ABSTRACT

ZAMBON, JOSEPH BRENDAN. An Examination of Tropical Cyclone Dynamics
Utilizing the 3-Way Coupled Ocean Atmosphere Wave Sediment Transport (COAWST)
Model. (Under the direction of Dr. Ruoying He).

Tropical Cyclones are fundamentally connected to the environment in which they
exist. Currently most numerical models do not represent the interactions between the
atmosphere, ocean, and wave environments. These environments are drastically
modified by the existence of the tropical cyclone and therefore drastically modify the
tropical cyclone as a continuous feedback mechanism. As a result, improvement of
solutions provided by the individual numerical models representing the atmosphere,
ocean, and waves is sought through coupling these models together.

In the first chapter, the dynamic feedback mechanisms are explored in depth
through literature review of previous studies into the reaction of the ocean to tropical
cyclones. Several analytical and numerical studies are researched in order to provide
sufficient background into the problem, provide motivation into developing a coupled
numerical model, and provide a base from which hypotheses for experimentation may be
drawn.

In the second chapter, experiments will be based off of an atmospheric model tied
to a simple 1-dimensional ocean model. Three different experiments are carried out, with
the sea surface condition as the only variable between them. By including this simple
configuration allowing ocean feedback, hypotheses regarding track, intensity, and sea

surface temperature changes will tested.



In the third chapter, the Coupled Ocean Atmosphere Wave Sediment Transport
(COAWST) model is introduced. An idealized tropical cyclone is placed into the model
domain and the COAWST model is tested. Three experiments of increasing complexity
are used in testing the coupling scheme and examining the dynamical differences in the
model. The idealized tropical cyclone is used to test several hypotheses based on track,
intensity, size, sea surface temperature change, and significant wave height. The
COAWST model performs as expected and the initial proof of concept is successful.

In the fourth chapter, the COAWST model is tested with a realistic case, a hindcast
simulation of Hurricane Ivan. The model is initialized within a spatial and temporal
domain that was found to provide the best solution for a Hurricane Ivan hindcast using
only the atmospheric model. Five experiments are carried out, with increasing
complexity in resolving the ocean condition. Hypotheses for the realistic case are tested
based on modeled track, intensity, size, sea surface temperature change, heat exchange,
and significant wave height. The COAWST model demonstrates reasonable skill in the
Hurricane Ivan hindcast, although additional improvement in the initial condition is
desired.

The final chapter serves to review the discussions of the previous chapters and
seeks to provide a platform for future research. The utility of coupled numerical
modeling is reiterated and the success of the study highlighted. Likewise, significant
improvement of the initial condition in the realistic hindcast will be sought in future
research. In addition, several questions remain in improving and examining the coupled

numerical solution of a tropical cyclone.
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1. Introduction

1.1 Motivation

The 2005 Atlantic hurricane season was the costliest on record for the United
States, with at least 2,280 deaths and damages over $128 billion (Vaccaro, 2006). This
tumultuous season highlighted the need for a better understanding of the factors that
contribute to hurricane intensity and necessitated the development of more advanced
hurricane prediction models to improve intensity forecasts. With a dramatic increase in
the amount of people living near the coastline in the past few decades, this trend in
increasing damage from tropical systems is only expected to continue (Goldenberg et al.,
2001; Oey et al., 2007; Vaccaro, 2006).

As a result of this tumultuous season, the deficiencies in model solutions of these
storms have come under increased scrutiny. The lack of skill, particularly in the realm of
hurricane intensity forecasting, has been attributed in part to the deficiencies of current
model simulations (Chen et al., 2007; Davis et al., 2008). Specific problems have been
found with insufficient grid resolution, inadequate surface and boundary layer
formulations, and the lack of coupling to a dynamic ocean model (Bao et al., 2000;
Bender and Ginis, 2000; Chen et al., 2007; Davis et al., 2008; Morey et al., 2006).

In recent years, a number of studies have been completed that attempt to model
the dynamic relationship between atmosphere, ocean, and wave environments which
allow interactions of the model solutions (Bao et al., 2000, 2003; Bender and Ginis, 2000;

Bender et al., 2007; Chen et al., 2007; Davis et al., 2008; Doyle, 2002; Emanuel et al.,



2004; Morey et al., 2006). Most of the coupled atmospheric model simulations that have
been run have shown significant improvement in the atmospheric solution over similar
simulations based off of a static ocean and wave environment (Bender and Ginis, 2000;
Chen et al., 2007; Davis et al., 2008; Morey et al., 2006). Given the recent scrutiny
hurricane simulations have come under and in the wake of the unprecedented 2005
hurricane season, more advanced models need to be run operationally. This next
generation of numerical simulations should include atmospheric coupling of ocean
temperature and wave data to provide feedback for the passing Tropical Cyclone (TC)
((Bender and Ginis, 2000; Chen et al., 2007).

The model to be employed in this thesis research is the COAWST, or Coupled
Ocean Atmosphere Wave Sediment Transport, model. COAWST combines the Weather
Research and Forecasting (WRF) atmospheric model, the Regional Ocean Model System
(ROMS) ocean model, and the Simulating Waves Nearshore (SWAN) wave model.
While other experiments have employed 3-way coupling (Chen et al., 2007), utilizing a
WRF-ROMS-SWAN configuration is unique in its approach and unprecedented in its
execution.

This thesis will examine the differences between utilizing coupled and uncoupled
models for tropical cyclone forecasts and hindcasts. The focus of this thesis will be the
examining the result of coupling the atmosphere, ocean, and wave models to each other.
Examining the sediment transport modeling component of this model will be left to

future research.



1.2 Literature Review
1.2.1 Upper Ocean Response to a TC, Modeling Approach
1.2.1.1 Stationary TC

Price (1981) was very detailed in presenting the dynamics of upper ocean
circulation, and provided a review of components contributing to upwelling and
downwelling features in the deep ocean. An empirical examination of historical
observations involving hurricanes passing over a buoy or otherwise data-rich section of
the ocean suggests an obvious result — intense, slow moving hurricanes cause the greatest
variation in Sea Surface Temperatures (SSTs).

The greatest change in SSTs (ASST) occurs on the right side of hurricanes. This
relationship was mentioned and studied initially in Price (1981) and was investigated in
detail through real cases and through use of an ocean model described further in section
1.2.9.1. In several cited cases, the difference between the ASST on the right and left side
varied by as much as a factor of four. Originally discussed in Ooyama (1969) and later
detailed extensively by Emanuel (1986), numerous numerical simulations of TCs
demonstrate that the essential importance of latent and, to a lesser extent, sensible heat
flux is from the sea surface. These papers, among others, demonstrate the importance
that SST has on the intensity and track of TCs. This cross-track ASST change is an
important mechanism as both the TC intensity, and to a lesser extent TC track, are
dependent on the location of the warm water beneath the storm.

To look into this phenomenon in greater detail, the simple ocean model used in

Price (1981), which is detailed in section 1.2.9.1, was initialized with in-situ observations



of the ocean prior to the passage of Hurricane Eloise. The initial environment that was
constructed was based on several buoy and ship reports in the path of Eloise in the two
weeks preceding the event. To simplify things further, the hurricane’s winds were taken
to be symmetric, and the hurricane translation velocity (forward speed) was not taken into
account. Price (1981) therefore could challenge a pre-existing notion that the higher
ASST values on the right hand side of the hurricane were due to the higher winds on that
side of the storm. Stronger winds relative to a fixed position exist in the forward-right
quadrant of the TC due to the additive effects of wind direction and hurricane translation
velocity.

Important conclusions from the Price (1981) paper include that the reason the
ASST values are higher on the right side have to do with the wind stress turning with time
clockwise on the right side of the storm, thereby creating positive feedback to the inertial
currents in the Northern Hemisphere (as demonstrated in Figure 1.1). This feature is
dependent on the translation speed of the TC. Price (1981) found that upwelling
significantly enhances entrainment under slowly moving (< 4ms™) hurricanes. Upwelling
in slow moving storms also reduces the rightward bias of SST response.

Price (1981) considered the contributions to ASST by comparing the values of
heat flux due to interaction with the atmosphere and heat flux due to upwelling of cool
water into the mixed layer from below the thermocline. The model demonstrated a 20 °C
m heat flux between the air and sea. The net heat entrainment value within the ocean

dwarfed this result at 130 °C m. Therefore, heat entrainment into the mixed layer from



upwelling accounted for approximately 85% of the heat exchange in the idealized model
from Price (1981).

Additional experiments were undertaken to understand the effect the depth of the
mixed layer and the effect of the temperature gradient in the thermocline would have on
the SST during and after the passage of a TC. Price (1981) took his model and applied it
to a few geographic areas of interest. First 16 °N 20 °W, near the eastern boundary
current where there is a sharp thermocline, shallow (30 m) mixed layer, and strong
temperature gradient. The ASST response here was estimated to be approximately
-2.9 °C. Another numerical experiment was performed, with a temperature profile
similar to 16 °N 55 °W, where the western boundary current has a deep thermocline and
mixed layer, with a low temperature gradient. Here, the ASST was estimated to be much
smaller, about -0.3 °C.

Price (1981) concludes by stating that the important characteristics of the
numerical simulations on the atmospheric solution is based on the strength, translation
velocity (speed) and overall size of the TCs. In the ocean, the important characteristics
are based on initial mixed layer depth and the temperature gradient. Somewhat
surprisingly, experiments into the Price (1981) model determined that the maximum
mixed layer current is insensitive to just about everything except hurricane strength winds
and is about 1.1 + 0.2 ms™' over the range in which SST response greatly varies. Another
equally surprising conclusion from Price (1981) is that the ASST response is insensitive

to hurricane size and the local inertial period. As a result of this, larger hurricanes may



lower the SST over a larger area, but it was found that the magnitude of the ASST is

minimally different.

1.2.1.2  Moving TC

Price et al. (1994) continued upon the findings in the Price (1981) paper by
executing the model (detailed in section 1.2.9.1) for a hurricane translating over an ocean
domain. These simulations examined the forcing and stress caused by a hurricane
translating above the upper layers of the ocean. It specifically examines the “forced
stage” response during storm passage.

The forced stage is defined as the local (depth and time dependent) ocean
response to the strong wind stress of the hurricane Price et al. (1994),. Included in this
response are mixed layer currents, substantial cooling of the mixed layer and SSTs, as
well as a barotropic response which includes a geostrophic current and an associated
trough in Sea Surface Height (SSH). Conversely, the relaxation stage is a nonlocal (three-
dimensional and time dependent) baroclinic response to the curl of the wind stress
induced by the hurricane. For the purposes of the Price et al. (1994) paper and this thesis,
only the initial forced stage response will be examined.

The forced stage response was studied in Price et al. (1994) by examining three
hurricane events — Norbert, Josephine, and Gloria. These hurricanes were introduced into
a three-dimensional ocean model described further in section 1.2.6.1. Air temperature at
the surface of the TC was generally 1-3 °C cooler than the temperature of the sea surface

(Riehl 1954 and Emanuel 1986). Price et al. (1994) defined air and dew point



temperatures at the surface throughout the domain to be 3 °C and 4 °C less than the initial
SST, respectively. This resulted in a 600 W m™ surface heat flux into the atmosphere.

Verification and initialization data were collected by NOAA P3 aircraft deploying
15 AXBTs (Airborne eXpendable BathyThermographs) roughly 40-km apart in a star-
like pattern across the area of the three hurricanes. These AXBTs were able to collect
temperature data, surface wave information, and current velocity to an error of 0.2 m s™
RMS. The initial upper-ocean currents in the data analysis were treated as random noise
under the assumption that hurricane induced currents would be much larger. For model
initialization, the initial currents were set to zero.

As to be expected from Price (1981) there was a significant change in mean ocean
layer transport in the horizontal structure during TC passage. Again demonstrated here
was a rightward bias in transport values, 120 m” s™ versus 25 m” s to the left. This bias
in transport vector magnitude was confirmed in the AXBT data as well. As shown in
Price (1981) the turning of wind stress vectors in time remain mostly aligned with the
clockwise turning of the inertial currents in the northern hemisphere, which contributed
to the additive effect. The opposite is true of the left side of the track, the turning of wind
stress vectors and the inertial currents were in opposite phase. The net result was that the
magnitude of transport vectors were greatly reduced on the left side of the track.

Comparison of the Price (1994) model to the observations from the AXBT data

suggests a high skill in simulation of mixed layer currents. There was however

significant deviation in regions where the observed current speed was <0.7 ms™ and



suggests either imprecise instrumentation on behalf of the AXBTs (based on the RMS
error of 0.2 m s™) or a model failure in those regions.

Upwelling, which significantly enhances entrainment under slowly moving (<
4ms™) hurricanes (Price 1981), was considered to be the most important mechanism of
density change in the hurricane response. The model data were estimated in these cases
by the displacement of 14 °C isotherm. Minimal upwelling and pressure coupling was
found in the forward section of hurricanes. As a result, the currents in the forward half
were trapped within the mixed layer and the transition layers. Vertical current and
temperature profiles were given both from the AXCP data and from the model run, these
diagrams showed reasonable skill by the model in both temperature change and current
velocity with depth.

The Price et al. (1994) paper demonstrated that near-inertial currents in most
cases dominated the upper ocean response, a finding that was supported by Price (1981).
Also of importance, the vertical mixing is very intense during the forced stage and could
penetrate below the mixed layer. Despite this intense vertical mixing, it was also found
that the surface mixed layer depth varies only slightly. Although vertical mixing acts to
deepen the surface mixed layer, upwelling from below the thermocline pushes the mixed
layer closer to the surface.

The extent of the relaxation stage after hurricane passage will briefly reference
Brink (1989). Data and conclusions from this study suggest that with time, the
thermocline-depth currents will become gradually more intricate during the relaxation

phase. This was demonstrated with moored buoy data. The study also found that



direction change grew to more than half a cycle a week after the hurricane passage. As
mentioned above, this thesis will primarily examine the forced stage response, the

relaxation stage is not relevant to this study.

1.2.2 Upper Ocean Response to a TC, In-Situ Approach

Initial observations into the right-side bias phenomenon were described by
Church et al. (1989), which documented the effects of the passage of Hurricane Gay
above the Pacific. Data from several CTD (Conductivity-salinity, Temperature, and
Depth) sensors and Doppler current meters were available throughout the storm. Church
et al. (1989) found again that ASST and enhanced current velocity occurs much more
profoundly on the right side of the track of a moving hurricane. Although this
phenomenon is well documented in several models and a few observations, it was not
observed in direct current observations until Sanford et al. (1987) and Church et al.
(1989).

Data in the Church et al. (1989) paper were collected during a 1985 cruise of the
R/V Thomas G. Thompson while making a cross-Pacific CTD and acoustic Doppler
current meter section along 24.25 °N. The Doppler imaging was able to provide excellent
horizontal (across-track) and vertical resolution of the currents in the hurricane’s wake.
This dataset also confirmed the strong right-side bias of SST change during this storm.
Combining ship position with Doppler data, an absolute current velocity was computed at
30 minute intervals. Noting that the inertial current below 100 m was mostly

geostrophic, Church et al. (1989) used the 100 m currents as a reference and subtracted



the 20 m currents. When this was displayed, the right-side bias of current strength and its
effect on mixed layer and near-surface currents became apparent.

Due to the storm, the ship did not collect data over Hurricane Gay’s track until 1.5
days after its passage, and took another 3 days to gather data. As a result, the data
presented were not driven synoptically. To bring these data into quasi-synoptic
agreement, the current vectors had been back-rotated about one inertial period. This
resulted in a much more simplified field of current vectors than the initially analyzed one.

The data from Church et al. (1989) confirm that there was a strong right-sided
bias along the track of Hurricane Gay, both in terms of intensity of current and SST.
They provided observations within the wake of a hurricane to confirm the cross-track
bias demonstrated in the model results from Price (1981). The largest currents, roughly
1.0 m s™ were located 80 km to the right of the track, concurrent with the location of a
SST minimum. On the left side of the track, the currents are much weaker and lacked
organization. There is no clear current response on either side below 100 m. As a result,
the wind-driven currents appear to have only affected the surface mixed layer and
transition layer. It is important to consider that this study is not ideally suited to study
ASST, as there was no data collected before the storm.

Thermocline-depth, pressure-forced currents consistent with the relaxation stage
(Price et al. 1994) were not observed during the immediate 4.5-day period following the
storms passage. It is assumed that this relaxation stage occurred several days or weeks

after the R/V Thomas G. Thompson retrieved this post-storm data.
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Ocean response from Hurricane Ivan utilizing in-situ measurements of currents
was studied in Mitchell et al. (2005) and Teague et al. (2007) as part of the Slope to Shelf
Energetics and Exchange Dynamics (SEED) project. The Naval Research Laboratory has
undergone research into the area of examining the slope of the Gulf of Mexico shelf and
currents associated with this shelf-break in 2004 with the SEED project. Fourteen
Acoustic Doppler Current Profilers (ADCPs) were deployed to measure currents in the
Gulf of Mexico through this project. Six of these ADCPs were deployed along the outer
continental shelf and slope waters off of the Gulf Coast with moorings at depths of 60 m
and 90 m. These six moored instrument packages on the shelf consisted of 300 kHz
ADCPs and wave/tide gauges. The ADCPs rested about 0.5 m above the ocean bottom
and measured current profiles in 2 m vertical bins with 1 cm s accuracy. The remaining
eight were deployed along the continental shelf at depths of 500 m and 1000 m, which
were too deep to be included in this study of upper-ocean response. All of these
instruments were spaced by about 15 km.

After Hurricane Ivan passed over the instrument array, Mitchell et al. (2005) and
Teague et al. (2007) examined the ocean response along the continental shelf to Ivan by
examining three of the four stages of ocean response. The first stage was represented as
the time when the front half of the storm generated downwelling favorable wind
conditions. Stage two occurred when the radius of maximum winds (the eyewall for
Hurricane Ivan was about 40 km in radius) crossed the outer shelf. Stage three occurred
when the rear half of the storm behind the eyewall crossed the outer shelf. Stage four

was the relaxation stage as described in Price et al. (1994).
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Stage one response (when the front half of the storm generated downwelling
favorable wind conditions) was characterized by onshore advection in the upper water
column and offshore advection of the lower water column across all six moorings. Given
Ivan’s average translation speed of 6.3 m s in the Gulf of Mexico, stage one was
estimated to be about fifteen hours. Some data of the wind stress component showed a
linear decrease along with an increase in bottom temperature, suggesting pre-storm
downwelling. Fifteen hours prior to eyewall arrival, temperatures increased at a greater
rate suggesting enhanced downwelling. The fifteen hours of enhanced downwelling
resulted in bottom temperatures rising about 3 °C at all six stations.

The response to stage two (when the radius of maximum winds, or eyewall,
crossed the outer shelf) included a rapidly deepening surface Ekman layer that extended
nearly to the bottom. Ekman layer thickness depends on friction velocity, which in turns
depends on the magnitude of stress applied at each boundary. The wind stress increased
monotonically until the eyewall passed over the outer shelf and then decreased. As a
result, surface velocities increased and the Ekman layer thickened as the eyewall
approached. As the surface wind stress dwarfed the bottom stress by an order of
magnitude (10 Pa to 1 Pa), the Ekman layer took only four hours to deepen through to the
bottom. Bottom velocities turned offshore at which point bottom temperatures increased
about 4 °C due to downwelling. This study concluded that horizontal advection and
downwelling resulted in this rapid temperature increase.

The dominant response during stage 3 (when the rear half of the storm outside the

eyewall crossed the outer shelf) was characterized near-bottom onshore flows with near-

12



bottom temperature decreases. The rapid rotation of the surface wind stress vector to the
left of the eye was a result of the translation of the storm, and eventually slowed surface
currents greatly. As stage 3 progressed, the wind stress decreased and the surface Ekman
layer thinned, but the bottom currents continued unaffected and rotated clockwise —
which resulted in a strong onshore flow that decreased temperatures 11 °C in only six
hours. In areas where the eye did not directly pass, the surface Ekman layer remained
thicker and the currents became aligned along-shelf.

Stage four, the relaxation response after Ivan’s passage as detailed in Price
(1994), was not discussed in Mitchell et al. (2005). Stage four response is examined in
Teague et al. (2007). This study describes the most distinctive feature of the relaxation
stage as the three-dimensional wake of near-inertial internal waves.

The Mitchell et al. (2005) and Teague et al. (2007) studies were significant
because the ADCP experiment observed currents in the wake of Hurricane Ivan with
unprecedented detail. Four distinct stages were observed during the hurricane’s passage,
each in response to the wind field. Different responses across the width of the eye were
noted during stages two and three as they were increasingly complex as a result of the
different rotation of the wind stress vector. Geographic factors, particularly the boot of
Louisiana, were noted for accelerating currents over the shelf and enhanced transports to

the left of the eye.
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1.2.3  Upper Ocean Response to a TC, Remote Sensing Approach

Cornillion et al. (1987) used satellite-derived infrared (IR) images of the western
North Atlantic to demonstrate cooling of SST by passing hurricanes as a result of
upwelling, specifically during Hurricane Gloria. Hurricane Gloria (1985) formed very
late in the hurricane season off of the Cape Verde islands. It moved westward along with
the trade winds to the Leeward Islands, and then turned northwest toward the Sargasso
Sea. Gloria’s minimum central pressure fell to 919 hPa on 25 September, making it one
of the most intense Atlantic hurricanes on record. Gloria continued northward and
crossed the U.S. coastline along Long Island on 27 September, causing considerable
damage to New England despite having been weakened significantly by the cooler waters
of the North Atlantic.

The greatest cooling (up to 5 °C) was observed to have occurred north of the Gulf
Stream in a region where the seasonal thermocline is shallowest and most compressed.
Less intense cooling (3 °C) was observed in the Sargasso Sea where the thermocline is
deeper and more diffused. The least cooling occurred near coastal waters (depths of
around 20 m or less), which were mostly isothermal before the passage of Gloria. Right-
side asymmetry from the passage of Gloria is well observed in this study. The
asymmetry was noted as having a factor of four, as Price (1981) also found with in-situ
observations of Hurricane Eloise.

The NOAA-Advanced Very High Resolution Radiometer (AVHRR) measured
SST using IR satellite images of the western North Atlantic. This study notes the

accuracy of this type of measurement to be within 0.2-0.5°C of the actual SST. The
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satellite data were extrapolated to give 4 km resolution, had been corrected for
atmospheric attenuation, and was scan-angle corrected. A pre-hurricane image was
compiled during nighttime to remove contamination by diurnal heating, which is very
strong in this region. These scans were taken from 19-23 September. A post-hurricane
image was collected immediately following the event, on 27 and 28 September. As a
result, the post-hurricane data were compiled less than two days after the event,
eliminating effects from the relaxation stage (Price et al. 1994) and distortion by
horizontal advection. Taking the difference between these two images resulted in a fairly
accurate representation of the magnitude of ASST.

This study provides an excellent example of regional or along-track variation of
ASST, consistent with several model studies of the mechanisms of cooling. Previous
model studies, Price (1981) and Price (1994), suggest that the upwelling-enhanced
entrainment by wind stress is the dominant mechanism of SST cooling. As a result, the
strongest cooling will be in regions denoted with a shallow thermocline. Despite the
near-linear decrease in hurricane intensity with increase in latitude (due to cooler waters),
the strongest ASST magnitudes occur in the northern part of the storm track.

Examination of the Hurricane Gloria case in this study attributes one contribution
as the shoreward-progression of the track, where the coldest water is found near the sea
surface (shallower thermocline). However, there was a limit to this, as when the depths
approached less than 20 m along the coastline, the thermal layering was non-existent in
late September and ASST was minimal. Cornillion et al. (1987) demonstrated that

Hurricane Gloria provided a good test case for several known phenomena regarding
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ASST with hurricane path. Gloria’s effect on the sea surface was characterized by a
strong right side bias, and advection of cooling by strong Gulf Stream currents. This
study also confirmed the lack of change to the sea surface by hurricanes passing over
weak, shallow, or non-existent thermoclines. Hurricane Gloria’s initial east-west and
then north-south oriented track allowed for asymmetries to be demonstrated along both
dimensions.

Utilizing satellite composite imagery, Walker et al. (2005) was able to examine
the effects of upwelling on SST, SSH and chlorophyll-a enhancement in the wake of
Hurricane Ivan. After Hurricane Ivan passed overhead in the Gulf of Mexico in
September 2004, clear skies allowed for satellite remote sensing of surface conditions.
These conditions were sufficient to provide a unique understanding of the upper-ocean
response to a passing hurricane utilizing satellite remote sensing data.

SST was examined using NOAA GOES-12 nighttime composite images. SSH
was examined using altimeter data from Jason-1, TOPEX/POSEIDON, and Geosat
Follow-on using techniques described in Leben et al. (2002). Chlorophyll-a
concentrations were calculated using SeaWiFS data along with the NASA OC2
algorithm.

Hurricane Ivan was a classic hurricane that began forming over the tropical
Atlantic Ocean on 2 September 2004. After entering the Gulf of Mexico, it rapidly
strengthened to a category four hurricane, with winds in excess of 62 ms™. Ivan

translated a north-northwestward course across the Gulf of Mexico towards New Orleans
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at a speed of 5.4 ms™. It slightly changed course on 15 September and made landfall as
a strong category three storm near Gulf Shores, AL.

Walker et al. (2005) makes mention that despite this importance of SSTs on
forecasting hurricane intensity fluctuations, most current hurricane models do not
incorporate dynamic SSTs. The lack of this crucial data from model runs is considered to
be one of the biggest contributing factors to less accurate hurricane intensity forecasts,
including the forecast for Hurricane Ivan. Two rapid 3 m s decreases in Ivan’s wind
intensity were noted during its trek across the Gulf of Mexico. Walker et al. (2005)
directly correlates these sudden drops in intensity to the near-instantaneous cooling of the
SST to 20-26 °C (from 28-30 °C before storm passage) over a wide swath of ocean
surface, 38,000 kmz, by Ivan.

Average storm-related SST changes were computed to be around -4 °C. SSH
changes were also reflective of this. SST/SSH change maxima were found to be 40-
90km east (right) of Ivan’s track, consistent with a right-side bias. Regions of extreme
cooling (ASST greater than -5 °C) were found further westward of the track than
expected. This feature was attributed to a strong pre-storm current (about 60 cm s™)
located on the outer margin of one of the warm core ring features in the Gulf of Mexico.
The data presented in this study revealed cooling around 1-6 °C in most areas after
hurricane passage, with maximum cooling in regions of cyclonic circulation along Ivan’s
track.

Walker et al. (2005) demonstrated that cyclonic circulation features in the Gulf of

Mexico have been found in regions of vigorous sub-surface upwelling and upward
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doming of cool water where the top of the thermocline is typically 50-60 m below the
surface. Walker et al. (2005) utilized a number of calculations and formulas can be
employed to find the displacement of the thermocline due to upwelling caused by Ivan.
Using values consistent with conditions in the Gulf of Mexico with the passage of
hurricane Ivan, there would be upward isotherm displacement of 32.7 m for every 10 cm
decrease in SSH. Utilizing the satellite observed SSH change of -15 to -20 cm yields an
isotherm displacement of 50-65 m. This is consistent with calculations of surface wind
stress affecting the mixed layer (Walker et al, 2005).

Time-sequenced SeaWiFS imagery reveals large-scale enhancement of Chl-a
concentrations within two upwelling regions. Peak concentrations lagged Ivan’s passage
by three and four days in the northern and southern features, respectively. The
aforementioned 50-65 m upward isotherm displacement would have injected higher
concentrations of nitrate into the surface waters, as previous study has shown that
nitraclines within the Gulf of Mexico are typically found at the 50-70 m depth. Two
features of hurricane-induced Chl-a enhancement are upward entrainment of
phytoplankton to the surface and new production. Study into this hurricane event
revealed that both sources were likely present. A three-way fully coupled model would
be able to provide the oceanic dynamics necessary to study phytoplankton blooms in the
wake of TCs. This implementation of the model system was not experimented with in
the scope of this thesis.

Walker et al. (2005) showed that SST, SSH, and Chl-a observations all confirm

enhanced upwelling along and east (to the right) of Ivan’s track, as expected from
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previous studies. This study also confirms the importance of accurate SST/SSH forecasts
for passing hurricanes by examining the SST/SSH fluctuations with Ivan’s intensity
fluctuations. This study also shows that hurricane-forced eddy pumping of nutrients into
surface waters is an important biogeochemical process to be considered in future

modeling studies.

1.2.4  Upper Ocean Heat Budget Response
1.2.4.1 Ocean Heat Content (OHC)

Hurricane intensification/decay has been directly correlated to the 26 °C isotherm.
This has been mentioned in numerous studies (e.g. Leipper and Volgenau 1972, Emanuel
2005) as being the critical value. It has been demonstrated that TCs in environments of
SSTs less than 26 °C usually experience decay while TCs in environments of SSTs
greater than 26 °C experience intensification. Areas in the ocean with deeper mixed
layers (greater than 150 m) are of particular importance to forecasting hurricane intensity
fluctuations due to the greater amount of heat energy present. Hurricane winds result in
surface mixing, with particularly strong mixing to the right of the hurricane’s track.

Leipper and Volgenau (1972) introduced OHC as a quantity that would determine
regions conducive to storm intensification based on temperature and depth of the 26 °C

1sotherm. The OHC formula is:

n
OHC = p,C, [(T -26)dz, T>26°C

ZZ()
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where Z,¢ (greater than 0 m) is the depth of the 26 °C isotherm, m is the SSH, py is the
density of the sea water, and C, is the specific heat of the sea water. Based on this,
regions of OHC greater than 60-90 kJ cm™ have been found to be conducive to storm
intensification. This value is truly dependent on the dynamics of the upper-ocean.
Upwelling and vertical mixing can raise the depth 26°C isotherm (Z3¢) and reduce the
value of the temperature at the surface (T), thereby reducing the value of OHC.

Equally important, and leading to the intensification of TCs, downwelling is
prevalent in modeling studies including Oey et al (2007) (the configuration is discussed
in section 1.2.11.1). Downwelling due to convergent flows onto coastlines of southern
Cuba and the northeastern Yucatan are demonstrated utilizing model data for Hurricane
Wilma in October 2005. Downwelling, pushing the 26 °C isotherm to deeper depths, is
able to increase the OHC in some regions by 50 kJ cm™ or more over less than three

days. This OHC increase can have drastic effects on the intensity of the TC.

1.2.4.2  Hurricane Heat Potential (HHP)

Morey et al. (2006) created a dynamic modeling system to pass information
between the atmospheric and ocean environments during a passing TC in order to look at
the contribution of different fluxes to the heat budget. A major hurdle in accurate SST
and TC modeling and forecasting is the lack of a highly accurate wind field compared to
observations during TCs. Techniques presented in Morey et al. (2006) provide
interpolation of satellite scatterometer data with numerical weather prediction (NWP)

data. Interpolating these fields has been found to result in highly accurate wind fields,
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properly gridded in space and time for input into numerical ocean models (Morey et al.
2006). These interpolated fields seem to produce a more accurate simulation of the ocean
during TC forcing events rather than using NWP winds alone. The coupled flux model
configuration in Morey et al. (2006) is discussed further in section 1.2.10.1.

Morey et al. (2006) examine the effect of Hurricane Dennis (2005) as it moved
through the Gulf of Mexico. Results from this study confirm that there is a large amount
of heat loss from the ocean to the atmosphere during a passing TC. In order to closely
look at the heat budget of the ocean, four model experiments were run with heat and
momentum surface flux active or inactive: one with no flux, one with heat flux, one with
momentum flux, and one with both heat and momentum flux. Hurricane Heat Potential
(HHP) from Leipper and Volgenau (1972) was used to examine the differences between
the four cases. The study was able to show the dominance of the momentum flux over
the heat flux in cooling the water column of deep ocean areas, in agreement with Shen
and Ginis (2003). Hurricane Heat Potential can not be calculated in the coastal areas,
where the entire water column temperature is greater than 26° C. As a result, his model
was not able to look into the amount of HHP lost to the atmosphere in coastal regions.
SST comparisons demonstrated rapid cooling along the coastline as the negative heat flux
from the surface quickly mixed through the shallow water. The strongest cooling was
still offshore, where mechanical mixing demonstrated the greatest effect to ASST (Shen
and Ginis 2003).

Taking a closer look at the heat budget in the four experiments, Morey et al.

(2005) is able to demonstrate the effect of various contributions of different processes.

21



The combined net surface heat flux (which was found in the heat and momentum flux
experiment) and radiation terms show a -30 to -50 MJ m™ contribution to the HHP
budget. Considering a solar radiation contribution of 70 to 100 MJ m™ in heat gained by
the ocean, the amount of heat lost to the atmosphere is between -100 and -150 MJ m™.
Modeled HHP values near the storm track range from 300 to 1000 MJ m™. Therefore,
the amount of heat utilized by the atmosphere in a passing TC may be estimated to be
within a range of 10-50%. This is much greater than the original estimates of 2-8%

presented in Cione and Uhlhorn (2003).

1.2.5 Upper Ocean Salinity Response to Precipitation Processes

Price et al. (1979) was an initial observational study into the role of precipitation
processes on the upper-layers of the ocean. Fresh water falling over the ocean surface
creates a negative salinity anomaly within the first few meters of the ocean surface. This
fresh stable layer plays an important role in mesoscale air-sea interaction processes. The
fresh layer examined in Price et al. (1979) was a very thin layer that was the result of a
brief (<2 hr) rain event that accumulated approximately 6 cm of rain. This fresh layer
immediately deepened by entrainment and merged with an existing mixed layer
approximately 25 m thick within 20 hr. The Price et al. (1979) observational study was a
relatively simple example of wind-driven mixed layer deepening.

Bao et al. (2003) demonstrated the response of the upper-ocean to fallen
precipitation utilizing the Princeton Ocean Model (POM). In order to accurately

represent these thin layers, the POM is configured in Bao et al. (2003) with fine vertical
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grid spacing in the top layers, as low as 1 m. This vertical grid spacing is necessary as
the ocean’s response to the surface atmospheric forcing by precipitation occurs within in
the upper few meters of the ocean. Depending on the atmospheric event (TC, squall line,
etc) this ocean response may occur over only a few hours.

Bao et al. (2003) utilized an initially homogenous (in the horizontal and vertical)
ocean environment. Rainfall was introduced into the model at an intensity of 15 mm
hour™ within a circle of 100 km and lasted for five hours. Running the POM in this
configuration resulted in a maximum salinity anomaly of -0.3 to -0.35 psu (practical
salinity units) within the top 2-3 m in five hours, and with a small (-0.05 psu) anomaly
contour reaching below 10m depth. The stable layer gradually mixed over the course of
few hours decreasing the magnitude of the anomaly but spreading it to a depth of 11-13
m. This modeled data correlates well with observations taken during a similar storm that
took place during the Tropical Ocean Global Atmospheres/Coupled Ocean Atmosphere
Response Experiment (TOGA/COARE) in the western Pacific warm pool, at 156 °E 2 °S.

Another experiment is carried out in Bao et al. (2003) that introduced a downward
heat flux of 200 W m™ by shortwave radiation to the surface after the rainfall is stopped.
The results of this are compared to the same heat flux being applied to the surface, except
with no precipitation-induced stable layer. An increased SST anomaly of 0.13 °C is
noted in the case with the precipitation-induced stable layer. This anomaly is nearly three
times larger than the case with no precipitation-induced stable layer, 0.035 °C. Likewise,

the warming of the upper-layers of the ocean lasted longer in the case where there was a
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precipitation-induced stable layer. As a result, the rainfall-induced fresh layer responds
to warming much more rapidly than the rest of the ocean.

The Bao et al. (2003) study concludes that the upper-ocean responds to surface
forcing from the atmosphere much more rapidly when precipitation has formed a stable
layer at the surface. However, it is also quick to note that a two-way coupled model
including ocean-to-atmospheric feedback would be necessary to further study the
problem. The current implementation of the coupled model does not allow for
examination into this problem and will not be tested in this thesis. It remains an
interesting problem that will utilize a fully coupled ocean-atmosphere-wave model for

future study.

1.2.6  Upper Ocean Response and General Circulation Features

Oey et al. (2006) investigated the results of loop current warming on TCs,
specifically Hurricane Wilma. Hurricane Wilma, during its duration from 16 October
through 26 October 2005 became the strongest Hurricane on record in the Atlantic basin.
The storm originated southwest of Jamaica over a region of high OHC. It strengthened
rapidly to a Category 5 storm, weakened briefly and made landfall on the island of
Cozumel and part of the Yucatan Peninsula. After making landfall it weakened again,
but was pushed back to sea and strengthened again as it passed over the warm loop

current as it headed towards Florida.

Wilma’s unusually large size, combined with strong intensity and slow translation

caused a decrease in SST at National Data Buoy Center (NDBC) buoys well before the
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storm arrived (Oey et al. 2006). Price (1981) and Shay et al. (2000) suggest that SST
decreases are common and to be expected prior to the arrival of a TC, but on the scale of
a few hours and within 100-200 km of the storm’s center. In the case of Wilma, the SST
at buoy 42056 decreased gradually (by approximately 0.5 °C per day) from 18-19
October 2005 while the storm center was still 400-600km from the site.

Data provided by buoy 42003 presents a more complicated problem due to its
proximity to the Loop Current. Observed SST showed a 0.4°C decrease in SST, then an
increase in SST of the same magnitude, followed by a sharp drop in SST of 0.8°C after
Wilma passed to the south of the site. Oey et al. (2006) attributed the brief oscillation in
SST before Wilma passed through to momentary shifting in the loop current due to the
massive transport of warm water into the Gulf of Mexico by Wilma. The path of Wilma
was unique in that it followed along the Yucatan Channel, thus pushing water northward.
This massive volume transport is demonstrated in both model and satellite data.

Oey et al. (2007) continued this examination of Wilma and the loop current in the
Gulf of Mexico by using a numerical model of the ocean, which is described in detail in
section 1.2.9.2. Oey et al. (2007) utilized the numerical model and removed the loop
current from the general circulation of the Gulf of Mexico. The model demonstrated that
Hurricane Wilma would have traversed over a larger area of high OHC before making
landfall in Florida. When the loop current was included in the solution, the massive
volume flux of warm water as Wilma pushed through the Yucatan channel was channeled

by the loop current away from the storm. As a result, the loop current in the Gulf of
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Mexico and the general circulation, have huge impacts on the track and intensity of

storms (Oey et al. 2007)

1.2.7  The Importance of 2-Way (Atmosphere-Ocean) Coupled Numerical Modeling

Bender and Ginis (2000) examined four realistic cases: Hurricanes Opal (1995)
and Gilbert (1988) in the Gulf of Mexico, and Hurricanes Felix (1995) and Fran (1996) in
the western Atlantic. Several experiments were run comparing uncoupled and coupled
model cases, refer to section 1.2.10.2 for a detailed explanation of the model
configuration.

In Bender and Ginis (2000), the uncoupled model forecast used for comparison is
the Geophysical Fluid Dynamics Laboratory (GFDL) model, which was operational at
the time of publication. According to Bender and Ginis (2000), beginning in 1995 the
GFDL hurricane prediction system became the operational hurricane model for the
National Weather Service, run on all TCs in the east Pacific and Atlantic basins during
the hurricane season. The coupled model used for comparison is the same operational
GFDL model coupled to the POM (Bender and Ginis 2000).

The GFDL forecasting system had performed very well in providing accurate
track forecasts (Kurihara et al. 1998). Intensity forecasts were less accurate as the