eyewall of most of the TCs
in the dataset.

Figure 2 shows an example of the analysis using
instantaneous maps of SSHA and OHC;, and the ex-
tracted time series for each variable along the track of
hurricane Hilary (1993). It shows a clear interaction
with a region with high values of OHC; enhanced by
the presence of two anticyclonic oceanic eddies. Those
eddies were formed in the Gulf of Tehuantepec and
off the coast of Guerrero in mid-July and had propa-
gated westward to its current position, confirmed by
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
within the region between 90 and 145° W (242 from
1993 to 2009) we found that 177 of those cyclones
(73%) presented interaction with an area of OHCg
enhanced by the presence of anticyclonic oceanic
eddies. This kind of interaction was found in all of

Fig. 2. Equivalent ocean heat content (kJ cm?) calculated by the two-layer model approach (c), using SSHA (m) data
from AVISO (a) and SST from Reynolds for hurricane Hilary on August 17, 1993 during its interaction with a region of
locally enhanced ocean heat content due to the presence of two anticyclonic oceanic eddies. Time series of SSHA (b)
and OHC, (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
seasons, the number of TCs that interacted with an
anticyclonic oceanic eddy exceeds the number of TCs
with no interaction.

Figure 3 presents a summary of the basic statistics
of the maximum value of OHCg found by the 177 TCs
that experienced an interaction with anticyclonic oce-
anic eddies, categorizing them by its Saffir-Simpson
intensity scale. As expected, we found that the larger
intensities are related with larger values of OHCE.
Cat-3 hurricanes presented the larger outlier case in
this subset of storms (231.29 kJ cm ™), related with
hurricane Alma (May 24 to June 1, 2002).

When considering only major hurricanes (cate-
gories 3, 4 and 5) we found that:

i. The total number of major hurricanes observed
during the analyzed period was 61.

ii. Fifty five (90%) of them had experienced an in-
teraction with an area of OHCg enhanced by the
presence of anticyclonic oceanic eddies.

5. Rapid and explosive deepening tropical cy-
clones

The minimum sea level central pressure reported
on the NHC best track dataset at a 6-h interval was

240

220

200

180 |

TS A1 H2 M3 M4 Hs
Saffir-Simpson scale
Fig. 3. Summary of equivalent ocean heat content (kJ cm?)
variability calculated for the 177 TCs that have presented
interaction with anticyclonic oceanic eddies in the north-
eastern Tropical Pacific.

used to identify tropical cyclones that experienced
rapid deepening (RD) or explosive deepening (ED)
in the northeastern Tropical Pacific between 1993
and 2009. The deepening rate (dp/df) was calculated
using forward differences for every time step, for
each named tropical cyclone in the selected period.
TCs with a deepening rate equal or lower than
—1.75 hPa/h (or —42 hPa during 24 h) were classi-
fied as RD and TCs with deepening rates equal or
lower than —2.5 hPa/h for at least 12 h and/or equal
or lower than —5 hPa/h for at least 6 h were classified
as ED. As an example, Figure 4 shows the evolution
of the central pressure and the deepening rate calcu-
lated for hurricane Elida (Fig. 4a) in 2002 and for
hurricane Linda in 1997 (Fig. 4b).

Forty-three of the 242 tropical cyclones analyzed
in the period 1993-2009 (17.7%), reached the RD
criteria and eight (3.3%) the ED criteria (Fig. 5).
Sixteen out of the 17 seasons analyzed had at least one
tropical cyclone that reached one of the deepening
criteria. The only season that did not have any tropical
cyclone experiencing RD or ED was 1999, which to-
gether with 1996 are the most inactive seasons in the
analyzed record (when only nine cyclones developed
for each season). Table II shows a summary of the
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
described by Gray (1975) as cyclogenesis precur-
sors, we calculated the following parameters for
analysis:

1. Vertical shear of the horizontal wind between the
lower (850 hPa) and upper troposphere (200 hPa).

2. Middle troposphere relative humidity (550 hPa).

3. Vertically integrated relative humidity (from 550
to 1000 hPa).

These parameters were determined from the pub-
licly-available NARR dataset with a horizontal grid
spacing of 32 km and a time spacing of 3 h, in 29 ver-
tical levels (Mesinger ef al., 2005). The vertical pro-
file of the relative humidity (from 550 to 1000 hPa)
was compared with a reference value of 75% in or-
der to estimate its anomaly. This value was selected
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Table II. Hurricanes that experienced explosive deepening in the
northeastern Tropical Pacific basin in the period 1993-2009.

Name Season Comments

Kenneth 1993 Category 4, second most intense of the season
Lidia 1993  Category 4, third most intense of the season
Linda 1997 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
Kenna 2002 Category 5, most intense of the season
Howard 2004 Category 4, second most intense of the season

just below the value used by Emanuel et al. (1986)
in their numerical experiments. As indicated in the
example in Figure 6, the positive values (humidity
values larger than 75%) and negative values (humid-
ity values smaller than 75%) were determined from
the profiles every 6 h, during the lifetime of all RD/
ED hurricanes in the dataset. An example (Adolph,
2001) of this vertical profile and the integrated areas,
representing relatively dry (light grey) and humid
(dark grey) air in the environment surrounding the
hurricane system is presented in Figure 6. These two
variables (dry and humid air) are reported in this
study as percentage coverage of the indicated dry
and humid areas in the figure.

For all the described atmospheric environmental
parameters, we calculated the time evolution of the
mean value in a 4 by 4° box (as in Marin et al., 2009)
centered at the current location of the cyclone, for all
the RD/ED TC in the analyzed period.

Figure 7 shows the time series for all the environ-
mental parameters described in this section for hur-
ricane John (2006). It also shows the time series for
central pressure (from the best track dataset) and for
OHC; 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™;
relative humidity at 550 hPa close to 84% during the
entire lifetime of the hurricane; vertically integrated
humid air values around 32% (near 32% of the humid
area presented a vertical profile larger than 75% of
relative humidity [RH]); and dry air values close to
zero most of the time (no presence of air with RH
smaller than 75% along the vertical profile). The
OHC;, values (Fig. 7f) were around 120 kJ cm ™.
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
summary of those values is presented in Table III.

7. Relationship between the rapid deepening of
tropical cyclones and anticyclonic oceanic ed-
dies

So far we have separately analyzed the interaction of
TCs with anticyclonic oceanic eddies in the north-
eastern Tropical Pacific (section 4) and the fraction

100
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Fig. 6. Relative humidity (%) profile and its integrated val-
ues from 550 to 1000 hPa levels with respect to a reference
value of 75% relative humidity, calculated from NARR
for hurricane Adolph at 00:00 UTC (May 30, 2001). The
light grey area indicates dry air (with RH less than 75%)
and the dark grey area indicates humid air (RH higher than
75%) in the environment surrounding the hurricane. These
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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integrated dry air (%), (f) equivalent oceanic heat content (kJ cm ) and (g) sea surface height
anomaly (m) for hurricane John (2006), the second most intense hurricane during the 2006

season in the northeastern Tropical Pacific.

of TCs in the basin that underwent RD or ED during
the same period (section 5). In this section we analyze
the atmospheric and oceanographic environmental
context in which the RD and/or ED occurred, in order
to understand the role of anticyclonic oceanic eddies
in the evolution.

As an example, we present here the detailed
description of the atmospheric and oceanographic
environmental conditions during the lifetime of
hurricane Linda (1997), which experienced explosive
deepening. Immediately following we generalize
the discussion in terms of the statistics for all the
analyzed RD/ED TCs.

7.1 Hurricane Linda (1997)

Hurricane Linda originated from an easterly wave
observed in the radiosonde data from Dakar, Sene-
gal, in the west coast of Africa on August 24, 1997
(Lawrence, 1999). The wave was tracked across the
Atlantic and the Caribbean Sea in satellite imagery by

the NHC. Increased cloudiness and convection off the
Pacific coast of Panama on September 6, 1997 was
likely associated with that wave. Evidence of a poorly
defined cloud system center within a broad tropical
disturbance appeared in satellite imagery early on
September 9. The region presented very high OHCg
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
from the disturbance around 12:00 UTC on September
9, 1997 at about 740 km south of Manzanillo, Mexico.
The tropical cyclone moved northwestward at 2.5 to
5 ms™', partly in response to a mid- to upper-level
low in the vicinity of southern Baja California. Deep
convective banding increased and the depression
strengthened into tropical storm Linda at 00:00 UTC
on September 10, 1997 with maximum winds of
18 ms™' and minimum central pressure of 1005 hPa.
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Table III. Summary of the maximum values reached for the different environmental parameters that have been evaluated
for hurricanes that experienced RD or ED in the northeastern Tropical Pacific basin during the period 1993-2009.

Environmental =~ Maximum Name Season Comments

parameter value of TC

RH-550 hPa 92.71% Fernanda 1993 Category 4, third most intense of the season. The maximum
value of RH at 550 hPa was reached during its weakening (17/
Aug/1993 at 06:00 UTC).

Wind shear 3276 ms"'  Juliette 1995 Category 4, most intense of the season. The maximum value
of wind shear was reached during its weakening (25/Sept/1995
at 00:00 UTC).

OHC¢ 154.35kJ cm™? Linda 1997 Category 5, most intense ever in the basin. The maximum value
of OHCE was reached during its initial intensification stage (10/
Sept/1997 at 18:00 UTC).

VI-HA 79.58% Linda 1997 Category 5, most intense ever in the basin. The maximum
value of vertically integrated humid air was reached during its
weakening period (16/Sept/1997 at 00:00 UTC).

VI-DA 100% Howard 2004 Category 4, second most intense of the season. The maximum

value of vertically integrated dry air was reached during its
weakening (10/Sept/2004 at 06:00 UTC).

RH: relative humidity; OHC: ocean heat content; VI-HA: vertically integrated humid air; VI-DA: vertically integrated

dry air.

The complete path of Linda is shown in Figure 8a,
combined with the spatial distribution of OHC, for
12:00 UTC on September 11, 1997. Since 06:00
UTC on this same day, the deepening rate reached
values close to the ED threshold (2.25 hPa/h) and was
maintained for 12 h. Subsequently, at 18:00 UTC on
September 11, 1997 Linda experienced an episode
of ED (with an average deepening rate of 4.5 hPa/h
for 12 h). During those 24 h (indicated in Fig. 8a by
the green circles along Linda’s track and in Fig. 8b, c
between the black vertical lines) minimum central
pressure decreased from 974 to 902 hPa and the wind
speed increased from 41.1 to 82.3 ms™' turning Linda
into a category 5 hurricane on the Saffir-Simpson scale
and becoming the strongest hurricane ever recorded
in the northeastern Tropical Pacific.

As shown in Figure 8c, the atmospheric condi-
tions were very favorable for intensification, with
weak vertical shear (around 9.8 ms™', during the
first 72 h), very high values of relative humidity in
the middle troposphere (around 83%), with humid
air penetration along the entire column (around
40%) and almost without any dry air intrusion in
the vertical profile (around 0.11%). Linda formed

in an area with high OHC;, (around 50 kJ cm™) and
its trajectory passed through an area with increas-
ingly high OHC, during the first 36 h (reaching
the maximum value of 154.35 kJ cm™). Its effect
is reflected in the near exponential growth of
the wind speed time series, and the rapid decrease of
the central pressure values, as shown in Figure 8b.
The ED occurs immediately after Linda’s trajectory
passed over the maximum values of OHCg, in an
area influenced by the presence of anticyclonic oce-
anic eddies. It is important to note that the values of
OHC, during the evolution of Linda are the highest
encountered in the analyzed TCs that reached RD
or ED in the dataset (1993-2009). The weakening of
Linda coincides with the decline of the OHCy 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
RH at 550 hPa increased up to 90%, the humidity
along the vertical column increased to 80% [also the
highest values on the RD/ED dataset] and the shear
dropped up to 5 ms™') the hurricane weakened until
dissipating.
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7.2 Overall statistical analysis

When analyzing the environmental parameters for
the 51 TCs that experienced RD or ED, we found
that in 38 cases (74%) the RD/ED was directly re-
lated with TC interaction with anticyclonic oceanic
eddies; interactions had a mean duration of 30 h

and an OHC mean value of 86 kJ cm 2 The mean
value of SSHA was 0.05 m and the mean values for
atmospheric parameters were as follows: wind shear,
9.5 ms '; relative humidity at 550 hPa, 80%; vertical-
ly integrated value of humid air, 30%; and vertically
integrated value of dry air, 1.6%.
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Those 38 TCs mentioned in the previous para-
graph that had experienced RD/ED after their inter-
action with anticyclonic oceanic eddies, were further
analyzed to determine the role of such an interaction
in contributing towards reaching the category of
major hurricane. The results indicate that in 86% of
the cases (33 out of 38) the system intensified after
the interaction to become a major hurricane (8 H-5,
20 H-4 and 5 H-3).

8. Concluding remarks

Temporal and spatial variability of the oceanic heat
content in the northeastern Tropical Pacific, during
the months that comprise the tropical cyclone season
for this basin, appears to be closely linked to the
presence of anticyclonic oceanic eddies. While the
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
generated in the Gulf of Tehuantepec and the Gulf of
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
downwelling Kelvin coastally-trapped waves that can
spawn anticyclonic oceanic eddies during their transit
through different regions of the Pacific Coast, from
the Gulf of Papagayo to the Gulf of Tehuantepec and
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.

In this study we show that in the northeastern Trop-
ical Pacific the interaction between tropical cyclones
and anticyclonic oceanic eddies is very common, and
we can expect to observe it in most of the tropical
cyclones that are generated every single season. We
also show that a large majority of the major hurricanes
observed in the basin between 1993 and 2009 pre-
sented interactions with anticyclonic oceanic eddies.

However, such interaction is not a sufficient
condition to induce rapid or explosive deepening of
tropical cyclones in the basin, nor is it a sufficient
condition to produce major hurricanes. Neverthe-
less, most of the hurricanes that reached some of the
deepening criteria (86%), reached the category of
major hurricane after interacting with areas with high
values of OHC. Furthermore, some hurricanes that
did not experience rapid deepening also intensified

to the category of major hurricane after interacting
with areas with high OHC.

It is possible to generalize that anticyclonic oce-
anic eddies generated in the gulfs of Tehuantepec and
Papagayo have a significant impact on the RD and
overall intensification of tropical cyclones that de-
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
of the northeastern Tropical Pacific by the presence of
downwelling Kelvin coastally-trapped waves or other
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).

The heat exchange between the ocean and the hur-
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
in the northeastern Tropical Pacific for a hurricane to
reach the rapid or explosive deepening criteria, but
also is a key factor for the intensification of tropical
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
the region, confirming the results reported by Marin
et al. (2009) for a few case studies.

The change of tropical cyclone intensity is a com-
plex, nonlinear process that often involves several
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
Kelvin coastally-trapped waves under a favorable
atmospheric environment, significantly impact the
physical processes controlling cyclogenesis, main-
tenance and intensity changes of tropical cyclones
in the northeastern Tropical Pacific.
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