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Abstract

Tropical cyclones have the ability to very quickly increase in strength. This process is called rapid intensification
and as a result, tropical cyclones can transform into hurricanes. Rapid intensification is related to the availability
of heat and the amount of negative feedback of the ocean on the tropical cyclone. Negative feedback results in the
weakening of the tropical cyclone. Cyclones passing over a warm ocean anomaly have access to more heat and due
to the relatively high temperatures, the amount of negative feedback is reduced considerably. A necessary condition
for rapid intensification is therefore the presence of a warm ocean anomaly, often being warm core eddies. This
paper relates the rapid intensification of tropical cyclone Matthew to the presence of warm core eddies in the track of
Matthew. Results show that there is no extensive evidence found for the presence of a warm core eddy before rapid
intensification took place. Although maps of the sea surface height and sea surface temperature indicate the possible
existence of a warm core eddy, surface velocities do not show the characteristic rotation flow of an eddy. The enthalpy
flux is considerably large just before the rapid intensification of Matthew indicating that the negative feedback by
the ocean is reduced and heat is available for transport. The rapid intensification of Matthew might be linked to
other physical mechanisms that have been overlooked. Possible mechanisms identified are the Amazon-Orinoco river
plume and La Nifia. Further studies on the rapid intensification of tropical cyclone Matthew should therefore take into
account these mechanisms and study their influence on rapid intensification.

Keywords: Caribbean Sea, Tropical Cyclones, Warm Core Eddies, Air-Sea Interaction, Air-Sea Fluxes, Rapid
Intensification, Negative Feedback

ricanes is one of the main focuses of hurricane devel-
opment research. Tropical cyclones are low-pressure
systems over (sub)tropical waters with organized con-
vection and wind circulation (Holland, 1993). In the
Northern and Southern Hemisphere, tropical cyclones
are cyclonic. Rapid intensification is defined as the

1. Introduction

Research has shown that the damages caused by hurri-
canes will continue to increase in the future. The grow-
ing population along coastal areas contributes to this
(Creel, 2003). Furthermore, the rapid intensification of

tropical cyclones to hurricanes is underestimated - or
even missing - in analyses, leading to incomplete evac-
uations (Goldenberg et al., 2001). Studies (Blake et al.,
2007; Pielke Jr et al., 2008; Blake et al., 2008; Malm-
stadt et al., 2009) show the adverse impact by hurricanes
on the economical and social structures of the affected
areas. Combined with global warming, studies in hurri-
cane development are essential in mitigating the conse-
quences.

The rapid intensification of tropical cyclones into hur-
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rapid deepening of tropical cyclones by 42 mb in 24H
(Holliday and Thompson, 1979) or a 15 m/s day™" in-
crease in the maximum surface wind velocity (Kaplan
and DeMaria, 2003). The general result of rapid intensi-
fication is a stronger tropical cyclone. When the intensi-
fication is very strong, the tropical cyclone can develop
into a hurricane (Saffir-Simpson tropical cyclone scale
(Simpson and Saffir, 1974)).

The primary source in the rapid intensification period is
the interaction between air and sea. Previous research
(Hong et al., 2000; Lin et al., 2009, amongst others)
on rapid intensification periods concentrates on (warm)

May 4, 2018



ocean anomalies, mostly ocean mesoscale eddies. The
general theory is that when tropical cyclones pass over
a warm core eddy, which carries water with more heat
relative to its surrounding waters, it absorbs the heat of
the eddy resulting in rapid intensification (Hong et al.,
2000). Case studies are widely used to assess when
and how tropical cyclones develop into hurricanes dur-
ing the rapid intensification period. There is still a gap
in knowledge that leads to difficulties in predicting the
rapid intensification periods of tropical cyclones (Ka-
plan et al., 2010), but with these case studies, more
knowledge regarding relevant physical mechanisms is
gained.

Hurricane Matthew (2016) experienced a rapid inten-
sification from tropical cyclone to major hurricane.
Emerging as a tropical wave at the west coast of Africa
on 23 September, Matthew moved within three days
across the tropical Atlantic and reached its tropical cy-
clone status on 28 September, west-northwest of Bar-
bados (Figure 1) (Stewart, 2017). The next few days,
Matthew moved into the Caribbean Sea and reached
hurricane status on 29 September. Rapid intensifica-
tion took place from 30 September till 1 October. Dur-
ing this period, the pressure decreased from 987 mb
to 942 mb and wind velocities increased from 36 m/s
to 75 m/s (Stewart, 2017). After undergoing a rapid
intensification, Matthew continued its path (Figure 1)
through the Caribbean Sea and ultimately lost its trop-
ical cyclone status on 9 October near North Carolina,
USA (Stewart, 2017).

Forecast models have failed in predicting the rapid in-
tensification of Matthew, while the performance in pre-
dicting the genesis and further stage after rapid inten-
sification was rather good (Stewart, 2017). Responsi-
ble for 585 direct deaths and billions of dollars damage,
Matthew is one of the more destructive hurricanes in re-
cent history (Blake et al., 2018).

Although the impact of Hurricane Matthew is indis-
putable, an analysis of its rapid intensification is miss-
ing. The rapid intensification may have been initiated
by a warm core eddy in the Caribbean Sea. Previ-
ous research (Rudzin et al., 2017) indicates that warm
core eddies in the Caribbean Sea could influence air-
sea processes, e.g. during the passing by of tropical cy-
clones.

The aim of this study is to look at the occurrence and
positioning of warm core eddies in the Caribbean Sea
in relation to the rapid intensification period of tropical
cyclone Matthew. In order to assess this, the following
research question is answered:

Does the location and time of the rapid intensifica-
tion period of Hurricane Matthew coincide with the
occurrence of Warm Core Eddies in the area of inter-
est within the Caribbean Sea?

To answer this research question, the following ap-
proach is applied:

1. Literature study, primarily aimed at previous case
studies, to identify the relevant parameters of warm
core eddies and tropical cyclones

2. Data analysis of physical parameters during
Matthew’s passage through the Caribbean Sea

3. Comparison between locations of warm core ed-
dies and rapid intensification of Matthew, and anal-
ysis of relevant parameters following from the lit-
erature study

Section 2 of this paper provides an overview of the
known theory regarding eddies and the rapid intensifica-
tion of tropical cyclones. Case studies of previous trop-
ical cyclones are summarized and several key elements
that need attention in the data analysis are explained.
The datasets used for the data analysis are briefly de-
scribed. The results and discussion are stated in Section
3 and Section 4 focuses on the conclusion and recom-
mendations for future research.

2. Scientific Caribbean

Sea

Background in the

In Section 2.1, theoretical concepts of intensification
and weakening of tropical cyclones are shown. Sev-
eral characteristics of the Caribbean Sea and its warm
core eddies are summarized (Section 2.2), and results of
some case studies for tropical cyclones rapidly intensi-
fying into hurricanes are analysed (Section 2.3). In the
end, an overview of the details regarding the datasets
used in the data analysis is given (Section 2.4).

2.1. Intensification and Weakening of Tropical Cy-
clones

Tropical cyclones only form at warm waters near the
equator (more specifically tropical zones). When warm
air at the sea surface rises up, the air pressure at the
sea surface lowers. As a result, air from surrounding
areas flows in to compensate for the lower air pressure
and also becomes warmer, after which the cycle repeats.
Eventually, the system will spin and a tropical cyclone
is initiated. The ocean thus provides the heat to warm
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Fig. 1 Best track positions for Hurricane Matthew, color of lines indicate the type of storm and dates are given as numbers next to the track.

Figure taken from Stewart (2017).

the air and this feedback leads to the start and growth
of tropical cyclones. Depending on the magnitudes of
this heat flux, the tropical cyclone will have a certain
strength.

The air-sea interaction between tropical cyclones and
the ocean is thus an important physical mechanism.
This is also important in cases of intensification and
weakening of tropical cyclones. Intensification of the
tropical cyclone takes place when the heat flux provided
by the ocean is larger than the intake of heat by the trop-
ical cyclone. When this holds, the tropical cyclone will
intensify until the heat flux is enough to maintain the
strength of the tropical cyclone.

Weakening of tropical cyclones is another possibility.
The general theory states that tropical cyclones passing
over the ocean cool the upper ocean layer due to verti-
cal shear-induced mixing and upwelling. In turn, heat
fluxes at the ocean surface will change, resulting in an
decreased flux of (ocean) heat to the tropical cyclone.
This leads to the weakening of the intensity of the storm
(Hong et al., 2000).

A more mathematical approach is suggested by
Emanuel (1986). The proposed axisymmetric model
explains a large part of the air-sea interaction. Al-
though highly idealized, the purpose of this steady-state
model is to show the interplay between physical pro-

Cesses.

The air-sea interface is modelled by a well-mixed
surface boundary layer with a thermal wind balance
flow above this layer (Emanuel, 1986). With some
derivations, a relationship between central surface pres-
sure and the increase in surface relative humidity be-
tween the core and the ambient environment is found
(Emanuel, 1986). Emanuel (1986) explains this rela-
tionship in the following manner:

A transfer of heat above and beyond that as-
sociated with isothermal expansion is needed
to sustain a tropical cyclone. This extra-
isothermal transport is reflected by an inward
increase of relative humidity.

This means that whenever there is a difference in in-
flow and outflow of heat or vapor content, the surface
pressure becomes smaller. Emanuel (1986) shows that
the surface pressure is very sensitive to surface air tem-
perature. Ultimately, the steady-state model resembles
a Carnot heat engine in which latent and sensible heat
fluxes are mainly responsible for the heat source ex-
tracted from the ocean (Emanuel, 1986). The disad-
vantage of this mathematical approach is the amount of
assumptions that neglect key elements within tropical
cyclones, such as the dynamics of the eye of the tropical
cyclone (Emanuel, 1986).



The ocean heat content proves to be a stable measure for
the amount of heat contained in the ocean. Ocean heat
content is defined as:

hy

H = pc, f T(z)dz (D)
hy

where H is the amount of ocean heat content [J/m?], p

the seawater density [kg/m’], ¢, the specific heat of wa-

ter [J/kgK], h; and h; the integration boundary depths

[m] and T'(z) the vertical temperature profile [K].

In conclusion, tropical cyclones affect the ocean mixed
layer and depending on the amount of induced cool-
ing, intensification can be initiated. Intensification is
reached by heat transport through the sensible and la-
tent heat fluxes. Rapid intensification depends on the in-
crease of strength (see Section 1 for definition).

2.2. Warm Core Ocean Mesoscale Eddies

Warm core eddies (anticyclonic) are warmer relative to
their surrounding waters, resulting in water flowing out-
wards. In the Northern Hemisphere, the direction of
rotation due to the Coriolis force is to the right, lead-
ing to a clockwise flow in the eddy. Due to the differ-
ence in properties of warm and cold water, warm core
eddies possess a positive sea surface height difference.
Warm water takes more space than cold water due to
its expansion, resulting in sea surface height anoma-
lies. Cold core eddies are exactly the opposite of warm
core eddies and thus show a anticlockwise rotation (cy-
clonic). Observational studies (Richardson, 2005) show
that in the Caribbean Sea, an almost equal amount of
cyclonic and anticyclonic eddies are present, thus in re-
lation with rapid intensification not all eddies will be
relevant.

Mesoscale eddies have a diameter of a few hundred kilo-
meters. This substantial size is explained by the Rossby
radius of deformation. Length scales near the equator, at
which the Coriolis force has an impact, are much larger
than at high latitude zones. Measurements by Richard-
son (2005) show that anticyclonic eddies have diameters
of 200 km, whereas numerical simulations show widths
between 200 and 500 km (Jouanno et al., 2008). The
size of these eddies is almost equal to the extent of the
Caribbean Sea and the eddies have important traits, such
as their influence on the deep mean circulation as well
as vorticity balances. Mesoscale eddies also show an
impact on ecology (Lobel and Robinson, 1986), empha-
sizing their important role in ocean as well as ecological
dynamics.

Mesoscale eddies have an energetic profile and exist for
several months. Numerical model studies (Holland and
Lin, 1975) show that the potential energy of the mean
flow is transferred to the separated eddies. Jouanno
et al. (2008) show that eddies propagating westwards
in the Caribbean Sea intensify with respect to the eddy
kinetic energy. Mesoscale eddies can also be influenced
by other physical phenomena. In the Caribbean Sea,
the Amazon-Orinoco river plume is an important phys-
ical parameter influencing eddies with respect to tem-
perature and salinity. Ongoing research focuses on the
changes in hydrodynamics of eddies due to this river
plume and other physical phenomena (van der Boog,
2018). There is not a clear answer to the lifetime of
eddies in the Caribbean Sea. Numerical simulations by
Jouanno et al. (2008) suggest the time scale, at which
the eddies are present, is between 50 and 110 days. This
is almost equal to the results by Carton et al. (1999),
who indicated 3 month time scales.

In the Caribbean Sea, mesoscale eddy studies show that
eddies can extend to depths of a 1000 m (Corredor et al.,
2011) and they can originate from in- and outside the
Caribbean Sea. Buoy observations by Molinari et al.
(1981) suggest that the source of the mesoscale variabil-
ity might be due to the rises and ridges of the Caribbean
Sea. This is only true if the flow is in the same direction
from the sea surface to the ocean floor (Molinari et al.,
1981). Data analyses by Richardson (2005) suggest a
formation rate of 8-12 anticyclones per year, with most
of the eddies forming between September and Novem-
ber. A possible source of these eddies might be the col-
lision between the North Brazilian Current rings and the
Lesser Antilles (Richardson, 2005). Altimetry data also
suggest eddies originating in the Venezuelan Basin (An-
drade and Barton, 2000).

Numerical simulations by Carton et al. (1999) show that
the eddies act on almost a 250 km spatial scale, pro-
gressing westwards with speeds of roughly 12 cm/s
and crossing the Caribbean basin in approximately
180 days. The vertical structure of eddies show that
their influence is felt far underneath the sea surface as
they primarily hold warmer water than their surround-
ings. Surveys by Rudzin et al. (2017) prove that the
isothermal layer depth is much deeper in the eddies
than the background flow in the Caribbean Sea. Fur-
thermore, the 26°C isotherm depth is deeper in the ed-
dies, suggesting a larger ocean heat content available in
warm core eddies. Salinity measurements are in agree-
ment with previous surveys and show the large influ-
ence of the Amazon-Orinoco river plume (Rudzin et al.,
2017).



The characteristics of these warm core eddies in the
Caribbean Sea provide a framework which can be used
to identify eddies during the passage of Matthew. Based
on this Section, the data analysis will focus on sea
surface temperature, ocean heat content and sea sur-
face height anomalies relative to Matthew’s track. This
will give insight into the relation between occurrence
of warm core eddies and Matthew’s rapid intensifica-
tion.

2.3. Influence of Warm Core Eddy on Tropical Cy-
clone

When a tropical cyclone passes over a warm core eddy,
the cyclone-induced cooling will be reduced such that
heat fluxes decrease less or even maintain/increase their
magnitude. Thus the tropical cyclone can reach a larger
fraction of its maximum potential intensity (Jaimes
et al., 2009). In general, the warmer an ocean anomaly
is, the larger the intensification relative to normal ocean
conditions is.

There have been many examples of tropical cyclones
rapidly intensifying in (sub)tropical areas. Some of
these tropical cyclones have been analysed with respect
to their rapid intensification, although such analyses are
yet to be made for tropical cyclones in the Caribbean
Sea. Because the Caribbean Sea shares a lot of charac-
teristics with the Gulf of Mexico (interconnected), case
studies for this area will provide useful results. Stud-
ies even show signs of connectivity between Caribbean
and Gulf of Mexico warm eddies (Murphy et al., 1999;
Rudzin et al., 2017).

The Gulf of Mexico is well-known for its warm core
eddies, generated by separation of the Loop Current
(Smith IV, 1986). Hurricane Opal of 1995 is an example
where the tropical cyclone developed into a hurricane
24H before landfall. During this rapid intensification
period, Opal moved over a warm core eddy. Numeri-
cal simulations indicate that the rapid intensification is
largely due to an extraction of 40% of the excess heat
content made available by the warm core eddy (Hong
et al., 2000; Shay et al., 2000). Most of this transport of
heat is achieved by surface fluxes, such as the sensible
and latent heat fluxes.

Negative feedback is defined as a loop in which the
cyclone-induced ocean response weakens the cyclone
and in turn the weakened cyclone generates a weaker
ocean response. As mentioned in Section 2.1, the pres-
ence of tropical cyclones leads to the cooling of the up-
per ocean layer, which is defined as the cyclone-induced

ocean response. Since the tropical cyclone depends on
the heat fluxes from the ocean to maintain/increase its
strength, cooling will reduce this flux and in response,
the tropical cyclone will weaken. The weakened tropi-
cal cyclone will then induce weaker cooling of the up-
per ocean. This spiral of responses will stop when ei-
ther the tropical cyclone does not weaken anymore (or
even dissipates) or the upper ocean layer is not cooled
substantially. Hong et al. (2000) show that the nega-
tive feedback effect is stronger without the presence of
a warm core eddy, indicating that tropical cyclones pass-
ing over a warm core eddy experience less influence of
the ocean and thus are more eligible for rapid intensifi-
cation.

A case study of Hurricanes Katrina and Rita by Jaimes
et al. (2009) shows the influence of the ocean mixed
layer on the intensity of tropical cyclones. The response
of the tropical cyclone depends on the depth of the 26°C
isotherm and thus the amount of negative feedback. As
mentioned in the previous paragraph, negative feedback
is known to affect the ocean mixed layer and heat fluxes
in the form of upper-ocean cooling. Sea surface tem-
perature cooling in the order of ASST > 1°C indicates
large negative feedback and thus decreased intensity of
tropical cyclones, whereas smaller or equal values hold
the opposite.

Air-sea fluxes combined with negative feedback in
ocean cooling significantly impact the rapid intensifi-
cation of tropical cyclones. Tropical cyclone Nargis in
2008 is yet another example where 24H before landfall,
the tropical cyclone rapidly intensified from a category-
1 (Simpson and Saffir, 1974) to category-4 storm. Al-
though Nargis took place in the Bay of Bengal (Indian
Ocean), observations indicate that Nargis passed over
a warm ocean anomaly in a similar way to the previ-
ous case studies. Lin et al. (2009) conclude that due
to reduced cyclone-induced ocean cooling over a warm
ocean anomaly, less negative feedback is prompted by
the ocean. Because of this, more air-sea enthalpy flux is
available than in normal ocean conditions. Thus, Nar-
gis’ rapid intensification occured as a result of a 300 %
increase in the air-sea enthalpy flux. Without a warm
ocean anomaly, this reduction in the negative feedback
never happens and less enthalpy flux is available to sup-
port the rapid intensification.

The feedback system between ocean and tropical cy-
clone is essential in understanding rapid intensification.
Figure 2 shows a summary of the feedback system in
the form of a block diagram. Combined with the re-
sults of the case studies and general theory, a distinction
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Fig. 2 The feedback system between ocean and tropical cyclones in the form of a block diagram. The change in sea surface temperature is used
as the boundary between normal ocean conditions and warm core eddies. Reduced negative feedback is not necessarily leading to the weakening of
the tropical cyclone; in actuality, most observations of rapid intensification of tropical cyclones takes place when the negative feedback is reduced.

can be made between the effect of the ocean on tropical
cyclones, with and without the presence of warm core
eddies.

2.4. Dataset

For this study, datasets from the Mercator global re-
analysis model (Ferry et al., 2010) and ECMWF re-
analysis model (Uppala et al., 2005) are used. The
dataset from Mercator contains the salinity, tempera-
ture, three-dimensional northward and eastward veloc-
ity fields, sea surface height and the ocean mixed layer
depth per grid cell. The ECMWF dataset contains data
for the sensible and latent heat fluxes.

The temporal extent of the Mercator dataset is between
1 September and 31 October. Fluctuations are averaged
per day, meaning that the temporal resolution is set at
daily values. The study domain is located within the
region of 80°-55° W and 8°-23° N, and the resolution
in longitude and latitude is almost equal to 1/12°. For
the depth, results are given at the center of the grid cells
and most grid points are located in the upper 150 m. The
maximum depth is 5728 m and depth intervals are non-
linearly spaced, e.g. the second, third and fourth depths
are equal to 1.54, 2.65 and 3.82 m respectively. Data
at the first depth (0.49 m) are presumed as sea surface
values.

The ECMWF dataset contains data for the entire world
calculated every 3 hours, extending from 1 September
to 31 October. Based on the map domain resulting from

the Mercator dataset, the ECMWF dataset is cropped
to match the area of interest at approximately 80.25°-
55.5° W and 8.25°-23.25° N. The spatial resolution is
0.75° in longitude and latitude.

Both datasets used in this study almost have the same
spatial and temporal domain, however, there is a sig-
nificant difference in the resolutions. The temporal dif-
ference can be solved by averaging the ECMWF dataset
per day. The spatial resolution is much finer for the Mer-
cator dataset, thus spatial averaging would lead to loss
of detailed information. Therefore, study parameters
will be exclusively extracted from the Mercator dataset
except for parameters that are missing but present in the
ECMWEF dataset.

For the data analysis, the ocean heat content is not pro-
vided in the datasets. Therefore, Equation 1 is simpli-
fied into the following equation:

H= Z AT, Ad, 2)
k=1

where H is the amount of ocean heat content [°Cm] and
AT} and Ady the difference in temperature and depth
respectively between layers in the data set. As can be
seen from the units, H has been simplified by neglect-
ing the density and specific heat of water, since they are
assumed to be constant spatially and temporally in the
area of interest.



3. Results & Discussion

In this Section, the results of the data analysis will be
shown and discussed according to the knowledge pro-
vided by Section 2. Sea surface height (Section 3.1),
sea surface velocity (Section 3.2) and (sea surface) tem-
perature (Section 3.3) are analysed to assess if a warm
core eddy is present. Ocean heat content and surface
heat fluxes will be analysed with respect to the transport
of heat between the ocean and Matthew (Section 3.4).
In the Appendices, more results are shown.

3.1. Sea surface height

Tropical cyclone Matthew’s positions are known from
28 September till 10 October Stewart (2017). Warm
core eddies were identified by observing the sea sur-
face height for positive anomalies. Figure 3 shows the
sea surface height of the Caribbean Sea 1 day before
Matthews rapid intensification.

As can be seen in Figure 3, a positive anomaly is ob-
served at coordinates (67° W, 14.2° N) in the path of
Matthew (also pointed out by the red arrow). The sea
surface height at this location, when averaged spatially
over the anomaly according to the contour level, is ap-
proximately 0.29 m. The minimum and maximum sea
surface heights, within is this anomaly, are approxi-
mately 0.26 and 0.32 m respectively. According to the-
ory and observations (Section 2.2), these results indi-
cate a warm core eddy just before the rapid intensifica-
tion of Matthew. The spatial scale is not in accordance
to observations, since the diameter of this anomaly is
about 100 km (based on Figure 3), whereas observa-
tions and numerical simulations show results larger than
200 km. However, eddies grow in diameter when prop-
agating westwards in the Caribbean Sea, but this can’t
be checked with the current dataset due to the limitation
in the temporal extent. The warm core eddies observed
at coordinates (73° W, 16° N) and (77.5° W, 15.5° N)
are much more distinct in spatial scale and they show a
larger sea surface height.

The sea surface height difference between the begin-
ning and ending of the rapid intensification period was
also analysed. Figure 4 specifies this mapped difference,
showing a large decrease in sea surface height at the lo-
cation of rapid intensification. This could indicate that
due to Matthews extraction of heat, the warm core eddy
loses its strength and therefore the vertical expansion
of the warmer water is reduced and the eddy shrinks in
size.

3.2. Sea surface velocity

The sea surface height map does not indicate clearly
the existence of a warm core eddy at the time Matthew
rapidly intensified. The next step was the analysis of
the surface velocities. Since a rotational flow exists in
a warm core eddy, surface velocities should also show a
rotational velocity field. The results are shown in Figure
5 for the whole area. Figure 6 shows the zoomed map
of the location of the suspect warm core eddy.

The positive anomaly that was observed at coordinates
(67° W, 14.2° N) according to the sea surface height is
not visible in the velocity field. More specifically, the
arrows in the velocity field at this location do not indi-
cate a rotational flow, whereas the more distinct eddies
show this effect. A possible explanation could be the
dominance of the Caribbean Current over the eddy ro-
tational velocities. Observational studies show that the
Caribbean Current has a mean flow of approximately
100 c¢m/s and eddy swirl velocities are in the order of
40 c¢m/s (Richardson, 2005). The Caribbean Current
flows westwards and this means that in presence of a
warm core eddy, the westward velocities at the northern
side of the eddy would be reduced more relative to the
westward velocities at the southern side. This can be
observed with the red boxes in Figure 6.

3.3. Temperature

Results from the previous sections do provide evidence
to conclude the presence of a warm core eddy at the
location of rapid intensification of Matthew, although
small in size and weak. The data analysis of the tem-
perature profiles were thus evaluated to identify a sub-
stantial difference of sea surface temperature at the pre-
sumed location of the warm core eddy. Figure 7 shows
the sea surface temperature at 29 September, before
rapid intensification.

A warm anomaly is approximately found at coordinates
(67° W, 13.8° N). The position however doesn’t fully
match the location of the anomaly of the sea surface
height. It is however remarkable that both analyses
show anomalies close by and this could indicate a cer-
tain spatial difference between the cores of the sea sur-
face height and temperature. Moreover, sea surface tem-
peratures decrease significantly after Matthews passage,
showing the extent of the upwelling caused by Matthew
(see Appendix B). Figure 8 shows a close up of the
warm ocean anomaly.

The warm anomaly, when spatially averaged over its ex-
tent, has a temperature of 29.7 °C with minimum and
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Fig. 4 The difference in sea surface height between 30-09-2016 and
01-10-2016. For more information about figure symbols, reference is
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maximum temperatures of 29.4 and 30.1 °C. Accord-
ing to the general physical mechanisms, the sea surface
temperature at this location should be reduced consider-
ably due to mixing and upwelling (Section 2.3). The
temperature at 30 September at the exact same loca-
tion shows an spatially averaged value of 29.4 °C (not
shown), indicating that the negative feedback provided
by the ocean on the tropical cyclone is almost negli-
gible. As a result, Matthew could potentially inten-
sify further, which the tropical cyclone certainly did
by rapidly intensifying two days after passing over this
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Fig. 5 Map of surface velocity at 29-09-2016. The arrows indicate
the direction of the surface velocity and the colors show the magnitude
in [m/s]. For more information about figure symbols, reference is
made to Figure 3.

warm anomaly.

The vertical structure of the temperature at the warm
anomaly location was analysed to look at the changes
in time. Results are shown in Figure 9. The passage
of a warm core eddy would result in the deepening of
the isotherms over a certain time. This can be calcu-
lated with the eddy propagation velocity and its diame-
ter. If e.g. the eddy propagation velocity of 12 cm/s is
assumed (Section 2.2), a daily propagation velocity of
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10.4 km is calculated. Assuming a diameter of 100 km,
the eddy should pass over a point in approximately 10
days. When the tropical cyclone extracts heat from the
eddy, it weakens in strength but this does not necessarily
conclude in a decrease/increase of the eddy propagation
velocity since this is highly dependent on background
currents.

It is clear from Figure 9 that the vertical temperature
profile shows decreased values after the passage of
Matthew around 30 September. The isotherms move
to smaller depths and this is in line with theory, since
Matthew will induce upwelling, causing the rise of
colder waters in the upper ocean layer. There is also rea-
sonable evidence for the presence of a warm core eddy,
since the isotherms decrease with depth in time. Assum-
ing that the core of the eddy passes over this point on 29
September (relative to 10 days deepest isotherm points),
it is obvious that after this date the temperatures will de-
crease. It is however quite odd that the temperature be-
tween 1 and 3 October seems to rise at all depths, since
the combined effect of the passage of the eddy and heat
extraction by Matthew should result in a monotonically
decreasing temperature profile. Other sources of heat
may be responsible for this sudden increase in tempera-

ture, of which the Amazon-Orinoco river plume seems
the most plausible.

On the time scale of approximately 20 days, the rise
and fall of the temperature can be seen. The blue lines
in Figure 9 indicate the points at which the gradients of
the isotherms are almost equal to zero, which means that
the temperature is constant. The pattern again resem-
bles the changes in temperature over 10 days, but the
time scale is much larger. In order to assess this more
accurately, propagation velocities at the location of the
anomaly should be calculated more accurately.

The vertical temperature profiles in Figure 10 show the
difference of the temperature before and after Matthew’s
passage. The temperature decreases several tenths of a
degree in one day, showing the extent of the heat extrac-
tion by Matthew. It is surprising that the temperature
profiles at 21 September and 21 October do not match
at all. This could be due to Matthew, however, other
physical phenomena on large time scales can be of in-
fluence.

3.4. Ocean heat content and surface heat fluxes

The last step in the data analysis involved the ocean heat
content at the expected location of the warm core eddy.
The ocean heat content is approached with Equation 2
for 36 layers in the three-dimensional grid. This results
in a maximum depth equivalent to approximately 155 m,
which indicates that only the ocean heat content of the
upper ocean layer is examined. This depth is based
on further analysis, shown in Figure 10, where it was
found that at deeper depths than this value, temperature
changes in time were negligible.

As the theory of Section 2.2 stated, warm core eddies
have more ocean heat content available, which can be
transferred by surface heat fluxes to tropical cyclones
that are passing over. The upper ocean heat content
is shown in Figure 11a. Before rapid intensification,
Matthew clearly passes over an area with relatively high
ocean heat content. The change of ocean heat content
is shown in Figure 11b. Matthew clearly extracts heat
from the ocean at the time it intensifies.

These results show that a warm ocean anomaly must be
present since the ocean heat content at the location be-
fore rapid intensification is larger than in other parts of
the Caribbean Sea. The heat from the ocean is trans-
ferred to the tropical cyclone by surface heat fluxes.
Surface heat fluxes are therefore important, since they
indicate the amount of negative feedback in the system.
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When there is significant upper ocean cooling by the
cyclone, surface heat fluxes will be small. If the up-
per ocean cooling is negligible due to the presence of a
warm anomaly, the opposite case holds ans heat fluxes
will not be affected.
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Fig. 9 Vertical temperature profile in time between 01-09 and 31-
10 at coordinates (67° W, 13.75° N). The green lines show the 25°C,
26°C, 27°C and 28° C isotherms.

Surface heat fluxes between 29-09 and 01-10 are shown
in Figure 12. More specifically, enthalpy fluxes are
shown in these subfigures. The enthalpy flux is a sum-
mation of the sensible and latent heat fluxes. As was ob-
served in previous studies (Lin et al., 2009), the latent
heat flux is the main contributor to the enthalpy flux.
The enthalpy flux before and during rapid intensifica-
tion show a significant transport of heat to feed Matthew
for its strengthening. Remarkable is the shift in the en-
thalpy flux during the rapid intensification period (Fig-
ure 12b) to the north of Matthews track. Matthew’s di-
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ameter is large enough to cover the Caribbean Sea in lat-
itude and results indicate that heat extraction is not au-
tomatically near the eye of the tropical cyclone.

Further analysis with surface fluxes is recommended,
where instead of averaged values per day, hourly val-
ues would provide more information on the rapid in-
tensification of Matthew. Precise time intervals can
be distinguished and the difference between the sensi-
ble and latent heat fluxes can be assessed more accu-
rately.

4. Conclusion & Recommendations

Based on the results from the previous Section, con-
clusions and further recommendations are given in this
Section.

This study started with the following research ques-
tion:

Does the rapid intensification period of Hurricane
Matthew coincide with Warm Core Eddies in the
Caribbean Sea?

The results show some indications of the presence of
a warm core eddy. There is a positive sea surface
height anomaly just before the rapid intensification of
Matthew took place. There was also a warm anomaly
present in the track and the shape and location of this
anomaly matched the sea surface height anomaly very
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22°N v -

i F ’Q’u ‘- 4400
20°N ! o o
1 - s
L & :), & - 25.09-2016 14200 g
18°N . At o i —29.09-2016 3
x4 - b ) — 30092016 H
" ! ' - 01-10-2016 20008,

o B 02102016

16°N * . . 10206 3
¢ 04102016 3
0510206 3800
2
T
3600 3
o
3

3400

75°W 70°wW

(a)

t
N
S
38

Al 9
b e 150 9
20°N b 3
=
g-:« E} —5.03-2016 00 B
1gon [Tl RESRREES . 2 - 5052016 3
e - 30-09-2016 a
g - 01102016 0 g
- 02016 2
bl l’ ‘i: - 0102016 o 3
04102016 E
S 05-10-2016 o
e ¢ e 50 8
o E
12°N L - 2 -100 ;
<% 5 I
10°N = TR -1503
S f
B --200
goN 2
80°W 75°W 70°W 65°W 60°W 55°W
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content, whereas the colorbar on the right hand side provides
values. The colored lines indicate Matthews path during a par-
ticular day. Rapid intensification took place between 30-09
and 01-10.

good. However, surface velocities do not indicate a rota-
tional flow, which is certainly a characteristic of eddies.
This means that either a warm core eddy was not present
or the eddy was masked due to the stronger background
flow (Caribbean Current).

The vertical temperature profile at the supposed location
of the eddy shows signs of a warm core eddy. The 26°C
isotherm layer depth does change substantially in time
after Matthew’s passage, but on a longer time scale, the
same effect is found and this could indicate the presence
of a much larger physical mechanism.

The ocean heat content shows that there was relatively
more heat available before rapid intensification took
place. This is also seen in the daily ocean heat con-
tent change, showing that Matthew extracted this heat
to intensify. However, this result does not necessarily
lead to evidence for the presence of a warm core eddy.
The most important question should be on why there is
more ocean heat content available, excluding warm core
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eddies since previous results do not fully support their
presence.

Surface heat fluxes are the main transport mechanisms
of heat between ocean and tropical cyclone. The re-
sults show that during rapid intensification, surface heat
fluxes were most prominent north of Matthew. This
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reference is made to Figure 3.

shows that the location of heat extraction and feeding
of a tropical cyclone is most certainly not linked to
the eye of the tropical cyclone. Future research should
therefore be cautious to include the whole area affected
by the tropical cyclone, not limiting their view to the
eye/centre of the tropical cyclone.

Further recommendations are summarized in the fol-
lowing list:

e The evidence provided by the surface velocities is
not in line with sea surface height and sea surface
temperature. The reason for this might be due to
the strong Caribbean Current overriding the swirl
velocities of the eddy, effectively hiding it behind
the surface flow. Numerical simulations can help
to identify the relation between the magnitude of
these velocities and whether the eddy is hidden by
this flow.

e Sea surface salinity as a measure for eddies in
the Caribbean Sea is not a good approach, as
was found by Rudzin et al. (2017). This is
due to the influence of the Amazon-Orinoco river
plume, discharging fresher and warmer water in
the Caribbean Sea. The location of the sea sur-
face temperature and sea surface salinity (Figure
13) anomalies match very good, indicating that not
a warm core eddy but the river plume might be re-
sponsible for the rapid intensification of Matthew.

Reul et al. (2014) show that due to the Amazon-
Orinoco river plume, tropical cyclone induced up-
per ocean cooling is reduced by 50% over waters
affected by the river plume relative to open ocean
water. This could be another reason, not related to
the presence of a warm core eddy, why Matthew



rapidly intensified. Numerical simulations could
show the difference between tropical cyclone in-
tensification with and without the river plume.

e One possible explanation for the rapid intensifi-
cation of Matthew could be related to La Nifia.
Although this is a phenomenon on a much larger
scale, the influence of La Nifia actually leads to
more hurricanes and tropical cyclones in the area
around the Caribbean Sea. This is due to the
weakened vertical wind shear and weakened atmo-
spheric stability (Bell and Chelliah, 2006). The
amount of tropical cyclones increases, but it is un-
known if the (average) strength of the tropical cy-
clones is also higher during La Nifia. Further stud-
ies, preferably with numerical models, are recom-
mended.
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Appendix A. Sea Surface Height
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Appendix B. Sea Surface Temperature
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Appendix C. Sea Surface Salinity
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Appendix D. Ocean Heat Content
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Appendix E. Daily Ocean Heat Content Change

Ocean heat content change between 28-09-2016 and 29-09-2016
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Ocean heat content change between 29-09-2016 and 30-09-2016
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Appendix F. Latent Heat Flux
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Maps of surface latent heat flux between 28-09 and 02-10.
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Appendix G. Sensible Heat Flux
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