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Abstract 
 

Recent research has suggested that global hurricanes release large amounts of CO2 from 

the ocean to the atmosphere during their passage, with CO2 effluxes comparable to the net 

local annual CO2 fluxes, but these estimates were based on arbitrary assumptions within the 

short “forced stage” of the hurricane passages. The factors controlling the air-sea CO2 

exchange and the integrated impact of hurricanes on the annual carbon cycle are still 

unclear. Here we use in situ measurements, satellite observations and numerical models to 

investigate the mechanisms of the variation of partial pressure of CO2 in surface ocean 

water (pCO2
surf

) and integrated air-sea CO2 exchange fluxes during and after the passage of 

Hurricane Frances (2004) over Caribbean Sea.  

The results suggest that the pCO2
surf

 variation is dominated by the changing sea surface 

temperature. The hurricane-induced vertical mixing brings cold, higher-CO2 water to the 

surface through water entrainment at the bottom of the surface mixed layer. The sea surface 

temperature cooling is the major reason for the decline of pCO2
surf

, while the entrainment 

of higher-CO2 water partially offsets this decline. The spatial heat budgets reveal that 

during the hurricane passage not only the entrainment at the bottom of surface mixed layer 

but also the horizontal water advection are important factors determining the spatial pattern 

of sea surface temperature. At the free surface, the hurricane-induced precipitation 

contributes a negligible amount to the air-sea heat exchange, but the precipitation produces 

a negative buoyancy flux in the surface layer that overwhelms the instability induced by the 

loss of heat to the atmosphere. Integrated over the domain within 400 km of the hurricane 

eye on day 245.71 of 2004, the rate of change of the heat content in the surface water was 

estimated to be about 0.45 PW (1PW= 1510 W), with about 20% (0.09 PW in total) of this 

due to the heat exchange at the air-sea interface, and almost all the remainder (0.36 PW) 

was downward-transported by oceanic vertical mixing. This downward heat could 

potentially spread out and significantly influence the local ocean heat transport. 

Extrapolated to the global tropical cyclone population, the global tropical cyclone activity 

could be an important factor influencing the global ocean heat transport. Through the 

turbulent kinetic energy budget of vertical mixing, the shear production was found to be the 

major source of turbulent kinetic energy, amounting to 88.5% of the source of TKE, while 

the rest (11.5%) was attributed to the wind stirring at sea surface. The increase in ocean 
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potential energy due to vertical mixing represented 7.3% of the energy deposited by wind 

stress.  

The surface distribution of pCO2 behind the hurricane mimicked the physical deepening 

processes, with a “right bias” to the hurricane track. The impact of the hurricane on local 

air-sea CO2 exchange was within a distance of about 100 km to the hurricane track on both 

sides. Application of different gas transfer velocities resulted in similar oceanic pCO2 

variations but notably different CO2 effluxes from the ocean to the atmosphere. Hurricane 

Frances was estimated to have caused a CO2 efflux of about 3.504 – 10.363 Tg (1 Tg = 

10
12

 g) C from ocean to the atmosphere, and globally, hurricanes in 2004 were estimated to 

have released a total CO2 of 0.047 – 0.141 Pg (1 Pg = 10
15

 g) C when extrapolating from 

Hurricane Frances. This efflux is remarkable when compared to the CO2 uptake by global 

oceans. The observed increased hurricane activity and severity were shown to have 

accelerated the CO2 efflux from oceans into the atmosphere over recent decades.  

However, although the hurricane caused enormous CO2 venting from ocean to the 

atmosphere during its passage, it also caused decreases in sea surface temperature and 

oceanic pCO2 which lasted for weeks. The cruise and in situ float data showed the recovery 

of the sea surface temperature was the dominant process in the variation of post-storm 

oceanic surface pCO2. The long-term modeling investigation indicated that the effect of 

CO2 venting caused by the hurricane winds was counteracted by the post-storm process to 

the extent of more than 72.6%. Small increases in phytoplankton concentrations were 

found after the hurricane passage, but the biological impact on the oceanic pCO2 variation 

is negligible. Simple analytical assessment of the post-storm oceanic pCO2 variation 

suggested that the global hurricane activities should not be an important factor influencing 

the global air-sea CO2 exchange.  
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Chapter 1: Introduction 

1. Motivation 

Hurricanes, defined as tropical cyclones with sustained winds exceeding 33 m s
-1

, are 

among the most powerful weather systems on Earth. Hurricanes occur mostly at latitudes 

between 10°N – 30°N and 12°S – 22°S from early summer to mid-autumn [Weatherford 

and Gray, 1988; Jansen and Ferrari, 2009; best track archives of the Joint Typhoon 

Warning Center], at times and places where the partial pressure of CO2 (pCO2) in the 

oceanic surface water is usually higher than that in the atmosphere [Takahashi et al., 2002]. 

Accordingly, the passage of hurricanes was commonly considered to enhance CO2 venting 

from ocean to the atmosphere. Bates et al. [1998] estimated a total CO2 efflux of 0.042 – 

0.509 Gt C, and later a smaller range of 0.04 – 0.08 Gt C [Bates, 2007] by scaling from 

Hurricane Fabian (2003), from the global hurricanes every year. These numbers are 

significant if compared to the annual CO2 uptake by global oceans of 2.0 ± 0.1 Gt C per 

year [Takahashi et al., 2009].  

However, these studies assumed that the oceanic surface pCO2 varied linearly during 

the hurricane passage and that the winds inside the hurricane wind field were uniform. The 

assumptions were apparently arbitrary for the following reasons. First, the oceanic surface 

pCO2 is a part of the complex CO2 system in ocean, mainly controlled by water 

temperature, total dissolved inorganic carbon (DIC), total alkalinity (TA) and salinity [e.g. 

Takahashi et al., 1993]. The ocean is stratified by density, and the water properties change 

quickly with water depth, the intensive vertical mixing induced by the hurricane winds 

modifies these water properties in the surface water during the hurricane passage. Second, 

the hurricane wind field changes rapidly with the distance to the hurricane center 

[Weatherford and Gray, 1988; Powell et al., 1998]. The assumption of a uniform wind 

field is inappropriate when calculating the CO2 fluxes because of the nonlinear dependency 

of the gas exchange velocity on wind speed [Wanninkhof, 1992]. For a more accurate 

estimate of the impact of hurricanes on global carbon cycle, knowledge of how the oceanic 

surface pCO2 varies temporally and spatially is necessary.  

Furthermore, the passage of a hurricane is just a short term event. The CO2 flux 

calculated during the hurricane passage can not represent the net impact of hurricanes on 

air-sea CO2 exchange, because lowered oceanic pCO2 and CO2 efflux are found for weeks 

following the hurricanes [e.g. Wanninkhof et al., 2007]. Phytoplankton blooms are usually 
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triggered by the hurricane passage and lasts for 2 – 3 weeks [Babin et al., 2004], but its 

impact on oceanic pCO2 variation is still unknown. Thus, the overall effect of hurricanes on 

air-sea CO2 exchange should be evaluated not only during the hurricane passages, but also 

on a long-term scale until the impact of hurricane on ocean vanishes.  

In the oceanic CO2 system thermodynamics, there are four main factors determining the 

pCO2 in the surface water: water temperature, dissolved inorganic carbon, alkalinity, and 

salinity. These factors are vertically variable with depth, thus the hurricane-induced strong 

vertical mixing is one of the key processes to determine the oceanic surface pCO2.  Field 

observations show that hurricane-induced vertical mixing in the upper ocean is a time-

dependent three-dimensional (3D) process [D’Asaro et al., 2007; Jacob et al., 2000; Lin et 

al., 2003]. The observed cooling of sea surface varies spatially, with the maximum cooling 

occurring to the right of the hurricane track. This asymmetric sea surface cooling has been 

attributed to the asymmetric wind field [Ginis, 2002; Ren et al., 2004] induced by the 

addition of hurricane translation speed, and also to the „resonance‟ effects between winds 

and ocean currents in the intense wind region to the right of the hurricane track [Price, 

1981; Young, 1999]. Furthermore, the hurricane-induced sea surface cooling is 

accompanied by warming of the water below the surface layer. After the storm passage, the 

cold water in surface layer is restored by the enthalpy fluxes through the air-sea interface, 

while the warm anomalies at depth are removed advectively by buoyancy adjustment. As 

the downward-transported heat flux is balanced by the lateral transport of ocean heat, 

hurricanes potentially contribute to latitudinal oceanic heat transport [Emanuel, 2001].  

In the present study, I used a three-dimensional (3D) hydrodynamic model, ELCOM 

(Estuary, Lake and Coastal Ocean Computer Model), coupled with a public domain carbon 

model and a biogeochemical model CAEDYM (Computational Aquatic Ecosystem 

Dynamics Model), together with in situ float data and satellite observations to study the 

oceanic CO2 system response to the passage of Hurricane Frances. Frances was a rather 

intensive hurricane, developed from a tropical storm into a Saffir-Simpson Hurricane Scale 

(SSHS) Category 1 hurricane at 1800 UTC on 26 August, then quickly intensified to a 

SSHS Category 3 hurricane in 24 hours, and made a landfall as a SSHS Category 2 

hurricane on Florida at 0430 UTC on 5 September, remaining in hurricane state on the 

ocean for about 226.5 hours. The oceanic responses to the passage of Hurricane Frances 

under the hurricane centre, maximum winds and at 110 km right to the hurricane track were 

recorded by three autonomous floats EM-APEX (ElectroMagnetic-Autonomous Profiling 

EXplorer) [Sanford et al., 2005], providing a rare chance to study the 3D oceanic response 
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to the hurricane passage. By using these data and the models, I parsed the effects of various 

terms on spatial sea surface cooling during the passage of Hurricane Frances (2004). Then I 

also use the model to estimate the total air-sea CO2 exchange fluxes during the period of 

the passage Hurricane Frances and the period when the impact of the hurricane on ocean 

vanished. The findings from current research substantially improve our knowledge on the 

atmosphere and ocean interaction under hurricane-strength winds, and on the role of global 

hurricanes in the global carbon cycle. 

2. Specific aims of current research 

This thesis seeks to understand the temporal and spatial variation of oceanic surface 

pCO2 during and after the passage of Hurricane Frances, and to evaluate the overall impact 

of the hurricane on air-sea CO2 exchange. More specifically, we are looking for the 

answers to the following questions: 

(1) How was the surface mixed layer deepened by the winds associated with Hurricane 

Frances? 

(2) How did the oceanic surface pCO2 vary with time and space during the hurricane 

passage, and how did vertical mixing drive this variation? What was the impact of 

Hurricane Frances on local air-sea CO2 exchange, and based on the study of Hurricane 

Frances, how much CO2 was released globally by hurricanes in 2004?  

(3) What was the effect of the hurricane-triggered phytoplankton bloom on oceanic 

surface pCO2 variation, and on a long-term basis what was the overall impact of Hurricane 

France on air-sea CO2 exchange? 

The answers to the above questions forms three papers accomplished during my Ph.D 

research, and are expected to better understand the impacts of global hurricanes on the 

atmosphere-ocean interaction, global ocean heat transport, and on the global carbon cycle. 

The major contribution of this thesis is to properly evaluate the role hurricanes playing in 

the air-sea CO2 exchange, which is of key importance in the study of global carbon balance.  

3. Overview of the rest of this thesis 

Following this brief introduction are three chapters formed by three published or 

submitted papers in sequence. Each paper forms the basis of the following studies, but each 

is self-contained. In chapter 2 we investigated the heat the turbulent kinetic energy budgets 

of the vertical mixing process, because vertical mixing is the major physical process 

determining the oceanic surface pCO2 variation. Based on the study of Chapter 2, we added 
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a carbon model to the hydrodynamic model to explore the variation of oceanic surface 

pCO2 under Hurricane Frances, and estimated the impacts of Hurricane Frances and global 

hurricanes in 2004 on air-sea CO2 exchange in Chapter 3. Then in Chapter 4, we extended 

our study to a long timescale until the signals in the ocean input from the hurricane 

vanished. Major conclusions obtained in these studies and recommendations for future 

work are given in Chapter 5.  
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Abstract 

Heat and turbulent kinetic energy budgets of the ocean surface layer during the passage 

of Hurricane Frances were examined using a three-dimensional hydrodynamic model. In 

situ data obtained with the EM-APEX floats were used to set up the initial conditions of the 

model simulation and to compare to the simulation results. The spatial heat budgets reveal 

that during the hurricane passage, not only the entrainment in the bottom of surface mixed 

layer but also the horizontal water advection were important factors determining the spatial 

pattern of sea surface temperature. At the free surface, the rain attributed to the hurricane 

contributed a negligible amount to the air-sea heat exchange, but the precipitation produced 

a negative buoyancy flux in the surface layer that overwhelmed the instability induced by 

the heat loss to the atmosphere. Integrated over the domain within 400 km of the hurricane 

eye on day 245.71 of 2004, the rate of change of the heat content in the surface water was 

estimated to be about 0.45 PW (1PW= 1510 W), with about 20% (0.09 PW in total) of this 

was due to the heat exchange at the air-sea interface, and almost all the remainder (0.36 

PW) was downward-transported by oceanic vertical mixing. Shear production was the 

major source of turbulent kinetic energy amounting 88.5% of the source of TKE, while the 

rest (11.5%) was attributed to the wind stirring at sea surface. The increase of ocean 

potential energy due to vertical mixing represented 7.3% of the energy deposited by wind 

stress.  
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1. Introduction 

Observations show that hurricane-induced vertical mixing in the upper ocean is a time-

dependent three-dimensional (3D) process [D’Asaro et al., 2007; Jacob et al., 2000; Lin et 

al., 2003]. During hurricane passage, wind stresses on the ocean surface generate strong 

turbulence and currents in the surface mixed layer [Dickey et al., 1998; Price et al., 1994; 

Sanford et al., 1987], leading to mixing by wind stirring and shear production. The 

observed cooling of sea surface varies spatially, with the maximum cooling occurring to 

the right of the hurricane track. This asymmetric sea surface cooling has been attributed to 

the asymmetric wind field [Ginis, 2002; Ren et al., 2004] induced by the addition of 

hurricane translation speed, and also to the „resonance‟ effects between winds and ocean 

currents in the intense wind region to the right of the hurricane track [Price, 1981; Young, 

1999].  

The hurricane-induced sea surface cooling is accompanied by warming of the water 

below the surface layer. After the storm passage, the cold water in surface layer is restored 

by the enthalpy fluxes through the air-sea interface, while the warm anomalies at depth are 

removed advectively by buoyancy adjustment. As the downward-transported heat flux is 

balanced by the lateral transport of ocean heat, hurricanes potentially contribute to 

latitudinal oceanic heat transport [Emanuel, 2001]. By using a simple coupled hurricane-

mixed layer model, Emanuel [2001] estimates that the net annual-average heat flux to 

restore the sea surface cooling induced by global tropical cyclones is 7.04.1   PW (1PW=

1510 W), close to the peak ocean heat transport flux observed by Macdonald and Wunsch 

[1996]. However, Sriver and Huber [2007] and Sriver et al. [2008] suggest a restoral heat 

flux of ~0.20-0.60 PW by comparing the sea surface temperature variation before and after 

the passage of global tropical cyclones. The noticeable difference between their estimations 

suggests that careful investigation of oceanic vertical mixing induced by the passage of 

tropical cyclones is still missing. Furthermore, the air-sea heat exchange energizes the 

hurricane as it moves over the ocean [Emanuel, 1991]. The hurricane-induced sea surface 

cooling is a negative feedback to the hurricane intensification [Emanuel, 1999]. Estimating 

the heat budget of surface water under a hurricane is important to understanding the 

latitudinal heat transport, and also for predicting hurricane intensities and paths.  

Sea surface temperature fluctuations may be due to air-sea heat exchange, water 

advection and oceanic vertical mixing. Price [1981], Jacob et al. [2000] and D’Asaro et al. 
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[2007] show that the sea surface cooling is determined predominantly by the rate of 

entrainment at the base of the mixed layer, but few studies investigate spatially all the 

terms contributing to the surface layer heat budget, perhaps due to the deficiency of 3D 

observational data. In early September of 2004, the oceanic responses to the passage of 

Hurricane Frances under the hurricane centre, maximum winds and at 110 km right to the 

hurricane track were recorded by three autonomous floats EM-APEX [Sanford et al., 2009], 

providing a rare chance to study the 3D oceanic response to the hurricane passage. By 

using these data and a 3D hydrodynamic model, we parsed the effects of various terms on 

spatial sea surface cooling during the passage of Hurricane Frances (2004). Then we also 

use the model to estimate the turbulent kinetic energy (TKE) budget for the oceanic vertical 

mixing as it predominantly causes surface layer cooling.   

The paper is organized as follows: section 2 introduces the data source, section 3 

describes the model setup, and section 4 describes the observational data and simulated 

results with emphasis on surface layer cooling. Spatial and total heat budgets of surface 

layer cooling calculated with the numerical model are given in section 5. The TKE budget 

for oceanic mixing is presented in section 6. Discussions are presented in section 7 and 

conclusions of this study are presented in section 8. 

2. Data 

Data on water temperature, salinity and horizontal velocity of upper ocean response to 

the passage of Hurricane Frances (2004) were obtained by three autonomous floats EM-

APEX [Sanford et al., 2005]. These data, together with those collected by other 

investigators during the CBLAST experiment [Black et al., 2007], have presented the 

spatial upper ocean response to the passage of Hurricane Frances and broaden our 

knowledge of ocean-hurricane interactions. Sanford et al. [2007] represented comparison 

between their model solutions and the field data obtained by the float under the maximum 

winds of Hurricane Frances, and suggested that new drag coefficient as found by Powell et 

al. [2003] or Donelan et al. [2004] should be used in numerical simulations with hurricane 

winds. Later their research was expanded by Zedler et al. [2009] to investigate different 

drag coefficient parameterizations of wind stress for tropical storm conditions. D’Asaro et 

al. [2007] used the data to investigate the change of hurricane heat content, i.e., the heat in 

the ocean water that could possibly sustain energy to the hurricane, induced by Hurricane 

Frances. However, they did not give spatial and total heat budgets for the sea surface 
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cooling. Much more detail of the field experiment and data is represented in Sanford et al. 

[2009]. In the current study, we focus attention on the contribution of various terms in the 

heat budgets of sea surface cooling, and also on the mechanisms driving the oceanic 

vertical mixing. The data were used in our model simulation to set up the initial conditions 

(see Section 3) and to compare to the simulation results (see Section 4).  

3. Model setup 

3.1 Numerical methods  

The 3D hydrodynamic model ELCOM (Estuary, Lake and Coastal Ocean Computer 

Model) was used in this study. The model was based on the unsteady Reynolds-averaged, 

hydrostatic, Boussinesq, Navier-Stokes and scalar transport equations, incorporating a 

mixing model that directly computes the vertical turbulent transport [Hodges et al., 2000]. 

The mixing algorithm in ELCOM was based on the balance of the TKE integrated over 

grid cell (see Appendix A). The model was set with a horizontal resolution of 20 km10 

km and 30 vertical layers. The bottom of the ocean was assumed to be flat with a depth of 

3,000 m. The layer depth was 10 m in the upper 100 m and expanded to 300 m at the 

bottom. The ocean was assumed to be initially at rest and horizontally homogeneous, so 

initial density, and hence buoyancy frequency, was a function only of the water depth. The 

initial vertical distributions of temperature and salinity in upper ocean were based on the 

measurements collected by the floats. As suggested in Sanford et al. [2007] and Zedler et al. 

[2009], we used the drag coefficient as a function of wind speed at 10 m elevation ( 10U ): 

 

                    1.2                               U10 < 11 m s
-1

   

10
3
Cd =      [1.2 1.7 2.0 1.8 1.5]      U10 = [11 28 34 40 50] m s

-1
 

                    1.5                               U10 > 50 m s
-1

                         .                            (1) 

 

3.2 Wind field of Hurricane Frances 

The Hurricane Frances wind field at 18 UTC on 1 September, 2004 (Figure 1) from 

NOAA-HWIND analysis was used in the model simulation. The wind field was imposed 

on ELCOM and moved at an average translation speed of Hurricane Frances UH. From the 
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best track of Hurricane Frances (NHC, http://www.nhc.noaa.gov/2004frances.shtml), we 

assumed 5.5=UH m s
-1

.  

 

 

Figure 1: (a) Wind velocity and (b) contoured wind speeds of Hurricane Frances at 

18 UTC on 1 September 2004. The coordinates are storm-centered. The path of 

Hurricane Frances and the time when the hurricane centre crossed the location ‘○’ 

are indicated in (b). 

 

3.3 Precipitation of Hurricane Frances 

Hurricanes bring heavy rainfalls to the ocean. Fresh rain water may increase the 

stability of the surface layer, and needs to be included as it directly affects the entrainment 

at the base of the surface layer. As suggested by Tuleya et al. [2007], the rain rate during 

hurricane passage was determined by its distance from the hurricane center (r) and the 

maximum wind speed ( maxU ) of the hurricane: 

                         mmm0 r<r)r)(rT(T+T /0  

                        memm rr]r)r(r[T  /exp ,                                                            (2) 

where T0 is the rain rate at r=0 and Tm the maximum rain rate at r=rm. The parameters T0, 

Tm, rm and re are linear functions of the storm intensity defined as follows: 

T 0=a1+b1Un , T m =a2+b2U n , rm =a3+b3Un , r
e
=a

4
+b

4
U

n ,                         (3) 

where a1-4 and b1-4 are constant parameters (values listed in Table 1), and Un is the 

normalized maximum wind given by 

33/351 max )(U+=Un  ,                                                                                            (4) 

TRR(r,Umax) 

=  
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Table 1: The bias-corrected constants used in Eq.(3) by the American National 

Hurricane Center (NHC) in the operational version. 

constant value constant value 

a1 -1.16 mm hr
-1

 b1 4.19 mm hr
-1

 

a2 -1.70 mm hr
-1

 b2 5.08 mm hr
-1

 

a3 64.5 km b3 -13.0 km 

a4 150 km b4 -16.0 km 

 

 

where Umax is the maximum storm wind speed in knots. The radius distribution of the rain-

rate using above parameters is shown in Figure 2.  

 

Figure 2: Radius distribution of the rain rate of Hurricane Frances. 

 

4. Observed and simulated hurricane-induced surface layer cooling  

4.1 Surface layer cooling under the maximum winds 

Data from EM-APEX 1633 are of greatest interest because the float was closest to the 

region of maximum sea surface cooling. Hurricane Frances induced intensive and fast 

mixing during the „forced stage‟ on Julian day 245 (Figure 3). The depth of the surface 

mixed layer, defined following Monterey and Levitus [1997] as the depth where the water 

temperature is 0.5 degree lower than that in the surface water, deepened from about 30.0 m 

to 92.9 m in about 12 hours, and the sea surface temperature decreased from 29.3°C to 

26.9°C. The vertical mixing caused cooling to depths of about 30 m and warming below. 

The hurricane winds also generated strong currents with velocity of up to 2.0 m s
-1

 in the 

surface layer. The strong eastern and northern components of water velocity (Figure 3) 

combined with the large spatial surface temperature variation (Figure 4) indicate strong 

0

4

8

12

16

20

0 100 200 300 400

Radius from centre (km)

R
a
in

-r
a
te

 (
m

m
 h

r-1
)



Chapter 2: Heat and turbulent kinetic energy budgets for surface layer cooling induced by 

the passage of Hurricane Frances (2004) 

 

11 

heat advection in the upper ocean during the „forced stage‟. In the „relaxation stage‟, after 

Hurricane Frances had passed the region, the water velocity rotated with near-inertial 

periodicity and decayed with time. The numerical simulation reproduces the ocean 

response reasonably in terms of mixed layer deepening, horizontal water velocity patterns 

and internal waves fluctuations.  

 

 

 

 

 

 

Figure 3: (Left, a) observed and (right, b) simulated water response to the passage 

of Hurricane Frances in the upper ocean 55 km right to the track. 1: water 

temperature (T); 2: water salinity (S); 3: eastern components of water velocity (U); 

and 4: northern components of water velocity (V). 

 

(a1) 

(a2) 

(a3) 

(a4) 

(b1) 

(b2) 

(b3) 

(b4) 
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4.2 Surface layer cooling at 0 and 110 km to the right of the hurricane track 

Tropical cyclones induce strong upwelling under their centers due to the „Ekman 

Pumping‟ effect [Gill, 1982]. In the case of Hurricane Frances, upwelling raised the 

isotherm by up to about 60 m (Figure 5). The base of the mixed layer came closer to the 

ocean surface as the water upwelled, which may enhance the water entrainment. However, 

the winds changed direction after the hurricane eye crossed the EM-APEX float and 

canceled out some of the water momentum, which ameliorated the effect of upwelling on 

mixing. At the water 110 km right to the track, the surface mixed layer deepened from 30.0 

m to 78.0 m, and the sea surface temperature decreased from 29.3°C to 27.7°C during the 

„forced stage‟ (Figure 5). The vertical mixing here was apparently not as strong as which 

under maximum winds, indicating that the hurricane-induced vertical mixing was spatially 

variable. 

 

 

 

Figure 4: Simulated sea surface temperature cooling (ΔSST) and horizontal surface 

water velocity on Julian day 245.71 (1700 UTC 1st September) of 2004
a
. 

 

a
 +: Locations of EM-APEXs; ○:  locations of hurricane centre with the day when the hurricane 

centre is there; ―: Track of Hurricane Frances; Gray Arrows: Horizontal water velocity in 

surface layer. 
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5. Heat balance and fluxes of sea surface cooling 

To understand the mechanism of sea surface cooling, sea surface heat budgets for 

locations 0, 55, and 110 km to the right of the hurricane track were calculated. These 

locations corresponded respectively to EM-APEX 1636, 1633 and 1634 locations (see 

Figure 4). The rate of change of total heat in the water column was calculated from: 

t

dzzTzTc

FFFtQ

z

z

tttpw

ENADEX






 

1

2

))()((

/

0

,                                           (6) 

where 0  and pwc  are water density and specific heat, respectively ( 2.40 pwc MJ °C
-1

 m
-

3
), T is the water temperature, t  is the simulation time-step,  and z1 = 0 m, z2 = -30 m is 

the depth of temperature anomaly. The calculation for air-sea heat exchange EXF  is given 

in Appendix B. Advective heat flux ADF , including both horizontal and vertical 

components, was given by  
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Figure 5: (Left) observed and (right) simulated water temperature response to the 

passage of Hurricane Frances 0 (first row) and 110 km (second row) to the right of 

the hurricane track. 

 

horizontal eastern horizontal northern vertical 
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where u, v, w are eastern, northern, and vertical water velocity components, respectively; 

and T is the water temperature. The entrainment heat flux ENF  was calculated from 

equation (6) as the residual of a balance. The contributions of different terms in equation (6) 

to the heat budget are shown in Figure 6. The effects of water entrainment, water advection, 

and air-sea heat exchange are represented in the following sections.  

 

 

 

Figure 6: Heat budget from equation (6) for the surface water of uppermost 30 

meters (a) 0 km, (b) 55 km and (c) 110 km to the right of the hurricane track during 

Julian day 245.21 to 246.21, 2004. 
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5.1 Sea surface cooling by heat entrainment 

On the hurricane track (0 km), the sea surface cooling was dominated by entrainment 

(Figure 6a), which was consistent with previous studies [Price, 1981; Jacob et al., 2000]. 

There were two sea surface cooling events, one before and one after the hurricane eye 

crossed the studied location on day 245.71. During the first event, entrainment contributed 

about 80% of the total temperature drop, while heat exchange and advection had no 

significantly effect on the change of sea surface temperature. However, during the second 

cooling event, the temperature drop caused by entrainment was mostly compensated for by 

the heat advection.  

At the location 55 km to the right of the hurricane track (Figure 6b), water entrainment 

and advection both decreased the sea surface temperature in the early „forced stage‟. 

Entrainment subsequently dominated the sea surface cooling. However, advection switched 

to supply heat to the surface water. At 110 km to the right of the hurricane track, the sea 

surface cooling was dominated by advection rather than by entrainment (Figure 6c).  

Integrated over the domain within 400 km of the hurricane eye on day 245.71, the sea 

surface cooling was dominated by entrainment. The total heat loss rate, associated with the 

temperature drop in the upper 30 m, was estimated to be ~0.45 PW, with ~20% (0.09 PW 

in total) of this was due to the heat exchange at the air-sea interface, and almost all the 

remainder (0.36 PW) was downward-transported by oceanic vertical mixing. The heat 

advection was important in determining the sea surface temperature at a fixed small 

location, but when integrated over the domain, the total contribution of the heat advection 

to the sea surface cooling was negligible compared to that of air-sea heat exchange and 

oceanic vertical mixing, because most of the hurricane-induced surface currents were 

whirling within the domain (Figure 4) after they were driven by the hurricane winds.  

5.2 Sea surface cooling by heat advection 

The advective heat flux was divided into the horizontal eastern, horizontal northern and 

vertical components, which were calculated from equation (7). These fluxes, as shown in 

Figure 7, oscillated and decayed with time. During day 245.21 to 246.21, when the surface 

layer cooled, the horizontal components were comparable to the entrainment heat flux as 

shown in Figure 6 at corresponding locations. After the hurricane passage, the entrainment 

at the bottom of mixed layer decreased, and the variation of local sea surface temperature 

was dominated by the horizontal heat advection. The vertical advection of heat was only 
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significant directly under the hurricane center during strong water upwelling and 

downwelling (Figure 7c). 

 

 

Figure 7: (a) Horizontal eastern, (b) horizontal northern and (c) vertical heat advection 

fluxes calculated from equation (7) during Julian day 245.21 to 248.21 for the surface 

water 0, 55 and 110 km to the right of the hurricane track. 

 

5.3 Sea surface cooling by air-sea heat exchange 

The cooling of sea surface layer may occur due to evaporation (latent heat), convection 

(sensible heat), long wave radiation, and precipitation (see Appendix B). At the locations 

corresponding to where the measurements were taken, the latent heat flux dominated the  
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Figure 8: Heat fluxes at air-sea interface of the water (a) 0 km, (b) 55 km and (c) 

110 km to the right of the hurricane track during Julian day 245.21 to 246.21. The 

wind speeds over the studied locations are also given. 
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speed in the bulk aerodynamic formula and due to small air-sea temperature and humidity 

differences. 

Under the hurricane track, the maximum cooling rate due to surface heat exchange was 

about 1288 W m
-2

, while in the water 55km and 110km to the right of the track, the rates 

were 1422 and 488 W m
-2

, respectively (Figure 8). These numbers were larger than those 

estimated by D’Asaro et al. [2007], perhaps because of differing exchange coefficients. For 

the tropical storm conditions, the ratio of the moisture exchange coefficient to the drag 

coefficient is ~0.7 [Black et al., 2007] and the drag coefficient is ~ 1.5-2.0 310 [Powell et 

al., 2003]. So in the current study we used an exchange coefficient of 1.3 310 . While in 

the research of D’Asaro et al. [2007], a value of 0.8 310  was used, resulting in less 

estimated exchange heat flux through the air-sea interface. It should be noted that using 

constant exchange coefficient under storm conditions may be oversimplified because recent 

research [Perrie et al., 2005; Zhang et al., 2006] suggested that during the storm the surface 

heat fluxes increased significantly due to the sea spray. More sophisticated models 

considering the sea spray effect should be used in future studies. 

6. TKE budget for surface layer cooling 

The mixed layer deepening induced by Hurricane Frances, which predominantly 

resulted in surface layer cooling, was fundamentally a turbulent process [Spigel et al., 1986; 

Imberger and Patterson, 1990]. The energy sources of this turbulent process included wind 

stirring at the water‟s surface, shear production at the base of the mixed layer, and possibly 

buoyancy fluxes associated with the water density change due to heat and mass fluxes 

across the sea surface [Niiler and Kraus, 1976; Spigel et al., 1986]. As shown in Figure 9, 

in the water 0, 55, and 110 km to the right of the hurricane track, the rate of change of 

available TKE was dominated by shear production amounting to about 74.0-95.6% of the 

source of TKE (Figure 9). The TKE flux from wind stirring at the ocean surface 

contributed almost the rest, because the buoyancy fluxes were small (Figure 10). A large 

portion, averagely 43.9%, of TKE went into dissipation; only about 12.0% of the available 

TKE was used by vertical mixing (Figure 9). Integrated over the domain within 400 km of 

the eye of the hurricane on day 245.21, 88.5% of the source of TKE was from shear 

production. The rate of increase of total water potential energy due to vertical mixing was 

10106.1   W and the rate of TKE dissipation was 10108.5   W. Given the rate of wind 

working on the ocean surface, calculated as the integration of the dot product of wind force 
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and surface water velocity, was about 2.2 1110  W, vertical mixing and TKE dissipation 

represented 7.3% and 26.4% of the energy deposited by wind stress, respectively. The rest 

of the wind work was used by other oceanic motions, e.g. geostrophic flows [Shay et al., 

1998], or was propagated by the internal waves [Nilsson, 1995].  

The cooling in surface water caused by heat exchange induced an unstable water 

column, but its effect was ameliorated by the heavy precipitation associated with the 

hurricane. The buoyancy fluxes caused by the heat loss and precipitation at sea surface 

during the passage of Hurricane Frances was calculated by [Niiler and Kraus, 1976] 

 

 

Figure 9: The rate of change of total TKE source, the rate of the TKE generated by 

shear production and wind stirring, the rate of TKE consumed by vertical mixing, 

and the rate of TKE dissipation in the water (a) 0 km, (b) 55 km and (c) 110 km to 

the right of the hurricane track during Julian day 245.21 to 246.21. 
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where g is the gravitational acceleration, h is the mixed layer depth defined following 

Monterey and Levitus [1997],   and   are the coefficient of thermal and haline expansion, 

respectively, EXF  is the net exchange heat flux at air-sea interface, pwc  is the water specific 

heat capacity, 0  is the background water density, 0P  is the precipitation rate, S0 is the 

water salinity of surface layer, and t0 and t1 are the time before and after the passage of 

Hurricane Frances, respectively. If the net buoyancy flux was positive, it was a source of 

TKE; otherwise it helped to stabilize the water stratification. As shown in Figure 10, during 

the passage of Hurricane Frances, the effect of buoyancy fluxes was mostly to increase the 

water column stability. Integrating the buoyancy fluxes crossing the water surface within 

400 km of the eye of the hurricane on day 245.21, the heat loss produced a buoyancy flux 

of 91046.1   W and the precipitation produced a buoyancy flux of 91024.2   W, which 

represented 9.2% and 1.14 % of the increase of the total water potential energy due to the 

vertical mixing. 

7. Discussion 

The local heat budgets in our study showed that during the passage of Hurricane 

Frances, the horizontal advective heat fluxes were comparable to the entrainment heat 

fluxes, and were much larger than the net air-sea exchange flux under the hurricane center, 

maximum winds and at 110 km right to the hurricane track. The water entrainment at the 

bottom of the surface layer has been well recognized as a major mechanism of surface layer 

cooling [e.g. Price, 1981; Zedler et al., 2002; D’Asaro et al., 2007], but the effect of water 

advection had not been clearly stated. Here we suggest that the hurricane-driven water 

advection is also an important factor determining the spatial pattern of sea surface 

temperature in the „forced stage‟. Our results also suggest that the vertical advective heat 

flux was significant for the sea surface temperature variation only under the hurricane track 

where water upwelling and downwelling occurred. However, it must be noted that the 

effect of water upwelling on surface layer cooling can not be purely illustrated by the 
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vertical advective heat flux, because the water upwelling may cause surface layer cooling 

by enhancing the oceanic mixing.  

 

 

Figure 10: The net buoyancy flux and the buoyancy fluxes generated by the heat 

exchange and by the precipitation at sea surface (a) 0 km, (b) 55 km and (c) 110 km 

to the right of the hurricane track during Julian day 245.21 to 246.21. 

 

As we showed in section 5.1, the heat transported to depth by the passage of Hurricane 

Frances on day 245.71 was estimated to be ~0.36 PW through oceanic vertical mixing. The 

intensity of oceanic vertical mixing, and therefore its associated downward-transported heat 

flux, increases with the intensity of the tropical cyclone. Hurricane Frances was a rather 

intensive tropical cyclone (SSHS Category 4, maximum sustained winds > 60 m s
-1

). The 

heat transported by it could represent an upper limit of the average heat flux transported to 
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depth by a single tropical cyclone. Given the total lifetime of global tropical cyclones is ~ 

600 - 870 days per year [Webster et al., 2005], the maximum annual-averaged heat flux 

( maxF ) induced by global tropical cyclones could be simply estimated from Hurricane 

Frances as  

86.0
/365

/870
36.0max 

yeardays

yeardays
PWF  PW,                                                           (10) 

which is much less than the number of 2.1 PW estimated by Emanuel [2001]. Our result 

seems more consistent with Sriver et al. [2008] who estimate an annual average flux of 

~0.20-0.60 PW. However, it is difficult to evaluate the effect of global tropical cyclones 

just from the event of Hurricane Frances. More information of hurricane numbers, 

intensities, sizes and the relative ocean conditions (such as vertical temperature profile, 

initial mixed layer depth, etc.) is needed to make an accurate estimation. Furthermore, 

Emanuel [2001], Sriver and Huber [2007] and Sriver et al. [2008] assume that the heat loss 

from the surface layer is totally pumped downward. The application of this assumption 

should be done with caution because the air-sea heat exchange accounted for up to 20% of 

the surface layer cooling during the passage of Hurricane Frances.  

Precipitation communicates the ocean and atmosphere through heat and mass exchange. 

In our study, the precipitation-induced heat flux had little influence on the sea surface 

cooling, but the precipitation-produced buoyancy energy totally represented 1.14 % of the 

increase of water potential energy due to vertical mixing. Thus, the fresh rain water 

appreciably increased the water stability. In some simulations of hurricane-ocean 

interaction, precipitation was not included because it was assumed to have little influence 

to the thermal budget [e.g. Jacob et al., 2000; Zedler et al., 2009]. However, the energy 

analysis in the current study shows that exclusion of precipitation in simulations of 

hurricane-ocean interaction may result in overestimation of vertical mixing and surface 

layer cooling.  

Sherman et al. [1978] show that when the momentum in the surface layer is significant, 

the dominant mechanism for surface layer deepening is the one proposed by Pollard et al. 

[1973] that assumes the internal Froude number of the surface layer remains constant as the 

layer deepens, and the source of TKE is shear production at the base of the surface layer. 

Price et al. [1978] compare the performances of the mixing models driven separately by 

shear production and by wind stirring, and suggest that it is shear production rather than 

wind stirring driving the mixed layer deepening during hurricane passage. However, the 
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effect of wind stirring still remained unclear. In the current study, the effects of shear 

production and wind stirring were quantitatively defined. Shear production and the wind 

stirring produced 88.5% and 11.5% of the available TKE, respectively. Thus, strong shears 

generated by the hurricane passage at the bottom of the mixed layer dominated the mixing 

process, while the wind stirring at the water surface was a weak, but not negligible, TKE 

source. 

8. Conclusions 

Mechanisms of surface layer cooling induced by the passage of Hurricane Frances were 

investigated with a 3D hydrodynamic model that was validated with field data from 

Hurricane Frances. The results led to the conclusions:  

1. During the passage of Hurricane Frances, the entrainment at the bottom of the mixed 

layer and the horizontal water advection were important factors determining the spatial 

pattern of sea surface temperature.  

2. The heat flux transported to depth by the Hurricane Frances was estimated to be 

~0.36 PW which may represented an upper limit of the average heat flux transported to 

depth by a single tropical cyclone.  

3. Shear production was the major source of TKE amounting 88.5% of the source of 

TKE, while the rest was attributed to the wind stirring at sea surface. The increase of water 

potential energy due to vertical mixing represented 7.3% of the energy deposited by wind 

stress. 

4. Precipitation produced a negative buoyancy flux in the surface layer that 

overwhelmed the instability induced by the heat loss to atmosphere. Thus, the net effect of 

buoyancy fluxes at sea surface was to increase the water column stability. 
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Appendix A: Vertical Mixing Model 

A separate 1D mixed-layer model was applied to each water column in the model 

simulation to provide vertical turbulent transport, whereas 3D transport of turbulence 

kinetic energy (TKE) was used to provide the dynamic effect of 3D motions on the TKE 

available for vertical mixing. The mixed-layer model was based on TKE conservation 

[Spigel et al., 1986]. Integrated through the mixed layer, the rate of change of TKE was 

balanced as the sum of the turbulent production and transport through the boundaries of the 

surface and bottom mixed layer, plus the changes in buoyancy flux and dissipation within 

the mixed layer:  
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 is the velocity gradient in the vertical direction, 3

' uw   is the vertical component of 

the turbulent velocity, 0  and '  are background and turbulent fluctuation of water density, 

respectively, and   is the dissipation. 

The TKE fluxes generated by shear production at the bottom of the mixed layer ( aQ ) 

and wind stirring at free surface ( bQ ) were parameterized as 
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where CS and CN  are empirically-determined parameters, U  and V  are the velocity 

shear in the vertical direction for the x and y components of velocity, z  is the layer depth 

under the surface mixed layer, t  is the model time step, and *u is the wind shear velocity 

(or friction velocity) given by  
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where Cd is the drag coefficient, a  and w  are density of air and ocean, respectively, and 

10U  is the wind speed at 10 m elevation.  

The buoyancy term was calculated as   
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where the density after complete mixing was given as 
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The buoyancy term could act as source or sink of TKE, depending on the density 

gradient. The mixing model started with the uppermost cell of water column. If surface 

cooling and/or evaporation were applied and the density gradient became unstable, the 

unstable gradient was then mixed downward through successive grid cells until the system 

was stable, and the energy released by unstable mixing was added to the total available 

TKE. Once mixing of unstable density gradients was completed, the model began a second 

downward sweep to mix stable density gradients.  

Finally, the dissipation of TKE was parameterized from dimensional considerations as 

2/3

2
A

E

b

a

E
C

dzE   .                                                                                                 (A7) 

Following the discussion in Spigel et al. [1986], the values of CN, CS, CE were set to be 

1.33, 0.24, and 1.15, respectively.  

The energy available for mixing was computed from the TKE produced by unstable 

mixing ( CE ), turbulent production and transport through the boundaries ( aQ  and bQ ), and 

the residual mixing energy of the previous time step. When energy available for mixing 

was greater than the energy required to mix ( RE ), mixing occurred and the mixed layer 

deepened; otherwise, the available mixing energy was reduced by dissipation ( E ) and then 

was transported as a scalar before becoming available for mixing in the following time step. 
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Appendix B: Surface Heat Exchange Budget 

The heat exchanges at the ocean surface included the fluxes due to evaporation (latent 

heat), convection (sensible heat), long wave and short wave radiation, and precipitation, 

which was formulated as  

rainswlwsenlatEX FFFFFF 
,                                                                      (B1) 

The latent and sensible heat fluxes were calculated as 
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where )103.1( 3LC and )103.1( 3SC are bulk transfer coefficients, P is the 

atmospheric pressure in hectopascals, 10U is the wind speed at 10 m elevation, a is the air 

density, 610453.2( vaL  J kg
-1

) is the latent heat of vaporization, 1003(paC J kg
-1 

K
-1

) is 

the specific heat of air at constant pressure, sT  is the surface water temperature, 10T  is the 

standard air temperature, and se  and 10e are the saturation vapour pressure at the water 

surface temperature sT  and vapour pressure of the air, respectively [Fischer et al., 1979].  

In the case of Hurricane Frances, the air temperature 10T  of the area covered by the 

storm had a clear correlation with the wind speed [D’Asaro et al., 2007]. The air 

temperature was formulated as  

14/29 1010 UT  .                                                                                                    (B4)     

Away from the storm, the air temperature was close to the sea surface temperature of 

29.3 C .  

The relative humidity ( RH ) was assumed to be [D’Asaro et al., 2007]: 
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The saturated vapor pressure was calculated via the Magnus-Tetens formula: 
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where sT  was in degrees Celsius and se  was in hectopascals.  

The long wave radiation lwF  was given as [Fischer et al., 1979]: 
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where )03.0(lw

ar  is the albedo for long wave radiation, C is the cloud cover fraction 

ranging between 0 and 1, 8106697.5(  W m
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)  is the Stefan-Boltzmann constant, 

)96.0(w  is the emissivity of the water surface, and a is the emissivity of the air given 

by 
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The cloud cover ( C ) was simply assumed to be: 
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And the short wave radiation swF  decreased linearly with the cloud cover fraction [Reed, 

1977]: 

)0019.0632.01(0 mCFFsw  ,                                                                          (B10) 

where 0F  is the clear-sky insolation and m is the noon solar altitude.  

The precipitation-input heat flux was given as  
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where 0  and pwc  are water density and specific heat respectively ( 2.40 pwc MJ °C
-1

 m
-

3
), TRR is the precipitation rate with units of mm hr

-1
 (see section 3.3), rainT is the 

temperature of precipitation and Ts  is the sea surface temperature. During the hurricane 

passage, the relative humidity was higher than 0.7, thus the rainT  was assumed equal to 10T .  



Chapter 3: Variation of pCO2 in ocean surface water in response to the passage of a 

hurricane 

 

28 

Chapter 3: Variation of pCO2 in ocean surface water in response 

to the passage of a hurricane 

 

Peisheng Huang, JÖrg Imberger  

 

Center for Water Research, University of Western Australia, Crawley, Western Australia, Australia 

 

Abstract 

The temporal and spatial variations of pCO2 in the ocean surface layer in response to 

the passage of Hurricane Frances (2004) were investigated with a coupled three-

dimensional hydrodynamic and carbon model. The results showed that the sea surface 

temperature cooling was the dominant cause of the decrease of surface pCO2, while the 

entrainment of water with higher CO2 levels partially offset the cooling-induced decrease. 

The surface distribution of pCO2 was thus found to mimic the physical deepening processes, 

with a “right bias” to the hurricane track. The impact of the hurricane on local air-sea CO2 

exchange extended to about 100 km on both sides of the hurricane track. The whole 

passage of Hurricane Frances was estimated to have caused a CO2 efflux of about 3.504 – 

10.363 Tg (1 Tg = 10
12

 g) C from ocean to the atmosphere. Globally, hurricanes in 2004 

were estimated to have released a CO2 efflux of 0.047 – 0.141 Pg (1 Pg = 10
15

 g) C in total 

when extrapolating from Hurricane Frances. Under our assumptions, the CO2 efflux caused 

by the passages of global hurricanes should have increased by about 71.2 – 75.0% in past 

30 years. 
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1. Introduction  

Observations and investigations of partial pressure of CO2 in oceanic surface water 

(pCO2
surf

) on weekly to interannual timescales have been numerous [e.g. Bates, 2007; 

Takahashi et al., 1997; Takahashi et al., 2002; Wanninkhof et al., 2007]. These 

investigations have shown that annually global oceans act as a sink of anthropogenic 

carbon dioxide. However, short-term and high-frequency observations of oceanic pCO2
surf

 

are relatively rare, especially those in response to a hurricane passage.  

Although individual hurricanes are short lived and travel at considerable speed, 

typically 4 – 6 m s
-1

 [Weatherford and Gray, 1988], passages of hurricanes can cause 

enormous effluxes of CO2 from the surface ocean [Bates et al., 1998a; Perrie et al., 2004; 

Bates, 2007, Nemoto et al., 2009], large enough to influence the local carbon cycle. 

Nonetheless, measurements of oceanic pCO2
surf

 during the passage of a hurricane are very 

rare, maybe due to the severe weather conditions. The observation of oceanic pCO2
surf

 

response to three typhoon passages obtained by a moored buoy in East China Sea [Nemoto 

et al., 2009] is perhaps the only field observation with a frequency as high as once every 3 

hours. From this observation, Nemoto et al. [2009] suggested that the hurricane-induced 

vertical mixing was the major process controlling the pCO2
surf

 variation. However, most of 

the estimations of hurricane-induced CO2 fluxes have been based on empirical assumptions. 

For example, Bates et al. [1998a] assumed that the oceanic pCO2
surf

 was constant in the 

lead up of the storm, then decreased linearly to the end of hurricane; while Perrie et al. 

[2004] assumed that the oceanic pCO2
surf

 increased linearly in the lead up to the peak of the 

hurricane, and then remained constant. These assumptions appear arbitrary because the 

variations of oceanic pCO2
surf

 should mirror the vertical mixing of the water column, and 

the hurricane-induced vertical mixing has been shown to be highly time-dependent and 

spatially different [Price et al., 1994; Huang et al., 2009]. 

In general, oceanic pCO2 is controlled by water temperature, total dissolved inorganic 

carbon (DIC), total alkalinity (TA) and salinity [e.g. Takahashi et al., 1993]. Vertical 

mixing changes these variables in the surface mixed layer, and pCO2
surf

 follows suit as it 

remains in equilibrium. For example, the surface water temperature decreases by 1 – 6 °C 

in response to a hurricane passage [Price, 1981; Dickey et al., 1998; Emanuel, 1999]. This 

temperature change decreases the pCO2 by about 4.23% per °C [Takahashi et al., 1993]. 

But on the other hand, entrainment of higher DIC water from the thermocline into the 
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surface mixed layer increases the oceanic pCO2
surf

 [Wanninkhof et al., 2007; Koch et al., 

2009]. How these major components of the oceanic CO2 system change under the hurricane 

winds and their impacts on oceanic pCO2
surf

 are still not clear. This information is 

important in estimating the impacts of hurricanes on air-sea CO2 fluxes because the oceanic 

pCO2
surf

 is a key factor determining the direction and strength of the exchange fluxes.  

In the present study, we used a three-dimensional (3D) hydrodynamic model, ELCOM 

(Estuary, Lake and Coastal Ocean Computer Model), coupled with a carbon model to 

simulate the oceanic CO2 system response to the passage of Hurricane Frances. The 

simulation results were then used to evaluate the importance of the various processes 

controlling the oceanic pCO2
surf

 variation. With the best track data of global hurricanes and 

the assistance of models, we also endeavored to evaluate the influence of hurricanes on 

local and global CO2 exchange.  

The paper is organized as follows. In Section 2 we describe the model setup and data 

sources. In Section 3 we present the simulation results. In Section 4 we discuss the 

simulation results and estimate the total air-sea CO2 fluxes induced by Hurricane Frances 

and by global hurricanes extrapolating from Hurricane Frances. Conclusions of this study 

are presented in Section 5.  

2. Modeling the Oceanic CO2 System Response to Hurricane Passage 

2.1 The Hydrodynamic Model 

The ELCOM model uses the unsteady Reynolds-averaged, Navier-Stokes and scalar 

transport equations with the hydrostatic and Boussinesq approximations [Hodges et al., 

2000]. The model incorporated a separate 1D mixing model in each water column for the 

vertical turbulent transport [Spigel et al., 1986; Huang et al., 2009], while 3D transport of 

turbulence kinetic energy was used to provide the dynamic effect of 3D motions on the 

TKE availability. The hydrodynamic model had been used to study the turbulent mixing 

induced by Hurricane Frances, and successfully reproduced the observed vertical mixing 

structure [Huang et al., 2009].  

2.2 The Carbon Model 

A carbon model was incorporated within the hydrodynamic model to study the CO2 

variations in the ocean and CO2 fluxes at the air-sea interface. The carbon model was 

mainly driven by 4 parameters: water temperature, DIC, TA and salinity. These parameters 
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were transported by the hydrodynamic model and used to determine other CO2 system 

components. The effects of biological activities on pCO2 were neglected because the water 

in the study area was oligotrophic [Bates et al., 1998b], and the time-scale of the passage of 

a storm was too short, typically half day [Price et al., 1994], for primary production to 

respond. However, it should be noted that the hurricane-induced strong mixing brings 

nutrients to the ocean surface and causes phytoplankton blooms after the hurricane passage 

[Babin et al., 2004]. In a long-term model simulation, the biological uptake of CO2 is 

considered in chapter 4. 

In the current study, we used the public domain computations of Lewis and Wallace 

[1998], published by the Carbon Dioxide Information Analysis Center of Oak Ridge 

National Laboratory, to calculate the oceanic pCO2. As recommended by Lewis and 

Wallace [1998], we chose the carbonic acid dissociation constants from Mehrbach et al. 

[1973] (as refit by Dickson and Millero [1987]) in which the carbonic acid dissociation 

constants were functions of the water temperature and salinity. After the pCO2 was 

determined, the air-sea CO2 exchange flux was calculated with the bulk gas exchange 

formula as: 

 ksFCO2
pCO2,                                                                                                                   (1) 

where 
2COF  is the CO2 flux with positive fluxes indicating CO2 goes from ocean to the 

atmosphere, k is the gas transfer velocity, s is the CO2 solubility and ΔpCO2 is the 

difference of pCO2 in surface water and the above atmosphere. There is still large 

uncertainty in k under hurricane winds [McNeil and D’Asaro, 2006]. No experimental 

validation exists in the range of hurricane winds for the air-sea CO2 exchange. Following 

the work of Bates et al. [1998a] and the discussion by McNeil and D’Asaro [2006], we 

have used two relationships to calculate the upper and lower limits of the CO2 fluxes. The 

upper limit was based on the work by Wanninkhof [1992] (hereafter referred as W92): 

2/12

10 )660/(31.0  ScUk ,                                                                                                      (2) 

where 10U  is the wind speed  at 10 m height and Sc is the Schmidt number. The lower limit 

was based on the work by Liss and Merlivat [1986] (hereafter referred as LM86) given by: 

3/2

10 )600/(17.0  ScUk                where 6.310 U  m s
-1

,          

2/1

10 )600/)(65.9)8.2((  ScUk   where 136.3 10 U  m s
-1

,          

2/1

10 )600/(3.49)9.5(  ScUk     where 1310 U  m s
-1

;                                                  (3) 
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Both W92 and LM86 hold for short term wind speeds. The CO2 flux was then 

subtracted from or added to the DIC in surface mixed layer depending on the CO2 flux 

direction. It had been shown that the air-sea CO2 exchange did not change the TA in 

surface water [Wolf-Gladrow et al., 2007], so the TA was treated as a conservative quantity 

in our simulation. 

2.3 Model Set Up 

Consistent with the study of Huang et al. [2009], the model was run with high 

horizontal resolution of 20 km 10 km and a water depth of 3000 m vertically separated 

into 30 layers. The layer depth was 10 m in the upper 100 m and increased to 300 m at the 

bottom. The ocean was assumed to be initially at rest and horizontally homogeneous. The 

wind field for Hurricane Frances was obtained from NOAA H*WIND analysis [Powell et 

al., 1998] at 1800 UTC on 1 September, 2004. The centre of the wind field was assumed to 

be moving over ocean surface at a speed of 5.5 m s
-1

 calculated from the best track data of 

Hurricane Frances [Beven II, 2004] (in Chapter 2 this is referred as translational speed). 

The precipitation associated with Hurricane Frances was calculated using the R-CLIPER 

model [Tuleya et al., 2007].  

 

 

Figure 11: (1) Colored Open Circles: Locations of the centre of Hurricane Frances 

plotted every 6 hours (with colorbar given on the right of the figure). The colors of 

the circles indicate the maximum wind speeds in m s
-1

 at corresponding locations; 

(2) Red Crosses: The locations of the EM-APEX floats; (3) Brown Line: Track o the 

R/V Knorr Cruise in the North Atlantic Ocean; (4) Green Stars: Sampling sites of 

the R/V Knorr Cruise. 
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Figure 12: Thin lines: vertical profiles of (A) water temperature, (B) salinity, (C) 

total DIC and (D) total alkalinity at the sampling sites indicated in Figure 11 

measured by the R/V Knorr Cruise in the section A22 of World Ocean Circulation 

Experiment (WOCE) [Johnson et al., 2003] 
a
.  

a
 Bold lines in (A) and (B) are water temperature and salinity profiles measured by the EM-APEX 

floats, respectively, and bold lines in (C) and (D) are the DIC and TA profiles used in our model 

simulation, respectively. 

 

 

The initial vertical profiles of water temperature and salinity were taken from the 

measurement with the EM-APEX [Sanford et al., 2005]. These floats were air-deployed 

about 1 day before the hurricane passage at the locations 0, 55, and 110 km to the right of 

hurricane track (Figure 11). Data on water temperature, salinity and horizontal velocities in 

upper 200 m during hurricane passage were recorded by the floats and used to compare 

with the simulation results of the hydrodynamic model [Huang et al., 2009]. These data 

showed that the pre-hurricane oceanic condition was calm and horizontally homogeneous 

in the studied area. The sea surface temperature was 29.3 °C and the initial surface mixed-

layer depth was about 30 m. Unfortunately, no CO2 data were available for the Hurricane 

Frances, so the R/V Knorr Cruise data obtained in the same location in 1997 [Johnson et 

al., 2003] were used (Figure 11). Comparison of the vertical water temperature and salinity 

profiles from this cruise with those taken prior to the passage of Hurricane Frances (Figure 

12) suggests that the water column properties were similar. Thus, we assumed the vertical 

DIC and TA profiles at the locations of the EM-APEX floats to be similar to those 

measured by the R/V Knorr Cruise at (22.21°N, 66.00 °W) in 1997, but the values of DIC 

and TA were 9.59 μmols kg
-1

 and 4.27 μmols kg
-1

 higher, respectively, because the DIC 

and TA in upper North Atlantic ocean have increased from 1997 to 2004 at a rate of 1.37 
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0.16 μmols kg
-1

 yr
-1

 and 0.61  0.11 μmols kg
-1

 yr
-1

, respectively [Bates, 2007]. This 

yielded an initial pCO2
surf

 of 387.53 μatm in our model, close to the in-situ pCO2
surf

 of 

389.33 μatm calculated from a simple regression equation proposed by Wanninkhof et al. 

[2007] based on data taken in 2004. The atmospheric pCO2 (pCO2a) was set to: 

pCO2a = [p(r)-pH2O]XCO2,                                                                                                (4) 

where p(r) is the sea level pressure at the distance r from the hurricane center, pH2O is the 

water vapor pressure at 100% humidity calculated from sea surface temperature and 

salinity following Weiss and Price [1980], and XCO2 is the dry mole fraction of CO2 

measured at Mauna Loa Observatory in September of 2004. The sea level pressure was 

calculated using the analytic model proposed by Holland [1980] as: 

))(exp()()( 00

B

n
r

RMW
ppprp  ,                                                                               (5) 

where p0 is the central pressure, pn is the ambient pressure, RMW is the radius of maximum 

winds, and 4.1B  is the pressure profile parameter (Figure 13).  

 

 

 

Figure 13: Radius distribution of air pressure and atmospheric pCO2 within the 

wind field of Hurricane Frances
a
. 

a
The air pressure was calculated using the analytic model proposed by Holland [1980] and the air 

pressure data from Beven II [2004].  
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3. Results 

3.1 Response in the Water 0, 55, and 110 km to the Right of the Hurricane 

Track 

Figure 14 shows the variation of oceanic pCO2
surf

, atmospheric pCO2, wind speeds and 

CO2 fluxes at the locations 0, 55 and 110 km to the right of the hurricane track, 

corresponding to the locations of the EM-APEX floats. The application of different gas 

transfer velocities was found to have negligible influence on the simulated oceanic pCO2
surf

. 

The oceanic pCO2
surf

 simulated with W92 was slightly lower than that with LM86, but the 

differences were less than 0.2 μatm. The reason for these small differences was that the 

CO2 lost or gained through the air-sea exchange was just a very small part of the amount 

redistributed by the water mixing. Thus, only the oceanic pCO2
surf

 simulated with W92 is 

shown in Figure 14. 

 

 

Figure 14: Variation of pCO2 in surface water (pCO2w) and atmosphere (pCO2a), 

wind speed, and CO2 flux at the locations 0, 55, and 110 km to the right of the 

hurricane track during day 244.75 – 246.75, 2004. The distances of the locations to 

the right of the hurricane track are indicated at the right-bottom corners. 
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Figure 14 indicates that the oceanic pCO2
surf

 variations and the CO2 fluxes were 

significantly time-dependent and spatially different during the passage of Hurricane 

Frances. Along the hurricane track, the oceanic pCO2
surf

 started to decline when the wind 

speed increased to about 16.5 m s
-1

. The oceanic pCO2
surf

 dropped to 367.5 μatm after the 

passage of the hurricane, decreased by about 20 μatm. This was similar to the observed 

pCO2
surf

 variation under Typhoon T9711 reported by Nemoto et al. (2009). The Typhoon 

T9711 passed directly over their buoy in the East China Sea. They observed that the mixing 

started when the wind speed increased to over 15 m s
-1

, and the  pCO2 decreased from 

about 19 μatm before typhoon passage to near 0 μatm after the passage.  

Over the float on the hurricane track, the atmospheric CO2 quickly decreased to about 

338.6 μatm with the drop of air pressure on Julian day 245.75, and then rebounded after the 

hurricane center had passed the float. The maximum CO2 flux occurred just after the first 

wind maximum, corresponding to the high  pCO2 and wind speeds at that time. In the 

water 55 km to the right of the hurricane track, the oceanic pCO2
surf

 decreased to 363.3 

μatm. The atmospheric CO2 dropped to 347.6 μatm and the CO2 flux reached its maximum 

when the peak winds crossed the study site. Over the water 110 km to the right of the 

hurricane track, the maximum wind speed was 31.5 m s
-1

 and the maximum CO2 flux was 

much lower than that in other two sites, as expected.  

 

 

Figure 15: Integrated CO2 flux vs. the distance from the hurricane track on the 

section along the EM-APEX floats perpendicular to the hurricane track (positive 

numbers on X axis indicate distances to the right of the hurricane track). 

 

Figure 15 shows the integrated CO2 flux as a function of distance from the hurricane 

center on the section along the EM-APEX floats perpendicular to the hurricane track. The 
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integrated CO2 flux is the total CO2 flux per unit water surface caused by the hurricane 

passage given by: 





Pt

I TtfF )( ,                                                                                                                    (6) 

where )(tf  is the instantaneous CO2 flux at time t, T  is the model time step, and P is the 

time period from 1 day before to 1 day after the hurricane passage. The results show that 

significant CO2 efflux occurred within a limited area of about 100 km on both sides of the 

hurricane track. The maximum integrated CO2 flux during the hurricane passage was found 

at about 28 km to the right of the hurricane track, reaching a value of 21.7 mmol m
-2

 when 

using LM86 and 76.6 mmol m
-2

 when using W92, while the second peak integrated CO2 

flux was about 38 km to the left of the hurricane track. Although the maximum winds were 

on the right of the hurricane center (Figure 16A), there is no significant difference in the 

maximum integrated CO2 fluxes on each side. This is explained by the lower oceanic 

pCO2
surf

 on the right (Figure 16B).  

 

 

 

 

Figure 16: Plan views of (A) wind field [m s
-1

] of Hurricane Frances, (B) pCO2 

[µatm] in surface water simulated with W92, (C) CO2 fluxes [mmol m
-2

 hr
-1

] 

calculated with LM86 and (D) CO2 fluxes calculated with W92 at 18 UTC on 1 

September, 2004
a
. 
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a
The brown line and red crosses in (B) indicate the hurricane path and the locations of EM-APEX 

floats, respectively. The positive number in figure (C) and (D) indicates the CO2 vents from ocean 

to atmosphere. 

 

3.2 Surface Distribution of pCO2 and CO2 Flux on Day 245.75 of 2004 

A more comprehensive overview of how the oceanic pCO2
surf

 spatially varied is shown 

in Figure 16B where we present a plan view of the surface distribution of oceanic pCO2
surf

 

simulated with W92 on day 245.75 (6 pm, 1
st
 September, 2004), when the hurricane center 

crossed the EM-APEX float. The lowest oceanic pCO2
surf

 was observed just to the right of 

the hurricane track. This “right bias” pattern was similar to the surface temperature field 

described by Huang et al. [2009], indicating the variation of oceanic pCO2
surf

 was closely 

related to the cooling of the sea surface layer due to wind-induced vertical mixing. The 

oceanic pCO2
surf

 simulated with LM86 was close to that with W92; the maximum 

difference was just about 0.2 μatm. So only the oceanic pCO2
surf

 simulated with W92 is 

shown in Figure 16. The instantaneous CO2 fluxes calculated with LM86 (Figure 16C) 

were much lower than those calculated with W92 (Figure 16D), but their patterns were 

similar: the maximum effluxes were on the right-hand side of the hurricane center and the 

significant effluxes were within about 100 km from the hurricane center. The total net 

efflux, integrated over the domain within the radius of 17.5 m s
-1

 winds, was 2.59 1010  g C 

hr
-1

 when using LM86, and 7.74 1010  g C hr
-1

 when using W92. 

 

4. Discussion 

4.1 Vertical Mixing and the Variation of pCO2
surf

 

The vertical mixing changed the temperature, DIC, TA and salinity in the surface water, 

which subsequently changed the oceanic pCO2
surf

. To explore the effect of vertical mixing 

on the variation of pCO2
surf

 through these factors changing in surface water, the area 55 km 

to the right of the hurricane track (where maximum vertical mixing occurred) was 

investigated following the methods of Takahashi et al. [1993] as: 

dpCO2 = ( pCO2/ T)dT + (  pCO2/ DIC)dDIC + (  pCO2/ TA)dTA  

               + ( pCO2/ S)dS,                                                                                                  (7) 

where T and S represent water temperature and salinity, respectively. The effects of each 

factor on pCO2 may be determined from the sea water CO2 thermodynamics as: 
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( pCO2/ T)/pCO2 = 0.0423 °C
-1

,                                                                                        (8) 

( pCO2/ DIC)(DIC/pCO2) = 8,                                                                                          (9) 

( pCO2/ TA)(TA/pCO2) = – 7.9,                                                                                     (10) 

( pCO2/ S)(S/pCO2) = 0.96.                                                                                            (11) 

The value on the right-hand side of equation (9) is also generally known as the Revelle 

factor. Takahashi et al. [1993] used a value of 4.7  on the right-hand side of equation (10) 

for tropical waters. However, this value changes with latitudes and we found the value of 

9.7  better fit our calculation by using the computations of Lewis and Wallace [1998]. 

Thus, the value of 9.7  was used in current study. 

As shown in Figure 17, the hurricane quickly deepened the surface mixed layer and 

decreased the surface temperature by about 2.3 °C. However, DIC, TA and salinity 

increased at the surface after the mixing because these species increased with depth before 

the hurricane passage. After the hurricane had passed, these species and the temperature 

varied with inertial period as the hurricane induced inertial currents and internal waves in 

the ocean. Calculated from equations (8) – (11), the surface layer cooling caused a decrease 

of 35.9 μatm in the oceanic pCO2
surf

, while the increase in surface DIC and TA caused 24.3 

and 3.18  μatm changes in oceanic pCO2
surf

, respectively, and the effect of salinity on 

oceanic pCO2
surf

 was slight, causing an increase by only 4.3 μatm (Figure 18). The effect of 

sea surface cooling on pCO2
surf

 was offset by the increases of DIC, TA and salinity by 

28.7%.  
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Figure 17: Simulated variation of (A) water temperature (°C), (B) DIC (μmol kg
-1

), 

(C) TA (μmol kg
-1

), and (D) salinity (PSU) in upper 200 m ocean water 55 km to the 

right of hurricane track. 

 

Precipitation associated with the hurricane diluted the surface water, and caused small 

declines in DIC and TA at the beginning of hurricane passage (Figure 18B and 18C). Later 

the effects of vertical mixing and water upwelling overwhelmed the effect of dilution, 

causing the DIC and TA to increase rapidly in surface water. The precipitation did not 

influence the surface temperature directly because the heat exchange caused by 

precipitation was negligible [Huang et al., 2009]. Nonetheless, the precipitation produced 

buoyancy energy in surface water and increased the stability of the water stratification 

[Huang et al., 2009], thus inhibiting the vertical mixing and subsequently influencing the 

oceanic pCO2
surf

.  

 

 



Chapter 3: Variation of pCO2 in ocean surface water in response to the passage of a 

hurricane 

 

41 

 

Figure 18: Variation of (A) water temperature, (B) DIC, (C) TA, and (D) salinity in 

the surface water 55 km to the right of the hurricane track and their impacts on the 

variation of pCO2
surf

. 

 

4.2 Impact of Hurricane Frances on Local Atmosphere-Ocean CO2 Exchange 

The maximum integrated CO2 flux caused by the passage of Hurricane Frances was 

21.7 mmol m
-2

 when using LM86, and was up to 76.6 mmol m
-2

 when using W92. Given 

the local annual CO2 exchange flux was about 40  to 1200  mmol m
-2

 [Wanninkhof et 

al., 2007], the impact of the passage of Hurricane Frances on the local CO2 exchange was 

obviously significant. This finding is consistent with previous studies [Bates et al., 1998a; 

Bates, 2007; Perrie et al., 2004; Wanninkhof et al., 2007; Nemoto et al., 2009]. However, it 

should be noted that this local impact was contained within a distance of about 100 km on 

both sides of the hurricane track (Figure 15).  

The total hurricane-induced CO2 efflux is a function of the hurricane strength, size, path, 

and oceanic and atmospheric conditions. Frances developed from a tropical storm into a 

Saffir-Simpson Hurricane Scale (SSHS) Category 1 hurricane at 1800 UTC on 26 August, 

then quickly intensified to a SSHS Category 3 hurricane in 24 hours, and made a landfall as 

a SSHS Category 2 hurricane on Florida at 0430 UTC on 5 September, remaining in 

hurricane state on the ocean for about 226.5 hours (Figure 11). To estimate the total CO2 

efflux caused by the whole passage of Hurricane Frances, we assumed that the same initial 

 pCO2 and vertical DIC and TA profiles were applicable for the whole path as the path 

was within 13°N – 28°N [Takahashi et al., 2002]. Then the model was run with hurricane 
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wind fields in different SSHS intensities, and the CO2 fluxes were calculated after the air-

sea interactions reached equilibrium states (Table 2). The durations of Hurricane Frances in 

different intensity categories were summed from the best track data [Beven II, 2004], and 

the contributions of different categories to the total efflux were calculated as the product of 

the CO2 flux per hour and the duration hurricane remained in corresponding categories. In 

total, Hurricane Frances was estimated to release 3.504 – 10.363 Tg C (1 Tg C = 10
12

 g C) 

CO2 out of the ocean. More than 66% of this efflux was contributed by category 4.  

 

Table 2: CO2 effluxes caused by different intensity winds and their contributions to the 

total CO2 efflux caused by the whole passage of Hurricane Frances
a
 

SSHS 

Category 

Center 

Pressure 

in 

Definition 

(mb) 

Center 

Pressure 

in 

Simulation 

(mb) 

Maximum 

Wind 

Speed in 

Simulation 

(m s
-1

) 

Integrated Over the 

Domain within the 

Radius of 17.5 m s
-1

 

Winds (g C hr
-1

) 

Total 

Duration 

(hr) 

Total Efflux 

(Tg C) 

LM86 W92 

1 980-989 984.5 36.8 9.89×10
8
 2.66×10

9
 18 048.0018.0   

2 965-979 972 44.3 6.74×10
9
 1.89×10

10
 46.5 879.0313.0   

3 945-964 954.5 53.0 1.17×10
10

 3.43×10
10

 72 470.2842.0   

4 920-944 940.5 64.0 2.59×10
10

 7.74×10
10

 90 966.6331.2   

5 <920 900 72.2 3.08×10
10

 1.00×10
11

 0 0 

In Sum      226.5 363.10504.3   
a
The wind fields (except for category 4) were set up using the Holland hurricane model [Holland, 

1980] with the profile parameter proposed by Vickery and Wadhera [2008]. 

 

4.3 Impact of Global Hurricanes as Extrapolated from Hurricane Frances 

The impact of global hurricanes was first estimated by Bates et al. [1998a] to cause a 

CO2 efflux of 0.042 – 0.509 Gt C from oceans into the atmosphere during their passages. 

This efflux was significant when compared to the total CO2 uptake by oceans globally 

[Takahashi et al., 2002]. However, Bates et al. [1998a] assumed that the pCO2
surf

 varied 

linearly over the passage of a hurricane, and the wind field was uniform within a hurricane. 

This may result in large errors, as indicated by the current research that the wind speeds 

and CO2 fluxes varied significantly spatially. Later Bates [2007] estimated another total 

efflux of 0.04 – 0.08 Gt C based on the oceanic CO2 observation response to Hurricane 

Fabian (2003). Again, no detailed temporal and spatial information of the pCO2
surf

 was 

provided. Here we use a new method to estimate the impact of global hurricanes based on 

the results from Hurricane Frances. First, we assumed that the CO2 effluxes in unit time 

caused by different intensity winds calculated in Table 2 were representative of effluxes 

caused by the winds of global hurricanes in corresponding intensities. This assumption was 
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based on the fact that, although hurricanes occurred in different ocean basins, their tracks 

tend to be within limited latitudinal and longitudinal zones. For example, in tropical and 

subtropical Northwest Pacific Ocean, where about 35% of all global hurricanes occur, more 

than 95% of the tropical storms of hurricane strength are within an area of 10°N – 30°N 

and 120°E – 150°E [Weatherford and Gray, 1988; best track archives of the Joint Typhoon 

Warning Center]. The latitudinal distribution of the global tropical cyclone power 

dissipation index integrated from 1980 to 2007 also indicates that the major tropical 

cyclone activities are within latitudinal zones of 10°N – 30°N and 12°S – 22°S [Jansen and 

Ferrari, 2009]. Most of the hurricanes and typhoons occur between summer to mid-autumn. 

During this time, and within the above limited area, the mixed layer depth in the open 

ocean ranges between 20 and 50 m [e.g. Kara et al., 2000] and the  pCO2 typically ranges 

from 5 μatm to 35 μatm [Takahsahi et al., 2002]. In our model simulations, the initial 

oceanic properties were obtained at the location of (68°W, 20°N) in August. The initial 

mixed layer depth was about 30 meters and the initial  pCO2 was 22 μatm; both are of the 

average of the ranges. Furthermore, the size and the translating speed of Hurricane Frances 

(2004) also represent average values of global hurricanes [Weatherford and Gray, 1988; 

Vickery and Wadhera, 2008]. So we assumed that the CO2 effluxes calculated in Table 2 

represented average effluxes caused by the winds of global hurricanes. Then, we derived 

the hurricane intensity data from the best track archives of the Joint Typhoon Warning 

Center and of international warning centers in 2004, counted the durations of each 

hurricane in corresponding intensities, and used the same method in Table 2 to estimate the 

total CO2 efflux of each hurricane. In summation, global hurricanes in 2004 induced a total 

CO2 efflux of 0.047 – 0.141 Pg C (1 Pg C = 10
15

 g C), a smaller and lower range compared 

to that estimated by Bates et al. [1998a], but close to the estimation of Bates [2007].  

To study the impacts of individual hurricanes on the CO2 efflux, we grouped the 

hurricanes into five categories according to the maximum intensities they reached. The 

average CO2 effluxes caused by each group and the standard deviation due to different 

durations of individual hurricanes are shown in Figure 19. The CO2 efflux increased 

exponentially with the maximum intensity of a single hurricane, because the more intensive 

hurricanes have longer lives and higher wind speeds. The statistics of global hurricanes 

show that the number of intensive hurricanes (in group 4 and 5) has doubled in the past 30 

years [Webster et al., 2005]. If we used the same data set of hurricane numbers in Webster 
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et al. [2005] and the corresponding CO2 fluxes in Figure 19, the global hurricanes-induced 

CO2 efflux was found to have increased by 71.2 – 75.0% from 1970 to 2004.  

 

Table 3: Numbers of hurricanes in corresponding SSHS categories according to the 

maximum wind speeds they reached in global oceans in 2004a 

Oceans 
SSHS Category 

C1 C2 C3 C4 C5 

North Atlantic 2 1 2 3 1 

East North Pacific 3 0 1 2 0 

West North Pacific 3 3 2 8 4 

North Indian 2 0 0 0 0 

Southern Hemisphere 2 1 2 3 0 

In Sum  12 5 7 16 5 
 

a
The data were obtained from the best track archives of the Joint Typhoon Warning Center 

and of the international warning centers. 

 

 

Clearly, the above estimates must be treated with caution and should be viewed only as 

coarse estimates. First, a more complete hurricane inventory should be used because 

hurricane properties, like size and translating speed, may vary from one to another 

[Weatherford and Gray, 1988]. Secondly, the initial oceanic conditions and  pCO2 in 

some cases would be very different from that of Hurricane Frances. For example, a 

typhoon occurred in Northwest Pacific in April of 2004. The surface water temperature and 

pCO2 was much lower than that we assumed in our simulation. Applying our assumptions 

to this typhoon would result in obvious overestimation of the CO2 efflux. Finally, the 

uncertainty of the relationship between the CO2 transfer velocity and hurricane-strength 

winds is still large. The air-sea exchanges of O2 and N2 under the winds of Hurricane 

Frances had been studied by McNeil and D’Asaro [2006]. However, the gas transfer 

velocity withdrawn from their research can not be directly applied to the study of CO2 

because of the differences in solubility [C. McNeil, personal communication]. Furthermore, 

the outgassing of CO2 caused by the hurricane passage may be just a short-term event. 

Long-term studies have indicated that there is no clear relationship between the hurricane 

activities and the net air-sea CO2 fluxes on annual basis [Wanninkhof et al., 2007; Koch et 

al., 2009]. This can be attributed to the decreased pCO2
surf

 after the hurricane passage as 

shown in current study, and the CO2 uptake by phytoplankton bloom triggered by the 
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hurricane passage [e.g. Lin et al., 2003; Babin et al., 2004]. These post-hurricane effects 

may largely ameliorate the effects of hurricanes passage on releasing the CO2 out of ocean, 

and are the subject of the next chapter.  

 

Figure 19: Average CO2 efflux caused by the passages of a single hurricane 

according to the maximum SSHS category it reached in 2004
a
. 

a
Error bars indicate the standard deviation caused by different durations of individual hurricanes.  

 

5. Conclusions 

Numerical simulations of oceanic CO2 system variation and air-sea CO2 exchange in 

response to the passage of Hurricane Frances (2004) were carried out, providing temporal 

and spatial information on how the pCO2
surf

 and CO2 fluxes at air-sea interface varied when 

hurricane winds acted on the ocean surface. The major conclusions from current research 

are:  

1. The variation of pCO2 in the surface water in response to the passage of a hurricane 

was not a simple linear process, but was determined by the hurricane-induced vertical 

mixing and the initial oceanic conditions. The lowest oceanic pCO2
surf

 occurred to the right 

of the hurricane track, reflecting the vertical mixing intensity.  

2. The hurricane-induced sea surface temperature cooling was the major reason for the 

decrease of the oceanic pCO2
surf

; the entrainment of the water with higher CO2 levels 

partially offset this decrease.  

3. Hurricane Frances significantly influenced the local air-sea CO2 exchange (within a 

200 km swath) during its passage over the ocean.    

4. The model results suggested that the efflux of CO2 from Hurricane Frances was 

about 3.504 – 10.363 Tg C. Extrapolating from Hurricane Frances, global hurricanes in 

2004 were estimated to have caused a CO2 efflux of 0.047 – 0.141 Pg C. Under our 
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assumptions, the CO2 efflux caused by the passages of global hurricanes should have 

increased by about 71.2 – 75.0% in past 30 years.  
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Abstract 

Cruise measurements of oceanic surface pCO2 and satellite observations of sea surface 

temperatures (SST) and chlorophyll-a concentrations before and after the passage of 

Hurricane Frances (2004) are presented. The hurricane, although it caused large CO2 efflux 

from the ocean, lowered the oceanic surface pCO2 and inhibited the CO2 transfer from the 

ocean to the atmosphere for weeks after the hurricane passage. The cruise data showed the 

SST was the dominating factor determining the post-storm oceanic surface pCO2. 

Modeling investigations were carried out to study the physical and biochemical ocean 

response for two months after the hurricane passage, and to quantify the overall impact of 

the hurricane on the air-sea CO2 exchange. The results indicated that effect of CO2 venting 

caused by the hurricane winds was counteracted by the post-storm process to the extent of 

more than 72.6%. Small increases in phytoplankton concentrations were found after the 

hurricane passage, but the biological impact on the oceanic pCO2 variation is negligible. 

Simple analytical assessment of the post-storm oceanic pCO2 variation suggested that the 

global hurricane activities should not be important factors influencing the global air-sea 

CO2 exchange.  
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1. Introduction 

Hurricanes, defined as tropical cyclones with sustained winds exceeding 33 m s
-1

, occur 

mostly in the latitudinal zones of 10°N – 30°N and 12°S – 22°S from early summer to mid-

autumn [Weatherford and Gray, 1988; Jansen and Ferrari, 2009; Joint Typhoon Warning 

Center]. Because the partial pressure of CO2 (pCO2) in the oceanic surface water is usually 

higher than that in the atmosphere in the vicinity of hurricanes, and the gas transfer velocity 

increases rapidly with wind speed [e.g. Wanninkhof, 1992; McNeil and D’Asaro, 2006], it 

is commonly considered that a large amount of CO2 is vented during the passage of 

hurricanes. Bates et al. [1998a] estimated a total CO2 efflux of 0.042 – 0.509 Gt (1 Gt = 

10
15

 g) C caused by global hurricanes every year, later revised down to a lower range of 

0.04 – 0.08 Gt C [Bates, 2007] by scaling from Hurricane Fabian (2003). Based on a study 

of the Hurricane Frances (2004), Huang and Imberger [2010] estimated a total CO2 efflux 

of 0.047 – 0.141 Gt for the year of 2004. These numbers are remarkable when compared to 

the annual CO2 uptake by global oceans of 2.2 – 3.7 Gt C per year [Takahashi et al., 2002].  

However, the passage of a hurricane is a short term event. The CO2 flux calculated 

during the hurricane passage can not represent the net impact of a hurricane on air-sea CO2 

exchange, because lowered oceanic pCO2 and CO2 efflux are found for weeks following 

the hurricanes [e.g. Wanninkhof et al., 2007]. This counteracting effect should be 

incorporated when evaluating the overall impact of hurricanes on the carbon cycle. Recent 

research by Koch et al. [2009] has provided no clear relationship between the local annual 

air-sea CO2 fluxes and the hurricane activities in subtropical North Atlantic. Nonetheless, 

Koch et al. [2009] used daily winds to calculate the CO2 fluxes, which largely 

underestimated the CO2 fluxes induced by the hurricane-strength winds because of the 

nonlinear dependence of air-sea CO2 transfer velocity on wind speeds [Bates and Merlivat, 

2001; Wanninkhof et al., 2007]. The mechanisms controlling the post-hurricane oceanic 

pCO2 variation and the importance of this effect counteracting the overall impact of 

hurricanes are still unclear.  

In an earlier paper [Huang and Imberger, 2010], we described the temporal and spatial 

pCO2 variation in the surface ocean and estimated the air-sea CO2 flux during the „forced 

stage‟ of the hurricane passage. Here, we continue our analysis of the impact of Hurricane 

Frances (2004) on the air-sea CO2 exchange, focusing on the interval from the time 

immediately after the passage of the storm to the time when the signature of the storm 

imposed on the ocean surface has dissipated. We specifically address the impacts of the 
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hurricane-induced sea surface temperature (SST) cooling and phytoplankton bloom on 

oceanic pCO2 variation individually, and evaluate the overall impact of the hurricane on 

air-sea CO2 exchange over the long-term.  

The paper is organized as follows. In Section 2 we present the oceanic surface pCO2 

data recorded by the Explorer of the Seas cruises before and after Hurricane Frances, and 

the post-hurricane SST and chlorophyll-a (Chl-a) data from the satellite observation. In 

Section 3 we use numerical models to study the temporal and spatial pCO2 variation 

following the event, and quantitatively evaluate the integrated impact of the hurricane on 

air-sea CO2 exchange. The results from Section 2 and Section 3 are discussed in Section 4, 

and major conclusions from current research are given in Section 5.  

2. Response following the Passage of Hurricane Frances (2004)  

Hurricane Frances developed from a vigorous tropical wave that moved westward from 

the coast of Africa on 21 August. It reached its maximum intensity of 64 m s
-1

 late on 31 

August while it passed north of the Leeward and Virgin Islands, and made landfall on 

Florida on 5 September as a Category 2 hurricane [Beven, 2004]. The track of the hurricane 

is shown in Figure 20 with the oceanic surface pCO2 measured by the Explorer of the Seas 

cruises before and after the hurricane passage. The Explorer of the Seas cruises was 

operated by Royal Caribbean Cruise Lines, performing weekly cruises originating from 

Miami and alternating between an eastern track and a western track. Instruments to 

measure CO2 in surface water were installed on the ship by NOAA‟s Atlantic 

Oceanographic and Meteorological Laboratory (AOML). The intake was at a depth of 

about 2 m under the water surface. The data were obtained from 

http://www.aoml.noaa.gov/ocd/gcc/explorer_introduction.php.  

As shown in Figure 20, Hurricane Frances caused an obvious decrease in the oceanic 

surface pCO2, especially in the area close to the hurricane track. Even on Julian Day (JD) 

278 – 279 of 2004 (about 33 days after the hurricane passage) lower oceanic surface pCO2 

can still be found on the right hand side of the hurricane track, consistent with the “right 

bias” of SST cooling and pCO2 decline induced by the hurricane passage [Huang and 

Imberger, 2010]. This indicates the time scale of pCO2 recovery following Frances was 

much longer than the time scale of ocean response to the direct hurricane winds, which is 

typically between a half and one day [Price et al., 1994]. Thus, although the gas exchange 

velocity under normal winds is much lower than that under hurricane winds, the long time 

http://www.aoml.noaa.gov/ocd/gcc/explorer_introduction.php
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scale together with the lowered oceanic pCO2 could possibly have a strong counteracting 

effect on the air-sea CO2 exchange. 

 

 

Figure 20: The track of the Hurricane Frances (2004) and the oceanic surface 

pCO2 measured by the Explorer of the Seas cruises before and after the passage of 

Hurricane Frances
a
. 

a
The blue dash line shows the hurricane track. The colored line shows the cruise track and the 

color indicates the value of the oceanic surface pCO2. The dates of the cruises and the hurricane 

are presented as Julian Day (JD). 

 

Two phenomena are closely related to the lowered oceanic pCO2. The first is the 

hurricane-induced sea surface layer cooling. The SST was cooled by up to 2.4 °C by the 

Hurricane Frances [Huang et al., 2009] and each degree decrease caused about 4.23% drop 

of pCO2 [Takahashi, 1993]; The second phenomenon is the hurricane-triggered 

phytoplankton bloom lasting for 2 to 3 weeks [Babin et al., 2004]. Figure 21 shows the 

satellite observations of the 8-day composite SST and surface Chl-a product before and 

after the passage of Hurricane Frances. The 8-day composite SST product was obtained 

from the Aqua MODIS satellite observation with 4 km  4 km resolution 

(http://oceancolor.gsfc.nasa.gov/cgi/level3.pl), and the merged Aqua/SeaWiFS 8-day 

composite Chl-a product with 9 km9 km resolution was obtained from NASA-DAAC 

http://oceancolor.gsfc.nasa.gov/cgi/level3.pl
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(Distributed Active Archive Center of National Aeronautics and Space Administration). As 

shown in Figure 21, the passage of Hurricane Frances induced a cooling of the sea surface 

layer along the track, with maximum cooling on the right hand side. After the strong winds 

had waned, the surface ocean received solar radiation heating and the SST recovered. The 

process of SST recovery has been described analytically by Price et al. [2008], and the e-

folding recovery time in the case of Hurricane Frances was estimated by Price et al. [2008] 

to be up to 20 days due to the unsettled post-storm weather conditions. That means even 

after a month the SST recovered by just 78%. Enhanced Chl-a concentrations along the 

track were found after Frances (Figure 21b). However, the enhancement was more 

conspicuous in the shallow or coastal areas. In the open ocean, the change of Chl-a 

concentration was not significant.  

 

 

Figure 21: Satellite observations of the SST and Chla in the oceanic surface water 

response to the passage of the Hurricane Frances
a
. 

a
The gray dash line and gray dot-dash line indicate the track of Hurricane Frances and tropical 

storm Jeanne, respectively; Red crosses are the locations of floats, and the black box indicates the 

study area.  

 

Previous research of pCO2 variation in open oligotrophic water [e.g. Bates et al., 1998b; 

Wanninkhof et al., 2007] had suggested that the SST was the dominating factor 

determining the oceanic surface pCO2. How did this role apply to the pCO2 variation after 

the passage of Frances? To answer this question, we regressed the surface pCO2 against the 

SST measured by the Explorer of the Seas cruises in the area within 100 km to the 

hurricane track after the hurricane passage (Figure 22). A distance of 100 km was used here 
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because the major impact of the hurricane passage on the air-sea CO2 exchange was within 

this distance [Huang and Imberger, 2010]. As shown in Figure 22, the dependence of pCO2 

on the SST is significant, with maximum deviation of just 5 μatm. The deviation maybe is 

due to the slope of empirical relationships between pCO2 and SST varying with region 

[Olsen et al., 2006]. Thus, although the hurricane caused entrainment of higher-CO2 water 

and triggered a phytoplankton bloom, the pCO2 variation seems still to be dominated by the 

change of the SST.  

 

 

Figure 22: Regression between the SST and surface pCO2 measured by the 

Explorer of the Seas cruises after the passage of Hurricane Frances within 100 km 

of the hurricane track. 

 

3. Modeling the long-term ocean response following the hurricane 

The above analysis indicates that the oceanic surface pCO2 was lowered by the 

hurricane passage and lasted for more than one month. But the importance of this 

counteracting effect in the overall impact of the hurricane on air-sea CO2 exchange is still 

unknown. Here, we use a three-dimensional hydrodynamic model coupled with a 

biogeochemical model to study the post-hurricane ocean responses and quantitatively 

calculate the CO2 fluxes. 

3.1 Model Set Up and Data  

Consistent with our earlier research [Huang and Imberger, 2010], the hydrodynamics 

were simulated with ELCOM (Estuary, Lake and Coastal Ocean Computer Model), a 
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model using the unsteady Reynolds-averaged, Navier-Stokes and scalar transport equations 

with the hydrostatic and Boussinesq approximations [Hodges et al., 2000] and 

incorporating a separate 1D mixing model in each water column for the vertical turbulent 

transport [Spigel et al., 1986]. The biogeochemical model is CAEDYM (Computational 

Aquatic Ecosystem Dynamics Model) configured in the form of a nutrients-phytoplankton-

zooplankton („N-P-Z‟) model. The phytoplankton growth rate was calculated as the product 

of a maximum potential growth rate and limiting factors for light, phosphorus, and nitrogen, 

and for silicon in the case of diatoms. The reader is referred to Robson and Hamilton [2004] 

for a more detailed description of this model. Because there is no in situ record of the 

nature of the phytoplankton community before the passage of Hurricane Frances, we set up 

the initial vertical distribution of phytoplankton according to Uitz et al. [2006] using the 

surface Chl-a data from satellite observations before the hurricane passage. Two 

phytoplankton groups, cyanobacteria and diatom, were assumed to be present as pico- and 

nano-phytoplankton, respectively. The distributions of nutrients were set using the data 

measured by the R/V Knorr Cruise in the World Ocean Circulation Experiment obtained in 

the same location [Johnson et al., 2003]. 

The study domain was centered at location (70.02 °W, 21.65 °N) where the Hurricane 

Frances passed on JD 245.75 of 2004. This area was chosen because the upper ocean 

response, including water temperature, salinity and horizontal water velocities, were 

recorded by three EM-APEX floats [Sanford et al., 2005] air-deployed about one day 

before the hurricane passage into this area (Figure 21), and the air-sea CO2 exchange in this 

area during the hurricane passage had been well-studied [Huang and Imberger, 2010]. Two 

modeling experiments were carried out. In the first experiment, the wind field over the 

study domain during JD 244.75 – 246.75 was set up using the wind data obtained from 

NOAA H*WIND analysis [Powell et al., 1998]. In the second experiment, we assumed 

there was no hurricane passing, and the wind field during JD 244.75 – 246.75 was uniform 

at a speed of 8 m s
-1

, an average wind speed of September, 2004.  From day 246.75 to day 

304.75 of 2004, both modelling experiments were forced with the meteorological 

conditions (wind speed, wind direction, solar radiation, cloud cover, humidity and air 

pressure) retrieved from the ECMWF (European Centre for Medium-Range Weather 

Forecasts) interim re-analysis. The data were obtained from http://data-

portal.ecmwf.int/data/d/interim_daily/ and have a resolution of 1.5 degree × 1.5 degree. We 

changed the wind data from H*WIND analysis to interim re-analysis in the long term 

simulation because the H*WIND just provided high resolution wind field for hurricanes. 

http://data-portal.ecmwf.int/data/d/interim_daily/
http://data-portal.ecmwf.int/data/d/interim_daily/
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There is still large uncertainty in the dependency of the CO2 transfer velocity on strong 

winds [McNeil and D’Asaro, 2006]. Thus, we used the gas transfer velocities proposed by 

Wanninkhof [1992] (hereafter referred as W92) and by Liss and Merlivat [1986] (hereafter 

referred as LM86) to calculate the upper and lower bounds of CO2 fluxes, respectively. 

Two data sets were used to evaluate the model performance. The first data set was the 

in situ water temperature measured by the EM-APEX floats which provided relatively 

short-term (about 20 days) but high temporal and spatial resolution data (Figure 23). The 

floats were under 30 m deep after air-deployed until JD 250 in order to protect the 

instruments. After JD 250, the floats surfaced with a frequency of about once every 16 

hours. The second data set was from satellite observations which provided coarse temporal 

and spatial but long-term data for both SST and oceanic surface Chl-a concentration. The 

source of the satellite data has been described in section 2 of this chapter. The SST and 

Chl-a data within the black box indicated in Figure 21 were extracted from the satellite 

products, then summed and divided by the number of the non-zero pixels, and compared 

with the simulation results (Figure 24). The chosen area is parallel to the track but on the 

right-hand side because the hurricane-induced vertical mixing and pCO2 decline have a 

“right bias”. 

3.2 Results 

Figure 23 shows the tracks of the EM-APEX floats and the SST both measured by the 

floats and simulated by the model with the hurricane passage. The SST measured by the 

float EM1633, which was under the maximum hurricane winds and experienced strong 

mixing, shows a clear recovery in the wake of the hurricane from JD 250 to JD 260. 

However, the SST did not recover to the pre-storm level of 29.3 °C. From JD 260, the 

tropical storm Jeanne passing close to the study area and caused the SST to drop again. The 

model has well reproduced the SST recovery process. 

The ocean response in the study domain with a longer time scale from JD 244.75 to JD 

304.75 is shown in Figure 24. The passage of Hurricane Frances on average induced a 2°C 

decrease in SST and a 24.0 μatm decrease in oceanic surface pCO2, respectively, in the box 

indicated in Figure 21(a2). After the hurricane passage, both the SST and surface pCO2 

recovered slowly. On JD 260 – 268 of 2004, the nearby tropical storm Jeanne caused the 

SST to drop by about 0.8 °C; then the SST started the recovery process again. In the 

simulations without the hurricane passage, the SST decreased gradually (Figure 24B) due 
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to general cooling. The SST difference between the simulations “with” and “without” the 

hurricane passage decreases with time.   

 

Figure 23: (A) tracks of the EM-APEX floats, and (B) comparison of the SST 

measured by the EM-APEX floats and simulated by the model; (c) variation of SST 

with time as measured by the float EM1633 and simulated by the model at 

corresponding time and locations. 

 

 

The surface Chl-a concentration increased rapidly from 0.04 to 0.06 mg m
-3

 during the 

hurricane passage due to the water entrainment at the bottom of the mixed layer. The 

hurricane also entrained higher-nutrient water into the surface water, thus maintaining a 

higher surface Chl-a concentration than that in the simulation “without” the hurricane. 

Although the Chl-a concentration increased by nearly 50%, the biological activities still 

had little effect on the oceanic surface pCO2 variation as the net primary production (NPP) 

in the surface water was no more than 0.1 mg C m
-3

 day
-1

. Given that the surface dissolved 

inorganic carbon (DIC) concentration was about 24.810
3
 mg C m

-3
, and 1 percent change 

in DIC resulted in about 8 percent change in oceanic pCO2 in tropical water [Takahashi et 

al., 1993], the effect of phytoplankton growth on oceanic pCO2 was negligible. The 

selection of gas transfer velocity had little influence on the oceanic pCO2 variation as the 

CO2 exchange flux was a small part of the surface DIC budget, so only the oceanic surface 

pCO2 simulated with W92 is shown in Figure 24E. 

The overall effect of the hurricane passage on air-sea CO2 exchange is shown in Figure 

25 where the integrated CO2 fluxes vs. the distance to the hurricane track are plotted. The 

integrated CO2 flux is the total CO2 flux at unit ocean surface during the study period given 

by: 





Pt

I TtfF )( ,                                                                                                          (1) 
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where )(tf  is the instantaneous CO2 flux at time t, T  is the model time step, and P is the 

study period. The integrated CO2 fluxes calculated with the gas transfer velocities of W92  

 

Figure 24: Modeled and remote-observed variables at the chosen area on the right-

hand side of the hurricane track from JD 244.75 to JD 304.75
a
. 

a
The black lines are the variables from the model simulation “with” the hurricane passage, while 

the red lines are the variables from the model simulation “without” the hurricane passage. Black 

asterisks in (b) and (c) are the 8-day composite data of SST and surface Chl-a concentration, 

respectively, from satellite observation. 

 

and LM86 are shown in Figure 25A and Figure 25B, respectively. In both figures, large 

amounts of CO2 were found to vent from the ocean to the atmosphere during the hurricane 

passage, but the CO2 fluxes after the event were clearly reduced. The lowest post-storm 

integrated CO2 fluxes were found about 60 - 80 km to the right of the hurricane track. This 

“right bias” pattern can be attributed to the hurricane-induced surface pCO2 decline on the 

right-hand side of the hurricane track [Huang and Imberger, 2010]. If calculated with the 

gas transfer velocity of W92 and integrated again along the section from 400 km to the left 

to 400 km to the right, the total CO2 efflux during the hurricane passage (from JD 244.75 to 

JD 246.75) was 22.6  10
3
 mol m

-1
. However, integrated over the long term (from JD 

244.75 to JD 304.75), the total CO2 effluxes “with” and “without” the hurricane passage 
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were 56.8 10
3
 mol m

-1
 and 50.610

3
 mol m

-1
, respectively. That means the net impact of 

the hurricane on CO2 efflux was only 6.210
3
 mol m

-1
. The lowest post-storm CO2 efflux 

was found at about 70 km to the right of the track, which is about 50 mmol m
-2

 less than 

that to the left of the track if calculated with W92, and about 30 mmol m
-2

 less if calculated 

with LM86. The counteracting effect of oceanic pCO2 decline reduced the impact during 

the hurricane passage by 72.6%. If we calculated the total CO2 efflux along the section 

using the gas transfer velocity of LM86, the long-term integrated CO2 effluxes “with” and 

“without” the hurricane passage were 30.3  10
3
 mol m

-1
 and 32.7  10

3
 mol m

-1
, 

respectively. The overall impact of the hurricane is shown to reduce the CO2 transferring 

from the ocean to the atmosphere. McNeil and D’Asaro [2006] showed that the actual gas 

transfer velocity under hurricane winds is likely to be somewhere between those predicted 

by LM86 and W92, so we may conclude that the overall impact of Hurricane Frances on 

air-sea CO2 exchange was much smaller than that estimated during its immediate passage 

over the ocean. 

 

 

Figure 25: Integrated CO2 fluxes calculated with (a) W86 and (b) LM86 vs. the 

distance from the hurricane track on the section along the initial locations of EM-

APEX floats perpendicular to the hurricane track
a
. 

a
The positive numbers on X axis indicate the distance on the right to the hurricane track. The 

study period for “during passage” is JD 244.75-246.75, for “after passage” is JD 246.75-304.75, 

and for the total fluxes is JD 244.75-304.75. 

 

4. Discussion 

4.1 Effects of hurricane-enhanced phytoplankton growth 

The biological processes, as reflected in the simulations, need further comment. The 

simulated Chl-a agreed qualitatively with the satellite observation, and the phytoplankton 
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composition switched to diatom-dominated with the passage of the storm, similar to the 

results of other studies on phytoplankton community change caused by storm passages [e.g. 

Platt et al., 2005; Son et al., 2007, Wu et al., 2007]. However, no direct comparison 

between simulation results and field observation could be made due to the absence of 

specific field data for Hurricane Frances. Therefore, we expanded our analysis to other 

hurricanes in the same area to examine the validity of the conclusion that there is a 

negligible impact of the hurricane-enhanced phytoplankton growth on the oceanic pCO2 

variation. 

Babin et al. [2004] examined the surface Chl-a concentration response to the passages 

of thirteen hurricanes in the same area. They found that the Chl-a concentration before the 

hurricane passage was 0.046 – 0.128 mg m
-3

, and increased by 5 – 91% after the hurricane 

passages. The maximum post-storm surface Chl-a concentration recorded by Babin et al. 

[2004] was 0.1513 mg m
-3

. Applying the simplified vertically generalized production 

model proposed by Behrenfeld and Falkowski [1997] to estimate the net primary 

production (NPP), we found the maximum value to be about 350 mg C m
-2

 day
-1

. If we 

consider that (1) the increase of Chl-a concentration was due to water entrainment rather 

than enhanced phytoplankton growth and (2) the euphotic depth (Zeu) typically extends to a 

depth of 100 m and the maximum phytoplankton productivity is at a depth of about 80 m 

[Uitz et al., 2006], then the NPP in surface water would be much less than 3.5 mg C m
-3

 

day
-1

. The consumption of DIC by the maximum NPP is still small when compared to total 

DIC in surface water, confirming that in this oligotrophic area, the hurricane-induced 

increase in surface Chl-a concentration has little effect on pCO2 variation.  

4.2 Factors controlling the post-storm oceanic pCO2 variation 

As shown in the cruise data and the model experiments, the SST recovery was the 

dominant process controlling the post-storm oceanic pCO2 variation. The post-storm SST 

recovery has been formulated by Price et al. [2008] as:  

 

SST(t) = SST(t0) + T(t0) [exp(-t/ ) – 1],                                                               (2) 

 

where  T(t0) is the spatially-dependent cooling amplitude caused by the hurricane 

passage, and  is the e-folding time of SST recovery. Then, if we neglect the impact of air-

sea CO2 fluxes on the oceanic CO2 system, the oceanic pCO2 at time t after the hurricane 
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passage may be simplified using the thermodynamics of the oceanic CO2 system 

[Takahashi et al., 1993; Lewis and Wallace, 1998] as: 

 

pCO2(t) = pCO2(t0)exp{0.0423[SST(t) – SST(t0)]},                                                  (3) 

 

where pCO2(t0) and SST(t0) are respectively the oceanic surface pCO2 and SST 

immediately after the passage of the hurricane. The pCO2(t0) has been shown to be 

controlled mainly by the SST cooling, but also partially compensated by the entrainment of 

higher-CO2 water [Huang and Imberger, 2010]. Substituting equation (2) into (3), we get 

 

pCO2(t) = pCO2(t0)exp{0.0423T(t0) [exp(-t/ ) – 1]},                                           (4) 

 

As reflected in equation (4), three factors determine the post-storm pCO2 variation: 

pCO2(t0), T(t0), and  . Both pCO2(t0) and T(t0) depend on the hurricane intensity and 

the distance from the track [e.g. Price, 1981; Nemoto et al., 2009; Huang and Imberger, 

2010], while   depends on the post-storm meteorological conditions [Price et al., 2008]. 

Stronger hurricanes induce more CO2 release from the ocean to the atmosphere during their 

passages, but they also cause stronger mixing and thus a lower SST and a lower pCO2(t0), 

leading to a smaller CO2 transfer from the ocean to the atmosphere after the hurricane 

passage under the same meteorological conditions. These counteracting effects could 

effectively reduce the impact of hurricanes in releasing the CO2 from ocean to atmosphere 

during their passages. The above analysis indicates that the global hurricane activities 

should not be an important factor in modifying the global air-sea CO2 exchange. However, 

the current research was just based on a single hurricane. As the properties of hurricane can 

differ greatly, rich field data with high temporal and spatial resolution of oceanic CO2 

system response to different types of hurricanes are still needed to validate this analysis. 

5. Concluding Remarks 

Although early research showed that a large amount of CO2 was vented by the passage 

of Hurricane Frances (2004), cruise measurement of oceanic surface pCO2 after Frances 

indicated that the hurricane-lowered oceanic surface pCO2 lasted for weeks. This 

counteracting effect should be incorporated when evaluating the overall impact of the 

hurricane on air-sea CO2 exchange. Modeling investigations were carried out to study the 



Chapter 4: Overall impact of Hurricane Frances (2004) on air-sea CO2 exchange 

 

60 

physical and biochemical ocean response, and to quantitatively calculate the CO2 fluxes 

with a long time scale. Major conclusions from current research include: 

1. Although Hurricane Frances (2004) caused enormous CO2 efflux from oceans to 

atmosphere during its passage, it also caused decreases of the SST and oceanic surface 

pCO2, which subsequently inhibited the CO2 transfer from ocean to the atmosphere after 

the hurricane passage. The numerical experiments suggested that on a long-term basis, net 

air-sea CO2 exchange was not significantly influenced by the hurricane passage.  

2. Phytoplankton biomass in the surface water was found to increase after the hurricane 

passage, but in the oligotrophic oceanic surface water, this increase had little impact on the 

oceanic pCO2 variations.  

3. The post-storm oceanic pCO2 recovery was shown to be determined by the 

hurricane-induced SST cooling and surface pCO2 decline amplitudes, and also by the post-

storm meteorological conditions. Stronger hurricanes induce lower SST and surface pCO2, 

which results in less CO2 efflux following the passages of the hurricanes. These 

counteracting effects largely reduce the importance of the hurricane activities on the global 

air-sea CO2 exchange.  
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Chapter 5: Concluding Remarks  

5.1 Summary  

This study investigated the impacts of Hurricane Frances (2004) on the vertical mixing 

and CO2 system in the sea surface water, and on the air-sea CO2 exchange in the “forced” 

and “relaxation” stages of the ocean response to the hurricane. Multiple methodologies, 

including in situ float measurements, remote satellite observation and numerical modeling, 

were used. The results illustrated that the hurricane significantly influenced the ocean heat 

circulation and the CO2 system. Large amounts of the CO2 were released by the passage of 

the hurricane. However, the hurricane also lowered the oceanic surface pCO2, inhibiting the 

CO2 escape from the ocean to the atmosphere in the wake of the hurricanes. So although 

global hurricanes were previously thought to release up to 0.5 Gt C CO2 from the ocean, 

our work suggests that on a long term basis, the impact of the hurricanes on the global 

carbon cycle is insignificant.  

Our specific conclusions from the first paper which focused on the hurricane-induced 

vertical mixing include:  

 During the passage of Hurricane Frances, the entrainment at the bottom of the 

mixed layer and the horizontal water advection were important factors 

determining the spatial pattern of sea surface temperature.  

 The heat flux transported to depth by the Hurricane Frances was estimated to be 

about 0.36 PW which may represent an upper limit of the average heat flux 

transported to depth by a single tropical cyclone.  

 Shear production was the major source of TKE amounting 88.5% of the source 

of TKE, while the rest was attributed to the wind stirring at sea surface. The 

increase of water potential energy due to vertical mixing represented 7.3% of 

the energy deposited by wind stress. 

 Precipitation produced a negative buoyancy flux in the surface layer that 

overwhelmed the instability induced by the heat loss to atmosphere. Thus, the 

net effect of buoyancy fluxes at sea surface was to increase the water column 

stability. 

Our specific conclusions from the second paper which focused on the oceanic surface 

pCO2 variation and air-sea CO2 exchange during the hurricane passage include:  
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 The variation of pCO2 in the surface water in response to the passage of a 

hurricane was not a simple linear process, but was determined by the hurricane-

induced vertical mixing and the initial oceanic conditions. The lowest oceanic 

pCO2
surf

 occurred to the right of the hurricane track, reflecting the vertical 

mixing intensity.  

 The hurricane-induced sea surface temperature cooling was the major reason for 

the decrease of the oceanic pCO2
surf

; the entrainment of the water with higher 

CO2 levels partially offset this decrease.  

 Hurricane Frances significantly influenced the local air-sea CO2 exchange 

(within a 200 km swath) during its passage over the ocean.    

 The model results suggested that the efflux of CO2 from Hurricane Frances was 

about 3.504 – 10.363 Tg C. Extrapolating from Hurricane Frances, global 

hurricanes in 2004 were estimated to have caused a CO2 efflux of 0.047 – 0.141 

Pg C. Under our assumptions, the CO2 efflux caused by the passages of global 

hurricanes should have increased by about 71.2 – 75.0% in past 30 years. 

Finally, the specific conclusions from the last paper which focused on the post-storm 

processes and overall impact of the hurricane on the air-sea CO2 exchange during the 

hurricane passage include: 

 Although Hurricane Frances (2004) caused enormous CO2 efflux from oceans 

to atmosphere during its passage, it also caused decreases of the SST and 

oceanic surface pCO2, which subsequently inhibited the CO2 transfer from 

ocean to the atmosphere after the hurricane passage. The numerical experiments 

suggested that on a long-term basis, net air-sea CO2 exchange was not 

significantly influenced by the hurricane passage.  

 Phytoplankton biomass in the surface water was found to increase after the 

hurricane passage, but in the oligotrophic oceanic surface water, this increase 

had little impact on the oceanic pCO2 variations.  

 The post-storm oceanic pCO2 recovery was shown to be determined by the 

hurricane-induced SST cooling and surface pCO2 decline amplitudes, and also 

by the post-storm meteorological conditions. Stronger hurricanes induce lower 

SST and surface pCO2, which results in less CO2 efflux following the passages 

of the hurricanes. These counteracting effects largely reduce the importance of 

the hurricane activities on the global air-sea CO2 exchange.  
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5.2 Recommendations for the future work  

This study has described the temporal and spatial variation of oceanic surface pCO2 in 

response to the passage of Hurricane Frances (2004), and quantitatively calculated the CO2 

fluxes during and after the hurricane passage. By extrapolating from the study on Frances, 

we suggest that hurricanes should not play an important role on the global carbon cycle. 

However, the role of the global hurricanes has not been fully demonstrated. There follow 

some recommendations for future work which I believe would help to improve our 

knowledge of the global carbon cycle.  

First, as we have pointed out in the second paper, our study was based on just one 

hurricane. More studies on the air-sea CO2 exchange in response to different type of 

hurricanes are needed because hurricane properties such as size and translating speed may 

vary from one to another, and the mixing intensity and pCO2 variation are different from 

case to case. More information on the CO2 fluxes under different types of hurricane can 

improve the accuracy of our estimation.  

Second, the dependence of the gas exchange velocity on the wind speed at hurricane 

strengths is still not clear. Although in current research we used the exchange velocities 

proposed by Wanninkhof [1992] and by Liss and Merlivat [1986] as upper and lower limits, 

the uncertainty is large and the difference between the upper and lower limits is up to about 

three-fold. Future studies should aim at improving our understanding of exactly how the 

CO2 exchange velocity varies with the speed of hurricane-strength wind.  

Lastly, our knowledge of how the oceanic surface pCO2 changes with time and space 

when the hurricane winds directly act on the ocean surface was based on modeling results. 

Although we are confident about these results because the model has been validated with in 

situ and remote temperature and biology data, we did not have the in situ data showing the 

temporal and spatial distribution of the oceanic surface pCO2. Therefore, we suggest that 

field instruments able to measure the in-situ pCO2 under the extreme weather of hurricanes 

should be developed. The instruments should be placed at different distances to the 

hurricane track in order to understand the highly heterogeneous response of the ocean to 

the hurricane passage.  
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