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  ABSTRACT 

 

 

The Gulf of Mexico is among the most populated of coastlines threatened by 

tropical cyclones and has experienced some of the most destructive hurricanes in 

history. The importance of the warm ocean waters of the Gulf in providing optimal 

conditions for tropical cyclone intensification is becoming more clear with recent 

research; thus, understanding factors that affect the upper ocean heat content in the 

Gulf is essential to anticipating hurricane intensity. In this study, two reanalysis data 

sets, NASAʼs Modern Era Retrospective-analysis for Research Applications (MERRA) 

and the NCEP Climate Forecast System Reanalysis (CFSR), are used to calculate the 

surface heat flux budget and the upper ocean heat budget of the Gulf for 29 winter 

seasons (November – March), since the greatest spatial and temporal variability in the 

surface fluxes occurs during this season. The results of the heat budget analysis 

indicate that the turbulent fluxes largely drive the magnitude and the interannual 

variability of the rate of oceanic heat storage.  

Marine cold-air outbreaks (CAOs) bring cold, dry polar air over the Gulf 

throughout the winter season, forcing the release of extreme latent and sensible heat 

fluxes from the ocean to the atmosphere. To understand the impact of these events on 

the interannual variability in the rate of oceanic heat storage, we create a climatology of 

CAO event characteristics for 29 winter seasons. We find that on average, over half of 

the total winter season flux loss occurs due to surface fluxes during CAO events, the 

duration of which only accounts for about 15% of the winter season. Therefore, 

capturing the heat flux loss due to these events is essential to accurately determining 

the rate of change in upper ocean heat content throughout the winter season, as well as 

during the ensuing months. The possible impact of this extreme winter season heat flux 

loss on the following hurricane season is explored on a preliminary basis through 

comparison of the interannual variability in the July average upper ocean heat content to 
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that of the CAO heat flux loss. My results suggest that the heat flux loss due to CAOs 

does affect the variability of the summer season ocean heat content. However, this 

variability is very small in comparison to the total ocean heat content. More in depth 

analysis must be done to better determine how long-lasting the effects of the winter 

season heat flux loss are, and to assess their influence on the thermal structure of the 

upper ocean during the hurricane season.  
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CHAPTER 1 

INTRODUCTION 

 

 

1.1 Motivation and Background 

 

The Gulf of Mexico (hereafter Gulf) coastline is among the most populated areas 

affected by Atlantic basin tropical cyclones (TCs). Hurricane season forecasts are made 

for the Atlantic, Gulf, and Caribbean areas as a whole, but it would be helpful to be able 

to better anticipate the Gulfʼs influence on TC intensity changes once they enter the 

basin. There are many atmospheric and oceanic factors that influence the potential 

intensity of a TC, but the warm surface and subsurface waters of the Gulf have the 

ability to greatly influence a TC. Particularly, the Loop Current and its shed warm core 

rings are known to cause unexpected rapid intensification of TCs shortly before making 

landfall (Shay et al. 2000). Mainelli et al. (2008) found that when upper ocean heat 

content variations were included in the Statistical Hurricane Intensity Prediction Scheme 

(SHIPS) forecasts, the forecast errors were reduced, especially for intense TCs. This 

suggested the importance of knowledge of the variations in the upper ocean thermal 

structure to our ability to accurately forecast TC intensity. If the upper ocean thermal 

structure is of importance to TC intensity forecasts, we must understand the causes of 

variability in the upper ocean heat content of the Gulf in order to better forecast TC 

intensity changes. 

1.1.1 Gulf heat budget. A heat budget analysis must be performed to assess 

the heat gains and heat losses that cause variability in the upper ocean heat content. 

These heat changes can be due to ocean dynamics (horizontal and vertical advection) 

or due to surface heat fluxes (turbulent and radiation fluxes). Hastenrath (1968) 

estimated monthly values of latent and sensible heat fluxes over the Gulf as a residual 
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in the multiannual mean of the ocean heat budget. Various atmospheric and oceanic 

observations were used to calculate the radiation balance at the surface, the advective 

heat changes, and the total rate of oceanic heat storage. Results indicated that the 

largest terms of the heat budget were the residual turbulent heat flux and the radiation 

flux. He also found that the variability in the transfer of the turbulent heat fluxes followed 

the variability in the sea-air temperature difference, and that the flux loss values were at 

a minimum in summer and at a maximum in late fall and early winter. The calculation of 

the rate of oceanic heat storage showed that this value switched from net heat gain to 

net heat loss in late September, and continued to rapidly decrease during late fall, 

reaching a maximum flux loss in early winter. This value then increased gradually in 

spring and early summer, switching back to a net heat gain in late February. 

Etter (1983) used vertical temperature data to compute the mean monthly rate of 

oceanic heat storage over the upper 200 m. The rate of oceanic heat storage represents 

the time rate of change in heat content due to surface heat fluxes and ocean dynamics. 

He found that maximum flux loss values of -170 W m-2 occurred in January and 

maximum heat gain values of 170 W m-2 occurred in May. The spatial variability in this 

term indicated that the water along the northern Gulf coast rapidly lost heat in 

November, which was attributed to cold air outbreaks (CAOs). He then combined the 

results of previous Gulf heat budget studies, including those of Budyko (1963) and 

Hastenrath and Lamb (1978), and determined the mean monthly radiation flux and the 

mean monthly turbulent flux. The former was maximized in July and minimized in 

December. The latter was maximized in November and minimized in May. To close out 

the heat budget, he determined the heat flux changes due to oceanic motions. This 

advective term was calculated by two methods; first, as a residual value of the heat 

budget, and second, computationally from the divergent heat budget equation of Emery 

(1976). Results indicated that the monthly contribution of ocean dynamics to the total 

heat budget was on average much smaller than the contribution of the surface heat flux 

terms. 

Zavala-Hidalgo et al. (2002) studied the seasonal variability of the temperature 

and heat fluxes in the Gulf through the use of climatological data, satellite data, and a 
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numerical model. They calculated the latent and sensible heat fluxes using bulk 

formulae and similarly found that these terms had maximum flux loss values in the 

winter and minimum flux loss values in the summer. Estimates of radiation fluxes from 

satellite data were combined with the turbulent flux values to compute the total heat flux 

through the surface of the Gulf. They found that this term had a maximum flux loss 

value in the winter and a comparable maximum flux gain value in the summer. Zavala-

Hidalgo et al. (2002) also noted that the basin-wide SST is homogeneous in the 

summer, while in the winter the SST field is more variable and marked by strong 

horizontal gradients. 

These heat budget studies indicated that the greatest spatial variability in heat 

flux, and thus upper ocean heat content, occurred during the winter season. Also, the 

greatest magnitude of total surface heat flux loss occurred during a winter season 

month. The work of Etter (1983) suggested that the influence of these surface fluxes on 

the rate of oceanic heat storage was greater than the influence of ocean dynamics. 

Palmén and Newton (1966) examined the global energy budget during the Northern 

Hemisphere winter and found that about 70% of the total change in the rate of oceanic 

heat storage occurred during the winter. All of these studies indicate that the winter 

season surface fluxes are important to changes in upper ocean heat content, thus it is 

necessary to understand causes of variability in the winter season surface heat flux.  

Etter (1983) concluded that the spatial variability in the rate of ocean heat storage 

over the Gulf during the winter season was due to the passage of CAOs that caused 

extreme surface heat flux loss along the northern coastal waters. These events occur 

when cold, dry polar air is advected over a comparatively warmer land or ocean surface, 

forcing the release of latent and sensible heat fluxes from the surface to the 

atmosphere. Marine CAOs differ from CAOs over the continent in that the warm ocean 

provides an almost unlimited supply of latent and sensible heat (Grossman and Betts 

1990). The frequent passage of these events over the extremely warm waters of the 

Gulf makes them an integral part of the winter season ocean heat budget. Therefore, we 

must understand the causes of variability in the events and their induced heat fluxes to 

determine their impact on the total winter season surface flux. 
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1.1.2 CAO characteristics. Huh et al. (1984) examined CAOs over the 

northwest Florida continental shelf and determined that CAO events comprise of three 

phases: the prefrontal phase, the frontal passage, and the cold air outbreak/high 

pressure phase. The prefrontal phase is characterized by atmospheric indications of an 

approaching mid-latitude cyclone. These include a decrease in barometric pressure, 

strong southerly winds, and onshore advection of warm maritime air. The frontal 

passage is marked by atmospheric conditions associated with a cold front. As the 

frontal zone passes, the barometric pressure is at a minimum, the vertical winds are at a 

maximum, and the horizontal winds are weakened. A cloud shield is typically located 

behind the convergence zone, which results in reduced insolation. After passage, the 

approaching polar air mass causes a rapid increase in the barometric pressure and an 

abrupt shift in the horizontal winds to an offshore direction. Strong northerly winds, cold 

air temperatures, and clear skies characterize the final cold air outbreak/high pressure 

phase. These conditions lead to intense latent, sensible, and radiative fluxes from the 

ocean to the atmosphere. Huh et al. (1984) found that these heat flux components 

respectively contributed 51%, 16%, and 33% of the total surface flux loss during a mild 

CAO and 58%, 25%, and 17% of the total surface flux loss during a severe CAO. They 

attributed the greater contribution of the radiative flux over the sensible heat flux during 

the mild CAO to low wind speeds leading to less turbulent flux, and thus less sensible 

heat flux.  

1.1.3 Spatial variability of surface heat flux. The magnitude of surface heat 

flux during a CAO event at any one point in the Gulf is dependent upon the 

characteristics of the water over which the air mass is moving, and upon the 

characteristics of the air mass itself. Crisp and Lewis (1992) used surface data to 

classify the air mass associated with anticyclones that drive CAO events for a 12-year 

period from 1978 to 1989. They found that the source region of a maritime polar (mP) 

air mass is the region over the North Pacific Ocean, whereas the source region of a 

continental polar (cP) air mass is the northwestern area of North America, around 

Alaska and the Northwest Territories of Canada. As a result, the temperature and 

dewpoint of the cP air mass is generally lower than those of the mP air mass. 
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Consequently, CAOs associated with a cP air mass have the ability to induce greater 

sensible and latent heat fluxes than do CAOs associated with a mP air mass. From 

these differing source regions, they found that mP air masses tend to enter the Gulf 

from the southern Texas coast at around a 45° angle from true north, whereas the cP air 

masses tend to enter the Gulf farther eastward at a greater angle of about 60-65° from 

true north. This study showed that most CAO events over the Gulf are associated with 

an air mass that has characteristics of both the mP and cP air mass types. Also, the air 

masses were ranked according to their average CAO event length, which from shortest 

to longest were mP, the mix of mP and cP, and cP. The large amount of variability 

among the air masses and their induced CAO events suggested that large-scale 

circulation patterns impact the frequency of CAO events through their influence on the 

location of anticyclones over the southeastern United States. This idea has been 

confirmed in more recent studies (Walsh et al. 2001; Portis et al. 2006; Cellitti et al. 

2006) that have found a correlation between CAO event frequency and particular 

phases of large-scale oscillations, such as the North Atlantic Oscillation and the Pacific 

North American pattern. The implication of these studies is that atmospheric forcing 

plays a large role in the rate of oceanic heat storage of the Gulf during the winter 

season. 

With the exception of the summer months, near-shore waters tend to be cooler 

than the deeper offshore waters of the Gulf (Virmani and Weisberg 2003). This 

persistent temperature contrast is created by a fairly regular influx of warm water from 

Loop Current intrusions. These intrusions enter the Gulf through the Yucatan Channel 

and leave between Key West and Cuba, through the Florida Straits. The position of the 

Loop Current varies on seasonal and interannual time scales (Sturges and Evans 

1983). Depending upon these variations, the Loop Current can induce SST changes up 

to 3 °C to 4 °C (Molinari 1987). It is through these SST changes that the Loop Current 

can cause interannual variability in the surface heat fluxes, and thus variability in the 

modification of air masses. Particularly, Molinari (1987) found that air masses advected 

into the basin from the north over a deep Loop Current intrusion were about 0.7 °C 

warmer and 0.6 g kg-1 more humid than those advected over a shallow intrusion. 
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Variations in surface fluxes also occur due to the oceanic depth contrasts. The 

continental shelf of the Gulf significantly varies in width, ranging from 25 km in the 

southwestern region near Veracruz to over 200 km along the Texas and Louisiana coast 

(Lewis and Crisp 1992). This depth variability results in variations in SSTs across the 

basin since the shallower near-shore waters over the continental shelf undergo greater 

cooling during CAO times than do deeper offshore waters. As a result of the air mass 

modification that occurs during a CAO, the strength of the CAO diminishes as it travels 

farther from the coast. Heat gained by the air from the near-shore waters causes less 

sea-air temperature differences and thus less flux of heat from the ocean to the 

atmosphere. However, as the winter season progresses, each consecutive CAO is able 

to cause cooling farther south since the early season CAOs have already cooled the 

waters closer to the coast (Nowlin and Parker 1974). This highlights the importance of 

not only the impact of the variability in ocean temperature on the modification of the air 

mass associated with the CAO, but also the impact of the variability in the CAO events 

on the modification of the upper ocean heat content. 

1.1.4. Impact of CAOs on upper ocean heat content. A few previous studies 

have examined the impact of the air-sea interaction during CAO events and on the 

upper ocean heat content of the Gulf. Huh et al. (1978) analyzed satellite data to 

determine the winter season cycle of SSTs during the 1967-1977 winter. The results of 

this study indicated that the cooling of the Gulf occurred in a stepwise manner with the 

passage of CAOs throughout the winter season. The heat loss due to the CAO events 

caused a deepening and cooling of the mixed layer. Consequently, the SST represented 

a larger portion of the water column. The maximum basin-wide heat flux loss occurred 

between mid October and late December. Subsequent warming first began along the 

coastal shelf waters in February as insolation increased and CAO frequency lessened. 

This warming progressively deepened the warm surface layer. Nowlin and Parker 

(1974) performed surveys of the waters over the northwestern continental shelf of the 

Gulf before and after a severe CAO. The rate of change of vertically averaged 

temperature and heat content were computed, and their spatial variability indicated that 

there were large disparities between the near-coastal and offshore values of these 
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fields. At farther offshore distances, the change in the vertical average of temperature 

was much less pronounced due to the deeper water that exists in these regions that is 

more resistant to cooling during CAOs. However, the mean time rate of change in heat 

content 50 n mi from the coast was 194 W m-2, and generally increased with increasing 

distance from the coast to 340 - 726 W m-2 at the furthest offshore observation point. 

The results of both studies discussed here indicate that CAOs affect the upper 

ocean heat content of the Gulf through extreme latent and sensible heat fluxes that 

result in cooling and mixing of the upper ocean. However, the small time period over 

which these studies were performed has limited implications for determining how CAOs 

affect the interannual variability in the rate of oceanic heat storage of the Gulf. The main 

goal of the current study is to quantitatively determine the impact of CAO events on the 

interannual variability of the winter season heat budget. If CAOs are found to be the 

cause of much of the interannual variability in the surface heat fluxes, the anomalous 

flux loss due to CAOs would play a large role in influencing the change in heat content 

over the winter season. Theoretically then the ocean would require a longer period of 

time to warm up to the TC heat potential that it would have possessed had the CAOs 

not occurred. These findings would indicate that it would be important to take these 

events and their induced flux loss into consideration when making a potential intensity 

forecast for the following hurricane season. 

 

1.2 Objectives 

 

The underlying theme of this study is identifying and quantifying the causes of the 

greatest variability in the upper ocean heat content of the Gulf, as this is essential to 

predicting hurricane potential intensity. We first examine the surface heat fluxes 

throughout the 29-year study to verify the results of previous studies that the greatest 

spatial and temporal variability in the rate of change of heat content occurs during the 

winter season. We then follow the methods of the previous heat budget studies to 

determine the interannual variability and magnitude of the terms of the heat budget 

equation during the winter season. Since CAOs have been found to be the cause of the 
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large magnitude and variability of surface heat flux loss throughout the winter season, 

we need to understand the interannual variability in these events. This is accomplished 

through a climatology of CAO event characteristics over a 29-year period. The results of 

the heat budget study and the CAO climatology are then combined to determine the 

impact of the interannual variability in the CAOs on that of the rate of oceanic heat 

storage. We then preliminarily explore the implications of these results on the variability 

in the upper ocean heat content of the hurricane seasons following the 29 winter 

seasons studied. 

Chapter 2 contains information about the data and methodology of the study. The 

results of the heat budget analysis are discussed in Chapter 3. The climatology of CAO 

event for 29 winter seasons is presented in Chapter 4. In Chapter 5, the results of the 

previous two chapters are combined to determine the effect of CAOs on the heat budget 

of the Gulf. Chapter 6 contains conclusions and a discussion of future work. 
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CHAPTER 2 

DATA AND METHODS 

 

 

2.1 Ocean Heat Budget 

 

Previous heat budget studies of the Gulf (Etter 1983; Hastenrath 1968; Nowlin 

and Parker 1974) have shown that the winter season flux variability largely drives the 

changes in ocean heat content throughout any given year. As a first step in the heat 

budget analysis, a preliminary study is performed to compare the spatial and temporal 

variability of surface fluxes over the Gulf during the winter months (November − March) 

to that during the non-winter months (April − October). This is done for 29 winter and 

non-winter seasons beginning in November 1979 and ending in October 2008. A winter 

season is defined by the November year and a non-winter season is defined by the April 

of the following year. The data set used for these fluxes is NASAʼs Modern Era 

Retrospective-analysis for Research Applications (MERRA). 

MERRA is an atmospheric retrospective analysis data set available from 1979 to 

the present. The horizontal resolution is 2/3° longitude by 1/2° latitude and a Lagrangian 

vertical resolution of 72 levels. The model and data assimilation system used are the 

Goddard Earth Observing System Version 5 (GEOS-5) (Rienecker et al. 2008). The 

data assimilation used is NCEPʼs Gridpoint Statistical Interpolation (GSI) system with 

cycling every 6 hours. The flux parameters used in this study are latent heat flux 

(EFLUX) and sensible heat flux (HFLUX) both defined as positive upward, surface net 

downward longwave flux (LWGNT) and surface net downward shortwave flux (SWGNT). 

All of these flux parameters are time averaged hourly two-dimensional fields at the 

native horizontal resolution. An analysis of the latent and sensible heat fluxes from 

MERRA (Roberts et al. 2011) showed that the turbulent heat flux was underestimated 

during CAOs; thus, our results are likely conservative in estimating the CAO effects. 
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 Following the results of the preliminary study, the Gulf heat budget is calculated 

for 29 winter seasons following the method of Etter (1983). Etter used vertical ocean 

temperature data and surface flux values from previous studies to perform a heat 

budget analysis over the Gulf. However, in this study we use two reanalysis data sets to 

complete the heat budget of the basin, namely MERRA and the NCEP Climate Forecast 

System Reanalysis (CFSR). MERRA is used for the surface flux portion of the heat 

budget, as discussed above, whereas CFSR is used for the ocean dynamics portion of 

the heat budget. We note that CFSR does contain the surface flux fields, however this 

data set was not available at the time we began this study. 

CFSR is a coupled atmospheric-ocean model and is available from 1979 to the 

present. For this study, we use CFSR to compute the advective heat changes and the 

overall change in heat content, so we are only concerned with the oceanic portion of the 

data set. The ocean model is the GFDL Modular Ocean Model version 4p0d (Saha et al. 

2010). This is a finite difference model that assumes the Boussinesq and hydrostatic 

approximations. CFSR has a horizontal resolution of 1/2° longitude by 1/2° latitude and 

40 vertical levels, 27 of which are in the upper 400 m. The data assimilation system 

used is the Global Ocean Data Assimilation System (GODAS), which assimilates many 

observations including ocean temperature, salinity, and satellite radiances. The ocean 

parameters used in this study are hourly values of the meridional current (vogrddsl), the 

zonal current (uogrddsl), and the potential temperature (potdsl). All of these fields are 

taken at the surface down to a depth of 100 m, and the vertical resolution within this 

depth is 10 m. 

The land flag used in this study is based upon the MERRA grid and it removes 

coastal grid points with any land influence. The land flag is then interpolated onto the 

CFSR grid. Consequently, the fluxes, and especially the CAO fluxes, found in this study 

are most likely an underestimate of what actually occurs since we miss the initial air 

mass modification over the coastal waters.  

In theory, a heat budget analysis is performed through the calculation of the 

thermal energy budget of a vertical column of water with a certain cross sectional area 

from the surface to the bottom of the ocean. In practice, this calculation is simplified by 
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assuming that the heat flux approaches zero at the depth at which seasonal variations 

in temperature stop, also known as the seasonal thermocline. According to Robinson 

(1973) the winter thermocline depth usually remains above 100 m so we take this depth 

to be the bottom depth of the heat flux integration. Consequently, all upper ocean heat 

calculations in this study are performed over the upper 100 m of the Gulf.  

The oceanic thermal energy budget of a water column is defined as 

QT = QRad − QTurb − QV     (1) 

or, 

QT = (QSW + QLW) − (QLHF + QSHF) − QV    (2) 

where, 

QSurf = QRad − QTurb = (QSW + QLW) – (QLHF + QSHF)  (3) 

 

QT is the rate of oceanic heat storage. QRad is the radiation balance at the surface, 

which is comprised of the surface net shortwave radiation, QSW, and the surface net 

longwave radiation, QLW. QTurb is the net turbulent flux from the ocean, which is 

comprised of the latent heat flux, QLHF, and the sensible heat flux, QSHF. QV is the heat 

change due to advection. Relative to the ocean, QRad is defined as positive incoming 

whereas QTurb and QV are defined as positive outgoing. QRad and QTurb comprise what is 

referred to in this study as QSurf, or the change in heat content due to surface fluxes. 

This term is especially important for understanding how CAOs affect the rate of ocean 

heat storage. The hourly MERRA data for each term of QSurf is summed at each grid 

point in the Gulf on monthly and seasonal time scales. Basin-wide sums and averages 

are obtained for analysis. 

After QSurf has been computed, the heat budget of the Gulf is completed with the 

calculation of the advective flux term (QV). Again following the method of Etter (1983), 

 

             (4) 

The first and last terms on the right hand side of Equation (4) are the horizontal heat 

advection, and the heat change due to horizontal divergence and vertical advection, 

respectively. The first term can be approximated as   
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                  (5) 

where  is the density of sea water,  is the specific heat of sea water at constant 

pressure, M is the volume transport in the water layer from the surface down to 100 m, 

 is the difference between the average temperature of the 100 m water layer at the 

two basin openings, and A is the area of the Gulf (about 1.6 x 106 km2). 

The method of calculation of this term is based on conservation of mass 

(Montgomery 1974). It is assumed that the volume transport into the Gulf is equivalent 

to the volume transport out of the Gulf (Etter 1983). As a result, the horizontal heat 

advection can be calculated by considering the volume transport at one of the openings 

in the Gulf, the Yucatan Channel or the Florida Straits, and the difference in water 

temperature between the two. Etter (1983) referred to a study by Niiler and Richardson 

(1973) in which they examined the annual cycle of the volume transport through the 

Florida Straits. The transport values were assumed to be equivalent to those through 

the Yucatan Channel through mass continuity. In the current study, initial calculations of 

volume transport are performed at both openings over the upper 100 m. Seasonal 

average values of horizontal advection for each year show similar interannual variability, 

but the Yucatan Channel has slightly higher values on average. In light of this result, 

and in keeping with previous studies, we calculate the volume transport through the 

Florida Straits, and assume this to be representative of the volume transport through the 

Yucatan Channel as well.  

For the last term of Equation (4), Etter (1983) computed monthly mean values of 

WD at a depth of 200 m and found them to be on the order of 10-4 cm s-1. Consequently 

the second term contributes much less to QV than does the first term, indicating that 

horizontal advection is the main driver of heat redistribution in the Gulf. Since our initial 

calculations of the first term are on the order of 101 W m-2, we neglect the second term. 

Values of the horizontal advective term, QV, on monthly and seasonal time scales are 

obtained for the calculation of QT.  

With the full Gulf heat budget complete, analysis is done to understand the 

relative contribution of surface fluxes versus ocean dynamics. Years in which the 

cpw

∆Tw
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surface flux term is the overwhelming contributor are expected to be years in which the 

CAO events may also greatly contribute to the rate of oceanic heat storage. This 

possibility will be explored with further study into the surface flux term and its 

components (Equation 3) on interannual and seasonal time scales. 

The rate of oceanic heat storage of a column of water corresponds to the time 

rate of change of the heat content of that column of water. Calculation of this term is as 

follows, 

 

           (6) 

where,   

                 (7) 

and,  

 

 

where  is the water temperature at depth z, H is the heat content of the water column, 

 is the vertical average of temperature between the surface and depth D, and D is 

100 m. 

Based upon Equation (6), we compare the residual QT found in Equation (1) to 

the rate of change of heat content to obtain an error estimate for QT. Hourly values of 

potential temperature are used to compute the vertical average of temperature over the 

upper 100 m at each grid point in the basin. A weekly average of this value is obtained 

at the start and end of the winter season, and the difference is used to compute the 

change in ocean heat content. Basin-wide sums and averages of the time derivative of 

heat content are computed and compared to that of QT. Possible reasons for 

discrepancies between the values are discussed. Similarly, to gain confidence in our 

calculated value of QV, we subtract QSurf from the time derivative of heat content to 

compute a residual value of QV, and we compare that to the calculated value. Again, 

reasons for discrepancies will be discussed. 

 

 

Tw

Tw
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2.2 Detection and Climatology of Cold-Air Outbreaks 

 

 Previous studies have used a variety of methods to identify a CAO; these have 

depended upon the available data, the scale of the study, and the type of CAOs being 

examined (Portis et al. 2006). As no CAO detection schemes have been used with 

gridded large-scale data sets at a lower spatial and temporal resolution such as 

MERRA, a CAO detection algorithm must be created to determine when CAO conditions 

are present over the Gulf. Large-scale studies have analyzed planetary-scale and 

synoptic-scale wave patterns that accompany CAO events. Small-scale studies have 

used a multitude of surface parameters to identify the onset of a CAO. These 

parameters included surface air temperature anomalies, surface air specific humidity 

anomalies, sustained offshore flow, sea level pressure changes, and sea-air 

temperature differences. In this manner, CAO detection is typically done through 

consideration of how one or more of the previously mentioned surface observations 

changes during the passage of a CAO. The time period over which the parameters must 

be detected also differs from study to study. Typical CAO event lengths range anywhere 

from one day to seven days. Some extreme events can last longer than one week due 

to either the strength of the CAO (arctic air penetrating anomalously far south) or rapid 

succession of multiple events that leads to persistent CAO conditions. 

The decision about which parameter(s) to use for the CAO detection algorithm in 

this study is made by considering how typical CAOs move offshore and track over the 

relatively warm Gulf waters (Huh et al. 1984). One of the first surface parameters to 

change under the influence of a CAO over the Gulf is the wind direction. As the wind 

shifts to an offshore direction, the wind speed increases while the air temperature and 

air specific humidity decrease. These changes result in an increased sea-air 

temperature difference (dT). The dT is an especially important parameter to include in 

the algorithm because it is directly related to the magnitude of the CAO and specifically 

to the resulting magnitude of sensible heat flux between the ocean and the atmosphere. 

As a check for accuracy, we compare all CAO parameters from MERRA with 

buoy observations of those parameters. The buoy data set used is a collection of the 
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National Data Buoy Center (NDBC) near-shore and offshore moored buoys in the Gulf. 

Figure 2.1 shows the location of the six near-shore buoys and three offshore buoys 

used in this study. The time period of availability varies from buoy to buoy, but for this 

study data exists for at least one buoy for all but two of the 29 years, namely 1983 and 

1989.  

 

 

 

Figure 2.1. Location of NDBC buoys used in this study. Near-shore buoys are marked in 

blue and offshore buoys are marked in green. The numbers indicate the station IDs. 

 

 

The buoy data set lacks the air specific humidity field so this parameter is not 

included in the detection algorithm. However, we note that the sea-air humidity 

difference is also an important factor as it is the driver of the latent heat flux. The lack of 

this parameter in our detection algorithm should not affect the number of CAOs found, 

since the air mass is anomalously cold and dry when it enters the basin. As it moves 

farther out into the basin, the sensible and latent heat fluxes act to warm and moisten 

the air mass respectively, but not necessarily at the same rate (Grossman and Betts 

1990). As a result, it is expected that the end time of a CAO could be different when 
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looking at the temperature versus moisture content of the modified air mass. When 

considering our detection algorithm, this means that the sea-air temperature difference 

(air specific humidity) might be satisfied while the air specific humidity (sea-air 

temperature difference) is below the mean plus one standard deviation threshold due to 

the more rapid moistening (warming) of the air. Therefore, the only difference in the 

output of our detection algorithm might be slightly shorter CAOs. Also note that if this 

were the case, we would be overestimating the total heat flux loss during CAO times 

and underestimating the total heat flux loss during non-CAO times.  

The remaining CAO parameters, namely wind speed, wind direction, air 

temperature, and sea surface temperature (SST) are compared between the data sets. 

In the buoy data set these parameters are WSPD, WDIR, WTMP, and ATMP 

respectively. Table 2.1 gives a summary of the buoy locations and heights at which the 

fields are measured.  

 

 

Table 2.1. NDBC buoy locations and height at which the atmospheric and oceanic fields 

are measured. 

 
Station ID Latitude (°N) Longitude (°W) Air temp height  

(WTMP) 

above station (m) 

Wind height 

(WSPD & WDIR) 

above station (m) 

SST depth 

(WTMP) 

(m) 

42001 25.91 89.67 10 10 1.50 

42002 25.79 93.72 10 10 1.50 

42003 25.96 85.92 10 10 0.60 

42019 27.91 95.23 4 5 0.60 

42020 26.97 96.63 4 5 0.60 

42035 29.24 94.42 4 5 0.60 

42036 28.50 84.51 4 5 0.60 

42039 28.77 85.94 4 5 0.60 

42040 29.20 88.22 4 5 0.60 

 

 

In MERRA, the CAO parameters are U10M, V10M, T2M, and TS respectively. 

Similar to the MERRA flux parameters previously discussed, these atmospheric 
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parameters are time averaged hourly two-dimensional fields at the native horizontal 

resolution. The temporal resolution of the buoy data is 3-hourly so the MERRA fields are 

3-hourly averaged. Also, we find the closest grid point in MERRA to the buoy location 

and use data from that grid point for comparison. Figure 2.2 is an example of this 

comparison at one point in the Gulf during one winter season. Note that wind direction is 

not included in this plot due to the noisiness of the wind direction field, but this 

parameter was examined and does match up well between the data sets. From Figure 

2.2, we see that wind speed and air temperature also match up well, with statistically 

significant correlation coefficients of R = 0.85 and R = 0.97, both at the 99% confidence 

level, and mean differences of 0.23 m s-1 and 1.07 °C, respectively. However, the SST 

fields are quite different. MERRA uses a weekly SST so this is the reason the model 

SST field in Figure 2.2 appears to be a smoothed version of the 3-hourly buoy field. 

Even with much different variability, the overall trend of the SST fields matches, with a 

statistically significant correlation coefficient of R = 0.77 at the 99% confidence level,  

and a mean difference of 0.09 °C. Since the buoy data contains a discrete sampling of 

observations every three hours, this same comparison was repeated with a discrete 3-

hour sampling of the MERRA data, which resulted in nearly identical correlations and 

mean differences. Therefore we can proceed with the detection of CAOs using the CAO 

parameters from MERRA. 

A preliminary detection algorithm is developed that requires the wind speed and 

the dT to be anomalous while the wind is in an offshore direction for at least a 24-hour 

period. Based upon the shape of the Gulf coastline, “offshore” is chosen to be greater 

than 300° and less than 50° from true north. “Anomalous” is defined as being greater 

than the mean plus one standard deviation, resulting in roughly the top 15% of CAO 

parameter values assuming a normal distribution. The hourly data for each parameter is 

6-hourly averaged before detection analysis.  

Winter season time series of all three parameters show that the wind direction is 

satisfied first. The dT anomaly follows, but is rarely accompanied by a wind speed 

anomaly. No significant improvement is made when the anomalous wind speed 

threshold is decreased. Ultimately, the problematic wind speed anomalies are attributed 
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to the high variability in the wind speed data. Therefore, we conclude that the wind 

speed parameter should be removed from the detection algorithm. As was previously 

stated, there is a delay between the northerly wind shift and the anomalous dT. Further 

examination of winter season time series shows that the dT begins to increase after the 

northerly wind shift, but that the time required to actually reach the anomalous value 

leads to the delay. To take this into account, we decided that while the wind direction is 

satisfied, dT must be satisfied for at least half of the time period.  

 

 

 

Figure 2.2. Example comparison of Buoy (blue) and MERRA (orange) for 1996 winter 

season. The buoy station ID is 42040, which corresponds to 29°N, 88°W on the MERRA 

grid. 

 

 

All of these adjustments lead us to our final CAO detection algorithm. In our study 

a CAO event is defined as any time period greater than 24 hours during which the wind 

is in an offshore direction and the dT is greater than the mean plus one standard 
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deviation for at least half of that time period. Winter season time series of this detection 

algorithm (Figure 2.3) indicate that some months experience multiple CAO events, 

whereas other months may experience none, especially November and March. Crisp 

and Lewis (1992) also used surface data to perform a heat budget study over the Gulf 

for a 12-year period from 1978 to 1989 and found that on average, February and March 

both experience five CAO events. Consequently, the results of our detection algorithm 

indicate that it is a more constraining algorithm, so we are only taking into account the 

top percent of all winter season CAOs. Therefore, we can be confident that the CAO 

times we find are indeed CAO times, and that there is no contamination of anomalously 

high background fluxes caused by anomalously cold background temperatures. These 

hypotheses will be checked later to be sure that they agree with the results of the CAO 

climatology and the heat budget analysis.  

The results of the CAO detection algorithm are used to create a climatology of 

CAO events for the 29 winter seasons. We examine the distribution and interannual 

variability of the number of CAO days, the number of CAO events, the length of CAO 

events, and the surface heat flux loss during the events. These are then broken down 

spatially and temporally to understand anomalies in the CAO events. 
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Figure 2.3. Example algorithm output for 1996 winter season at 29°N, 88°W. Blue line is 

the time series of the CAO parameter. Orange lines are the required threshold values 

for CAO conditions. For wind direction, the value must be greater than 300° and less 

than 50° from north. For sea-air temperature difference (dT), the value must be greater 

than the mean plus one standard deviation. When both of these conditions are met, and 

the dT is satisfied for at least half of the time period that the wind direction is satisfied, 

then the entire time period is a CAO event, indicated by the green dots.  

 

 

2.3 Impact of CAOs on the Gulf Heat Budget 

 

 The next goal is to connect the heat budget to the CAO climatology by examining 

how the interannual variability in the CAO events affects the interannual variability in the 

rate of oceanic heat storage. As a first step we determine how the flux loss during CAO 

times compares to the flux loss not during CAO times. The total winter season is broken 

up into CAO times and non-CAO times based upon the results from the detection 

algorithm. The terms of the heat budget equation are summed over these periods and 
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divided by the time over which the CAO and non-CAO fluxes occur. Basin-wide sums 

and averages of these values are obtained for comparison.  

More specifically, the interannual variability in the average hourly QT and QSurf 

during these times periods are compared to their respective total winter season values 

found in the heat budget analysis. The components of QT (Equation 1) and QSurf 

(Equation 3) are examined to determine which term is most impacted by CAOs and 

which term contributes most to the overall heat budget. Recall that the advective term of 

the heat budget represents the amount of heat added or lost per unit area due to 

horizontal advection into and out of the basin. Since CAOs are an air-sea interaction 

process, the advective term is not affected by these events. That is, the average hourly 

QV is the same for CAO times as it is for non-CAO times. Therefore the components of 

QT during CAO times show how the contribution of the advective flux term changes due 

to the changes in the surface flux terms. Further analysis is done to understand the 

difference between the CAO and the non-CAO heat flux loss and thus determine the 

impact of CAO events on the rate of oceanic heat storage.    
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CHAPTER 3 

GULF OF MEXICO HEAT BUDGET 

 

 

 This chapter begins with a preliminary study to motivate the focus on the winter 

season heat flux variability. The following section examines the interannual variability in 

the heat budget in the Gulf to determine the relative contribution of the terms of the heat 

budget equation. Through Equation (6) we use a calculated value of the time derivative 

of heat content to check the validity of our residual value of QT and our calculated value 

of QV. The final section focuses on a surface heat flux budget analysis since the terms 

of the surface heat flux equation are especially important when determining the impact 

of CAOs on the heat storage of the Gulf.  

 

3.1 Preliminary Study 

 

 One of the main goals of this study is to quantify and understand the major 

causes of variability in the upper ocean heat content of the Gulf, so we need to 

determine when the greatest variability occurs. A preliminary study is performed to 

characterize the spatial and temporal variability of surface fluxes during winter and non-

winter seasons. The mean and standard deviation of QSurf and its components is 

calculated for all 29 winter and non-winter seasons across the Gulf. 

The mean fluxes are shown in Figure 3.1. On average during both seasons the 

basin loses heat through latent, sensible, and longwave fluxes and gains heat through 

shortwave fluxes. The combined effect of these, shown by QSurf, is that during the winter 

season north of about 23-24°N the basin is losing heat and south of about 23-24°N the 

basin is slightly gaining heat. During the non-winter season the entire basin is gaining 

heat. 



23 

 

 

 

 

 

 
Figure 3.1. Mean surface heat flux for 29 winter (Nov − Mar) and non-winter seasons 

(Apr − Oct). 
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Figure 3.2. Standard deviation of surface heat fluxes for 29 winter (Nov − Mar) and non-

winter seasons (Apr − Oct).  
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The mean winter QLHF ranges from about -100 W m-2 along the southern coast to 

upwards of -160 W m-2 over the Loop Current region. A secondary local maximum in 

heat loss is located in the northwestern area of the basin, with values around -140 W m-

2. The mean non-winter QLHF has much less spatial variability, with the entire basin 

having about the winter minimum value of approximately -100 W m-2. There is a slightly 

higher area of mean flux with values around -120 W m-2, collocated with the Loop 

Current region. The mean winter QSHF ranges from about -5 W m-2 along the southern 

coast to about -30 W m-2 along the northern, and especially northeastern, coast. Similar 

to the mean non-winter QLHF, the mean non-winter QSHF is spatially uniform with the 

majority of the basin having about the winter minimum value of around -5 W m-2.  

The mean winter QLW ranges from about -65 W m-2 along the southwestern coast 

to about -95 W m-2 in the northeastern portion of the basin. The mean non-winter QLW 

has a slight maximum flux of approximately -70 W m-2 along the northeastern coast, 

with the remainder of the basin having the winter minimum value of -65 W m-2. The 

mean winter QSW ranges from about 150 W m-2 along the northern coast to about 220 W 

m-2 in the southeastern portion of the Bay of Campeche. The mean non-winter QSW has 

much less spatial variability, with the majority of the basin having values around 225 W 

m-2. A slight maximum of 250 W m-2 is located along the west and northwest coast of 

the Yucatan Peninsula.  

The mean winter QSurf ranges from about -100 W m-2 along the northeastern 

coast and into the Loop Current region to about 25 W m-2 along the southern coast. 

Therefore we see the influence of QLHF over the Loop Current and the influence of QSHF 

and QLW over the northeastern coast. Also, QSW acts to decrease the magnitude of 

maximum heat loss and increase the magnitude of minimum heat loss to a heat gain. 

Similar to the mean winter QLHF, there is a secondary maximum in heat loss of 

approximately -80 W m-2 in the northwest area of the basin. As is the case for all non-

winter flux components, the spatial variability of the non-winter QSurf is much less than 

the winter QSurf, with the entire basin having values of around 50 W m-2.  
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The means clearly indicate that QLHF, QSHF, and QLW have greater magnitude of 

flux and greater spatial variation of flux during winter than during non-winter. The 

opposite is true for QSW, but when all terms are combined into QSurf, the result 

resembles the winter and non-winter characteristics of the latent, sensible, and 

longwave fluxes rather than the shortwave radiation. Therefore we conclude the 

greatest spatial variability in the surface flux portion of the heat budget occurs during the 

winter months. 

The standard deviation of QSurf and its components are shown in Figure 3.2. All 

flux components have winter standard deviations that are maximized along the northern 

Gulf coast, with QLHF maximum values stretching farther into the center of the basin. 

Non-winter QLHF and QLW also have maximum values along the coast, but these values 

are about half that of their respective winter values. Non-winter QSHF does not have a 

prominent maximum value of standard deviations, but instead has a fairly constant 

standard deviation value across the basin with values equivalent to the winter time 

minimum standard deviation values seen along the southern Gulf coast. Non-winter QSW 

has maximized standard deviation along the northern and eastern Gulf coast, the value 

of which is only about 10 W m-2 greater than the winter maximum value. 

Winter standard deviations are minimized along the southern Gulf coast for all 

flux components. The same can be said for most of the non-winter standard deviations, 

the values of which tend to be about half that of the winter time values. An exception to 

this is the QSW, with a local maximum standard deviation in the southwest near-coast 

portion of the Bay of Campeche. Again, the minimum values of QSW during winter and 

non-winter are much closer as compared to the other flux components, with the non-

winter minimum only about 5-10 W m-2 greater than the winter minimum. 

The combined effect of all components can be seen in the QSurf winter and non-

winter plots of standard deviation. Like the QLHF, QSHF, and QLW values, the magnitude 

and spatial variation of standard deviations are greater during winter than during non-

winter. As expected, the standard deviations are maximized along the northern coast 

and minimized along the southern coast during both time periods. Interestingly, the 

spatial variation of the winter QSurf standard deviations seem to correspond best with the 
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spatial variation of the QLHF standard deviations. Therefore we can conclude that 

greatest spatial and temporal variability in QSurf occurs during the winter months, and 

during that time period the turbulent fluxes (QLHF + QSHF) most likely contribute more to 

the variability in QSurf than do the radiative fluxes (QSW + QLW).  

 

 

 

Figure 3.3. Interannual variability in the anomalous winter season surface heat flux 

plotted against the interannual variability in the anomalous non-winter season surface 

heat flux. Anomalous refers to the deviation from the mean of the 29-year winter or non-

winter surface heat flux. 

 

 

To further understand the temporal variability of the surface fluxes, seasonal and 

basin-wide flux averages are computed for QSurf during winter and non-winter, shown in 

Figure 3.3. The winter season year represents November of that year through March of 

the following year while the non-winter season year represents April − October of the 

following year. The graph indicates that the interannual variability of QSurf during the 
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winter season is about twice that during the non-winter season. Consequently, the 

winter months have the greatest impact on the interannual variability of the surface 

fluxes, and thus on the rate of oceanic heat storage. All of the findings from this 

preliminary study lead us to conclude that the greatest magnitude of surface fluxes, as 

well as the greatest temporal and spatial variability of surface fluxes occur during the 

winter months. Therefore for the remainder of the study we will focus on the interannual 

variability of the surface fluxes and their contribution to the interannual variability in the 

rate of oceanic heat storage during the winter season. 

 

3.2 Total Heat Budget 

 

 The terms of Equation (1) are computed for each winter season and compared to 

determine which term contributes most to the total rate of oceanic heat storage, QT. 

Each component is summed over the winter season and averaged over the basin. The 

results of this computation are shown in Figure 3.4. From this figure we see that the 

magnitude of the turbulent heat flux is greater than the other two terms for all years. The 

turbulent flux term also exhibits large interannual variability with a range of about 1.5 x 

105 J m-2. The radiation balance at the surface is always positive and contains little 

interannual variability. The advective flux is much smaller than either of the surface flux 

terms and contains little interannual variability as well. From this we come to an initial 

conclusion that the surface fluxes dominate over the ocean dynamics in their impact on 

the total rate of oceanic heat storage in this region. 

The three heat flux terms are combined to form the rate of oceanic heat storage, 

represented by the line seen in Figure 3.4. QT remains negative for all years, indicating 

a net heat loss for every winter season, the mean of which is -2.04 x 105 J m-2. Similar 

to the turbulent flux term, the rate of oceanic heat storage shows large interannual 

variability with a range of about 1.0 x 105 J m-2. This leads us to believe that the 

turbulent flux term plays the dominant role in the influencing the interannual variability of 

the rate of oceanic heat storage. 

 



29 

 

 

 

Figure 3.4. Interannual variability in the total heat budget, represented in the rate of heat 

storage (QT) and its components. Yearly values are the basin-wide average of the 

season total heat flux at each grid point. Negative values indicate ocean heat loss while 

positive values indicate ocean heat gain. 

 

 

To better understand the causes of interannual variability in the total heat budget 

we determine the background climatology over the basin. Figure 3.5 is a plot of the time 

series of the seasonal, basin-wide mean sea surface temperature, air temperature, and 

sea-air temperature difference. Anomalous threshold values of the mean plus or minus 

one standard deviation for each term are also plotted. In theory, anomalously high 

values of dT should induce higher fluxes while anomalously low values of dT should 

induce lower fluxes. The correlation of dT with QT supports this with a statistically 

significant correlation coefficient of R = -0.93 at the 99% confidence level for n = 29 
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sample size. Therefore anomalies in dT generally explain the anomalies in QT, which 

alludes to the small contribution of ocean dynamics in inducing interannual variability in 

upper ocean heat in the Gulf as compared to QSurf. Anomalies in dT are explained by 

anomalies in the SST and/or the air temperature. The SST and air temperature follow 

the same trend over the 29 year period, and the range of variability in each is less than 

2°C. We can then conclude that the background climate over the basin has small 

interannual variations, which are highly correlated to the variations seen in the total heat 

budget. 

 

 

 

Figure 3.5. Winter season atmospheric and oceanic temperature variability. Blue lines 

represent the interannual variability in the winter season, basin-wide mean sea surface 

temperature (SST), air temperature, and sea-air temperature difference (dT). Orange 

dashed lines are the mean plus or minus one standard deviation and represent 

anomalous thresholds. 
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3.2.1 Time derivative of heat content. As a check for accuracy of our residual 

value of QT, we compute the time rate of change of the heat content over the upper 100 

m of the Gulf. Through Equation (6), these values should be equivalent. The winter 

season, basin-wide average of QT and the time derivative of heat content are shown in 

Figure 3.6. Over the 29-year period, the rate of heat storage and time derivative of heat 

content are not highly correlated with R = 0.584, however this is statistically significant 

at the 99% confidence level. There is a 5-year period from 1994 to 1998 when the 

correlation coefficient is 0.999. In fact, the latter half of the time period with R = 0.872 is 

much more correlated than the beginning half of the time period with R = 0.395. 

Specifically, the latter half is statistically significant at the 99% confidence level for n = 

14 sample values while the beginning half is not statistically significant for n = 15 

sample values. This disparity between the first half and second half of the study period 

could be due to errors in the model data decreasing over time. It should be noted that 

the residual QT is derived mainly from MERRA, while the direct calculation of QT if from 

CFSR. Errors are possible in either one or both reanalysis data sets. 

The average maximum and minimum difference of QT from the time derivative of 

heat content is about 41 W m-2 and 0.36 W m-2, respectively. These values thus range 

from roughly 1% to 50% of the average value of QT or rate of change in heat content. At 

the same time, these terms have the ability to be quite similar since the minimum 

difference is less than 1 W m-2. When looking at the difference of the averages, these 

extremes average out to a difference of about 2 W m-2, which shows that the majority of 

the 29 years have similar values of the time rate of change of heat content and the rate 

of heat storage. Considering the error introduced when comparing values that are 

calculated from two different data sets, this result gives us confidence in our residual 

value of QT. We can also subtract QSurf from the rate of change of heat content to obtain 

a residual QV, which can be compared to our calculated value of QV, shown in Figure 

3.7. It should be noted that again the agreement is higher in the later half of the time 

series. Also note that the residual value of QV contains the contribution of all ocean 

dynamics while the calculated value of QV only contains the contribution of horizontal 

advection. Taking into account this inherent difference, along with the model errors, we 
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expect there to be differences between these values. However, in calculating QV we 

have made the assumption that all other ocean dynamics should be minimal and 

therefore horizontal advection should be a good approximation to the influence of ocean 

dynamics. From Figure 3.7 we see that indeed there are large differences in the values 

from year to year, but the mean of each only differs by about 2 W m-2. Therefore the 

horizontal advection does approximate most of the ocean dynamics that lead to 

changes in heat content, which verifies our calculated value of QV. 

 

 

 

Figure 3.6. Comparison of the winter season, basin-wide mean values of the rate of 

oceanic heat storage (QT) and the time rate of change in ocean heat content (d/dt(H)) 

over the five-month winter season. Dashed lines are the 29-year average of the 

respective values. 
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Figure 3.7. Comparison of the winter season, basin-wide average of the calculated 

value of advection (QV) and the residual value of advection. Dashed lines are the 29-

year average of the respective values. 

 

 

To further explore the initial results of the total heat budget, we examine the 

interannual variability of the anomalies in the flux terms, shown in Figure 3.8. Note that 

the radiation and turbulent flux terms have been combined into one surface flux term to 

compare their influence on the anomalous QT to that of advection. Negative values 

indicate anomalously high flux loss while positive values indicate anomalously low flux 

loss. In most years the anomalous heat storage is accompanied by a comparable 

anomalous surface flux, but there are a few years in which the surface flux anomaly is 

minimal, or even of opposite sign. In these years, which include 1984, 1986, and 1997, 

it is the advective flux term that drives the anomalous rate of heat storage. In 1984 and 

1986 the anomalies indicate a below average flux floss, while in 1997 the anomaly 
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represents an above average flux loss. Calculations of the mean sea surface 

temperature for these years indicate that 1984 and 1986 had fairly average SSTs while 

1997 had an anomalously cold SST.  

 

 

 

Figure 3.8. Anomalous total heat budget. Negative values indicate anomalously high 

ocean heat flux loss while positive values indicate anomalously low ocean heat flux loss. 

Anomalies of each term represent the deviation from the 29-year mean of that term.  

 

 

With these results we anticipate that the influence of CAOs on the rate of ocean 

heat storage for 1984, 1986, and 1997 could be minimal due to the large forcing of 

ocean dynamics during these years. Alternatively, 1984 and 1986 had the highest 

uncertainties in QT and QV as determined from the comparison methodology. 

Consequently, these differences may be due to discrepancies between MERRA and 

CFSR. More specifically, the CFSR upper ocean heat budget is driven by CFSR surface 
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fluxes, not by the MERRA surface fluxes. Large differences between these flux fields 

may result in the differences noted here. Another curious implication of Figure 3.8 is the 

semi-decadal oscillatory pattern in the rate of heat storage and the surface flux. This 

leads us to believe that these terms could be linked to large-scale oscillations that are 

known to affect the winter climate over the southeastern United States, of which the 

main circulation patterns are the North Atlantic Oscillation (NAO) and the Pacific/North 

American Pattern (PNA). The effect of other large-scale circulations such as the Atlantic 

Multidecadal Oscillation (AMO) on the circulation patterns that would affect CAO 

variability has not yet been studied, but could possibly also play a role. More in depth 

analysis would be required to quantitatively determine the relationship of these 

oscillations with the anomalies in the rate of oceanic heat storage on the particular time 

scales of this study, but we can qualitatively explore their relationship based upon 

previous studies of these oscillations. These possibilities will be explored in later 

chapters in connection with the CAO climatology. Since it has been found that in the 

majority of the 29 years the heat storage is driven by the surface heat flux, we will 

examine QSurf and its components in the context of a surface heat budget in the next 

section. 

 

3.3 Surface Heat Budget 

 

 A similar heat budget analysis is performed for only the surface heat flux terms. 

In the last section we found this term to be an important component to the variability in 

the change in heat content over the winter season. We want to study the surface heat 

budget in more detail, as it is necessary to understand the background variability in the 

surface flux terms before we can determine how the CAOs affect these terms. 

 The interannual variability of the winter season, basin-wide total QSurf and its 

components is shown in Figure 3.9. As expected from the previous heat budget 

analysis, there is greater interannual variability in the turbulent fluxes than in the surface 

radiation balance. Large interannual variability is also seen in QSurf, indicating that the 

turbulent fluxes have a large influence on the year-to-year change in QSurf. Every year 
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the turbulent fluxes dominate over the radiation term, and in fact the magnitude of the 

QLHF term alone is always greater than the radiation term. This leads to a total QSurf flux 

loss each year. 

 We have seen that the heat budgets of the total rate of oceanic heat storage and 

the rate of heat storage due to surface fluxes are very similar, which is not surprising 

considering that in any one year, the surface fluxes are the main contributor to the rate 

of oceanic heat storage. However, the anomalies indicated that the advective term does 

drive the anomalies in QT in some cases. We want to further investigate the importance 

of QSurf through a comparison of anomalous flux years. Figure 3.10 shows the time 

series of QT and QSurf with anomalous flux thresholds. These anomalous thresholds are 

the mean of each value plus or minus one standard deviation of QT, and thus represent 

the top and bottom 15% of the 29 winter season heat flux values. Years below the 

bottom threshold are considered anomalously high flux loss years while years above the 

top threshold are considered anomalously low flux loss years. The influence of QV can 

be seen in how accurately QSurf captures the anomalous years in QT. An initial 

comparison of QSurf with QT shows that QV acts to increase the mean heat flux loss each 

year, and to increase the variance. Even with this influence, anomalously low and 

anomalously high flux loss years are generally the same. The only egregiously different 

year is 1997 when the magnitude of QT is above the anomalously high flux threshold 

while the value of QSurf is nearly its average. Recall from Figure 3.8 that 1997 was the 

year with the greatest anomaly in QV, but was only an average year for QSurf.  

 As a final step in motivating the importance of QSurf we examine the correlation of 

anomalous QSurf with anomalous QT, shown in Figure 3.11. In most years the 

interannual variability of QSurf is similar to that of QT, with expected slight differences in 

the magnitude of heat loss due to the addition of advection. This is supported by the 

statistically significant correlation coefficient of R = 0.93 at the 99% confidence level for 

n = 29 sample size. We conclude that the surface heat flux is the overwhelming driver of 

the total rate of heat storage, and therefore we must understand the causes of variability 

in the winter season surface heat flux. Past studies (Nowlin and Parker, 1974; Huh et 

al., 1978; Huh and Rouse, 1983; Grossman and Betts, 1990) have found that individual 
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CAO events cause large peaks in the surface flux terms, but the impact of all winter 

season CAO events on the winter season surface flux has not been explored. This will 

be the focus of the remainder of this study. 

 

 

 

Figure 3.9. Interannual variability in the surface heat budget, represented in the surface 

heat flux (QSurf) and its components. Yearly values are the basin-wide total of the 

season total heat flux at each grid point. Negative values indicate ocean heat loss while 

positive values indicate ocean heat gain. 
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Figure 3.10. Interannual variability of the basin-wide, winter season mean total heat 

budget (QT) and surface heat budget (QSurf). Orange dashed lines are anomalous 

thresholds defined as the mean of either QT or QSurf, plus or minus one standard 

deviation of QT.  
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Figure 3.11. Comparison of anomalous QSurf (green dashed) and anomalous QT (blue 

solid). Anomalous refers to the deviation from the 29-year mean of the respective terms.  

 

 

 Before we can determine the impact of CAOs on the surface heat budget we 

need to understand more about the background climatology of the winter seasons. It is 

expected that CAO frequency, and thus the CAO induced surface flux, varies within the 

winter season, so we must first understand how the surface fluxes themselves vary 

within the winter season. Note that we do not remove the heat flux loss during CAOs, 

we simply examine the average heat flux for each month to then better understand what 

to expect from the CAO flux loss. In other words, if CAOs do have an effect on the 

magnitude and variability in the rate of oceanic heat storage, then their variability should 

align with the variability found in these monthly mean fluxes. Thus, monthly means for 

all 29 years are computed for each surface flux component at each grid point in the 

Gulf. We then examine the evolution of each term over the course of the average winter 
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season. Winter season means are also shown for each flux term as a reference for the 

monthly means. 

QLHF is shown in Figure 3.12. The greatest basin-wide flux loss occurs in 

November. As the season progresses maximum flux values are still retained over the 

Loop Current region, but flux values decrease first along the southern coast in 

December, then along the northwest and northeastern coasts in January, then stretch 

farther off these coastal regions into the center of the basin in February, and finally 

ending in March with decreased values over the coastal regions and the entire western 

portion of the basin. During the winter months, the shallow coastal waters are the first to 

cool so it is no surprise that the coastal regions are the first areas to experience a 

decrease in QLHF. There is also a secondary average flux maximum region over the 

northwest portion of the basin. This region also persists throughout most of the season, 

but is nonexistent by March.   

Figure 3.13 depicts the evolution of QSHF. Note that the range of heat flux values 

is much smaller than the range for those of QLHF. In all months the average QSHF is 

greatest along the northern coast, especially the northeastern coast. Maximum values 

also extend into the Loop Current region in all months, but this pattern is most evident in 

January. The basin-wide average QSHF looks to peek in the middle of the winter season 

during December and January, and then decreases to a minimum in March. This 

indicates that the sea-air temperature difference most likely also peaks during 

December and January and is at a minimum during March. As more cold fronts bring 

cold polar air over the Gulf during December, the SSTs are still warm enough that the 

temperature contrast is great resulting in large flux loss. As the season progresses, 

SSTs have decreased due to the heat flux loss, while sun angles are more favorable for 

heating the air at the surface, leading to a small temperature contrast and therefore low 

QSHF. 

QLW is shown in Figure 3.14. Again, note the smaller range of heat flux values as 

compared to those of QLHF. The mean QLW for each month has less temporal variability 

than that of the turbulent flux terms. The basin-wide average QLW peaks in January on 

the eastern side of the basin. Maximum values of average QLW begin along the northern 
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coast in November and gradually move into the eastern central portion of the basin over 

the area associated with the Loop Current. The QLW term is dependent upon the 

atmospheric humidity, as well as cloud cover. The atmospheric column is expected to 

be most humid over the warmest waters of the Gulf. This leads to the persistent 

maximum QLW over the Loop Current throughout the winter season.   

It is expected that the maximum average QSW will occur over the southernmost 

area of the basin since this is the area that experiences the most direct sunlight for the 

longest period of time. This is in fact what we see in the Figure 3.15. More interestingly, 

the minimum average QSW occurs during December along the northern coast and 

slightly persists into January. The sharp contrast between these months and the 

magnitude of heat flux during November and February indicates that cloud cover could 

be playing a large role, not just sun angle. 

Through Equation (3), the terms of the surface heat budget are combined to form 

QSurf, shown in Figure 3.16. On average, the majority of the basin loses heat during 

November and December. Sea surface temperatures remain relatively warm during 

these first two months while air temperatures are cold, leading to large fluxes from the 

ocean to the atmosphere. January shows average negative values of flux in the 

northern portion of the basin, which are maximized over the eastern side of the Gulf. 

Slight positive values appear along the southern coast of the Bay of Campeche as the 

shortwave radiation begins to increase. By February, sun angles are more favorable 

over a larger area of the Gulf and as a result these positive values are more prominent 

and stretch farther towards the center of the basin, while the magnitude of the negative 

values decreases. At the end of the winter season in March, positive average flux 

values are present over the majority of the basin, with slight negative values over a 

small area of the Loop Current. Cooled coastal sea surface temperatures due to large 

wintertime heat flux loss, along with increased incoming solar radiation, lead to the 

positive heat flux values seen not only in the southern portion of the basin, but the 

northern coastal regions as well. 

If CAO events are a large contributor to the total winter season flux loss, then we 

would expect the highest frequency of CAO events to coincide with the greatest 
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magnitude of flux loss throughout the winter season. With the knowledge we have 

gained from this initial study of the monthly mean surface fluxes, we would expect CAO 

event frequency to be greatest during the first two or three months of the winter season 

when QLHF, QSHF, and QLW are found to have maximum flux loss values and QSW is 

found to have minimum flux gain values. As a result of the coastal ocean cooling during 

these first few months, we would expect CAO frequency to decline over the course of 

the winter season. In the next chapter, we will investigate these possibilities through a 

29-year climatology of CAO events over the Gulf. 

 

 

 

Figure 3.12. Monthly mean latent heat flux (W m-2) over the 29-year period. Winter 

season mean is also shown for reference. Negative values indicate ocean heat loss. 
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Figure 3.13. Same as Figure 3.12, but for sensible heat flux (W m-2). 
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Figure 3.14. Same as Figure 3.12, but for longwave radiation (W m-2). 
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Figure 3.15. Same as Figure 3.12, but for shortwave radiation (W m-2). 
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Figure 3.16. Same as Figure 3.12, but for the total surface flux (W m-2). 
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CHAPTER 4 

COLD-AIR OUTBREAK CLIMATOLOGY 

 

 

 The results of the CAO detection algorithm are used to create a climatology of 

CAO events for the 29 winter seasons. In the first section, we will examine the 

distribution of various characteristics of the CAO events. This will be done over the 

entire basin as well as over small areas closer to the coast where CAOs are more 

frequent. In the second section, we will examine the interannual variability in the CAO 

events. If there is year-to-year variability in the CAO events themselves, then it is 

expected that CAOs would contribute to the year-to-year variability in the surface fluxes. 

Along with this is a discussion of the large-scale oscillations that drive the winter 

climatology of the Gulf region to explain causes of variability in the frequency of CAO 

events. Correlations of the CAO event frequency characteristics with the surface heat 

flux during CAOs are computed to understand the relationship between CAO event 

frequency and the magnitude of CAO surface heat flux throughout the winter season. 

 

4.1 Distribution of CAO Event Characteristics 

 

 For each winter season and at each grid point we determine the number of CAO 

events, the length of each CAO event, the total number of days the winter season is 

under CAO conditions, and the total surface heat flux loss (QSurf) during all of those 

CAO days. We then examine the frequency distribution of these values for all grid points 

that experience CAO conditions for all 29 years, shown in Figure 4.1. Note that in 

addition to the number of grid points over the 29 year period, the distribution of the CAO 

event lengths is also dependent upon the number of events in a season, and so has 

more than one value for each winter season. Therefore this distribution contains more 

sample values than the distribution of the other three CAO characteristics.  
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Figure 4.1. Frequency Distribution of CAO event characteristics. Characteristics are 

summed at each grid point experiencing CAO conditions for every year, giving N = 

10,730 sample values. The CAO event lengths distribution has N = 88,998 sample 

values due to multiple CAO events each year.  

 

 

 The number of winter season CAO events has a near normal distribution with a 

mean of 8 events. The distribution of the CAO event lengths throughout the basin is 

positively skewed. In the case of skewed distributions, the median is a better measure 

of central tendency than the mean. With a median of 2.25 days, most events last 1-3 

days, while the rare extreme CAOs last 10-13 days. The total number of CAO days in a 

winter season at each point in the Gulf has a fairly normal distribution with a mean of 

20.5 days. Considering there are about 150 days in a winter season, this means that on 

average about 15% of the winter season is under CAO conditions at any individual grid 

point. The range of this value extends from 5 days, or about 3% of the winter season, to 

35 days, or about 23% of the winter season. The total surface heat flux loss during CAO 

events throughout the winter season has a fairly normal distribution, with a slight 
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positive skewness. On average, any given grid point experiences 1.33 x 105 J m-2 of 

heat flux loss during all CAO events throughout a winter season. Recall from the total 

heat budget calculation that the magnitude of the mean heat flux loss (QT) for a given 

winter season is 2.04 x 105 J m-2. Therefore on average over half of the total winter 

season heat flux loss occurs due to surface fluxes during CAO events, the time of which 

only accounts for 15% of the winter season.  

Next, we examine these distributions over smaller areas and over smaller times 

scales. Spatial divisions of the basin, shown in Figure 4.2, help us to understand how 

spatial variations in SST affect the flux loss, as well as how the flux loss changes as the 

CAO moves away from the coast. Temporal divisions on the monthly time scale allow us 

to understand how the magnitude of flux loss changes with the passage of CAOs over 

the course of the season. These spatial and temporal divisions can also help to explain 

anomalies in the CAO events. 

 

 

 

Figure 4.2. Spatial divisions of the Gulf. All boxes are north of 24°N to focus on the area 

closer to the northern coast where the greatest CAO frequency and air mass 

modification naturally occurs. East and west boxes are chosen based upon the 

longitudinal line that most closely divides the Gulf in half. This results in an east box with 

N = 3,277 sample values and a west box with N = 3,973 sample values. Near-shore and 

offshore boxes are chosen based upon the latitudinal line that best divides the northern 

near-coastal grid points from the offshore grid points. This results in a near-shore box 

with N = 2,958 sample values and an offshore box with N = 4,611 sample values.   
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Figure 4.3. Frequency distribution of CAO characteristics in west and east boxes. West 

boxes have N = 3,973 sample values and east boxes have N = 3,277 sample values. As 

in Figure 4.2, the CAO event length distributions have more sample values, west has N 

= 34,330 and east has N = 31,425. 
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Figure 4.4. Frequency distribution of CAO characteristics in near-shore and offshore 

boxes. Near-shore boxes have N = 2,958 sample values and offshore boxes have N = 

4,611 sample values. As in Figure 4.2, the CAO event length distributions have more 

sample values, near-shore has N = 27,629 and offshore has N = 41,286. 
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Distributions in the west box are compared to those in the east box in Figure 4.3. 

Note that the west box is slightly larger than the east box, so west distributions have N = 

3,973 sample values whereas east distributions have N = 3,277 sample values. Again, 

the CAO event lengths have even more sample values due to multiple CAO events per 

winter season. A t-test is done to assess the statistical difference between the means of 

the east and west distributions. For all CAO parameters, the t-test results in a 

statistically significant relationship at the 99% confidence level. All east/west 

distributions are similar to their respective distribution seen over the entire basin. The 

west experiences a mean of 9.59 events with a median length of 2 days. The east is 

very similar with a mean of 9.64 events and a median length of 2 days. The west has a 

longer maximum event length than the east, but in both regions most CAO events last 5 

days or less. On average the east experiences a larger number of CAO days over the 

season with a mean of 22.45 days as compared to the west mean of 21.63 days. 

Extremes in the number of CAO days are more frequent in the west than in the east. 

The minimum value of both regions, around 10 days, is greater than that of the basin-

wide distribution, which should be expected since the east and west boxes do not 

include any grid points south of 24°N where CAOs are likely to be in their end stage. 

Therefore those southern grid points would experience shorter time spans of CAO 

conditions, which are omitted from the defined boxes. In comparing the distributions of 

surface heat flux loss, we see that the west is more positively skewed than the east, 

indicating that higher magnitudes of heat flux loss are more frequent in the west than in 

the east. In fact, both extremes of heat flux loss are more frequent in the west, leading 

to a larger mean in the east, 1.68 x 105 J m-2, than in the west, 1.55 x 105 J m-2. 

Similarly, distributions in the near-shore box are compared to those in the 

offshore box (Figure 4.4). Note that the offshore box is larger than the near-shore box, 

so the offshore distributions have N = 4,611 sample values while near-shore 

distributions have N = 2,958 sample values. Again, a t-test is performed to assess the 

statistical difference between the means of the near-shore and offshore distributions. 

The results of the t-test indicate that the means of all CAO parameters, except for the 

length of CAO events, are statistically different between the near-shore and offshore 
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distributions at the 99% confidence level. In the case of the CAO event lengths, the t-

test shows no significance in the relationship between the means of the near-shore and 

offshore distributions with a value of t = 0.78. All near-shore and offshore distributions 

are similar to their respective basin-wide distributions. On average, the near-shore 

region experiences a slightly greater number of events than the offshore region, with 

means of 9.34 events and 8.95 events, respectively. In examining the distribution of the 

number of CAO days in a winter season, we see that the mean of the near-shore 

distribution is 22.56 days while the mean of the offshore distribution is 21.69 days. Thus 

the average grid point in both regions is under CAO conditions for about 15% of the time 

of a given winter season. The range of the number of CAO days in each region is similar 

to that of the basin-wide distribution, but as in the case of the west and east regions, the 

near-shore and offshore areas have a higher minimum value of about 10 days, or 7% of 

the winter season. The distributions of surface heat flux loss in both boxes are slightly 

positively skewed, with the offshore region experiencing a lower magnitude of flux loss 

that is more frequent than in the near-shore region. Out of the four defined boxes, the 

near-shore area has the highest mean surface heat flux loss at 1.80 x 105 J m-2, and the 

offshore area has the lowest mean surface heat flux loss at 1.50 x 105 J m-2. 

Combining the results of the east versus west comparison and the near-shore 

versus offshore comparison, we see that the disparities between east and west are 

similar to the disparities between near-shore and offshore. A notable difference is the 

larger disparity in flux loss between the near-shore and offshore regions as compared to 

that of the east and west regions. We expect that disparities in surface heat flux 

between the near-shore and offshore regions would be caused by the modification of 

the strength of the CAO as it moves from the coast into the basin or by the difference in 

the depth of the near-shore and offshore regions. That is, the shallower waters over the 

coastal region are more easily modified than the deep offshore waters of the Gulf. Also, 

we expect that disparities between the east and west regions would be caused by 

differences in SST due to the intrusions of warm Loop Current water into the eastern 

side of the basin or differences in the location at which the CAO enters the Gulf. 

Therefore an initial conclusion is that the magnitude of surface flux loss is most 
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dependent upon the degree of modification of the air mass associated with the CAO as 

it moves over the basin, which is dependent upon the depth of the ocean over which the 

CAO moves. We also conclude that on average the near-shore, eastern portion of the 

basin experiences the greatest number of CAO days and the greatest magnitude of heat 

flux loss. This region of maximum flux loss agrees with the monthly mean surface flux 

values found in the previous chapter (Figure 3.12 – Figure 3.16). Recall these plots 

showed that surface heat flux values are maximized along the coast and in the eastern 

portion of the basin. Therefore, the surface heat flux loss due to CAOs affects the mean 

winter season distribution of surface heat flux loss, even though these events only occur 

during a small percentage of the winter season. All regions experience about the same 

number and length of CAO events, although the near-shore, western portion of the 

basin experiences a slightly higher number of events on average.  

Monthly divisions of the distribution of the number of CAO events are shown in 

Figure 4.5. November, February, and March are positively skewed distributions that 

frequently have grid points that do not experience any CAO events, although the 

median of both of these distributions is 1 event. The maximum number of events any 

grid point experiences in March is 4 events, whereas in November and February this 

value is slightly higher at 6 events. December and January have fairly normal 

distributions with a slight positive skewness centered around 2 events. December has 

the maximum number of events in a season at 8 events.  

Figure 4.6 depicts the monthly distributions of the length of CAO events. The 

difference in the sample size numbers reflects the difference in the number of events 

occurring at various grid points each month. All months have a positively skewed 

distribution with a median of 2 days for November, February, and March and a median 

of 2.25 days for December and January. In December, areas in the basin experience 

the longest event lengths of around 14 days. The maximum event lengths decrease to 

12 days for November, 10 days for January, 8 days for February, and 6 days for March. 

 

 



55 

 

 

Figure 4.5. Monthly frequency distribution of the number of winter season CAO events 

for 29 winter seasons. 
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Figure 4.6. Same as Figure 4.5, but for the length of CAO events. 
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Figure 4.7. Same as Figure 4.5, but for the number of winter season CAO days. 
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Figure 4.8. Same as Figure 4.5, but for the total CAO surface heat flux loss. 

 

 

The monthly distribution of the number of CAO days in a given winter season is 

shown in Figure 4.7. November and March are positively skewed with a median of 2.75 

days and 2 days, respectively. December and January have more normal distributions 

with the former centered around a mean of 5.98 days and the latter centered around a 

mean of 5.54 days. In February, the distribution is fairly positively skewed with a median 

of 3 days. November, December, and January have the most extreme high number of 

CAO days with almost two-thirds of the month under CAO conditions. 

Finally, the distribution of the total surface heat flux loss during all CAO days is 

shown in Figure 4.8. November, February, and March have similar positively skewed 

distributions with medians of 1.75 x 104 J m-2, 1.58 x 104 J m-2, 1.01 x 104 J m-2, 

respectively. December and January have fairly uniform distributions at the low end of 
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the heat flux loss values, which then skews towards the high end of the heat flux loss 

values. The mean heat flux loss for December is 4.33 x 104 J m-2 and the median is 

3.85 x 104 J m-2. The difference in the mean and median indicates that the median is 

likely a better measure of central tendency in this case due to the skewness of the 

distribution. The mean heat flux loss for January is 3.68 x 104 J m-2 and the median is 

3.51 x 104 J m-2. December has the most extreme high value of heat flux loss at 1.80 x 

105 J m-2. November experiences maximum heat flux loss in some areas of 1.40 x 105 J 

m-2, and the January maximum heat flux loss approaches this value as well. Recall from 

Figure 4.2 that these values are greater than the mean winter season CAO surface heat 

flux loss of 1.33 x 105 J m-2. Therefore some areas in the Gulf experience greater 

surface heat flux loss due to CAOs during one month (November, December, or 

January) than the average area does due to CAOs during the entire five-month winter 

season. February and March have lower maximum values of surface heat flux loss 

approaching 1.0 x 105 J m-2.  

The results from the monthly divisions indicated that CAO events are most 

frequent during December and January, and therefore these months usually contain the 

greatest number of CAO days. The distributions of CAO event lengths indicate that the 

longest events occur during December and November, and then decrease over the 

course of the winter season. On average the greatest CAO surface heat flux loss occurs 

during these first three months as well, although maximum surface heat flux loss values 

in November can be greater than those in January. Therefore we conclude that while 

CAO event frequency tends to be lower in November, heat flux loss values can be high 

due to long events and warmer SSTs during the beginning of the winter season. Recall 

from the monthly mean surface heat flux values found in the previous chapter (Figure 

3.12 – Figure 3.16) that the latent heat flux, sensible heat flux, and longwave radiation 

are maximized in November, December, and January. November and December also 

have greater areas of maximum heat flux loss throughout the basin. Since the results of 

the CAO event study show that CAO event frequency is high during December and 

January, this indicates that the CAO induced surface heat flux is contributing to the 

large monthly surface heat flux loss values found in the previous chapter. February 
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tends to experience similar, or slightly greater, CAO activity as compared to November. 

However, by February the SSTs have cooled with the passage of CAOs over the winter 

season, and incoming solar radiation has increased, so surface heat flux loss values 

tend to be lower than those during November. Along the same lines, CAO frequency 

and the CAO induced surface heat flux loss decrease even further by March.  

 

4.2 Interannual Variability of CAO Characteristics 

 

 We have already seen that the winter season surface heat flux (QSurf), as well as 

QT, varies interannually, and that this variability is largely due to the turbulent fluxes. To 

determine if CAO induced heat flux could possibly contribute to the variability seen in 

the surface flux terms, we must first examine the interannual variability in the CAO event 

characteristics. Figure 4.9 shows the interannual variability in the seasonal, basin-wide 

average of the same characteristics discussed in the previous section. In particular, the 

average surface heat flux loss for each year represents the basin-wide average of the 

total surface heat flux during CAO events. From Figure 4.9 we see that all CAO 

characteristics show some amount of interannual variability, though this variability is not 

consistent among the characteristics.  

To further explore the trends in the interannual variability of the CAO 

characteristics, we compare the variability in the previously defined east, west, near-

shore, and offshore boxes. Figure 4.10 shows the east minus west variability while 

Figure 4.11 shows the near-shore minus offshore variability. The east minus west 

comparisons show us that the east region usually experiences more CAO surface heat 

flux loss and more CAO events. There is also a slight favor to the east box in the 

number of CAO days. The west tends to experience longer events, but this is not an 

overwhelming trend over the east. Also, the difference in event lengths is fairly minimal 

since the maximum difference is less than a day, at about 15 hours. Some years deviate 

from the trends discussed above. Specifically, years in which the west experiences 

more surface flux loss than the east are also years in which there are a greater number 
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of CAO days in the west than in the east, although there are additional anomalous years 

in this CAO frequency value that are normal in the flux value.  

 

 

 

Figure 4.9. Interannual variability in the CAO event characteristics. Yearly values of the 

number of CAO events, the length of CAO events, and the number of CAO days 

represent the winter season, basin-wide average. Yearly values of CAO QSurf represent 

the basin-wide average of the winter season total CAO QSurf. 
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Figure 4.10. Same as Figure 4.9, but the east minus the west value each year. 
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Figure 4.11. Same as Figure 4.9, but the near-shore minus offshore value for each year. 

 

 

Similarly, the near-shore minus offshore comparisons show us that the near-

shore region usually experiences more CAO surface heat flux loss, more CAO events, 

and more total winter season CAO days. There is no trend in the length of events. In 

particular, the surface heat flux loss is overwhelmingly greater in the near-shore region 

than in the offshore region to the extent that 2006 is the only year in which the surface 

heat flux loss is slightly greater in the offshore area. In this same year, all other CAO 

characteristics are also greater in the offshore area.  

Comparing the CAO characteristics of Figure 4.10 to those of Figure 4.11 we see 

that the disparities between the east and west regions for the number of CAO days and 

the magnitude of CAO surface heat flux loss are generally greater than those between 

the near-shore and offshore regions. The opposite is seen for the length of the CAO 
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events and the number of CAO events. All of these results are consistent with those 

found in the previous section, namely that the near-shore, eastern portion of the basin 

tends to experience the greatest number of CAO days and the greatest magnitude of 

CAO surface heat flux loss. 

4.2.1 Large-scale oscillations. Previous studies have found a connection 

between CAO frequency over the eastern United States and various large-scale 

oscillations, of which the main climatological drivers are the North Atlantic Oscillation 

(NAO) and the Pacific-North American Pattern (PNA) (Hurrel at al. 2003, Cellitti et al. 

2006). The NAO is essentially defined by the difference in sea level pressure between 

the Azores High and the Icelandic Low. It is through shifts in these features that the 

NAO is considered to be a measure of the strength of the subpolar westerlies, and 

influences the location of the storm tracks in the North Atlantic region (Hurrell et al. 

2003). During the positive phase of the NAO, both pressure nodes strengthen which 

results in an increased pressure gradient and stronger westerlies. The storm track 

remains farther north over the eastern United States such that the southeastern U.S. 

experiences a warmer than normal winter. During the negative phase of the NAO, the 

pressure nodes weaken, causing weaker westerlies. The storm track travels farther 

south as deep troughs carry cold polar air into the southeastern U.S, leading this region 

to experience a colder than normal winter. The PNA represents the relationship among 

geopotential height anomalies at four nodes, one near Hawaii, another over the North 

Pacific, a third over Alberta, and a final node over the U.S. Gulf Coast (Cellitti et al. 

2006). During the positive phase of the PNA, the Aleutian Low strengthens, leading to a 

ridge over the western U.S. and a trough over the eastern U.S. During the negative 

phase of the PNA, this pattern switches and leads to a trough over the western U.S. and 

weak ridging over the eastern U.S.  

Cellitti et al. (2006) examined extreme CAOs over the eastern United States and 

found that prior to the onset of a CAO, the NAO is in its negative phase. About 5 days 

after onset, the NAO switches to the positive phase. This change in sign suggested that 

the CAO actually has an effect on the NAO through the CAOʼs impact on the 

atmospheric pattern over the North Atlantic. Cellitti et al. (2006) also concluded that the 
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PNA pattern increases during CAO onset due to the deepening of the 500 mb trough 

over the eastern United States. Portis et al. (2006) compared the decadal frequency of 

extreme 5-day CAO events over the eastern U.S with the mean November − March 

values of the NAO and the PNA (Figure 4.12). They found that the two periods with the 

greatest number of CAO events had favorable values of one oscillation index, but not 

both. Also, the PNA value was favorable for the decadal period of 1992-2002, but the 

number of extreme CAO events was not particularly large. 

 

 

 

Figure 4.12. Histogram of the extreme 5-day CAO events. The NAO and PNA values 

listed below represent the mean monthly (Nov − Mar) index values for each 11-year 

period shown in the histogram. Each year corresponds to the January year. From Portis 

et al. (2006). 

 

 

These studies have shown that there is a relationship between southeastern 

U.S. CAO event frequency and particular phases of Northern Hemisphere large-scale 

oscillations on the interannual and intraseasonal time scales. For the current study, we 

are interested in determining the driving forces behind the interannual variability in the 

heat flux loss associated with CAOs. Since it has been found that the variability in the 

CAO event frequency is related to large-scale oscillations, we want to explore the 

possibility of a relationship between the large-scale oscillations and the variability in 
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CAO heat flux loss over the Gulf of Mexico. That is, we must determine if there is a 

correlation between the event frequency and the magnitude of heat flux loss. To do this, 

we compute the simultaneous correlation of the interannual variability of each of the 

CAO frequency characteristics with that of the CAO surface heat flux loss (Figure 4.9). 

We find that there is no correlation with the number of CAO events, but there is a 

correlation with the length of CAO events with R = 0.40, which is statistically significant 

at the 95% confidence level for n = 29 sample values. Moreover, the correlation with the 

number of winter season CAO days has a correlation coefficient of R = 0.60, which is 

statistically significant at the 99% confidence level. Therefore the connection of the CAO 

surface heat flux magnitude to the CAO event frequency is best seen in the relationship 

between the average seasonal QSurf and the average seasonal number of CAO days, 

shown in Figure 4.13. More importantly, this statistically significant correlation indicates 

that large-scale oscillations likely play a role in influencing the variability in the heat 

storage of the Gulf through their influence on the CAO event frequency. Therefore the 

atmospheric forcing on the upper ocean heat content is especially important during the 

winter season, which further supports our previous conclusion that the surface heat flux 

is a larger contributor to changes in the ocean heat storage than is the ocean dynamics. 

For the remainder of this section we will further explore the relationship between the 

number of CAO days and the magnitude of CAO surface heat flux loss.  
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Figure 4.13. Relationship between the number of winter season CAO days and the 

magnitude of CAO surface heat flux during all winter season CAO days. These values 

have a correlation coefficient of R = 0.60, which is statistically significant at the 99% 

confidence level for n = 29 sample values. 

 

 

4.2.2 CAO event frequency and the magnitude of CAO QSurf. In the previous 

section we found that there is CAO event variability within the winter season (Figure 4.5-

4.8). This intraseasonal variability can also help explain the anomalies in the interannual 

variability seen in Figure 4.9. We explore this here by examining monthly divisions of the 

interannual variability in the basin-wide, seasonal totals of the number of CAO days and 

the magnitude of CAO surface heat flux loss, shown in Figure 4.14. The plot of the 

number of CAO days indicates that 1980 is an anomalously high CAO frequency year 

for the beginning three months, leading this year to have the largest number of CAO 

days out of the total 29-year study. 1988 also has an anomalously high total number of 
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CAO days, but the distribution throughout the season is much different in that the 

majority of these days are contained in the last two months of the season. In the 

following year, 1989, the majority of the season total number of CAO days is contained 

solely within the month of December. In fact, at the end of this month the total number of 

CAO days is slightly lower than the average number of CAO days at the end of January. 

However, the contribution of the remaining three months is so small that the season 

total does not even reach the average number of CAO days at the end of February. 

2007 has by far the lowest season total number of CAO days out of the total 29-year 

study, with an end-of-season value below the end of January average. Within this 

season, the February number of CAO days is fairly average for that month, but the other 

months are well below their averages.  

Figure 4.14b shows the interannual variability in the magnitude of the monthly 

CAO surface heat flux loss. Anomalies found within the winter season CAO event 

frequency are also present in the CAO surface heat flux loss. Particularly, in 1988 the 

majority of the heat flux loss is contained in the last two months of the season, although 

the end-of-season total surface heat flux value is around average, whereas the end-of 

season number of CAO days is anomalously high. This is likely a factor of cooled SSTs 

throughout the winter season, leading to lower heat flux magnitudes at the end of the 

winter season. Also, the 1989 monthly distribution shows that the majority of the season 

total surface heat flux loss occurs solely during the month of December. In this case, the 

surface heat flux loss at the end of December is greater than the average value at the 

end of February. Recall from Figure 4.14a that the end of December value was lower 

than the average end of January value. Again, this points toward the presence more 

favorable SSTs in the beginning of the winter season for higher surface heat flux losses. 

From Figure 4.14a, we found that 2007 has the least number of CAO days. However, 

Figure 4.14b shows that 1999 has the lowest magnitude of CAO surface heat flux loss. 

Recall from Figure 3.5 that the 1999 winter season was marked by average SSTs and 

slightly above average air temperatures, leading to an anomalously low dT. The 2007 

winter season was marked by very anomalously high SSTs and air temperatures, 

leading to a slightly below average dT. Since dT is the driver of the turbulent heat fluxes, 
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and these have been found to be the largest contributor to the total surface heat flux, it 

is no surprise that 1999, with a lower average dT than 2007, also has a lower magnitude 

of total surface heat flux loss.  

Perhaps what is most intriguing about the interannual variability in the CAO 

surface heat flux is the extremely anomalously high heat flux loss seen in 1995. This 

season begins with a fairly low surface heat flux total in November, and then has a 

slightly above average surface heat flux value for December and January. The surface 

heat flux loss during February is even more above average, but it is the extremely 

above average heat flux loss in March that sets this year apart from the rest. Figure 

4.14a shows that while this year has an above average total number of winter season 

CAO days, it is not extremely anomalous. Looking back at Figure 4.10, 1995 is an 

anomalous year in that the western side of the basin experiences more CAO surface 

heat flux loss, and more CAO days. Also, Figure 4.11 indicates that the near-shore 

region experiences much more flux loss on average than the offshore region during this 

year. The near-shore region also experiences more CAO days, but the disparity 

between the two regions is not as great as it is for the case of the surface heat flux. 

Therefore we know that the majority of the CAO events, and a large majority of the CAO 

surface heat flux loss occurred over the near-shore, western portion of the basin during 

this year. Recall from Figure 3.5 that the SST and especially the air temperature are 

shown to be anomalously cold in 1995, with an anomalously high dT. With this 

information, our best explanation of this highly anomalous CAO surface heat flux year is 

that the air temperature and SST were such that high values of surface heat flux were 

able to be sustained throughout the winter season, despite the inevitable ocean cooling 

due to the CAO events in the early winter season months. This sustained surface heat 

flux could possibly be due to the anomalously greater surface heat flux loss over the 

western portion of the basin, although more in depth analysis would be required to make 

that connection. Within the confines of our study, the reason for the anomalously high 

CAO heat flux loss during the 1995 winter season remains somewhat of a mystery. As a 

topic for future study, further analysis of the synoptic-scale patterns during this season 

is required to assess the causes of the anomalous CAO-induced surface heat flux loss.  
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Figure 4.14. Interannual variability in the monthly division of the total number of winter 

season CAO days (a) and the magnitude of the total QSurf during those CAO days (b). 

The dashed lines indicate the average value at the end of the corresponding month, 

represented in the same color as the legend. 
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Figure 4.15. Percent contribution of each month to the total number of winter season 

CAO days and the total winter season CAO QSurf. The dashed lines indicate the average 

value at the end of the corresponding month, represented in the same color as the 

legend. 
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The monthly variability of the CAO surface heat flux loss is similar to that of the 

number of CAO days in the beginning months of the winter season. Towards the end of 

the winter season in February, and especially March, there are much greater differences 

in the monthly variability. In some years, these months show a fairly large contribution to 

the total number of winter season CAO days, but their contribution to the total winter 

season CAO surface heat flux is small. In order to better compare these variations 

between the different CAO characteristics, we calculate the percent contribution of each 

month to the total winter season number of CAO days and the total winter season 

surface heat flux loss, both of which are shown in Figure 4.15. We see that indeed the 

variability in the monthly contribution is quite similar, which can more easily be seen by 

comparing the means of the months. As the season progresses, the means become 

increasingly dissimilar, but are still different by less than 5%. Figure 4.15 also shows 

that in an average winter season, about half of the total winter season CAO flux loss 

occurs in the first two months of the season, and by the end of January about 75% of 

the total winter season CAO heat flux has already been lost. Similar, slightly lower, 

percentage values are seen in the number of CAO days as well. This is not too 

surprising since the monthly distributions of the CAO event characteristics showed that 

December and January contained the majority of the CAO event activity. 

To explore these monthly similarities in a more quantitative way, Table 4.1 shows 

the monthly correlations of the number of CAO days and the magnitude of CAO surface 

heat flux loss. The first set of correlations represents the correlation at the end of each 

month and including the months prior, and so represents the progression of the 

correlation between the number of CAO days and the magnitude of CAO surface heat 

flux loss throughout the winter season. In this case, the correlations decrease as the 

season progresses, finally ending with the correlation of R = 0.60 shown in Figure 4.13. 

Note that all of these correlations are statistically significant at the 99% confidence 

interval. There are a few factors that might lead to this weakening relationship 

throughout the winter season. As the season progresses there are more days that are 

not CAO days in which heat is still being lost from the ocean to the atmosphere due to 

the ambient winter season air temperatures that are cooler than the ocean temperature. 
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In addition, the cooling of the ocean with the passage of more and more CAOs leads to 

less of difference in temperature between the ocean and atmosphere, especially near 

the coast. Thus for a given number of CAO days, we would generally expect a lower 

magnitude of heat flux loss later in the winter season. Also, at smaller time scales, we 

expect the correlations to be higher due to the small time scale of the CAO events 

themselves. Therefore we would expect higher correlations after one month than after 

two months. To show this, the other set of correlations represents the correlation for 

each individual month. We see that on a monthly basis, these values are highly 

correlated, all statistically significant at the 99% confidence level. The rank of 

correlations from highest to lowest is November, February, January, March, and lastly 

December. This ranking indicates no connection with the any of the results previously 

discussed. Therefore the fact that the correlations are much higher for the smaller 

monthly time scale than for the seasonal time scale is attributed to the monthly time 

scale being closer to the time scale of the individual CAO events.  

From these findings, we conclude that there is a large amount of variability in the 

CAO event frequency and the induced CAO surface heat flux within a winter season, 

and that this variability is not consistent from year to year. That is, with a given number 

of CAO days or a given amount of CAO surface heat flux at the end of a particular 

winter season month, we cannot accurately predict the possibility of an anomalously 

high or anomalously low end-of-season CAO event frequency or CAO surface heat flux. 

However, we can generally expect a peak in the magnitude of CAO surface flux loss in 

December or January, with a decline in this value throughout the remainder of the winter 

season. This decline is attributed to the oceanic cooling due to the continual passage of 

CAOs, as well as the ambient cool winter season air temperatures that reside over the 

Gulf during the winter months that cause a constant flux of heat from the ocean to the 

atmosphere. With this cooling, the sea-air temperature difference is much smaller, 

leading to fewer CAO days as the season progresses. However, there are anomalous 

years that do not follow the general variability in the number of CAO days and the CAO 

surface heat flux. We have attempted to explain possible causes of some of the major 

winter season anomalies in these values, but more analysis is required to know for sure 
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what exactly is driving each particular anomaly. In this study, we have looked at CAO 

events on a seasonal time scale, but it would be necessary to examine individual CAO 

events during these anomalous years to determine the oceanic and atmospheric states 

that lead to the CAO conditions for the individual events. This is out of the scope of the 

current study, but is a topic of future work.  

 

 

Table 4.1. Monthly Correlation coefficients for the correlation of the number of CAO 

days with the CAO surface heat flux. The monthly winter season progression correlation 

(center column) represents the correlation at the end the end of that month, including 

the months prior. All correlations are statistically significant at the 99% confidence level. 

 

Month 

Winter Season 

Progression 

Correlation 

Individual Month 

Correlation 

November 0.97 0.97 

December 0.86 0.87 

January 0.75 0.89 

February 0.64 0.90 

March 0.60 0.88 
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CHAPTER 5 

IMPACT OF CAOS ON THE GULF HEAT BUDGET 

 

 

 The final goal of the study is to combine the results of the previous two chapters 

to determine the impact of the interannual variability in the CAO events on the 

interannual variability in the winter season rate of oceanic heat storage (QT).  We will 

determine which terms of the heat budget are most impacted by CAOs by comparing 

the rate of heat flux during CAO times and during non-CAO times. We will further 

explore differences in heat flux values during CAO and non-CAO times to quantitatively 

understand the additional heat flux loss that occurs due to CAO events. This analysis 

will lead us to our ultimate goal of understanding the importance of CAO events and 

their induced fluxes to the heat budget of the Gulf. 

Recall that by definition, CAO events remove heat from the ocean through air-

sea interaction, and consequently only the surface terms of the heat budget are affected 

by CAOs. This means that differences in QT between CAO times and non-CAO times 

will be due to the changes in the surface heat flux term (QSurf). However, we are still 

interested in how these changes affect the relative contribution of the surface flux and 

the ocean dynamics to the total rate of oceanic heat storage. Figure 5.1 depicts the 

interannual variability in the basin-wide, time average of QT and its components during 

the winter season, during CAO times, and during non-CAO times. Inter-comparison of 

the three graphs indicates that the magnitude and interannual variability of all heat flux 

components during non-CAO times are most similar to those of the average winter 

season time. This is not surprising since we previously found that on average only about 

15% of the total winter season is under CAO conditions. Therefore, the time over which 

the CAO heat fluxes occur is much less than the time over which the non-CAO fluxes 

occur, leading to a much larger flux loss rate seen in Figure 5.1. On average, the CAO 

turbulent heat flux (mean = -327 W m-2) is over double the non-CAO value (mean = -120 
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W m-2).  In contrast, the radiative fluxes are lower during CAO times than during non-

CAO times. However, the addition of all flux terms, represented by QT, shows that the 

rate of oceanic heat storage during CAO times is much larger than during non-CAO 

times or during the average winter season time. In fact, the 29-year mean of the CAO 

QT is -306 W m-2, which is over five times greater than the 29-year mean of the non-

CAO QT with a value of -55 W m-2. More specifically, the difference between QT during 

CAO and non-CAO times is shown in Figure 5.2. Positive (negative) values indicate 

higher (lower) flux loss values during CAO times than during non-CAO times. This graph 

shows that CAO heat flux loss is always greater than non-CAO heat flux loss during out 

29-year study by at least 190 W m-2 and at most 330 W m-2. 

 

 

 

Figure 5.1. Interannual variability in the total heat budget, represented in the rate of heat 

storage (QT) and its components. Yearly values are the basin-wide average of the 

season total heat flux (top), the heat flux during CAO times (middle), and the heat flux 

during non-CAO times (bottom). Negative values indicate ocean heat loss while positive 

values indicate ocean heat gain. 
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Figure 5.2. Interannual Variability in the difference between the basin-wide, time 

average of CAO QT and that of non-CAO QT. Positive (negative) values indicate higher 

(lower) flux loss values during CAO times than during non-CAO times. 

 

 

We previously found that the turbulent heat flux term largely drives the variability 

in QT (Figure 5.1, top graph), and similarly the results above lead us to conclude that the 

turbulent flux term is especially important to the magnitude and variability in the rate of 

oceanic heat storage during CAO times. As a result, the advective term is expected to 

be an even smaller contributor to QT during CAO times. To explore this, we compute the 

anomalies of QT and its components in the same manner as was done in the heat 

budget study (Figure 3.8), except in this instance only during CAO times. Figure 5.3 

shows the interannual variability in the anomalous QT, QSurf, and QV during CAOs. As in 

Figure 3.8, negative values indicate anomalously high flux loss while positive values 

indicate anomalously low flux loss. Examination of this graph indicates that anomalies in 

the rate of oceanic heat storage are usually accompanied by a comparable anomaly in 

the surface heat flux. Although, in 1996 the slightly anomalously low rate of oceanic 

heat storage is accompanied by an anomalously low QV, while QSurf is slightly 
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anomalously high. In 1986, all terms have anomalously low flux loss values, but QV is a 

larger contributor to the anomalously low QT. Overall, these results confirm our previous 

conclusions that the surface heat flux is the most important factor in determining the 

variability in the rate of oceanic heat storage. We conclude here that the surface heat 

fluxes are even more important to the variability and magnitude of total heat flux loss 

during CAO times, and therefore the next step in determining the impact of CAOs on the 

heat budget is to further study the terms of QSurf during these events. 

 

 

 
Figure 5.3. Anomalous total heat budget during CAOs. Negative values indicate 

anomalously high ocean heat flux loss while positive values indicate anomalously low 

ocean heat flux loss. Anomalies of each term represent the deviation from the 29-year 

mean of that term.  
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Figure 5.4. Interannual variability in the surface heat budget, represented in the surface 

heat flux (QSurf) and its components. Yearly values are the basin-wide total of the 

season total heat flux (top), the heat flux during CAO times (middle), and the heat flux 

during non-CAO times (bottom). Negative values indicate ocean heat loss while positive 

values indicate ocean heat gain. 

 

 

We have already examined the spatial and temporal variability of the surface flux 

during CAO events through the CAO climatology. Now we expand upon our study of the 

CAO surface heat fluxes by determining which term of the total surface heat flux is most 

impacted by CAOs.  Figure 5.4 shows the interannual variability in the basin-wide, time 

average of QSurf and its components during the winter season, during CAO times, and 

during non-CAO times. Again, we see that the magnitude and variability of all heat flux 

terms over the course of the average winter season is very similar to those during non-

CAO times. During CAO times, the radiative flux is lower, whereas the latent and 

sensible heat fluxes are much higher than their respective values during the non-CAO 

times (and the winter season). Specifically, the 29-year mean of the radiative flux for 

non-CAO times at 104 W m-2 is less than twice that for CAO times at 60 W m-2. A larger 
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disparity exists between the CAO and non-CAO fluxes for both of the turbulent flux 

terms. The mean of the interannual variability of the non-CAO sensible heat flux shows 

that this term is almost nonexistent with a value of -11 W m-2. However, the 29-year 

mean of the CAO sensible heat flux is -68 W m-2. Thus on average the sensible heat 

flux during CAO times is about six times greater than that during non-CAO times. 

Similarly, the 29-year mean of the CAO latent heat flux is -260 W m-2, while that of the 

non-CAO latent heat flux is -108 W m-2. Therefore, on average, the magnitude of CAO 

latent heat flux is over twice the magnitude of non-CAO latent heat flux. These 

observations lead us to conclude that the turbulent heat flux, and more specifically the 

sensible heat flux, is most impacted by the passage of CAOs. 

The influence of all of these terms combined is seen in the line plot of QSurf in 

Figure 5.4. The interannual variability of the non-CAO QSurf has a mean of -15 W m-2, 

indicating that on average, the ocean is almost in equilibrium with the atmosphere 

during non-CAO times. In contrast, the interannual variability of the CAO QSurf has a 

mean of -266 W m-2, which is about fifteen times greater than the non-CAO mean. The 

disparity between these values is due to the influence of the increased magnitude of 

turbulent flux loss during CAO events and the decreased magnitude of radiative heat 

gain during CAO events. Consequently, the rate of oceanic heat storage is significantly 

more affected during CAO events than during the rest of the winter season.  

We have shown that anomalies in QSurf drive the anomalies in QT during the 

winter season and during CAO times. We have also shown that the turbulent heat fluxes 

are a large contributor to the magnitude of QSurf during the winter season and during 

CAO times. To better understand the relative contribution of the radiative fluxes and the 

turbulent fluxes to the interannual variability in QSurf, we compute the correlation of these 

components with the anomalous QSurf for CAO and non-CAO times. The comparison of 

the variability in the basin-wide sum of each term with that of the anomalous QSurf during 

the respective time periods is shown in Figure 5.5. These comparisons indicate that not 

only is the magnitude of the turbulent heat flux greater during the winter season and 

during CAO times, but the correlation with the anomalous QSurf is also greater for both 

time periods. Interestingly, the correlation of anomalous QSurf with the turbulent flux term 
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is greater during CAO times (R = 0.98) than during the winter season (R = 0.96), 

whereas the correlation of anomalous QSurf with the radiative flux term is lower during 

CAO times (R = 0.56) than during the winter season (R = 0.76). Note that all 

correlations are statistically significant at the 99% confidence level. This indicates that 

the greatest contributor to the rate of oceanic heat storage during CAO events is the 

turbulent flux term. 

 

 

  

   

Figure 5.5. Comparison of anomalous QSurf with QTurb (left column) and QRad (right 

column) during the winter season (top row) and during CAO times (bottom row). All 

values represent the basin-wide sum of the time-averaged heat flux (units of W). 

 

 

The total and surface heat budgets during CAO and non-CAO times showed that 

the magnitude of total flux loss is much greater during CAO times than non-CAO times. 

We also saw that the difference between these values can range from about 190 W m-2 
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to about 330 W m-2. In light of these results, we motivate the importance of accurately 

capturing the CAO surface heat flux loss by computing a seasonal total surface heat flux 

loss based upon the average surface heat flux rate during non-CAO times for each year. 

That is, we use the magnitude of the average hourly value of QSurf and its components 

during non-CAO times (Figure 5.4, bottom graph) and assume this to be the hourly 

value of flux loss for the entire winter season, which is then summed over the season 

and over the basin, and then compared to the basin-wide, season total QSurf. The 

disparity between the non-CAO season value and the true season value is then due to 

the influence of the CAO events. Figure 5.6 shows this comparison for the turbulent and 

radiative flux terms. The non-CAO season heat flux approximates the true season value 

much better for the radiation term than for the turbulent flux term. This is not surprising 

since we found that the turbulent fluxes are most impacted by CAOs. Also, the non-CAO 

season heat flux underestimates the turbulent heat flux, but overestimates the radiation. 

This agrees with our previous result that CAOs impact the surface fluxes by increasing 

the magnitude of the turbulent fluxes and decreasing the magnitude of the radiative 

fluxes. Interestingly, the variability in the winter season heat flux is captured well in the 

non-CAO season heat flux for the radiation term (R = 0.97) and for the turbulent flux 

term (R = 0.90). This indicates that the CAO events impact the rate of oceanic heat 

storage through changes in the magnitude of heat flux lost more than through changes 

in the variability of heat flux. The time scale of the individual CAO events is much 

shorter than the time scale of the entire winter season, so it is expected that the 

contribution of the non-CAO flux variability the season total flux variability would be 

much greater than the contribution of the CAO flux variability. 

Figure 5.7 shows the same type of comparison, but for the total surface flux term, 

QSurf. The non-CAO winter season grossly underestimates the true winter season flux 

loss as the overestimate of radiation and the underestimate of turbulent flux have 

compounded the disparity in the magnitudes. In fact, in 1996 and 1998 the non-CAO 

winter season value shows a heat flux gain, which is largely different from the true 

winter season flux loss value of around 4 x 107 J and 4.5 x 107 J, respectively. However, 

the non-CAO season variability still captures the true CAO season variability with a 
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correlation coefficient of R = 0.92. The large disparities in magnitude seen from year to 

year in Figure 5.7 show us the importance of accurately measuring the flux loss due to 

CAO events.  

If we take the difference of the true winter season QSurf and the non-CAO season 

QSurf, then we obtain a residual value of CAO QSurf for each year. Figure 5.8 illustrates 

the comparison of the interannual variability in this residual value of CAO QSurf to that of 

the total winter season QSurf. A year in which these values are similar indicates that the 

CAO surface heat flux loss is the main driver of the total amount of surface heat flux 

loss observed for that winter season. Examination of the time series shows that, on 

average, the surface heat flux loss during CAOs contributes over 60% to the total winter 

season surface heat flux loss. In 1990, 97% of the total winter season surface heat flux 

loss is attributed to CAOs. However, in 1982, the CAO surface heat flux loss is only 

37% of the total winter season surface heat flux loss. This year-to-year variability in the 

CAO surface heat flux loss indicates that it is necessary to not only capture the 

magnitude of CAO QSurf correctly for an accurate estimate of the total winter season 

QSurf, but to capture the interannual variability in this term as well. This is supported by a 

statistically significant correlation coefficient of R = 0.42 at the 95% confidence level for 

n = 29 sample values. Also, note that years that showed a non-CAO surface heat flux 

gain, namely 1996 and 1998, are years in which the CAO QSurf is the sole contributor to 

the total surface heat flux loss.  

The comparison of the interannual variability in the residual value of CAO QSurf to 

that of our true, calculated value of CAO QSurf (Figure 5.4, middle graph) is shown in 

Figure 5.9. We can see that the variability of these terms is quite similar (R = 0.94), with 

slight differences in the magnitude of heat flux. Therefore we can conclude that our 

calculated value of CAO QSurf does not contain a large value of background flux, and 

consequently it does accurately represent the additional flux loss that occurs due to 

these CAO events. Also, examination of this graph shows that the basin sum of the 

season total QSurf can by off by as much as 7 x 107 J if the surface heat flux loss due to 

CAOs is not taken into consideration. This is a significant error since the magnitude of 

the 29-year mean winter season QSurf (Figure 3.9) is 6.67 x 107 J. Therefore, the CAO 
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surface heat fluxes are an extremely important contributor to the magnitude of the total 

winter season surface heat flux loss, and moreover an important contributor to the total 

rate of oceanic heat storage. 

 

 

 

Figure 5.6. Comparison of the magnitude of the true basin-wide, season total flux (solid 

line) with the magnitude of the approximated basin-wide, season total non-CAO flux 

(dashed line) for QTurb (blue) and QRad (green). 
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Figure 5.7. Comparison of the magnitude of the true basin-wide, season total QSurf (solid 

line) with the magnitude of the approximated basin-wide, season total non-CAO QSurf 

(dashed line). 
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Figure 5.8. Comparison of the magnitude of the basin-wide, season total QSurf (solid 

line) with the magnitude of the residual basin-wide, season total CAO QSurf (dashed 

line), the value of which is found through the difference in the two curves of Figure 5.7.  
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Figure 5.9. Comparison of the calculated value of the basin-wide, time sum of QSurf 

during CAOs (solid line) with the residual value of the basin-wide, time sum of QSurf 

during CAOs (dashed line).   
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

 

 

6.1 Conclusions 

 

 Throughout this study we have sought to determine the major factors that 

influence changes in the upper ocean heat content of the Gulf of Mexico. Our 

preliminary study showed that the greatest spatial and temporal variability in the surface 

heat fluxes occurs during the winter months (November − March), which lead us to 

focus on these particular months for the remainder of the study. We then performed a 

total ocean heat budget analysis for 29 winter seasons to understand the relative 

contribution of all factors that cause changes in the rate of oceanic heat storage. The 

results of this analysis indicated that the magnitude of the advective flux term was 

always much smaller than any of the surface flux terms, from which we concluded that 

the surface heat fluxes contribute more to changes in heat content than do ocean 

dynamics. The time series of QT over the 29-year period showed a net heat loss for 

every winter season (Figure 3.4). There was also a large amount of interannual 

variability in QT, which was similar to the variability in the turbulent flux term. This 

indicated that not only are the surface fluxes a major contributor to QT, but more 

specifically the turbulent heat flux plays a dominant role in influencing the interannual 

variability in the upper ocean heat content of the Gulf. 

 Further evidence of the strong relationship between the surface heat flux terms 

and QT was found through the strong correlation of the interannual variability in the sea-

air temperature difference with QT (R = -0.93). This indicated that the atmosphere, 

rather than the ocean, has a large influence on the variability in QT. Figure 3.8 also 

alluded to this with anomalies in QT accompanied by comparable anomalies in QSurf in 

most years. These results lead us to perform a similar ocean heat budget analysis on 
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the surface flux portion of the Gulf thermal energy budget to understand the relative 

contribution of the components of QSurf (Figure 3.9). We found that there was large 

interannual variability in QSurf, which corresponded with the interannual variability in the 

turbulent flux term, and particularly the latent heat flux term.  

All of this evidence pointed towards a strong connection between the rate of 

oceanic heat storage and the surface heat flux. To quantitatively asses this relationship, 

we compared the interannual variability in the anomalous QT with that of QSurf and found 

a strong correlation of R = 0.93, which is statistically significant at the 99% confidence 

level for n = 29 sample values (Figure 3.11). This comparison also showed that the 

advective term acts to increase the magnitude of flux loss each year, and acts to 

increase the variance. However, QSurf alone still generally captured the anomalies seen 

in QT (Figure 3.10). Therefore we concluded that the surface heat flux is the 

overwhelming driver of the rate of oceanic heat storage, and as a result we must 

understand the causes of variability in the winter season surface heat flux in order to 

understand changes in the upper ocean heat content. 

CAOs have been known to cause extreme oceanic heat flux loss during the 

winter season. Therefore, we believe that these events could cause the anomalies seen 

in the interannual variability of the winter season surface heat flux. A 29-year 

climatology of these events was performed to first understand the variability in the 

events themselves. The basin-wide frequency distributions of CAO event characteristics 

(Figure 4.1) showed that on average, over half of the total winter season flux loss occurs 

due to surface fluxes during CAO events, the time of which only accounts for about 15% 

of the winter season. Examination of the frequency distribution of the CAO 

characteristics in smaller spatial areas in the near-coastal regions of the Gulf indicated 

that the near-shore, eastern portion of the basin experiences the greatest number of 

CAO days and the greatest magnitude of heat flux loss. This agreed with the region of 

maximum heat flux loss seen in the monthly mean surface flux (Figure 3.12 – Figure 

3.16). The preference to the eastern region could be attributed to the warmer Loop 

Current waters over the eastern portion of the basin and/or the average CAO may enter 

the basin farther towards the east. It is not surprising that the near-shore region would 
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experience greater heat flux loss, since this region experiences the CAO before the air 

mass has been modified by the warm waters of the Gulf. Also, the coastal region 

contains shallower water that is more easily modified than the deep offshore waters of 

the Gulf. 

The average intra-seasonal variability in QSurf and its components (Figure 3.12 – 

Figure 3.16) indicated that the greatest flux loss occurs in the first three months of the 

winter season, with a large amount of oceanic cooling along the northern coastal 

regions. As the winter season progresses, this cooling, combined with increased solar 

insolation heating the air at the surface, leads to lower surface heat flux loss, and even 

heat flux gain by March. We expect that these trends would align with the intra-seasonal 

trends in the CAO characteristics if CAOs do contribute to the variability in the surface 

fluxes during the winter season. In fact, the monthly frequency distribution of the CAO 

characteristics showed that November, December, and January have the most extreme 

high number of CAO days, with some grid points experiencing CAO conditions for up to 

two-thirds of the month. The most extreme high value of heat flux loss occurs during 

December, with November and January possessing comparably high heat flux loss 

values as well. These values are greater than the mean winter season surface heat flux 

loss found in the surface heat budget analysis. This indicated that some areas in the 

Gulf experience greater heat flux loss due to CAOs during one month (November, 

December, or January) than the average area does due to CAOs during the entire five 

month winter season. We found that February experiences similar, or slightly greater, 

CAO activity as compared to November. However, by February the coastal ocean 

cooling due to the passage of early season CAOs and the increased atmospheric 

heating due to increased insolation leads to lower surface heat flux values than those 

during November. This trend continues into the month of March. Therefore, the results 

from our monthly frequency distributions during CAOs agreed with our monthly mean 

values of QSurf during the winter season, indicating that CAOs do have an influence on 

the variability in QSurf throughout the winter season. 

The interannual variability in the CAO event characteristics showed that there is a 

large amount of variability in each characteristic, but there is no obvious trend among 
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them (Figure 4.9). Many studies have found a relationship between the frequency of 

CAO events over the southeastern U.S. with the particular phases of various large-scale 

oscillations on intra-seasonal and interannual time scales. Large-scale oscillations 

associated with anomalously cold surface temperatures over the Gulf are the negative 

phase of the NAO and the positive phase of the PNA. In the current study, we explored 

the possibility of these large-scale oscillations having an influence on the rate of oceanic 

heat storage during the winter season through their influence on the frequency in the 

CAO events. The correlation of the interannual variability in the number of CAO days 

with the interannual variability in the magnitude of CAO flux loss (Figure 4.13) was 

found to be R = 0.60, which is statistically significant at the 99% confidence level. 

Therefore, QSurf during CAOs is correlated with the frequency of CAO events, which is 

influenced by large-scale oscillations. As a result, atmospheric forcing is an important 

contributor to changes in the upper ocean heat content during the winter season, which 

supports our previous conclusion that QSurf is the main driver of the rate of oceanic heat 

storage. 

The relationship between the CAO event frequency and the magnitude of CAO 

QSurf was explored further through a comparison of the monthly divisions of the 

interannual variability in the basin-wide, season totals of these values (Figure 4.14). The 

interannual variability in the total winter season values differed, but the interannual 

variability in each month was similar since monthly anomalies found within the CAO 

event frequency were also present in the CAO surface heat flux, especially in the 

beginning months. To better compare these monthly variations between the two CAO 

characteristics, we calculated the percent contribution of each month to the total value 

(Figure 4.15). We found that the means of the percent contribution for each month were 

very similar, which indicated that indeed the interannual variability of the CAO event 

frequency and that of CAO QSurf is similar on the monthly time scale, but not the 

seasonal time scale. Also, these means indicated that on average, about half of the total 

winter season CAO surface heat flux loss occurs in the first two months of the season 

and about three quarters occurs during the first three months. Similar, slightly lower 

percentage values were found for the number of CAO days. This result agreed with our 
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previous results from the monthly distributions and the monthly winter season QSurf that 

CAO event frequency and surface heat flux loss are maximized during the first three 

months of the winter season.  

For a more quantitative analysis of the interannual variability in the monthly 

relationship between the number of CAO days and the magnitude of CAO surface heat 

flux loss, we computed the correlation coefficient for each month and the correlation 

coefficient for each month, including the months prior (Table 4.1). The former correlation 

represented the relationship of the values for each individual month. The latter 

correlation represented the relationship of the values as the winter season progressed. 

The results of this analysis indicated that as the season progresses, the correlation 

between CAO frequency and the magnitude of CAO heat flux loss decreases. This is 

attributed to ocean cooling throughout the winter season leading to a smaller sea-air 

temperature difference, and therefore a lower magnitude of heat flux loss. Thus, for a 

given number of CAO days, the magnitude of heat flux loss is lower towards the end of 

the winter season. Also, the small time scale of the CAO events results in a higher 

correlation at smaller time scales. That is, we expect higher correlations after one month 

than after two months. This fact was shown with the individual monthly correlations, 

which we found to be highly correlated for all months. 

Overall, the interannual variability in the monthly divisions of the number of CAO 

days and the magnitude of CAO QSurf lead us to conclude that there is a large amount of 

variability in these values within the winter season, and that this variability contains no 

discernable trend. In other words, with a given number of CAO days or a given amount 

of CAO surface heat flux loss at the end of any winter season month, one cannot 

accurately predict the possibility of an anomalously high or an anomalously low end-of-

season number of CAO days or CAO surface heat flux loss. Nevertheless, one can 

expect a peak in the CAO event frequency and the magnitude of CAO surface heat flux 

loss in December or January, with a decline in those values thereafter. 

With the knowledge of the interannual variability in the Gulf heat budget and the 

interannual variability in the CAO events, we finally sought to understand the impact of 

the CAO events on the heat budget of the Gulf. The winter season was divided into 
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CAO times and non-CAO times, which were then used to compute the terms of the heat 

budget, and to compare their values during these times with those during the entire 

winter season (Figure 5.1). Results of this analysis indicated that the turbulent heat flux 

is much greater during CAO times than during the winter season, while the radiative flux 

is slightly lower during CAO times. Therefore, the ocean dynamics contributes even less 

during CAO times, making the surface heat fluxes, and especially the turbulent heat 

flux, the dominant driver of the interannual variability in QT. The results also highlighted 

the importance of the time scales of the CAO and non-CAO times. Specifically, we 

found that the magnitude and interannual variability of the non-CAO QT was very similar 

to the magnitude and interannual variability of the winter season QT. This was attributed 

to the fact that CAOs were found to occur during only 15% of the total winter season, so 

the time scale of all of these events is much smaller than the total winter season time 

scale, leading the time scale of all of the non-CAO times to be quite similar to the total 

winter season time scale. Conversely, since the time period over which the CAO flux 

occurs is much smaller, and the sea-air temperature difference during these times is 

much greater, the rate of heat flux loss is greater during CAO times. In fact, we found 

that the CAO QTurb was over two times greater than the non-CAO QTurb, while the CAO 

QT was over five times greater than the non-CAO QT. Taking the difference in QT 

between CAO times and non-CAO times, we found that the CAO QT is always greater 

than the non-CAO QT by at least 190 W m-2 and at most 330 W m-2. Our results agree 

with the findings of Molinari (1987). In his study, he found that heat fluxes over the Gulf 

during northerlies were much greater than those during trade-wind conditions, but that 

the monthly mean heat flux distributions were characteristic of the trade-wind patterns. 

This was due to the fact that the number of days with trade-wind conditions was three 

times greater than the number of days under the influence of northerlies. 

The relative contribution of the advective term of the heat budget during CAOs 

was further explored by examining the interannual variability in the anomalous QT and 

its components (Figure 5.3). Similar to the anomalous QT during the winter season, this 

plot showed that anomalies in QT during CAOs are accompanied by comparable 

anomalies in QSurf, which indicated that the surface heat fluxes are even more important 
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to the variability and magnitude of the rate of oceanic heat storage during CAOs. 

Therefore, we compared the surface heat budget during the winter season to that during 

CAO times and non-CAO times (Figure 5.4). Again, during CAO times the radiative flux 

is much lower, while the latent and sensible heat fluxes are much higher than their 

respective winter season values. Also, the differences in the time scales caused the 

magnitude and interannual variability in the winter season QSurf to match those of the 

non-CAO QSurf.  

The surface heat budget analysis showed a large disparity between the CAO and 

non-CAO fluxes for both of the turbulent flux terms, and a smaller disparity for the 

radiative flux. Specifically, the CAO QSHF was about six times greater than the non-CAO 

QSHF and the CAO QLHF was over two times greater than the non-CAO QLHF. The non-

CAO QRad was less than two times greater than the CAO QRad. Therefore, we concluded 

that the turbulent heat flux, and in particular the sensible heat flux, is most impacted by 

the passage of CAOs. The combined effect of all of these terms was shown in QSurf with 

a CAO time value that was fifteen times greater than the non-CAO time value. This 

result confirmed our previous result that QSurf is even more important during CAOs and 

lead us to conclude that the rate of oceanic heat storage is most affected during CAO 

times. 

Further analysis was performed to understand the relationship between QSurf and 

its components during the winter season and during CAO times (Figure 5.5). The 

correlation of the anomalous QSurf with QRad and QTurb showed that the correlation with 

QTurb was greater than the correlation with QRad for both time periods. Interestingly, the 

correlation with QTurb was greater during CAO times than during the winter season, 

while the correlation with QRad was lower during CAO times than during the winter 

season. This agreed with the higher magnitude of QTurb and the lower magnitude of QRad 

previously found during CAO times. Therefore, we concluded that the turbulent heat flux 

drives the magnitude and variability in QSurf, especially during CAO times, and as a 

result is the greatest determiner of the rate of oceanic heat storage during CAO events. 

Lastly, to motivate the importance of accurately measuring the CAO heat flux 

loss, we computed a seasonal total surface heat flux loss based upon the average 
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surface heat flux rate during non-CAO times for each year. The interannual variability in 

this value was then compared to that of the true winter season total heat flux loss. The 

disparity between the values each year then represents the additional heat flux loss due 

to CAO events. This comparison was done for QRad, QTurb, and QSurf and it was found 

that the non-CAO winter season flux loss underestimated QTurb, but overestimated QRad, 

which agreed with our previous result that CAOs act to increase the magnitude of QTurb 

and decrease the magnitude of QRad. These disparities between the true winter season 

values and the non-CAO winter season values were compounded in the total surface 

heat flux term, QSurf (Figure 5.7). However, the interannual variability in the non-CAO 

winter season flux values for all three flux terms captured the interannual variability in 

the true winter season values, with statistically significant correlations well above the 

99% confidence level. This indicated that the CAO events impact the rate of oceanic 

heat storage through changes in the magnitude of heat flux loss, more than through 

changes in the variability of heat flux. As previously discussed, the time scale of the 

CAO events is so short in comparison to the entire winter season that the contribution of 

the CAO flux variability is much less than the contribution of the non-CAO flux variability.  

The large disparities in the magnitude seen from year to year highlight the importance of 

accurately measuring the flux loss due to CAO events, as Figure 5.7 showed that these 

events can double or even triple the total winter season flux loss. These results also 

pointed toward the danger of assuming even an average winter season flux loss value 

to be characteristic of the entire winter season, given that the magnitude and variability 

of the winter season heat flux was found to be very close to the magnitude and 

variability of the non-CAO heat flux used to compute the non-CAO winter season total in 

Figure 5.7. 

 The difference of the true winter season QSurf and the non-CAO season QSurf was 

considered to be a residual value of CAO QSurf. We compared the interannual variability 

in this residual value to that of the total winter season QSurf and found that on average, 

the CAO QSurf contributes over 60% of the total winter season QSurf. Also, the 

interannual variability in the CAO QSurf indicated that in order to accurately estimate the 
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total winter season QSurf, we must correctly capture the magnitude and the variability of 

the CAO QSurf. 

The residual CAO QSurf was compared to the true, calculated value of QSurf 

(Figure 5.9). This comparison showed that indeed the calculated CAO QSurf does 

represent the additional flux loss due to CAOs, and thus does not contain a large 

background flux that would not be attributed to the CAO events. Furthermore, this 

comparison indicated that the basin sum of the season total QSurf could be in error by as 

much as 7 x 107 J if the heat flux loss due to CAOs is not taken into consideration. This 

possible error is put into perspective when it is compared to the magnitude of the 29-

year mean winter QSurf of 6.67 x 107 J, which indicated that the maximum error in QSurf is 

greater than average QSurf. Therefore, we concluded that the CAO surface heat fluxes 

have a large impact on the magnitude of the total winter season surface heat flux loss, 

and more importantly on the time rate of change in upper ocean heat content. 

 

6.2 Future Work 

 

 Through this study, we showed that the winter season surface fluxes cause the 

most spatial and temporal variability in the rate of oceanic heat storage. We then 

showed that during the winter season, the turbulent fluxes largely drive the magnitude 

and the interannual variability of the rate of oceanic heat storage. As a result, 

atmospheric forcing is the main method by which changes in upper ocean heat content 

occur, whereas ocean dynamics is a much smaller contributor to these changes and 

simply acts to increase the magnitude of heat flux loss each year. During CAO events, 

we found that the surface heat fluxes are especially influential to the rate of oceanic 

heat storage. We showed that CAOs greatly impact the total heat flux loss by increasing 

the magnitude of the turbulent fluxes, especially the sensible heat flux, and decreasing 

the magnitude of the radiative fluxes. In fact, we found that the CAO events double or 

even triple the total heat flux loss each winter season. Therefore, capturing the heat flux 

loss due to these events is essential to understanding the changes in upper ocean heat 

content. 
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Figure 6.1. Relationship between the rate of oceanic heat storage during winter season 

(Nov – Mar) CAOs and the July average ocean heat content over the upper 100 m. The 

year corresponds to the November of the winter season and the July of the following 

summer season. 

 

 

Previous studies have shown the importance of upper ocean heat content to 

determining hurricane intensity. We believe that the large amount of winter season flux 

loss due to CAO events could have an impact on the magnitude of the upper ocean 

heat content of the Gulf during the following summer season, thus impacting the 

potential intensity of TCs that enter the basin. Specifically, we believe that years with 

high CAO heat flux loss will result in a lower July average upper ocean heat content, 

leading to less heat available for TC intensification. To explore this, we compute the July 

average ocean heat content (Equation 7) over the upper 100 m for each of the 29 years 

in this study (July 1980 – July 2008) using the potential temperature field of CFSR. We 
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then compare this to the rate of oceanic heat storage of the previous winter season 

(Nov1979-Mar1980 – Nov2007-Mar2008) during CAOs (Figure 6.1).  

 The correlation of the values in Figure 6.1 for the 29-year period is R = 0.49, 

which is statistically significant at the 99% confidence level for n = 29 sample values. 

Interestingly, the correlation seems to improve over time, which is evident in the 

correlation coefficient of R = 0.46 during the first half of the season and the correlation 

coefficient of R = 0.60 during the last half of the season. Note that this same trend was 

found when QT of MERRA was compared to the time rate of change in heat content of 

CFSR. Therefore, we conclude that the improvement in the relationship between the 

rate of oceanic heat storage and the July average upper ocean heat content is due to 

the improvement in model error over time, and not a change in the relationship itself. 

However, the statistically significant correlation indicates that there is a relationship 

between the winter season CAO heat flux loss and the heat content of the following 

summer season. That is, after a winter season in which there is a large magnitude of 

total heat flux loss due to high CAO event frequency, we can expect a lower July 

average upper ocean heat content. However, the range of the July average upper ocean 

heat content is about 6 kJ cm-2, which is only about 5% of the minimum value shown in 

Figure 6.1. Therefore, the winter season CAO heat flux loss influences the interannual 

variability in the upper ocean heat content of the following summer season, but does not 

greatly affect the magnitude of this value. 

 This initial exploration into the impact of winter season CAO heat flux loss on the 

following hurricane season suggests that while the flux loss due to CAOs does affect the 

variability of the summer season ocean heat content, this variability is very small in 

comparison to the total ocean heat content. More in depth analysis must be done to 

better determine how long lasting the effects of the winter season heat loss are, and to 

assess their influence on the thermal structure of the upper ocean during the summer 

season. Particularly, the results of this study could be used to characterize the typical 

summer season upper ocean thermal structure following a winter season with high CAO 

heat flux loss, low CAO heat flux loss, and average CAO heat flux loss. Also, a 

theoretical ocean thermal structure following a winter season with no CAO heat flux loss 
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could be determined from the non-CAO heat flux values found in this study. These could 

be used to determine if the different structures influence the intensity of a TC. 

 Additional future work that could be done includes the use of other reanalysis 

data sets to calculate the ocean heat budget of the Gulf, and to compare those results 

with what we have found here. This would allow us to better understand the magnitude 

of possible errors due to errors in the model heat flux values. Also, the CAO events 

could be studied on smaller time scales to better understand anomalies found in the 

event frequency and heat flux loss. Correlations with various large-scale oscillations on 

these same time scales could help to further understand the atmospheric forcing of the 

changes in the rate of oceanic heat storage. 
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