ABSTRACT
MCGEE, LAURA CELESTE. Mesoscale and Submesoscale Mechanisms Behind
Asymmetric Cooling and Phytoplankton Blooms Induced by Hurricanes: A Comparison
Between an Open Ocean Case and a Continental Shelf Sea Case. (Under the direction of Dr.
Ruoying He.)
Right-side bias in sea surface cooling and phytoplankton blooms is often observed in
the wake of hurricanes in the Northern Hemisphere. This idealized hurricane modeling study
used a coupled biological-physical model to understand the underlying mechanisms behind
hurricane-induced phytoplankton bloom asymmetry. Both a deep ocean case and continental
shelf sea case were considered and contrasted. Model analyses show that while right-side
asymmetric mixing due to inertial oscillations and restratification from strong right-side
recirculation cells contribute to bloom asymmetry in the open ocean case, the well-mixed
condition in the continental shelf sea case inhibits formation of recirculation cells, and the
convergence of water onto the shelf is a more important process for bloom asymmetry.
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1.

INTRODUCTION
Hurricanes induce upwelling and vertical mixing along their tracks, bringing cold and

nutrient-rich deep waters to the upper water column that result in significant changes in sea
surface temperature (SST) and phytoplankton concentration (Price 1981, Subrahmanyam et al.
2002, Lin et al. 2003). These hurricane-induced blooms can occur even in waters that are
normally oligotrophic, and thus may be an important contributor to new primary production in
these sparse ecosystems (Babin et al. 2004). Studies have suggested that hurricane-induced
blooms may account for 20-30% of new production, and a single hurricane event can increase
primary production by an order of magnitude (Lin et al. 2003, Tsuchiya et al. 2013). These
hurricane-induced blooms are rarely considered in calculations of air-sea carbon flux, and may
be an important contributor (Mahadevan et al. 2011). To understand the contribution of
hurricane-induced blooms to primary production and carbon flux, their main mechanisms must
be understood.
As the most unique biological feature, the right-side asymmetry of phytoplankton
blooms in the Northern Hemisphere has often been observed and attributed to increased
entrainment and upwelling on the right side of the hurricane’s track (Chang and Anthes 1978,
Price 1981, Son et al. 2006, Shi and Wang 2007). Resonance between the rotation of the
hurricane’s right-side wind stress vector and the ocean’s inertial oscillations leads to more
entrainment of cooler nutrient-rich water on the right than on the left; consequently, the
increased nutrient flux causes a large bloom to form on the right (Chang and Anthes 1978,
Price 1981, Subrahmanyam et al. 2002, Babin et al. 2004). However, a recent study by Huang
and Oey (2015) concluded that vertical mixing alone can only produce a weak bloom

1

asymmetry. By examining the differences between 1-D and 3-D model experiments, they
concluded that a subsurface jet created by the cyclone’s asymmetric mixing caused
submesoscale recirculation cells to form on the right side; these cells restratified the water in
the euphotic zone, and produced bloom asymmetry comparable to that seen in nature.
Hurricanes can also produce asymmetric cooling and phytoplankton blooms on a
continental slope and shelf (Tsuchiya et al. 2013, Allahdadi and Li 2017). As a hurricane moves
closer to the continental slope and shelf, the ocean becomes well-mixed, and the response
changes from baroclinic in the open ocean to barotrophic in shallow water less than 100 meters
depth (Cooper and Thompson 1989a, Mitchell et al. 2005). Strong horizontal and vertical
advection are associated with the hurricane’s passing (Mitchell et al. 2005, Allahdadi and Li
2017), and they are important mechanisms of temperature change (Mitchell et al. 2005, Sheng
et al. 2006). More recently, major hurricanes Harvey, Irma, and Maria (August and September
2017) devastated the coastal United States and Caribbean, causing at least 169 deaths and
between $303 billion and $535 billion in damages as they moved from the deep ocean into the
shallow shelf sea and onto the coast (BBC Business 2017, Rabin 2017, George et al. 2017,
Friedman 2017, Rice 2017, Lee 2017, Pascual 2017, The Associated Press 2017). Despite the
danger of these systems, their relative impacts on the ocean have not been thoroughly examined
and compared. To fully understand the impacts of major storms, the change in ocean response
due to changes in bathymetry must be considered.
The goal of this study is to further explore and understand the mechanisms behind
asymmetric hurricane-induced cooling and phytoplankton blooms and compare and contrast
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their responses in the deep open ocean and shallow shelf seas. To achieve that, an idealized
model simulation and analysis approach is utilized.

2. METHODS AND DATA
2.1 Coupled Model Design
This study utilizes the Regional Ocean Modeling System (ROMS) coupled to a
biological model described in Powell et al. (2006). ROMS is an advanced hydrostatic
primitive-equation ocean model that computes values along a horizontal curvilinear Arakawa
C grid and along vertically stretched terrain-following coordinates (Haidvogel et al. 2008,
Powell et al. 2006, Warner et al. 2010, Zambon 2008). It uses the Boussinesq approximation
and a time-stepping scheme that computes surface elevation and barotrophic momentum with
short time steps, and uses longer steps for the equations of state (temperature, salinity, etc.)
(Haidvogel et al. 2008). The Generic Length Scale (GLS) vertical mixing scheme (Umlauf and
Burchard 2003, Warner et al. 2005a), with the Kantha and Clayson stability function (Kantha
and Clayson 1994) is applied.
The idealized hurricane in this study is generated using the Holland wind model
(Holland 1980). The wind profile for this model is
1

𝐴𝐵(𝑝𝑛 − 𝑝𝑐 ) 𝑒𝑥𝑝(−𝐴𝑟 𝐵 ) 𝑟 2 𝑓 2 2 𝑟𝑓
𝑉𝑔 = [
+
] −
𝜌𝑟 𝐵
4
2

(1)

where Vg is the gradient wind at radius r, pn is the ambient pressure, pc is the central pressure,
f is the Coriolis parameter, ρ is the air density, and A and B are constants. The differences due
to central and ambient pressures have been removed by the parameter
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𝑝 − 𝑝𝑐
𝑝𝑛 − 𝑝𝑐

(2)

which relates to A and B by the equation
𝐴 = 𝑟𝐵𝑙 𝑛 [

𝑝𝑛 − 𝑝𝑐
].
𝑝 − 𝑝𝑐

(3)

The winds at the center are given by the equation
1

𝐴 2
𝐴𝐵(𝑝𝑛 − 𝑝𝑐 )𝑒𝑥 𝑝 (− 𝐵 )
𝑟 ]
𝑉𝑐 = [
𝜌𝑟 𝐵

(4)

where the radius of maximum wind can be found by taking the derivative of the equation above
with respect to radius, and then setting the derivative equal to zero. This gives a radius of
maximum winds that is independent of ambient and central pressure, or
1

(5)

𝑅𝑤 = 𝐴𝐵
which gives a maximum wind speed of
1

𝑉𝑚 = 𝐶(𝑝𝑛 − 𝑝𝑐 )2

(6)

where
1

𝐶=

𝐵 2
(𝜌𝑒) .

(7)

In this model, instead of giving values to A and B directly, the values of the radius of
maximum wind, the pressure in the hurricane’s center, and the ambient pressure have been set.
The ambient pressure is 1005 hPa, the hurricane’s center pressure is 920 hPa, and the radius
of maximum winds is 50 km.
Given the surface wind field produced by the Holland wind model, the wind stress
scheme used in Oey et al. (2006) was subsequently used to calculate the wind stress needed by
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the ocean model. In this scheme, a drag coefficient is calculated based on the magnitude of the
wind speed. The drag coefficient is formulated so that at very high wind speeds, the magnitude
of the drag coefficient levels off. The equations to calculate the drag coefficient are
𝐶𝑑 𝑥103 = 1.2, 𝑊 ≤ 11 𝑚 𝑠 −1

(8)

𝐶𝑑 𝑥103 = 0.49 + 0.065𝑊, 11 < 𝑊 ≤ 19 𝑚 𝑠 −1
𝐶𝑑 𝑥103 = 1.364 + 0.0234𝑊 − 0.0002𝑊 2 , 19 < 𝑊 ≤ 100 𝑚 𝑠 −1 ,
where W is the wind speed in meters per second (Powell et al. 2003, Oey et al. 2006). Then,
wind stress is calculated as
𝑆𝑡𝑟𝑒𝑠𝑠 = 𝜌𝐶𝑑 𝑊 2 .

(9)

A biological model described in Powell et al. (2006) was used to model the changes in
nitrate and phytoplankton induced by the cyclone. This trophic model calculates dissolved
nitrogen (nitrate, N), particulate nitrogen or detritus (D), phytoplankton (P), and zooplankton
(Z) (see Fig. 1). The model calculates the amount of nitrogen contained within each group (in
millimoles of nitrogen per meters cubed). The equations and parameters in this model are
identical to those found in Spitz et al. 2003 (Table 1).
The dynamical equations (shown below) have the following form: the left side contains
a local time derivative and an advection term, while the right contains a vertical mixing term
plus the biological mechanisms. These mechanisms include grazing on phytoplankton by
zooplankton (G), nitrogen uptake by phytoplankton (U), plankton removal (σd and ςd, for
phytoplankton and zooplankton respectively), sinking (wd) and remineralization (δ).
𝜕𝑁
𝜕
𝜕𝑁
+ 𝒖 ∙ 𝛻𝑁 = 𝛿𝐷 + 𝛾𝑛 𝐺𝑍 − 𝑈𝑃 + (𝑘𝑣
)
𝜕𝑡
𝜕𝑧
𝜕𝑧

(10)
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𝜕𝑃
𝜕
𝜕𝑃
+ 𝒖 ∙ ∇𝑃 = 𝑈𝑃 − 𝐺𝑍 − 𝜎𝑑 𝑃 + (𝑘𝑣 )
𝜕𝑡
𝜕𝑧
𝜕𝑧
𝜕𝑍
𝜕
𝜕𝑍
+ 𝒖 ∙ ∇𝑍 = (1 − 𝛾𝑛 )𝐺𝑍 − 𝜁𝑑 𝑍 + (𝑘𝑣 )
𝜕𝑡
𝜕𝑧
𝜕𝑡
𝜕𝐷
𝜕𝐷 𝜕
𝜕𝐷
+ 𝒖 ∙ ∇𝐷 = 𝜎𝑑 𝑃 + 𝜁𝑑 𝑍 − 𝛿𝐷 + 𝑤𝑑
+ (𝑘𝑣
)
𝜕𝑡
𝑑𝑧 𝜕𝑧
𝜕𝑧
𝐺 = 𝑅𝑚 (1 − 𝑒 −𝛬𝑃 )
𝑧

𝐼 = 𝐼0 exp(𝑘𝑧 𝑧 + 𝑘𝑝 ∫ 𝑃(𝑧 ′ )𝑑𝑧 ′
0

𝑈=

𝑉𝑚 𝑁
𝛼𝐼
.
𝑘𝑁 + 𝑁 √𝑉𝑚2 + 𝛼 2 𝐼 2

Above, Rm is the zooplankton grazing rate, 𝛬 is the Ivlev constant, I is the intensity of
light, I0 is the surface irradiance, kz is the light extinction coefficient, kp is the self-shading
coefficient, Vm is the nitrate uptake rate, kN is the uptake half saturation number, and α is the
initial slope of the photosynthesis-irradiance curve.
In the original model, the amount of light at the ocean's surface remains constant with
time, but for this study, a simple day-night cycle has been added, following that of Huang and
Oey (2015). Solar irradiance is based on the typical amount of light in July in the subtropical
region, and modeled with the following equation:
𝐸𝑠 = −533 𝑐𝑜𝑠(

2𝜋𝑡
), 𝐸𝑠 > 0
24

(11)

𝐸𝑠 = 0, 𝐸𝑠 < 0
where t is time in hours. Unlike Huang and Oey (2015), the effects of cloud cover have not
been considered.
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2.2 Model Configuration
The domain is an idealized Cartesian basin with dimensions of 3600 km by 2800 km.
The grid size is 8 km, and the basin has closed boundary conditions on the western boundary
and gradient boundary conditions on all others. There are sixty-one vertical levels. Fig. 2 shows
the domain and the location of the hurricane’s center at the beginning of each day. The Coriolis
force has been approximated using a f-plane to simulate 15°N. Both deep ocean (Case 1) and
continental shelf sea (Case 2) environments are considered. Case 1 has a constant bathymetry
of 2000 m, whereas Case 2’s bathymetry changes from 2000 m to 50 m over the slope and
shelf (Fig. 3).
The hurricane wind forcing from the Holland model is one-way from the atmosphere
to the ocean, neglecting air-sea interaction. As in Huang and Oey (2015), it moves in the eastwest direction. The cyclone’s initial position is at x = 3000 km, y = 1500 km. The hurricane’s
wind stress starts at zero and ramps up to its final strength over the course of twenty-four hours.
This ramp-up was included to reduce numerical shock that can occur from a strong hurricane
being introduced immediately into a still system. The hurricane translates from east to west at
a constant speed of 5.5 m s-1, and the simulation runs for a total of ten days.
Initial conditions for phytoplankton, nitrogen, and temperature at depth have been
modeled in the manner of Huang and Oey (2015). Temperature is a function of depth, and is
modeled by the set of equations:
𝑇 = 28.88°𝐶 𝑓𝑜𝑟 0 < 𝑧 < −30𝑚,

(12)

𝑧 + 30
]] 𝑓𝑜𝑟 − 30𝑚 < 𝑧 < −500𝑚,
175.9

𝑇 = 28.88 + [(28.88 − 8.5) 𝑡𝑎𝑛ℎ[

𝑇 = −3552.5𝑧 −0.967 𝑓𝑜𝑟 − 500𝑚 > 𝑧.
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Nitrate is modeled by the set of equations:
𝑁𝑂3 = 0.05 𝑓𝑜𝑟 𝑇 ≥ 26.8°𝐶,

(13)

𝑁𝑂3 = −1.3458𝑇 + 36.094.
Nitrate is a function of temperature, also fitted using WOA data (Huang and Oey 2015).
The initial phytoplankton profile is a shifted Gaussian function (Platt and Sathyendranath 1988,
Sathyendranath et al. 1995, Huang and Oey 2015), such that phytoplankton concentrations are
zero at approximately 200 m depth, with a value of 0.12 mmol N m-3 at the surface and a
maximum of 0.37 mmol N m-3 at approximately 60 m depth. While Huang and Oey (2015)
determined their chlorophyll a (chl a) profile in mg m-3, for the purposes of this study, one
mmol N m-3 is taken to be equal to 1 mg m-3 of chl a (Wroblewski 1989, Marra et al. 1990,
Doney et al. 1995). Fig. 4a shows the initial vertical temperature and nitrate profiles, while
Fig. 4b shows the initial zooplankton, phytoplankton, and detritus vertical profiles.
Zooplankton and detritus values are set at a fixed value depending on the equivalent
phytoplankton concentration at depth. Zooplankton concentration is equal to one-tenth the
phytoplankton concentration, and detritus values are equal to twice the phytoplankton
concentration. These proportions have been chosen after examining the output from the
Southwest Atlantic Bight and Gulf of Mexico (SABGOM) model from the middle of the Gulf
of Mexico over the water column (Hyun and He 2010, Xue et al. 2016).
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3. RESULTS
3.1 Case 1
The ocean response to the hurricane is examined at both the surface and subsurface.
For the surface analysis, a cross-section (xy-plane) is taken at Station B in Fig. 2 and plotted
over different inertial periods. One inertial period is 46.36 hours at 15o N. The subsurface
analysis is presented in a yz-cross-section, and the results have been zonally averaged over the
black box shown in Fig. 2 and then time-averaged over three inertial periods. The subsurface
plots face westward, in the direction of hurricane motion. Thus the surface plots show
evolution over time, while the subsurface plots are zonally- and time-averaged to show the
overall lasting trends.
Noticeable surface cooling is observed along the track of hurricane (Fig. 5). The
greatest SST decrease, -7°C, occurs on the right side of the hurricane’s track (Fig. 5a). The
surface current, showing a clear inertial oscillation pattern, is also several times greater on the
right side of the track (Fig. 5b). As in Chang and Anthes (1978) and Price (1981), this
asymmetric SST and mixed layer response occurs even with symmetric hurricane winds. The
wind stress vector turns clockwise with time on the right, in the same direction as the ocean’s
inertial oscillations (Price 1981). This results in a resonance effect, which will be discussed
further in Section 4.
The two areas of highest bloom concentration are not symmetric around the hurricane’s
center (Fig. 6a). One forms 40 km to the left of the center, and one nearly 160 km to the right
of the center. At depths of 50 to 100 m, there is lower phytoplankton concentration on the right
side than on the left. Temperature and nitrate contours are shifted to the right of the track such
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that the greatest nitrate concentration occurs inside the area of greatest cooling, 10-120 km to
the right of the hurricane’s center. Upwelling, which is slightly shifted right, occurs up to 50
m depth, and is marked by areas of raised isotherms and low phytoplankton concentration.
The asymmetry in bloom position is correlated with the asymmetry in ocean mixing
(Fig. 6b), represented by the log of the vertical diffusion coefficient (Kt). The wind mixing at
the surface causes high Kt that penetrates down into the water column. At the surface, Kt is
relatively higher on the left than on the right. However, the mixing extends to nearly 200 m
depth on the right, compared to only 100 m on the left. Areas of relatively higher Kt are
correlated with areas of relatively lower phytoplankton concentration, and vice versa.
The surface and subsurface asymmetry in phytoplankton concentrations can be
described by mesoscale processes. The resonance between the turning of the wind stress vector
and inertial oscillations causes more energy to enter the ocean on the right side than the left.
Entrainment is increased on the right, which brings the existing subsurface chl a maximum,
originally at 60 m depth, to the surface and brings cooler, chl a-poor water up to the mid-water
column, contributing to both surface and subsurface asymmetry.
Recirculation cells, indicated by the alternating patterns of upward and downward
momentum, occur on both the left and right sides of the track (Fig. 7). The cells on the right
are stronger and extend deeper into the water column, moving water nearly eight meters per
day. The area where the recirculation cells are the strongest coincides with the presence of a
westward subsurface jet, indicated by the negative u values (u = -0.4 m s-1) from 70 to 170 m
depth and about 50 km to the right of the hurricane center. At the same time, an eastward
surface jet of equivalent strength forms on the left side. The stronger recirculation cells on the

10

right re-stratify the top of the water column, and the decreased turbulence allows
phytoplankton to bloom (Huisman et al. 1999). In this way, recirculation cells can be thought
of as a “biological” mechanism of bloom asymmetry, as they promote new production
primarily on the right side.

3.2 Case 2
There are two locations of interest in this experiment. The first is a cross-section that
lies on the continental slope, where the depth is 200 m (Transect 1). The second is the shelf,
where the bathymetry first reaches 50 m (Transect 2). The locations of these cross-sections are
shown in Fig. 2. The slope location’s results are considered first.
Asymmetry at the surface and subsurface increases on the slope relative to the deep
ocean. There is a greater surface spreading of decreased SST, and the area of greatest cooling
has shifted further to the right (Fig. 8a). Compared to the open ocean Case I, the inertially
oscillating surface current is still greater on the right side of the track (Fig. 8b), though to a
lesser extent.
The highest concentrations of phytoplankton and nitrate have shifted rightward as well,
along with the area of greatest temperature decrease (Fig. 8c). At the subsurface, the
phytoplankton concentrations on the left are higher than those on the right. There is a
significant difference between the slope’s Kt (Fig. 8d) and that of Case 1: on the right side of
the track, Kt is high all the way to the ocean floor. This indicates that the surface mixed layer
is starting to interact with the bottom boundary layer, and the ocean is moving to a well-mixed
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condition. On the left side, the surface layer and bottom boundary layers are still separate
enough to cause a subsurface asymmetry in Kt, keeping Kt relatively low.
The westward subsurface jet (u = -0.4 m s-1) still forms on the right of the track (Fig.
8e), and there is an equally strong eastward surface jet on the left. Instead of clearly defined
recirculation cells, water around the westward jet is moving upward from depths of 140 m,
with speeds of greater than 26 m day-1. A region of downwards motion has formed near the
ocean floor on the right side of the track, accompanied by eastward subsurface motion (u = 0.2
m s-1). This motion indicates that water near the slope’s floor is moving off the slope and back
into the open ocean. Aside from one region of upward motion on the left side, 60 km away
from the hurricane’s center, the water on the left side of the track moves downward off the
slope.
The surface ocean’s response at the shelf is even more asymmetric. Fig. 9a shows the
change in SST at the shelf, which has a very strong rightward asymmetry. The inertially
oscillating surface current quickly dissipates, due to a larger bottom friction effect in the
shallow water (Fig. 9b). The rightward shift in phytoplankton concentration, temperature, and
nitrate is extreme, to the point where each variable is largely concentrated on the right side of
the track (Fig. 9c). The water is shallow enough that it is well mixed and there is no difference
in surface and subsurface asymmetry of phytoplankton. The well-mixed condition also inhibits
formation of recirculation cells (Fig. 9d). The vertical momentum plot confirms that no
recirculation cells occur (Fig. 9e). A weaker westward subsurface jet (u = -0.2 m s-1) still
develops on the right, while a stronger eastward surface jet (u = 0.4 m s-1) forms on the left.
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4.

DISCUSSION

4.1 Inertial Oscillations
To understand the asymmetric mixing in Case 1, we examine the ocean’s response to
wind stress on the right and left sides of the hurricane’s track. A hurricane’s winds rotate
counterclockwise in the Northern Hemisphere. As the hurricane moves forward through time,
each point on the right side of the track feels the wind stress vector rotating clockwise with
time, while each point on the left side feels the wind stress vector rotating counterclockwise
with time (Price 1981, Chang and Anthes 1978). The inertial oscillations induced in the ocean
by the wind stress have the form
𝑑𝑢
− 𝑓𝑣 = 0
𝑑𝑡

(14)

𝑑𝑣
+ 𝑓𝑢 = 0,
𝑑𝑡
and due to the influence of the Coriolis effect, turn to the right on both sides of the hurricane’s
track. Since both the inertial oscillations and the wind stress vector are turning in the same
direction on the right, the water on the right is accelerated more than that on the left (Price
1981, Chang and Anthes 1978). This induces mixing deeper into the water column on the right
side than the left.
Inertial oscillations usually propagate from areas with larger f to areas with smaller f,
but relative vorticity can shift f to an effective Coriolis parameter (feff), allowing some waves
to propagate freely and others to be trapped and amplified (Anderson and Gill 1979, Kunze
1985, Oey et al. 2008, Qian et al. (in review)). The effective Coriolis parameter is calculated
as
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𝑓𝑒𝑓𝑓 = 𝑓 +

𝜁
2

(15)

where 𝜁 is the vertical component of relative vorticity (RV). Near-inertial waves become
trapped in regions of negative vorticity, where feff is lower than the f of the surrounding ocean,
while regions of positive vorticity increase feff and dampen the propagation of near-inertial
waves (Kunze 1985, Qian et al. in review). Fig. 10 shows 𝜁 normalized by f, averaged zonally
and over three inertial periods. The asymmetric RV response may provide insights into how
the inertial energy propagates. On the right, RV/f values are uniformly low to depths of 200
meters, and the decrease in feff as it moves away from the hurricane center allows inertial waves
and their energy to propagate vertically deep into the water column. On the left, the maximum
positive RV/f occurs within the radius of maximum winds (50 km), which increases feff relative
to the ocean around it and dampens inertial oscillations. An area of lowest (negative) RV/f
occurs at nearly 100 km to the left of the cyclone. It is surface trapped, and corresponds to an
area of high Kt. Inertial oscillations are generated and are propagating downward in the
negative RV area, more so on the right than the left. Once the right-side inertial oscillations
can no longer propagate vertically, the remaining energy is channeled into the subsurface jet
(Kunze 1985, Oey et al. 2008, Huang and Oey 2015).

4.2 Recirculation Cells and PV Dynamics
As discussed earlier, the surface and subsurface jets are associated with the formation
of recirculation cells. While the cells form on both sides of the track, they are stronger and
deeper on the right. The recirculation cells re-stratify the top of the water column. The
development of recirculation cells can be elucidated in the context of potential vorticity (PV).
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Thomas (2005) examines conditions in which PV is destroyed by defining the PV “q”
equation and its rate of change as
𝑞 = 𝑓𝜔𝑎 ⋅ 𝛻𝑏;

𝑑𝑞
= −𝛻 ⋅ 𝐽 = −𝛻 ⋅ (𝑞𝑢 + 𝑓𝛻𝑏 × 𝐹 − 𝑓𝐷𝜔𝑎 );
𝑑𝑡

(16)

where 𝜔𝑎 = 𝑓𝑘 + ∇ × 𝑢 is the absolute vorticity, f is the Coriolis parameter, k is the vertical
unit vector, u is velocity, b=-gρ/ρo is the buoyancy, g is the gravitational acceleration, ρ is the
density, ρo is a reference density, qu is an advective constituent, F represents frictional forces,
and D represents diabatic processes. Since there is no air-sea coupling in this study, only the
frictional forces will be considered. Thomas (2005) integrated dq/dt over a control volume
bounded by isopycnal surfaces and an upper surface open to the air-sea interface, and found
that dq/dt was a function of the surface PV flux associated with frictional forces (JzF), expressed
as
𝐽𝑧𝐹 = 𝑓𝛻ℎ 𝑏 × 𝐹.

(17)

For PV to be destroyed, a situation in which dq/dt < 0 (or J > 0), the wind stress should
be perpendicular to the horizontal density gradient, which is outward from the cooler upwelled
water at the storm’s center (Thomas 2005, Huang and Oey 2015).
In Case 1 for example, there is indeed buoyancy loss due to wind mixing at the surface
layer, and density gradients that vary laterally throughout the mixed layer. In its simplest (2D)
form, this situation causes convection cells to develop which slant sideways due to the thermal
wind balance between the lateral density gradient and a meridional current (Haine and Marshall
1998). The fluid particles move along these slantwise paths in a process called symmetric
instability. If PV is negative, then these cells are unstable and the motion of the water will
return PV to zero, re-stratifying the water column (Haine and Marshall 1998). Fig. 11(a, b, c)

15

shows the initial zonally-averaged relative vorticity (RV), buoyancy (calculated as b = -g(ρ𝑓

ρo)/ρo), and PV(= −(𝜌)(𝜕𝜌/𝜕𝑧)= -(f/g)N2) at day 0; Fig. 11(d, e, f) shows the zonallyaveraged and time-averaged (between day 1 and day 6.8, three inertial periods) RV, buoyancy,
and PV; and Fig. 11(g, h, i) shows the change over time between the averaged plots and the
initial plots. The averaged buoyancy reveals a frontal zone, caused by the upwelled cooler
water near the hurricane’s center. The surface buoyancy is lower at the hurricane’s center and
gradually increases outward from the center, producing a positive outward horizontal density
gradient. Between 0 and 25 m depth, PV decreases over time by up to 0.015 m -1 s-1. This
indicates that the surface PV flux (J) in this region is positive, change in PV is negative, and
that there is PV destruction and restratification occurring in this region. Indeed, Fig. 12 shows
the time-averaged change in surface PV (dq/dt) over the black box in Fig. 2. Regions of PV
loss occur on both the right and left sides of the track. The horizontal buoyancy gradient is
radially outward from the center on both sides, and the direction of wind stress (westward on
the right, eastward on the left) on either side gives a positive curl, leading to PV destruction.
The region of positive dq/dt at the eastern boundary may be a combination of model numerical
shock from the introduction of the hurricane and the clockwise turning of the wind-stress
vector over time, which would cause wind stress on the right to move in an easterly direction,
leading to negative curl and increased dq/dt.
In Case 2, strong recirculation cells do not form (Fig. 9e). The interaction of the surface
and bottom boundary layers and the resulting well-mixed ocean (Fig. 9d) inhibits the formation
of recirculation cells.
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5. CONCLUSION
This research sought to determine the mechanisms that produced asymmetric
phytoplankton blooms in the wake of hurricanes in the Northern Hemisphere. It used an
idealized coupled physical-biological ocean model forced by the symmetric Holland wind
fields. Both a constant depth open ocean case (Case 1) and a shelf sea case (Case 2) were
considered.
A conceptual model (Fig. 13) was proposed that combined mesoscale and
submesoscale processes to give a broad view of what causes bloom asymmetry in the ocean.
As the hurricane moves along its track, it induces entrainment that mixes the existing
subsurface chl a maximum into the surface. Since more water is entrained on the right side
than the left, more chl a and nutrients are mixed into the surface on the right. After the hurricane
has passed, the horizontal density gradient and upward flux of potential vorticity cause the
formation of recirculation cells that destroy potential vorticity and restratify the surface layer,
creating a more favorable condition for phytoplankton to bloom. While recirculation cells do
appear on both sides of the hurricane’s track, they are more prominent on the right side, where
the greater density gradient occurs. A subsurface jet in the direction of hurricane motion also
develops on the right in conjunction with these recirculation cells.
The mechanisms behind right-side bloom asymmetry on the shelf are very different
from the open ocean case, as indicated by Fig. 13. The strong wind mixing, in conjunction
with the shallow water depth, causes the surface and bottom boundary layers to merge, which
hinders the formation of inertial oscillations and recirculation cells. Instead, surface currents
moving in the direction of the wind stress develop, moving onshore on the right and offshore
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on the left. A downwelling condition develops on the right side on the slope. The convergence
of water on the right causes a build-up of cooler water, nitrate, and phytoplankton on the right,
while water on the left is transported offshore.
This conceptual model opens the door for more research on phytoplankton bloom
asymmetry. One future area of research lies in understanding the effect that hurricane-induced
phytoplankton blooms have on the ocean’s carbon cycle. The partial pressure of CO2 in water
(pCO2w) is a function of primary production, gas exchange, alkalinity and dissolved inorganic
carbon concentrations (DIC), which in turn are functions of ocean temperature and salinity
(Bates et al. 1998a). Earlier studies have shown that hurricanes may increase, decrease, or
cause little change in pCO2w based on the region of the world ocean and the time of year
(Mahadevan et al. 2011). Other studies have shown that in general, hurricanes cause an efflux
of CO2 from the ocean to atmosphere, in contrast to the ocean’s usual role as a carbon sink
(Bates et al. 1998a, Nemoto et al. 2009, Koch et al. 2009, Huang and Imberger 2010, Bond et
al. 2011). These studies however did not adequately consider the effects of biological
production, which can be the primary driver of the carbon sink (Xue et al. 2016). By using this
research’s model configuration in conjunction with biogeochemical models that consider
organic and inorganic carbon budgets (e.g. Fennel et al. 2006, 2008), the relative contribution
of phytoplankton blooms to atmosphere-ocean carbon exchange can be better quantified.
Another area of future research is in the effect of ocean-atmosphere-wave interactions
on phytoplankton bloom asymmetry. In this study, the ocean did not provide feedback to the
atmosphere, nor were wave effects included. However, previous studies have shown that the
feedback from the ocean to the atmosphere as a hurricane passes over cooler water decreases
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hurricane intensity (Emanuel 1999, Gierach and Subrahmanyam 2008, Walker et al. 2014,
Zambon et al. 2014), while the magnitude of the ocean’s response depends on the intensity and
translation speed of the hurricane (Chang and Anthes 1978, Price 1981). The addition of waves
would create a greater surface roughness, increase ocean mixing, change wind stress, and cause
wave-current interactions (Warner et al. 2010). Whether or not these considerations would
change the framework of the conceptual model presented in this study needs to be examined
and reported in a future study. The resulting understanding will shed light on important
processes that are required for accurate coupled marine physical-biogeochemical prediction
problems in a real world.
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TABLES
Table 1. Parameters in the NPZD Powell biological model. Values are the same as those in
Spitz et al. 2003 and Powell et al. 2006
Name

Value

Dimension

Light extinction coefficient (kz)

0.067

m-1

Self-shading coefficient (kp)

0.0095

m2 mmol N-1

Initial slope of P-I curve (α)

0.025

m2 W-1

Nitrate uptake rate (Vm)

1.5

d-1

Uptake half saturation (kN)

1.0

mmol N m-3

Phytoplankton senescence (σd)

0.1

d-1

Zooplankton grazing rate (Rm)

0.52

d-1

Ivlev constant (𝛬)

0.06

m3 mmol N-1

Excretion efficiency (γn)

0.3

Zooplankton mortality (𝜁d)

0.145

d-1

Remineralization (δ)

1.03

d-1

Detrital sinking rate (wd)

8.0

m d-1
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FIGURES

Fig. 1 A diagram of processes modeled by the Powell biological model. The model calculates
variable concentrations in terms of nitrogen storage. Phytoplankton incorporate nitrate, grow,
and go through senescence, becoming detritus. Zooplankton graze on phytoplankton, grow,
and die, also contributing to the detrital pool. Detrital material is remineralized into dissolved
nutrients (i.e., nitrate) or exported as it sinks
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Fig. 2 The ROMS model domain, 3600 km by 2800 km. Black circles denote the location of
the hurricane’s center at the beginning of the day labeled above it; each circle has been given
a station letter. The black box in the center is the zonally averaged area
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Fig. 3 Bathymetry in Case 2, which changes from 2000 m to 50 m over the length of the domain
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Fig. 4 (a) Initial profiles of temperature (°C, black) and nitrate (mmol NO3 m-3, green). (b)
Initial profiles of zooplankton (cyan), phytoplankton (blue) and detritus (red), all in mmol N
m-3
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(a)

(b)

Fig. 5 (a) ΔSST (°C) at Station B over three inertial periods for Case 1. The black dashed line
indicates the hurricane center. (b) Meridional velocity (m s-1) at Station B over three inertial
periods. The white dashed line indicates the hurricane center
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(a)

(b)

Fig. 6 (a) Time-averaged phytoplankton (shading), temperature (black dashed contours), and
nitrate (green contours) in the yz-plane. (b) Time-averaged log10 of the vertical viscosity
coefficient (Kt). The white dashed line indicates the hurricane center. The view is westward in
the direction of the translating hurricane, and the variables have been zonally averaged over
the box in Fig. 2 as well as time-averaged for three inertial periods
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Fig. 7 Time-averaged vertical velocity (W in m s-1, shading), temperature (black contours) and
zonal velocity (m s-1, magenta contours; dashed lines indicate westward motion, solid lines
indicate eastward motion, and bold lines indicate zero motion) for Case 1. All variables have
been zonally averaged over the box in Fig. 2 and time-averaged over three inertial periods. The
view is westward in the direction of the translating hurricane, and the white dashed line
indicates the hurricane center
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(a)

(c)

(d)

(b)

(e)

Fig. 8 Case 2: continental shelf sea, results at Transect 1. (a) ΔSST over three inertial periods
for the slope (200 m depth). (b). Meridional velocity (V) over three inertial periods. (c) Timeaveraged phytoplankton (shading), temperature (black contours, °C), and nitrate (green
contours, mmol NO3 m-3). (d) Time-averaged log10 of the vertical viscosity coefficient (Kt).
(e) Time-averaged vertical velocity (shading), temperature (black contours), and zonal velocity
(magenta contours; dashed for westward motion, solid for eastward motion, bold for zero
motion). White dashed lines indicate the hurricane center. The views are westward in the
direction of the translating hurricane
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(a)

(c)

(d)

(b)

(e)

Fig. 9 Case 2: continental shelf sea, results at Transect 2. (a) ΔSST over three inertial periods.
(b) Meridional velocity (m s-1) over three inertial periods. (c) Time-averaged phytoplankton
(shading), temperature (black contours, °C), and nitrate (green contours, mmol NO3 m-3). (d)
Time-averaged log10 of the vertical viscosity coefficient (Kt). (e) Time-averaged vertical
velocity (shading), temperature (black contours), and zonal velocity (magenta contours; dashed
for westward motion, solid for eastward motion, bold for zero motion). White dashed lines
indicate the hurricane center. The views are westward in the direction of the translating
hurricane
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Fig. 10 Relative vorticity (RV), normalized by f, for Case 1. The variable has been averaged
zonally and over three inertial periods. The view is westward in the direction of the translating
hurricane
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Fig. 11 Case 1 zonally-averaged (a) relative vorticity (RV), (b) buoyancy (m s-2), and (c)
potential vorticity (PV) at day 0. Zonally- and time-averaged (d) RV, (e) buoyancy, and (f) PV
from days 1 to 6.8, and the change over time between the two rows (g-i). Variables have been
zonally averaged over the black box in Fig. 2. The white dashed lines indicate the hurricane
center, and the view is westward in the direction of the translating hurricane
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Fig. 12 Surface change in PV (dq/dt) over the black box in Fig. 2, time-averaged for three
inertial periods from days 1 to 6.8. The white dashed line indicates the hurricane center
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Fig. 13 Conceptual model of processes leading to right-side bloom asymmetry in Cases 1 and
2. Circulation direction is indicated by arrows, with depth indicated by shading (darkest at the
surface, lightest at depth)
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