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ABSTRACT 

Heat fluxes at the air-sea interface are an important component of the Earth’s heat 

budget. In addition, they are an integral factor in determining the sea surface temperature (SST) 

evolution of the oceans. Different representations of these fluxes are used in both the 

atmospheric and oceanic communities for the purpose of heat budget studies and, in particular, 

for forcing oceanic models. It is currently difficult to quantify the potential impact varying heat 

flux representations have on the ocean response. In this study, a diagnostic tool is presented that 

allows for a straightforward comparison of surface heat flux formulations and atmospheric data 

sets. Two variables, relaxation time (RT) and the apparent temperature (Τ∗), are derived from the 

linearization of the bulk formulas. They are then calculated to compare three bulk formulae and 

five atmospheric datasets. Additionally, the linearization is expanded to the second order to 

compare the amount of residual flux present. 

It is found that the use of a bulk formula employing a constant heat transfer coefficient 

produces longer relaxation times and contains a greater amount of residual flux in the higher 

order terms of the linearization. Depending on the temperature difference, the residual flux 

remaining in the second order and above terms can reach as much as 40-50% of the total residual 

on a monthly time scale. This is certainly a non-negligible residual flux.  In contrast, a bulk 

formula using a stability and wind dependent transfer coefficient retains much of the total flux in 

the first order term, as only a few percent remain in the residual flux. Most of the difference 

displayed among the bulk formulas stems from the sensitivity to wind speed and the choice of a 

constant or spatially varying transfer coefficient.  

Comparing the representation of RT and Τ∗ provides insight into the differences among 

various atmospheric datasets. In particular, the representations of the western boundary current, 

upwelling, and the Indian monsoon regions of the oceans have distinct characteristics within 

each dataset. Localized regions, such as the eastern Mexican and Central American coasts, are 

also shown to have variability among the datasets. The use of this technique for the evaluation of 

bulk formulae and datasets is an efficient method for identifying the unique characteristics of 

each. Furthermore, insight into the heat fluxes produced by particular bulk formula or dataset can 

be gained.
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CHAPTER 1 

INTRODUCTION 

1.1 Background and Motivation 

Air-sea fluxes are a very important component of the Earth’s heat budget. An accurate 

representation of these fluxes is necessary to properly model the evolution of the world’s oceans 

and resolve the heat budget of the climate system. Accurate in situ measurement of the fluxes 

requires high frequency data and iterative techniques. Bulk aerodynamic formulas were derived 

to compute the fluxes directly from atmospheric variables. When the bulk formulas are used, the 

latent (Qlh) and sensible (Qsh) heat fluxes are represented by: 

 

              Qlh = ρaCeLUa (qa − qs)                                                       (1) 

 

             Qsh = ρaCpCHUa (Ta −Ts)                                  (2) 

ρa is the density of air, Ce and CH are the transfer coefficients for latent and sensible heat, Cp is 

the specific heat of air, L is the latent heat of vaporization, Ua is the wind speed, qs and qa are the 

specific humidity of the air and sea surface, and Ta and Ts are the temperatures of the air and sea 

surface. The advantage of the bulk formulas is that they can be calculated using atmospheric 

variables such as wind speed, surface pressure, temperature, and specific humidity. While not 

precise, computing fluxes from the bulk aerodynamic formulas provide a good representation of 

the actual fluxes with a much more efficient computation time as compared to tmethods using 

complex equations and iterations.  

Over the years, many variations of the bulk aerodynamic formulas have been introduced. 

While the bulk aerodynamic formulas use the same input data, they can have different methods 

for calculating the various components of the equation, such as the heat transfer coefficient and 

specific humidity. The most significant variation within the equations occurs with the 

determination of the transfer coefficient. There are a few basic methods for determining the 

transfer coefficient. The first, and possibly the most popular, is the use of transfer coefficients 

that are dependent on wind speed and stability (e.g., Large and Pond 1981, Yelland and Taylor 
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1996). Turbulence-based formulations, such as the TOGA-COARE flux model, more accurately 

determine the bulk coefficients by iteratively solving for the dynamic stability of the atmosphere 

(Fariall et al. 1996). This, however, results in very long computation times. Alternatively, Kara et 

al. (2000) introduced a completely empirical formulation for the transfer coefficient, which 

substantially decreases computation times. The transfer coefficient was produced as a fit to 

observational data. Several follow up studies examined the similarity of the Kara bulk formula in 

comparison to the COARE formulation and demonstrated that their bulk formulas provide air-sea 

fluxes consistent with TOGA-COARE at a high level of accuracy over different ocean basins 

(Kara et al. 2000, Kara et al. 2005). 

Considering that bulk formulas can produce accurate representations of oceanic fluxes, 

they should be sufficient to provide the thermal forcing in an ocean model. However, this has 

been shown to not be the case. Inconsistencies can be attributed to a few factors. The first, and 

most problematic, factor is that oceanographers do not possess completely consistent surface flux 

fields with which to force their models (Killworth et al. 2000).  The physical assumptions made 

in each bulk formulation create substantial biases and contribute to the inconsistencies. Further, 

differing input data lead to inconsistent fluxes between data sets. Without a consistent forcing 

field, it is impossible to produce an accurate simulation of the ocean circulation. For example, 

globally integrated annual mean surface fluxes are nonzero so that a perfect model, forced 

entirely by fluxes, would not give realistic solutions over long integrations (Killworth et al. 

2000). Second, the many shortcomings within the model itself present additional roadblocks to 

an appropriate simulation. Whether it is the coarse resolution or the model physics, these factors 

make a perfect simulation impossible. Even perfect fluxes, with a closed global heat budget, 

cannot be used as the only forcing for a stand-alone ocean model because the model’s 

“climatology” is not perfect (Wallcraft et al. 2008). These limitations can lead to problems when 

attempting to provide a thermal forcing to an ocean model. Forcing an ocean general circulation 

model (OCCM) with specified heat flux estimates often results in an unrealistic sea surface 

temperature (Barnier et al. 1995). 

To maintain a realistic SST, one needs to introduce a feedback between the modeled sea 

surface temperature and the bulk fluxes. Haney (1971) introduced a boundary condition which is 

formulated by linearizing a bulk heat flux formula about a specific temperature. By assuming 

that the ocean is in contact with an atmospheric equilibrium state, which is constant in time, the 
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heat flux can be linearized around the atmospheric temperature. The linearized version of the 

heat flux creates a surface boundary condition, which effectively connects the ocean temperature 

with atmospheric variables. Using this boundary condition, the heat flux is expressed as:  

 

      Qnet
(T

o
) = λ × (T *−T

o
)                                 (3)  

 

The apparent equilibrium temperature (T*) and the coupling coefficient (λ) are space and time 

dependent fields (Pavia and Chassignet 2001). The derivation and implementation of this 

boundary condition will be thoroughly discussed in Chapter 2 of this paper. 

Many variations of the above formulation for the heat flux forcing have come about since 

Haney originally introduced it. In Haney’s seminal paper he linearized the heat flux about the air 

temperature. Han (1984) produced a similar version of the above boundary condition with one 

notable distinction. He used a different value for the transfer coefficient in both the latent and 

sensible heat fluxes. The values of the latent and sensible heat transfer coefficients were taken 

from Bunker (1976). The annual representation of λ and T* from Han (1984) is shown in the top 

row of Figure 1.1. Da Silva et al. (1994) produced their own fields of λ using the Comprehensive 

Ocean-Atmosphere Data Set (COADS) over the period of 1945 through 1985. Instead of 

linearizing about the air temperature, da Silva et al. (1994) linearized about a sea surface 

temperature. In addition, the bulk formulas used to do the linearization featured a stability 

dependent transfer coefficient based on the formulation from Large and Pond (1982). Further, da 

Silva et al. (1994) fine-tuned their fluxes so that a closed budget could be produced. Their annual 

value of λ can be viewed in the middle row of Figure 1.1 along with the apparent equilibrium 

temperature. Instead of computing the derivatives of the linearization, da Silva et al. (1994) 

employed finite differencing to compute the components of the linearization. Barnier et al. 

(1995) provided a similar version of the linearized annual heat flux, seen in the bottom row of 

Figure 1.1. They linearized around a climatological sea surface temperature computed from the 

European Centre for Medium-Range Weather Forecast (ECMWF) analysis spanning from 1986 

through 1988. This version also used different bulk formulas, which featured constant transfer 

coefficients. This particular version of the Haney-type boundary condition as been used 

extensively by oceanic modelers to force their models and perform experiments (eg. Smith et al. 

2000; Willebrand et al. 2001; Bryan et al. 2006).  
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Fig. 1.1. Plots of the coupling coefficient (λ) (left) and the apparent equilibrium temperature (T*) 

(right) from previous research. Top row Han (1984), middle row da Silva et al. (1994), bottom 

row Barnier et al. (1995). 
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Comparing these representations of the apparent equilibrium temperature and coupling 

coefficient in Fig. 1.1 illustrates the similarities and differences between them. In particular, the 

Han and Barnier representations are fairly similar with respect to both the coupling coefficient 

and the apparent equilibrium temperature. This suggests that linearizing about the air 

temperature or SST does not create much difference. Conversely, the da Silva representation 

displays much higher values of the coupling coefficient and the apparent equilibrium 

temperature. This would suggest that the bulk formula used for the da Silva linearization 

produces most of the difference between the Han and Barnier representations. However, these 

two observations cannot be characterized as conclusive evidence to that effect. First, each 

formulation uses a different data set spanning a different time period to produce the fields of the 

coupling coefficient and apparent equilibrium temperature. Second, the bulk formulas used differ 

with their representation of the various components. So while these factors certainly contribute to 

the differences, the extent to which they impact the representations of the coupling coefficient 

and apparent equilibrium temperature cannot be quantified. Thus, the potential impact of 

choosing a particular version to force a model simulation is not completely known. 

The majority of previous research into the Haney-type condition considered alternate 

interpretations of the coupling coefficient or explicitly relaxing toward a climatological SST 

instead of an apparent equilibrium temperature (Peirce 1996; Chu et al. 1998; Killworth et al. 

2000). On of the more common interpretations was setting the coupling coefficient to constant 

value. This is, of course, very different from the spatially and time varying coupling coefficient 

originally outlined by Haney (1971). These studies were all done in an effort to isolate the best 

way to produce the forcing for an ocean model. It is important to note that these studies explored 

the validity of the boundary condition and not the bulk formulas that make up the coupling 

coefficient and apparent equilibrium condition. While previous research has explored and vetted 

the validity of the Haney-type boundary condition, there has been little research into the how the 

choice of a particular bulk formula or data set affects the boundary condition. In addition, the 

characteristics of the higher order terms of the linearization have not been fully addressed within 

the literature. It would be helpful to know if the higher order terms of the Haney-type boundary 

conditions are important to the full formulation.  

Since the differing bulk formulas can produce varying representations of the heat flux, it 

would be advantageous to do a comparison between each and be able to isolate the components 
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from the equations that cause discrepancies. When directly comparing different heat flux 

products it is often difficult to discern where the differences between each product stem. Are 

they from the transfer coefficient or the specific humidity formulation? Are they derived from 

the input data? Previous studies, such as Smith et al. (2010), have compared various bulk heat 

flux products. They have been successful in indentifying differences between various bulk 

products. However, the above questions can be difficult to answer when just looking at the 

different representations of flux each bulk aerodynamic formula produces. The impact 

components within the bulk heat flux formulation, such transfer coefficient, cannot be properly 

gauged without common input data.  

 A similar problem exists when attempting to compare various atmospheric data sets. 

Every atmospheric data product uses varying assimilation techniques and parameterizations to 

produce the output variables. As a result, developing a clear comparison between data sets can be 

difficult. Trying to discern the relation ship between the flux products provided in these data sets 

and the variables related to the flux is often challenging, which can make it hard to gain a 

comprehensive picture of the major characteristics of a data set. This problem can be especially 

troublesome when determining a particular data set to use when forcing a model. Often times, it 

is difficult to know how an ocean model is going to behave when forced with a certain data set. 

In ocean modeling it is important to know how your chosen bulk aerodynamic formula and 

forcing data set are going to affect the heat budget, as this can have implications on the SST a 

model produces. For example, if a model produces a lower heat flux over a region, a lower 

amount of heat is extracted from the ocean. This would lead to a higher SST. The opposite can 

be said with a greater flux over an area. Knowing which data sets would force lower or higher 

fluxes over a region would be beneficial when determining a forcing data set to use. 

 

1.2 Objectives 

 The purpose of this research is not to create a restoring boundary condition for forcing an 

ocean model. Instead, the goal is to explore and develop a method to more easily compare bulk 

aerodynamic formulas and various atmospheric data sets. With the bulk aerodynamic formula 

comparisons, the objective is to make a robust comparison that allows for the main drivers of 

difference within the bulk formulas to be found. Furthermore, a clear and concise comparison 
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between various data sets is pursued. This will help gauge the impacts of using a particular data 

set to force an ocean model.  

To do this, the Haney-type boundary condition will be used. Two of the previously 

examined linearized bulk formulas, da Silva and Barnier, will be compared to a bulk formula 

presented in Kara et al. (2000). This comparison will provide an alternate method for comparing 

bulk formulas. By linearizing about the SST, an equation is produced that gives the sensitivity to 

the SST for each bulk formula. This will illuminate where the bulk formulas are most sensitive to 

data input. Once the linearized bulk formula comparison has been completed, a single linearized 

bulk formula can be used to compare various data sets. This comparison will shed light onto the 

various differences between each data set. This, in combination with the linearized bulk formula 

comparison, will provide insight into how a model would produce heat fluxes and how those heat 

fluxes would drive the model’s SST. Further, if an ocean modeler was to choose a restoring type 

boundary condition, we hope to identify the differences that occur based on the choice of a 

particular bulk heat flux formulation.  

 The remaining sections of this paper are as follows. Chapter 2 will discuss the bulk 

formulas used in the thesis and the comparison methodology. The linearization technique and the 

variables used for the comparisons will also be discussed. A look at the second order terms of the 

linearization will be conducted to examine any possible impact from the higher terms in the 

linearization. In addition, the various data sets that are compared will be briefly described. 

Chapter 3 will show the differences between the three linearized bulk formulas examined. 

Chapter 4 will discuss the data set comparison results. The conclusions and future work will be 

discussed in Chapter 5. 
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CHAPTER 2 

METHODOLOGY AND DATA 

2.1 Methodology 

For each bulk heat flux formulation, we linearized about the observed sea surface 

temperature (To). This is similar to the method that was first suggested by Haney (1971). We 

linearized about To for a few reasons. First, the bulk fluxes are directly connected to the SST. In 

addition, as pointed out by Pavia and Chassignet (2001), To can also be observed with reasonable 

accuracy from satellites, whereas the surface air temperature cannot. SSTs are also represented 

relatively well within reanalysis. This suggests that the difference between the SST from each 

data set should be minimal in comparison to the air temperature. Performing the linearization 

around the SST is similar to the method used by da Silva et al. (1994) and Barnier et al. (1995) in 

their analyses of a surface heat flux boundary condition. 

Three bulk formulations are linearized and examined for their differences. With this 

method, it is demonstrated how bulk formulas differ and it is determined how sensitive each one 

is to each input variable. The following section details the formulation of the surface heat flux 

boundary condition. The derivation of the coupling coefficient and apparent temperature will be 

documented, and the formulation of the relaxation time will follow. The relationship between the 

relaxation time, coupling coefficient and apparent temperature will then be discussed. Finally, 

the second order derivative will be examined. This is done to determine the impact of the higher 

order terms. 

2.1.1 Formulation of the Surface Heat Flux Boundary Condition 

The linearization and formulation of the surface heat flux boundary condition will largely 

follow the method presented by Haney (1971) and expanded by da Silva et al (1994) and Barnier 

et al. (1995). The total heat flux Qnet can be expressed at the sum of the net shortwave Qsw, net 

long wave Qlw, latent Qlh, and sensible Qsh heat fluxes:      

           Qnet =Qsw +Qlw +Qlh +Qsh                                  (4) 

If the above equation is linearized about To, it takes the following form:                            
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                                      Qnet
(T

M
) =Q

net
(T

o
) +

δQ
net
(T

o
)

δT
M

× (T
M
−T

o
)                                    (5) 

Qnet(TM) is the flux that would be produced for an ocean model from the model’s SST (TM) and 

Qnet(To) is the net heat flux estimate based on reanalysis or climatological data using an observed 

sea surface temperature (To). The second term on the right hand side represents the dependence 

of the net heat flux to the sea surface temperature and is also known as a coupling coefficient. 

This term signifies the sensitivity the net flux has with a change in SST. TM is the model 

temperature and To is taken from reanalysis or climatological data. Depending on the bulk 

formulation used, the coupling coefficient can vary. This will be discussed thoroughly in the 

following section. The correction term is made up of each component of the net heat flux and 

their respective dependence on To. Since both upward and downward shortwave radiation is 

independent of SST, its contribution to the correction term is zero. Thus, the full correction term 

can be expressed as: 

                                              

δQnet (To)

δTM
=
δQlw (To)

δTM
+
δQsh (To)

δTM
+
δQlh (To)

δTM
                                (6) 

 

Where the components on the right hand side are the derivatives of the longwave radiation, 

sensible heat, and latent heat flux equations. Added together, these terms make up the derivative 

of the net heat flux. The make up of the remaining terms depends upon the bulk formula that is 

used. The long wave radiation correction term only considers outgoing long wave radiation since 

it is the only component of the net long wave radiation that is dependent on SST. Following 

Haney (1971), the full linearization can be condensed in to the following equation: 

                                      

      Qnet
(T

M
) = −

δQ
net
(T

o
)

δT
M

× (T *−T
M
)                                            (7) 

The above equation can be condensed further if the first term on the right hand side is 

represented by a single variable, lambda: 

          λ = −
δQ

net
(T

o
)

δT
M

                                        (8) 
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Now, the Haney-type boundary condition takes the form:                                             

     Q
net
(T

M
) = λ × (T *−T

M
)                      (9) 

 

Where T* is the apparent temperature and is represented by:     

                  

       T* = To +
Q
net
(T

o
)

λ
                                                      (10) 

 The apparent temperature effectively takes a prescribed value of the SST and combines 

that with the effects of the heat exchanges at the air-sea interface. So, instead of relaxing toward 

a temperature value, the modeled temperature is relaxed toward a value that also includes the net 

heat flux and their respective dependence on the SST. This is clearly shown and described by 

Barnier et al. (1995) by doing a simple difference plot between the apparent temperature and the 

SST. The effects of the heat exchanges are obvious. In their study, the apparent temperature is 

colder by 2-3
 
K in the western boundary current regions. Along the tropical bands (10

o
N-10

o
S), 

the apparent temperature is warmer. This is especially prevalent in upwelling regions such as the 

eastern Pacific Ocean off of Peru. This pattern greatly resembles the total heat flux over the 

ocean with large heat losses over the western boundary currents and heat gains over the tropics. 

The character of this variable will be explored and compared further with the formulation and 

data set comparisons. 

2.1.2 Formulation of the Relaxation Time 

When using the Haney-type boundary condition to estimate the thermal forcing of an 

ocean model, the temperature equation becomes:  

               

               
d(T

M
)

dt
=
1

R
T

× (T *−T
M
)                                           (11) 

 

The relaxation time (RT) is computed by using coupling coefficient along with other variables: 

                       

           RT =
ρoCpwΔz

λ
          (12) 
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From the above equation, ρ0 is the density of seawater and is assumed to be 1026 kg m
-3

, Cpw is 

the specific heat of seawater at constant pressure and is assumed to be 4.18 x 10
3
 Jkg

-1
K

-1
 and Δz 

represents the mixed layer depth. Barnier et al. (1995) calculated RT using 35 meters as a 

constant for the mixed layer depth. For comparison purposes, we will use the same measure for 

the mixed layer depth. Once RT is evaluated, it yields an answer in seconds. This can be 

converted into days and gives an alternate view as to what the correction term means. The 

expression in days gives a measure of how long it takes the modeled SST to be pulled to the 

apparent temperature. The larger the number, the longer it takes for the modeled SST to be 

pulled to the apparent temperature. A smaller number means the modeled SST is pulled toward 

the apparent temperature in a shorter time. Since RT is inversely proportional to the coupling 

coefficient, the field it produces should still have a similar spatial distribution be similar to that 

of the coupling coefficient.  

2.2 The Bulk Heat Flux Formulations 

Each bulk heat flux formulation follows the basic bulk aerodynamic flux formula. The 

components of this equation for the sensible heat flux are: air density, specific heat, the bulk 

transfer coefficient for sensible heat, wind speed at 10 meters, and the difference between the sea 

surface temperature and air temperature. The components for the latent heat equation are: air 

density, latent heat of vaporization, the bulk transfer coefficient for latent heat, wind speed at 10 

meters, and the specific humidity difference between the sea surface temperature and air 

temperature. A discussion of each formulation for the coupling coefficient and their differences 

follows. The three bulk formulas examined use a different methodology for their bulk transfer 

coefficients. Along with the bulk transfer coefficients, each equation uses a different equation to 

calculate the specific humidity. A breakdown of each linearization and the components that 

comprise them follows. With these three representations, the results from using a constant, a 

stability/wind dependent, and an empirical transfer coefficient are shown. In addition, the impact 

of the formulation of the surface heat flux boundary condition is examined. 

2.2.1 The Barnier et al. (1995) Formulation 

The formulation from Barnier et al. (1995) (hereafter Barnier formulation) was used to 

form a thermal boundary condition for ocean models with data from the ECMWF. The original 
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annual representation of this formulation using the ECMWF data can be seen in the bottom row 

of Figure 1.1. The ocean is assumed to radiate as a blackbody:  

 

         Qlw (To) = −σ (To)
4                                               (13) 

 

Where σ is the Stefan-Boltzmann constant, which is 5.67 x 10
-8

 Wm
-2

K
-4

. Thus, the longwave 

radiation component of the coupling coefficient takes the form of: 

                                      

                   
δQlw (To)

δTM
= −4σ(To)

3          (14) 

 

The bulk formulation uses constant bulk transfer coefficients for both the latent and sensible heat 

fluxes. Air density, air pressure, wind speed, and temperature are pulled from a data set. Specific 

heat and the latent heat of vaporization are both provided constants. The sensible heat flux takes 

the form: 

                                

             Qsh = ρaCpCHUa (Ta −Ts)                    (15) 

 

The sensible heat addition to the coupling coefficient is evaluated as: 

 

               
δQsh (To)

δTM
= −ρaCpCHUa                                                     (16) 

 

The latent heat flux takes form: 

 

                                                Qlh = ρaCeLUa (qa − qs)          (17) 
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Once linearized about the SST, the latent heat flux contribution to the coupling coefficient takes 

the following form: 

                                                           

              
δQlh (To)

δTM
= −ρaCeLUa × 2353ln10 ×

qs(To)

To
2

                   (18) 

 

For the specific humidity, atmospheric vapor pressure is calculated using the Clausius-Clapeyron 

integrated law. First the specific humidity is calculated by: 

             

                   qs(To) =
0.622

Pa
es(To)                                           (19) 

 

With the atmospheric vapor pressure represented by: 

                                  

                    e
s
(T

o
) =10

(9.4051−
2353

T
o

)

                                          (20) 

 

The constants represented in the above equations are the air specific heat at constant 

pressure (Cp), bulk transfer coefficient for sensible heat (CH), bulk transfer coefficient for latent 

heat (Ce), and latent heat of vaporization (L). The values for these are 1.0048 x 10
-3

 Jkg
-1

K
-1

, 

0.001, 0.0015, and 2.508 x 10
6
 Jkg

-1
 respectively. 

When these three components are calculated and displayed independently, as shown in 

Figure 2.1, the components that are more important to the total correction term become apparent. 

It is quite obvious that the longwave radiation term contributes the least to the total. Values are 

between 5 and 10 Wm
-2

K
-1

 over most of the global oceans. The sensible heat term shows slightly 

higher sensitivities with values in the mid to high latitudes around 10 to 15 Wm
-2

K
-1

. Over the 

tropics, sensible heat flux correction term values are lower. Generally, they are around 5 to 10 

Wm
2
K

-1
. While the longwave radiation and sensible heat correction terms are fairly similar, the 

addition of wind speed as a variable in the sensible heat term creates difference. As wind speed 

increases over the mid-latitudes, so do the sensitivity values. The final term of the total, the latent 

heat term, certainly shows the highest sensitivity values. Two bands of higher sensitivities on 
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each side of the equator and the western boundary currents are the main features that jump out. 

In these regions the sensitivity values reach 35 to 40 Wm
-2

K
-1

. The addition of specific humidity 

clearly has a greater effect on the sensitivity fields. High specific humidity values over the 

tropics lead to the two bands of higher sensitivities close to the equator. Wind still plays a role 

within the latent heat term as well. This trait is seen over the western boundary currents. 

Although surface specific humidity values are lower in these regions compared to the tropics, the 

high wind speeds over these regions create areas of higher sensitivity.  

This same spatial distribution will be exhibited within the following bulk formulations as 

well. However, the magnitudes of the values will vary. The main component of this formulation 

that differentiates it against the other formulations is the use of a constant transfer coefficient. 

We will show that this creates a large difference when compared to other coupling coefficient 

formulations. 
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Fig. 2.1.  Component breakdown of the linearized Barnier formulation. Long wave radiation 

(top), sensible heat flux (middle), and latent heat flux (bottom).  
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2.2.2 da Silva et al. (1994) Formulation 

The bulk heat flux formulation provided by da Silva et al. (1994) (hereafter da Silva 

formulation) is of the Atlas of Marine Surface Data 1994. This particular data set was formed by 

using COADS data over the time period of 1945 to 1989. It is important to note that the data 

used to calculate their provided fluxes were all adjusted to 10 m. The equations for the heat flux 

terms are similar to the formulation documented in the Barnier et al. (1995). However, there are 

notable differences. The main components that differentiate this formulation from the other two 

to be examined is the use of the Large and Pond (1981) formulation for the latent and sensible 

heat transfer coefficients. The transfer coefficient is based on wind and stability characteristics of 

the surface boundary layer. The calculation of specific humidity follows an empirical formula 

outlined by Lowe (1977). The calculation of the latent heat of evaporation is allowed to vary 

with changes in air temperature as well. When looking at the representation of longwave 

radiation, the ocean surface is not assumed to radiate as a blackbody. Instead, an empirical 

formula is used: 

                 

      Qlw = εσ (To)
4
(0.39 − 0.05 e)(1− χc 2) + 4εσ (To)

3
(SST −Ta )                   (21) 

 

Where ε signifies the emissivity, σ is the Stephen-Boltzmann constant, e is the vapor pressure, χ 

is a non-dimensional cloud coefficient, and c is the fractional cloud cover. 

The University of Wisconsin-Milwaukee (UWM) COADS data set does provide monthly 

means of total constrained coupling coefficient. Instead of using the derivative heat flux, the 

authors simply performed a finite difference to find a representation of the linearization, which is 

shown in the following equation:         

                  

            
δQ

net
(T

o
)

δT
M

=
Q
net
(T

o
+ 0.01) −Q

net
(T

o
)

0.01
                   (22) 

However, the individual components (longwave, latent, and sensible heat) are not 

provided. With this in mind, we attempted to reproduce the derivative of each of the total heat 

flux components. A few caveats must be mentioned in regard to our calculation. First, the data 

that was used in the provided calculation of the heat flux derivative was individually adjusted to 
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10 meters. A more detailed description of that process can be found in Volume 1 of the 

UWM/COADS documentation (da Silva et al. 1994). The data we used for our calculations were 

unadjusted. This does, of course, introduce error. However, the overall characteristics of the total 

derivative are still captured. 

 
Fig. 2.2. Annual value of the correction term from the da Silva et al (1994) UWM/COADS data 

set (left) and our calculated version (right). Difference between the provided version in 

UWM/COADS and our calculated version (bottom). 

  

 Generally, this calculation over-estimates the sensitivity in the higher latitudes and under-

estimates the sensitivity in the tropics. This is illustrated in Figure 2.2. Both differences are on 

the order of 0 to 10 Wm
-2

K
-1

. The highest difference is in the Indian Ocean where the difference 

approaches -15 Wm
-2

K
-1

. The differences in the tropics are fairly constant through the year. The 

differences in higher latitudes are maximized in the respective winter months and minimized 

during the summer months. This pattern makes sense, as wind speeds would be stronger and 

more variable in the winter months. This pattern is seen more clearly in the northern hemisphere 
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compared to the southern. This attribute can be explained by the dearth of observations in the 

southern hemisphere. With fewer observations, it would be less likely that the seasonal 

variability would be captured in the southern hemisphere.  Although error is introduced with our 

calculations, we now gain the ability to compare the individual components of the derivative heat 

flux. Not only that, but we are also able to use the same input data across each formulation. This 

gives us a much more consistent comparison than if we had used the provided fields of the 

coupling coefficient from da Silva et al. (1994).  

The spatial characteristics of the da Silva formulation are shown in Figure 2.3. They are 

very similar to that of the Barnier formulation with the exception of the values of the correction 

term being larger by 15-20 Wm
-2

K
-1

 across the globe. The latent heat term continues to be the 

highest contributor to the total correction term. 
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Fig. 2.3.  Component breakdown of the linearized da Silva formulation. Long wave radiation 

(top), sensible heat flux (middle), and latent heat flux (bottom).  
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2.2.3 Kara et al. (2000) Formulation 

 Kara et al. (2000) provided a bulk heat flux formulation suited for running in global 

circulation models (GCMs). It is important to note that the linearization of this bulk formulation 

and its characteristics has yet to be thoroughly described in the literature. In light of this, the full 

linearization will be presented. The Kara formulation does not provide an equation for the 

longwave radiation. For the purpose of comparison, the blackbody assumption will be used in 

conjunction with the turbulent flux to create a full coupling coefficient. The use of the blackbody 

assumption does not particularly affect the differences between each formulation. For the most 

part, the long wave radiation term is an order of magnitude less than the turbulent flux terms. It is 

especially small when compared with the latent heat term.  

The representation of the turbulent fluxes follows the bulk aerodynamic formulas for the 

latent and sensible heat flux. The transfer coefficients are built as empirical polynomial equations 

that depend on temperature difference and wind speed. The transfer coefficients for the latent 

(Ce) and sensible (CH) heat fluxes are: 

                      

                C
e
= C

e0
+ C

e1
(T

o
−T

a
)          (23) 

             

             C
e0 =10

−3
[0.994 + 0.061U

a
− 0.001(U

a
)
2
]                                     (24) 

       

          C
e1 =10

−3
[−0.020 + 0.691(

1

U
a

) − 0.819(
1

U
a

)
2
]                   (25) 

                             

                                                                    C
H
= 0.96C

e
          (26) 

 

As with the other formulations, the Kara formulation also uses a different method for the 

calculation for specific humidity. Their version is based upon a simplified version presented by 

Buck (1981), which incorporates the surface pressure (Pa) in millibars: 
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         qs = 0.98qsat (To)                                (27)        

                                       

               qsat (To) =
0.622es(To)

Pa − 0.378es(To)
                                          (28) 

                 

              e
s
(T

o
) = (1+ 3.46 ×10

−6
P
a
) × 6.1121× e

17.5T
o

240.97+T
o                               (29) 

 

Kara et al. (2000) make thorough comparisons with their formulation and the Tropical 

Ocean Global Atmosphere Coupled-Ocean Atmosphere Response Experiment (TOGA COARE) 

algorithm. They conclude that their simpler method of computing the bulk fluxes still produced 

an accurate solutions comparable to that of the more complex TOGA COARE algorithm and are, 

therefore, quite suitable for use in a GCM (Kara et al. 2000). Subsequent follow up studies, Kara 

et al. 2002, Kara et al. 2005, further confirm this particular parameterization to be sufficient for 

calculating accurate turbulent fluxes in a more computationally effective manner.  

Once linearized about the SST the Kara formulation takes the following appearance for 

the correction term to the sensible heat flux: 

                              

         
δQsh (To)

δTM
= ρaCpUa[(

δCH (To)

δTM
(Ta −To))+ Ce ]                               (30) 

                          

             
δC

H

δT
o

= 0.96C
e1

          (31)  

 

For the latent heat flux correction term the dependence on specific humidity must be taken into 

account as well. 

                           

        
δQlh (To)

δTM
= ρaLUa[(

δCe

δTM
(qa − qs)) + (

δqs(To)

δTM
Ce )]                              (32) 

               

      
δC

e

δT
o

= C
e1

          (33) 
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δqs(To)

δTM
= 0.98

δqsat (To)

δTM
                                          (34) 

                                                                                                   

                                                                                                                

    

     (35)       

                

                 

                                                              

                                                                                                                                                      

                                                                                                                                                     (36) 

As with the previous formulations, the Kara formulation exhibits the same basic 

characteristic of the previous formulations, with the longwave radiation term being this smallest 

and the latent heat term the largest. The spatial distribution of each component is similar to the 

previous two formulations and they are shown in Fig. 2.4. The Kara formulation does exhibit the 

largest values for the coupling coefficient compared to the other formulations. 
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δTM
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Fig. 2.4.  Component breakdown of the linearized Kara formulation. Long wave radiation (top), 

sensible heat flux (middle), and latent heat flux (bottom).  
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2.3 Second Order Terms 

As with any linearization, the higher order terms should be computed to see if they 

contribute a non-negligible amount to the total. It should be noted that even though this particular 

surface flux boundary condition has been used extensively in the ocean modeling world, the 

extent that the higher order terms of the linearization could play in the total has not been well 

documented in literature.  

When expanding the linearization to the higher order terms, the equation for the net heat 

flux becomes: 

            Qnet
(T

M
) =Q

net
(T

o
) +

δQ
net
(T

o
)

δT
M

× (T
M
−T

o
) + (

1

2
)
δ 2Q

net
(T

o
)

δT
M

2
× (T

M
−T

o
)
2
       

                                                           +(
1

3
)
δ 3Q

net
(T

o
)

δT
M

3
× (T

M
−T

o
)
3
...                                           (37) 

To gain a perspective on the higher order terms, we will evaluate the second derivative of the 

coupling coefficient and the residual flux remaining in the third order and above terms. This will 

shed light on any possible implication of neglecting the second order terms of the linearization. 

Only the Kara formulation will be examined. Recall that the Kara formulation uses a wind and 

temperature difference dependent empirical transfer coefficient. As shown in the previous 

section, using a constant coefficient versus a stability/wind dependent heat transfer coefficient 

produces very different results. This analysis will allow us to evaluate how neglecting the higher 

order terms affect the total heat flux. This type of analysis has not been explicitly documented in 

the current literature. Previous research had attempted to alter the first order linearization in 

order create a more accurate representation (eg. Pierce 1996; Killworth et al. 2000; 

Kamenkovich and Sarachik 2004). The higher order terms of the linearization had not been 

conducted before these alternate methods were explored. As a result, it is possible that the 

residual from the second and higher order terms may have been the component missing from a 

more accurate representation of the boundary condition. 
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Fig. 2.5. Second order derivative of the coupling coefficient. Annual representations from the 

Kara formulation. 

 

We use the same assumption for the upward longwave radiation in formulating the Kara 

formulation as was done in the Barnier formulation. Thus, the second derivatives for the 

longwave radiation are exactly the same in both formulations. The second derivative of the latent 

and sensible heat from the Kara formulation are represented by: 

 

          
δ 2Qlh (SST)

δTo
2

= ρaLUa[−(
δCe

δTo

δqs
δTo
) − (

δCe

δTo

δqs
δTo
) − (Ce

δ 2qs
δTo

2
)]                  (38)  

and 

    
δQsh (SST)

δTo
= ρaLUa[−(

δCH

δTo
) − (

δCH

δTo
)]                              (39) 

where,  

                                          
δ 2qsat (SST)

δTo
2

=
a − b

(Pa − 0.378es(SST))
4

                    (40) 
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      b = [(−2P
a
0.378

δ 2e
s
(SST)

δT
o

2
+ (0.378)2e

s
(SST)

δe
s
(SST)

δT
o

)(−0.622P
a

δe
s
(SST)

δT
o

)]      (42) 

and, 

                                 
δ 2es(SST)

δTo
2

= (1+ 3.46 ×10
−6
× 6.1121× [(c × d) + ( f × g)]                          (43) 

                                c =
(17.5(240.97 + SST) − (17.5SST)((240.97 × 2) + (2SST))

(240.97 + SST)
4

       (44) 

 

             d = e

17.5SST

(240.97+SST )           (45) 

 

    f =
17.5(240.97 + SST) −17.5SST

(240.97 + SST)
2

         (46) 

 

               g = f × a           (47) 

 When computed, the latent and sensible heat terms continue to be the dominant terms 

with each being two orders of magnitude larger than the longwave radiation term. The latent and 

sensible heat components add approximately 1 to 1.2 Wm
-2

K
-2

 to the second derivative in the 

Kara formulation. The Kara formulations second derivative retains a larger effect from the 

specific heat. This is the reason the Kara formulation exhibits a distribution similar to the SST. 

The role these higher order terms have in the representation of the total heat flux and the amount 

of residual they produce will be examined in the following chapter.  

2.4 Data Sets 

Three different bulk formulations will be examined using a single data set and five 

different data sets by using one of the bulk formulations. For each data set we will use the same 

input variables: air temperature, sea surface temperature, wind speed at 10 meters, and relative 

humidity. With the exception of the UWM/COADS data set and the National Centers for 

Environmental Prediction Renalysis 1 (NCEP R1) data set, monthly averages of wind speed are 

not provided. Therefore, the u and v components of the wind were taken at each time step in the 
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respective data set and a wind speed was calculated at each time step. For the ERA-40, this was 

done at each 6-hour time step and for North American Regional Reanalysis (NARR) this was 

done on each 3-hour time step. Once monthly averages were completed, they were averaged to 

create and annual representation. All of these variables are then used to produce monthly and 

annual averages over a 21-year period from 1981-2001 with the reanalysis data sets. The only 

exception to this is the UWM/COADS data set, which was produced to cover the time from 

1945-1989. Looking at monthly and annual averages we can gain a rough picture of the 

characteristics of each data set. However, averages over a long time scale, such as monthly, 

effectively smooth out the impacts from synoptic scale weather systems on the latent and 

sensible heat fluxes. In order to gain a more complete picture of the flux characteristics the 

coupling coefficient and relaxation times would need to be computed at each respective time step 

and then averaged. A brief description of each data set follows. 

2.4.1 UWM/COADS 

This dataset was produced by and documented by da Silva et al. (1994). The authors 

produced the UWM/COADS dataset by combining observations from COADS ship data over the 

time period of 1945-1989. The density of the ship observations is shown in Figure 2.9. This data 

set was created with the intention of providing atmospheric and oceanic modelers a homogenized 

source of data to force their respective models. The version utilized here is from a 1-degree by 1-

degree global grid. Long-term monthly means are provided for each variable needed. This is the 

only semi-in situ data set that will be examined. Also, a concrete comparison between some of 

our reanalysis data sets will be impossible since the majority of the data used in this data set 

precludes the reanalysis used. Still, the comparison of long-term monthly means and annual 

averages with the other data sets should help reveal how semi-in situ and pure reanalysis differ. 

It should also be noted that we used the raw, provided data from this data set. Variables such as 

air temperature and wind speed were not adjusted to 10 m, as is standard with the following 

reanalysis data sets that were used. 
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Fig. 2.6.  From da Silva et al. (1995). Density of wind observation used in their gridded data set: 

(a) December 1949 and (b) December 1989. Larger box corresponds to a greater density of 

observations over that grid point.  
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2.4.2 NCEP/NCAR Reanalysis 1 

The National Centers for Environmental Prediction (NCEP) and National Center for 

Atmospheric Research (NCAR) produce at reanalysis product that begins in 1948 and continues 

into the present. This particular reanalysis data set is known as the NCEP/NCAR Reanalysis 1, 

hereafter NCEP R1. This reanalysis dataset is produced on a global T62 Gaussian grid that 

equates to around 210 km horizontal resolution. This is the most coarse resolution data set that 

will be used and also the oldest reanalysis data set. While the use of this data set has become 

more obsolete recently, it is still useful to examine. Examining the differences between this data 

set and the more recent reanalysis should give us deeper insight into the variables that have been 

improved upon over the last few years. Also, many of the deficiencies of this reanalysis have 

been thoroughly documented. Since the overarching purpose of the research is to interrogate data 

sets, it would be advantageous to see if our method exploits the deficiencies of this data set. 

2.4.3 ERA-40 

The European Centre for Medium-Range Weather Forecast (ECMWF) produces a 45-

year reanalysis known as the ERA-40 that spans from September 1957 to August 2002 known as 

the ERA-40. The ERA-40 utilizes a reduced global N80 Gaussian grid (Uppala et al. 2005). This 

produces a grid that has a horizontal resolution that is roughly 125 km. Monthly averages were 

obtained for each variable used. Six hourly wind components were utilized for the wind 

calculations. These components were used to calculate a wind speed every six hours, which was 

then averaged to produce monthly and annual wind speeds. A more thorough discussion of the 

ERA-40 can be found in Uppala et al. (2005). 

2.4.4 NASA MERRA 

The National Aeronautic and Space Administration’s (NASA) modern era retrospective-

analysis for research and application (MERRA) is examined as well. MERRA is available on a 

1/2-degree latitude by 2/3-degrees longitude global grid, which equates to around 35 km 

horizontal resolution. MERRA is available from 1979 to the present. This particular data set is 

available on the highest resolution temporal scale compared to the other data sets. Most of the 

products are produced on an hourly basis. The only exception to this is SST, where MERRA uses 

a weekly product based on the Reynolds SST. The calculations with the MERRA data set do 
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come with one caveat — the high temporal resolution of the wind components yielded high 

computation times to achieve monthly and annual wind speeds. Thus, daily averaged 

components were used to create a daily wind speed, which was then used to create monthly and 

annual means. This does introduce error into the wind speed calculations; however, that should 

not detract much from the final product. 

2.4.5 NARR 

The North American Regional Reanalysis (NARR) data set is a relatively new data set 

which was produced using the regional Eta Model along with improved physics and data 

assimilation (Mesinger et al. 2006). The model has a horizontal resolution of 32 km and a 

domain, which extends from roughly 150-355 degrees longitude and 2-87 degree latitude. The 

data are available on a 3-hour basis. This is the only regional model that will be looked at within 

this paper. Many useful comparisons can still be made, though. Areas such as the Caribbean Sea, 

Gulf of Mexico, and the Gulf Stream can be thoroughly examined. Also, the effect of higher 

special resolution can be compared to the global analyses. 
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CHAPTER 3 

BULK FORMULA COMPARISON 

In this chapter the coupling coefficients, apparent temperatures, and relaxation times of 

each bulk formula will be examined using a single dataset. The aim of the first section is to 

isolate the differences and show where they originate. Next, we examine the residual flux. The 

amount of flux held in the higher order terms of the linearization will be shown.  

 
Fig. 3.1.  Annual value of the coupling coefficient (-dQ/dT). Da Silva formulation (left), Kara 

formulation (right), and Barnier formulation (bottom). 

 

 

To compare each bulk formulation, all three are linearized about the SST. This process 

was documented thoroughly in Chapter 2. For the comparison, the da Silva et al. (1994) 

UMW/COADS data set is used as the input parameters. As outlined in the data sections, the 
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UMW/COADS data set provides a long-term monthly mean for each input parameter. By 

inputting the same data input into each linearized bulk formula, we can view the differences 

created by the equations themselves. In the following sections we will discuss the differences 

between the formulations’ representations of the annual and seasonal cycles of RT and T
*
. 

3.1 Annual Average Comparison 

When we examine each formulation, a few traits are notable. First, the spatial distribution 

of the coupling coefficient (-dQ/dT), shown in Fig. 3.1, is very similar between the formulations. 

In the midlatitudes, the oceanic western boundary currents stand out. Two areas of high 

sensitivity also exist in the Indian Ocean. One area extends off the Horn of Africa and the other 

emanates from the Bay of Bengal. Generally, each formulation exhibits higher sensitivities in the 

tropics. This same spatial pattern was seen in a study by Barnier et al. (1995) and by Han (1984). 

Although the similarities extend only in the spatial distribution. The magnitudes of the 

sensitivities differ greatly. This is most noticeable when comparing the Barnier formulation with 

both the Kara and da Silva formulations. The Barnier formulation exhibits maximum sensitivities 

in the range of 40 to 50 Wm
-2

K
-1

. In contrast, the da Silva formulation has maximum values from 

60 to 70 Wm
-2

K
-1

. The Kara formulation more closely resembles the da Silva formulation with 

minor spatial differences and with the peak values in certain areas. These differences are shown 

in Figure 3.2. Generally, the Kara formulation has values that are 5-15 Wm
-2

K
-1

 higher. These 

differences are maximized in the regions of peak values, such as the western boundary currents, 

and in the tropical band north and south of the equator. 

 
Fig. 3.2. Difference plots of the annual values of the coupling coefficient. Kara formulation 

minus da Silva (left) and Kara formulation minus Barnier (right).  
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The nature of these differences can be explained by the variation of each respective 

formulation. The two main differences between each formulation are the transfer coefficient and 

the specific humidity formulations. Each was examined to see how much they contributed to the 

overall difference. When looking at the departure between the Kara formulation and the da Silva 

formulation, there are subtle differences in the spatial distribution. In the western Pacific Ocean, 

the signal from the Kuroshio does not extend as far in the da Silva formulation as it does in the 

Kara formulation. Otherwise, the da Silva and Kara formulations are comparable. The Kara 

formulation does show a positive bias in the midlatitudes and a negative bias in the tropics when 

compared to the da Silva Formulation.  

 
Fig. 3.3 Annual apparent temperature from the da Silva formulation (left), Kara formulation 

(right), and Barnier formulation (bottom). 
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The apparent temperatures from each formulation appear to have a similar spatial 

characteristic. This result is expected since the SST used for the apparent temperature calculation 

is the same with all formulations. For the most part, the largest values for the apparent 

temperature are found in the Pacific warm pool and extend into the Indian Ocean. There is also a 

maximum present along the west coast of Central America. To a smaller extent, there is a 

maximum value present off west equatorial Africa in the Barnier and Kara formulations. The 

lowest values for the apparent temperature are seen in the Kara formulation and the highest 

values are seen in the Barnier formulation. The values in the da Silva formulation fall in 

between. Since the Kara formulation creates larger values for the correction term, it is logical 

that the Kara formulation produces smaller values for the apparent temperature. These results can 

be interpreted as follows. The da Silva formulation creates a boundary condition in which the 

apparent temperature is lower. Thus, the apparent temperature’s departure from the SST will be 

lower. The opposite effect is seen in the Barnier formulation. 

 
Fig. 3.4.  Annual apparent temperature differences between the Kara and da Silva Formulations 

(left) and Kara and Barnier Formulations (right). 

 

 

Another interesting observation can be seen in the apparent temperature difference plots. 

Difference plots were done with respect to the Kara formulation. Even though the differences 

between the Kara formulation and the da Silva and Barnier formulations are less than +/- 1
0
C, a 

few observations can still be made that further reinforce the observations made when comparing 

the correction terms. First, it is clear that the Barnier formulation produces an apparent 

temperature much different than the apparent temperature in the Kara or da Silva formulations. 

The difference plot between the Kara and Barnier apparent temperatures shows that the Barnier 
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formulation has the lowest apparent temperature over the western boundary currents. Since the 

Kara formulation has larger apparent temperatures over this region, it can be inferred that its 

coupling coefficient is larger. Thus, the Kara formulation would produce an apparent 

temperature closer to the observed SST. In contrast, over the equatorial Pacific region it would 

produce smaller apparent temperatures in relation to the Barnier formulation. It is obvious that 

the greatest difference between the Kara and Barnier formulations is over regions where high 

fluxes are found, such as the western boundary currents and upwelling regions. This difference is 

tied to the differing transfer coefficients. It is evident that the use of constant transfer coefficient 

causes large discrepancies in the regions of high fluxes.  

The difference between the Kara and da Silva apparent temperatures has another 

distribution, as can been seen in Fig. 3.4. The representation over the boundary currents is much 

closer. However, the difference pattern follows that of the Kara and Barnier formulation 

differences. The area of highest positive difference occurs in the western boundary currents; 

although, the differences are much less when compared to the differences between the Barnier 

and Kara formulations. This shows that formulations that use a stability and wind dependent heat 

transfer coefficient will be more similar. Large negative differences exist along the coast of Peru 

and along the southwestern coast of Africa, which is connected to the transfer coefficient of the 

da Silva formulation. The transfer coefficient employed by the da Silva formulation is a stability-

based formulation that evidently is much more sensitive over the stable, upwelling regions. This 

also explains the differences seen over the western boundary currents. 
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Fig. 3.5.  Annual relaxation time for the da Silva formulation (left), Kara formulation (right), and 

Barnier formulation (bottom). 

 

 

The above statements can be further examined by the relaxation times, which are shown 

in Figure 3.5. As expected, the pattern of the relaxation time closely follows the correction term, 

as expected. The tropics and the western boundary currents in the midlatitudes have with the 

lowest values for the relaxation time. The da Silva formulation has shorter relaxation times 

ranging from around 20 days to 80 days in the polar latitudes. The Barnier formulation exhibits 

the longest relaxation times with a range from 30 days in the tropics and approaching 90 days 

closer to the poles. As with the correction term comparisons, the Kara formulation’s relaxation 

time is in-between the previous two. The Kara formulation does produce similar relaxation times 

between the western boundary currents and the tropics. This is in contrast with the da Silva 

formulation, where the lowest values are clearly present in the tropics and the western boundary 

currents are not as defined. The representation of the northeast portion of the Gulf Stream does 
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not fan out as it does in the Kara formulation.  One other interesting difference is the spatial 

variability. The da Silva formulation is much more continuous between 30 degrees north and 

south. The Barnier and Kara formulations delineate a clear local maximum along the equator, 

which is especially present in the Kara formulation. Each formulation produces values for the 

relaxation time scales that are similar to those found in previous research. The importance of this 

result is that each bulk formulation produces a different spatial variability when compared to the 

other. Also local maximums and minimums vary in magnitude between each data set. This 

shows that by using the discussed proxies, one can further exploit differences between bulk 

formulations on an annual scale. 

 

3.2 Monthly Comparisons 

When these different variables are broken down into a monthly pattern, shown in Fig. 

3.6, additional differences can be found. In particular, the differences between the Kara and da 

Silva formulations really begin to surface. The annual results of the Kara and da Silva 

formulations are very similar with a few exceptions. The main difference is the Kara formulation 

has stronger maximums and weaker minimums and differences with the spatial patterns.  

In the January comparison, the da Silva formulation has a slightly larger background 

value within the tropics than the Kara formulation does. However, the Kara formulation exhibits 

higher maximum values of –dQ/dT within the regions of the western boundary currents and in 

the belt that extends from the Philippines eastward. These traits are well-illustrated by the plots 

of the relaxation time.  
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Fig. 3.6.  Relaxation time plots for January (top), April (second from top), July (second from 

bottom), and October (bottom). The three formulations are represented in each column: da Silva 

(left), Kara (middle), and Barnier (right). 
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Fig. 3.7.  Apparent temperature plots for January (top), April (second from top), July (second 

from bottom), and October (bottom). The three formulations are represented in each column: da 

Silva (left), Kara (middle), and Barnier (right). 

 

 

Similar to the annual comparisons of relaxation time, the Kara formulation shows more distinct 

peaks and has a clear minimum along the equator. For April, the spatial pattern is again very 

similar with respect to the relaxation time fields: the Bay of Bengal and the Arabian Sea stand 

out. The da Silva formulation shows shorter relaxation times, which means the values of –dQ/dT 

are larger. This is still a result of the da Silva formulation having a higher background value of 
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dQ/dT in the tropics. As in the January comparisons, the Kara formulation has larger maximum 

values. The boreal summer months provide more interesting contrasts between the Kara and da 

Silva formulations. The Arabian Sea begins to exhibit large values of relaxation time in May in 

both formulations. The months of June and July have the largest values for the coupling 

coefficient in each formulation. The Kara formulation exhibits the largest values of the coupling 

coefficient during those months and extends those values over a larger area. This suggests that 

the Kara formulation is more sensitive to the wind, moisture, and temperature input. The regions 

of stronger winds, larger temperature, and moisture differences yield a stronger response in the 

Kara formulation. One very noticeable difference between the three formulations is an area in the 

south Pacific. The Kara formulation has a distinct bulls-eye whereas the other two formulations 

do not. When the July relaxation times from all the formulations are compared with a wind speed 

plot for July, the source is readily noticeable. The July wind speed has an almost identical spatial 

distribution comparison to the correction term. Since the transfer coefficient in the Kara 

formulation depends on both temperature difference and wind speed, the wind can produce more 

noticeable traits within the Kara formulation. The difference between the da Silva and Barnier 

formulations make sense since the da Silva formulation’s transfer coefficient is more stability 

based, and the Barnier formulation’s transfer coefficient is constant. Compared with the Kara 

formulation, the Barnier and da Silva formulations do not display a robust signature. This is 

further supported by spatial correlations over the entire domain. The correlations between the 

Kara formulation and the wind speed are 0.53, while the Barnier formulation’s correlation to 

wind speed is much less.  

The month of April exhibits the largest values in the apparent temperature for each 

formulation. As in the annual version, the Barnier formulation exhibits the highest apparent 

temperature. The Kara formulation has the next highest apparent temperature and the da Silva 

formulation has the lowest. The apparent temperature representation of the remaining months of 

the year are all fairly similar. A higher apparent temperature suggests smaller flux sensitivity 

with respect to the net heat flux. So it is logical that the Barnier formulation has the highest 

apparent temperature. This effect of the transfer coefficient will be further examined with an 

analysis of the residual flux produced between the Barnier and Kara formulations. This will 

demonstrate which component of the formulations contributes the most to the differences. 
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Fig. 3.8.  July relaxation time from the Kara formulation (left) and UWM/COADS wind speed 

(right). 

 

3.3 Residual Flux 

Since we perform a linearization on all three heat flux formulations, the residual flux 

should be examined to gauge the accuracy of the linearization assumption. The goal of this 

analysis is to appraise the validity of the linearization and the impact of using a constant transfer 

coefficient or spatially varying transfer coefficient. With that in mind, the Kara and Barnier 

formulations will be compared in this section. The large discrepancies between the two 

linearized formulations presented in the previous sections make the Kara and Barnier 

formulations ideal for such a comparison. Furthermore, this will allow for a comparison between 

an older and simpler formulation (Barnier) and a newer and more sophisticated formulation 

(Kara).  

The following examination of the residual flux will be described using the Kara 

formulation as the reference. Since the Kara formulation is the reference, the fluxes are 

calculated using the formulas presented by Kara et al. (2000). Next, the first order components of 

the linearization are subtracted from the reference to gauge the residual flux from the higher 

order terms. This makes it possible to observe how well the linearization approximates the actual 

flux. Fig. 3.9 shows the residual flux from the Barnier and Kara formulations using the Kara 

formulation as a reference. It is apparent that the Barnier formulation produces a much larger 

residual flux in comparison to the Kara formulation. The Barnier formulation produces residual 

flux values upwards of 30 Wm
-2

. The high areas of residual flux are located in the tropics and in 

the western boundary currents. Since the patterns of the highest residuals in the Barnier 

formulation follow the regions that typically exhibit higher heat fluxes, it can be presumed that 
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the assumption of a constant heat transfer coefficient causes the larger residual flux. In contrast, 

the wind and stability dependent heat transfer coefficient of the Kara formulation produces much 

lower residuals. In the Kara formulation, if the linearization is done to the first order, the residual 

flux ranges from 6 to 10 Wm
-2

. This is clearly a much better approximation than the Barnier 

formulation. 

  

 
Fig. 3.9.  Plots of the residual flux when using the first order approximation with the Barnier 

(left) and Kara (right) formulations. The temperature difference is assumed to be 1
o
C between 

TM and To. The bottom plot shows the difference between Qnet(TM) and Qnet(To).  

 

 Figure 3.10 clearly demonstrates the effect of the assumption of a constant heat transfer 

coefficient, which is employed by the Barnier formulation. When the constant heat transfer 

coefficient is substituted into the Kara formulation, the representation of the first order 

component of the linearization resembles that of the Barnier formulation. The same can be said if 

the Kara heat transfer coefficient is inserted into the Barnier formulation. When that is done, the 

Barnier formulation resembles the Kara formulation although small differences do remain. These 
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differences can be attributed to the different formulation for the specific humidity equation and 

different assumptions made with respect to how density is calculated. It should be noted that if 

the reference used were the Barnier formulation, the linearized version of the fluxes would be a 

suitable approximation to the first order. However, these results clearly show that the Barnier 

formulation is not sufficient when compared to a more complete formulation such as the Kara 

formulation. 

 One last analysis of the residual terms was conducted to see how much the second order 

terms from the Kara formulation would add to the total. For this comparison, the residual was 

calculated assuming either a 1
o
C or 4

o
C difference between TM and the To. So, Qnet(To) would be 

the net flux if To was increased by either 1 or 4
o
C. When these terms were computed assuming a 

1
o
C difference, they only added 6-10 Wm

-2
 to the total flux. This is around a 10% contribution to 

the total residual flux. Thus, linearizing the Kara formulation to the first order is a reasonably 

good approximation of the total heat flux. To further explore this point, a temperature difference 

of 4
o
C was also used to examine the effect of the higher order terms. The result shows that the 

second order term can contribute up to 15% of the total residual. So, the second order terms 

would have to be considered for addition if the disparity between the modeled and observed SST 

is assumed to be large. 
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Fig. 3.10. Represenation of the first order turbulent flux contribution from the Barnier 

formulaiton (top left) and Kara formualtion (top right). Barnier formulation using Kara heat 

transfer coefficient (bottom left) and Kara formulation using Barnier transfer coefficients 

(bottom right).  
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Fig. 3.11. Residual flux from the Kara formulation linearization to the first order (left column) 

and to the second order (right column) assuming a 1
o
C temperature difference between To and 

SST (top row) and 4
o
C temperature difference between To and SST (bottom row). 

 

3.4 Discussion 

A very useful result of this comparison is the discovery of how much the transfer 

coefficient influences the heat flux formulation. The transfer coefficient has a large role in how 

the examined formulation behaves with a change in temperature. The more sophisticated transfer 

coefficients yield a product that is much more sensitive to temperature and wind speed. This in 

turn creates larger fluxes as shown in the apparent temperature difference plots of the Kara and 

Barnier formulations. The Kara formulation has larger apparent temperatures over the western 

boundary currents suggesting a larger heat flux from the ocean. This point is further reinforced 

by the monthly breakdown of the coupling coefficients. The months having large seasonal wind 

speeds are associated with a larger response by the coupling coefficient. In January, the western 
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boundary currents exhibit their highest values. During the boreal summer, the Indian Ocean 

shows a large response to the monsoon cycle. Although the Kara and da Silva formulations of 

the coupling coefficient only differ by 5-15 Wm
-2

K
-1

 annual scale, the differences become more 

apparent over a monthly scale. The greater sensitivity to wind speed is shown in the Kara 

formulation. Higher wind speed regions produce larger values of the coupling coefficient in the 

Kara formulation.  

The comparison between the Kara and the da Silva formulations further show the utility 

of an empirical transfer coefficient. The Kara formulation, which was introduced with the 

objective of being more computationally efficient than formulations such as da Silva’s, produces 

a result that is comparable in both spatial distribution and magnitude. The similarities between 

the two formulations further verify that the Kara formulation produces a good representation of 

the turbulent fluxes. This formulation produces not only results similar to observation, but also 

similar sensitivity to changes in the sea surface temperature. The only differences are the Kara 

formulation’s being more sensitive to regions of higher wind speeds and the da Silva 

formulation’s being more sensitive in the upwelling regions. This is directly related to the wind 

and temperature difference dependence in the Kara formulation’s transfer coefficient and the 

stability dependence of the Large and Pond transfer coefficient within the da Silva formulation. 

Having transfer coefficients that are dependent on temperature differences and wind 

speed does add a noticeable effect to the heat flux product. This is an obvious result and further 

shows why the community has shifted to using more sophisticated bulk formulations when 

forcing models. Greater sensitivities suggest that the input data will have a greater impact on the 

output fluxes.  

The final result from this comparison is the effect these formulations have on the validity 

of linearizing the heat flux to the first order. Residual fluxes were calculated assuming a 

temperature difference of 1
o
C between Qnet(TM) and Qnet(To). It is clear that the linearized 

Barnier formulation produces a much larger residual flux. This supports the idea that using 

constant heat transfer coefficients in the linearization produces a representation that may not be a 

valid approximation when the reference is a more sophisticated representation of the fluxes. In 

contrast, the Kara formulation produces a much lower residual that is on the order of 6-10 Wm
-2

. 

The second order terms of the Kara linearization were also examined to see how much of the 

residual is held in those terms. Only 1-2 Wm
-2

 is held in the second order term. Thus, linearizing 
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the Kara formulation to the first order is a good approximation and superior to the Barnier 

formulation. To demonstrate the effect of the constant transfer coefficient, it was substituted into 

the Kara formulation. This caused the first order term of the Kara formulation to resemble the 

first order term of the Barnier formulation. These results clearly demonstrate that the use of a 

wind and stability dependent transfer coefficient produces a much better representation of the net 

heat flux when linearized to the first order.    
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CHAPTER 4 

DATA SET COMPARISON 

 Computing relaxation time and apparent temperature from bulk heat fluxes is also useful 

for data set comparisons. In this chapter the Kara formulation is used to compare the datasets. 

This formulation is easy to apply to various data sources since it is derived from a bulk formula 

that uses an empirical transfer coefficient. As shown in the previous chapter, the Kara 

formulation is more sensitive to the input as compared to the other formulations, making it easier 

to identify areas of difference between each data set. Also, the Kara formulation produces an 

accurate representation of the fluxes. In addition, the Kara bulk formulas are commonly used in 

OGCM simulations. Since it is a proven method for computing the fluxes, it would be useful to 

see how the linearized Kara formulation reacts to various data sources. This will provide insight 

into the differences between the data sets and how they would affect the heat flux and evolution 

of the modeled SST. In addition to the UWM/COADS data set, we will examine three other 

global reanalyses (NCEP R1, ERA-40, MERRA) and one regional reanalysis (NARR). 

4.1 Annual Average Comparisons 

The annual relaxation time representations of each data global data set have similar 

spatial patterns (Fig. 4.1). Generally, shorter values of relaxation time are found in the tropics 

and in the western boundary currents.  However, the differences between the ERA-40 and the 

other data sets are quite noticeable, as shown in Figure 4.2. The difference plots are done with 

respect to the ERA-40. The ERA-40 data set was chosen since it is a reanalysis data set used 

throughout the oceanic and atmospheric communities. As a general rule, the reanalysis data sets 

exhibit a lower sensitivity and longer relaxation time when compared to the UWM/COADS 

across the entire globe. 
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Fig. 4.1.  Annual relaxation time plots from each data set. Clockwise from the top left: 

UWM/COADS, NCEP R1, MERRA, and ERA-40. The only regional data set examined, NARR, 

is shown on the bottom.  
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The largest difference in the data sets occurs over the coastal waters of Peru. The 

character of the upwelling is much different in the NCEP R1 data set than in the other datasets. 

The effect of the upwelling can be seen in the localized area of longer relaxation times within 

each representation in the data sets. In this region, the SSTs are lower which causes the coupling 

coefficient to be lower. A low correction term corresponds to an increased relaxation time. In the 

NCEP R1, the effect extends further off the coast and encompasses a larger area. This is in stark 

contrast to the UWM/COADS, ERA-40, and MERRA representations. Each of these datasets 

depicts a smaller and more enclosed area of longer relaxation times off the coast of Peru. The 

differing resolutions of the data sets could be considered the factor that creates the difference 

over this region. A lower resolution dataset, such as the NCEP R1, could diffuse the upwelling 

effect over a larger area. This would explain the larger region of longer relaxation time. 

However, the comparisons with the other data sets suggest otherwise. The UWM/COADS and 

ERA-40 have similar resolutions, and both data sets represent that region as having longer 

relaxation times encompassing a smaller region off the coast. This suggests that the input data 

from the NCEP R1 is different for this region. It is likely that the wind, the SST, or possibly 

both, are lower in the NCEP R1 data set over this region than in the other global datasets 

examined. This comparison suggests that using the NCEP-R1 data set to force an ocean model 

would produce a very different representation of the SST evolution. An examination of the 

difference between the apparent temperature and SST will cement this conclusion further. 

Further west along the equator, toward Indonesia, the NCEP R1 exhibits the same 

characteristics as it did off the coast of Peru. This is seen clearly in Figure 4.2. In comparison to 

the other reanalysis and UWM/COADS, it has a longer relaxation time. The similarities the 

MERRA and ERA-40 had off the coast of Peru are now gone. The MERRA data set has shorter 

relaxation times, which is similar to the relaxation time produced from the UWM/COADS data 

set.  
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Fig. 4.2. Difference plots of the annual relaxation time. All data sets differences are done with 

respect to the ERA-40 data set. Clockwise from the top left: UMW/COADS, NCEP R1, NARR, 

and MERRA. 

 

The NCEP R1 and ERA-40 seem to have similar a representation along the equator in the 

Indian Ocean, but the similarity ends there. The NCEP R1 data set exhibits much shorter 

relaxation times over the southern Indian Ocean. The two hot spots (the Horn of Africa and the 

Bay of Bengal) are depicted in each with slight differences in the magnitude. Each shows a hot 

spot in the southern Indian Ocean, west of Australia. Compared to the other data sets, NCEP Rl 

has the shortest relaxation time in this region, MERRA has the longest, and the ERA-40 is in the 

middle.  

 Along the Southern Ocean, the ERA-40 and MERRA are both very similar with a nearly 

identical area of longer relaxation time south of Australia. The NCEP R1 data set also exhibits 

these same features in the Southern Ocean. However, the NCEP R1 does exhibit slightly shorter 
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relaxation times over this region. Even though there are subtle differences in the reanalysis data 

sets, they have a similar representation of the relaxation time over the Southern Ocean. 

Considering that each of the reanalyses is very different elsewhere, the similarities over this 

region yield a higher confidence in the representation of the Southern Ocean. In contrast, this 

result shows a deficiency with the UWM/COADS data set since it is the outlier. The large 

absence of ship observations in the Southern Ocean compared to the Northern Hemisphere, 

shown in Fig. 2.1, undoubtedly affects the quality of this data set in that region, which is obvious 

when compared with the reanalysis.  

 
Fig.4.3 UWM/COADS annual relaxation time (left), ERA-40 annual relaxation time (right), and 

UWM/COADS annual relaxation time using ERA-40 annual wind (bottom). 
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Fig. 4.4.  Annual apparent temperature plots from each data set. Clockwise from the top left: 

UWM/COADS, NCEP R1, MERRA, and ERA-40. The only regional data set examined, NARR, 

is shown at the bottom.  
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 The western boundary currents are represented in varying fashion between each data set. 

The most interesting representation is in the MERRA data set. Both the Gulf Stream and 

Kurishio regions have the highest relaxation times when using the MERRA dataset. This is 

clearly visible in the western boundary currents, where the values of relaxation time are higher 

by around 2 to 4 days. This trait is especially prevalent over the Kurishio. This bias can be 

partially explained by the misrepresentation of winds, a problem with the MERRA data noted by 

Roberts et al. (2011). The low wind speed bias causes MERRA to exhibit lower turbulent fluxes 

in the midlatitudes. The UWM/COADS maintains the shortest relaxation times, followed by the 

NCEP R1. The ERA-40 and MERRA are more similar, except for the representation of the 

Kurishio.  

The regional data set, NARR, is fairly similar with respect to the Gulf Stream. However, 

a few areas are notably different. First, the area off Baja California exhibits a sizable negative 

bias, which is illustrated in Fig. 4.2. Also, over the Gulf of Mexico, NARR seems to have a 

slightly lower sensitivity in comparison to the other data sets. This difference can be attributed to 

a low wind speed bias, which has been noted within the NARR.  

The role wind plays in the relaxation time is clearly illustrated in Fig. 4.3. It is obvious 

that higher wind speeds depicted in the UWM/COADS data set are the main driver for creating 

the shorter values of relaxation time. If the ERA-40 winds are used with the UWM/COADS data, 

the representation of the relaxation time begins to resemble the full ERA-40 representation. The 

remaining source of the difference can be attributed to the depiction of the SST within each data 

set. 

One regional feature worth examining is the gap flow off Central America. Obviously, 

this is a smaller scale phenomenon in comparison to the other features noted previously. For this 

examination, the difference plots with respect to the ERA-40 (Figure 4.2) are used. Since the 

NARR is one of the highest resolution data sets, it should pick up this feature more effectively 

compared to the other datasets. The two small areas of shorter relaxation times just off the 

western Central American coast show the effect of the gap flow. The locally higher winds over 

this region cause shorter relaxation times, which are the result of the increased flux they induce. 

A clear area off southern Mexico in the NARR represents the effect of the gap flow. Of the 

global reanalysis data sets, only MERRA and the ERA-40 reproduce a similar result. The 

MERRA actually produces the lowest relaxation times along the southern Mexican coast. The 
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ERA-40 does not exhibit the same magnitude over southern Mexico: instead, it shows an area 

further south, off the western Central American coast, with a shorter relaxation time. The NCEP 

R1 does not hint at this feature at all, since this region is under higher relaxation times. The 

UWM/COADS data set does show this feature to an extent, even though the data set has inferior 

resolution. It does extend an area of lower relaxation times toward the coast. Figure 2.6 shows 

that there could be sufficient ship data from this region to roughly capture this feature within the 

UWM/COADS dataset. These results from the reanalysis are not surprising. The lower resolution 

data sets did not pick up this feature, while the two highest resolution data sets did. This region 

will be discussed further with monthly comparisons. 

 
Fig. 4.5. Difference plots of the annual apparent temperature. All dataset differences are done 

with respect to the ERA-40 dataset. Clockwise from the top left: UWM/COADS, NCEP R1, 

NARR, and MERRA. 
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 The apparent temperature of each data set, shown in Fig. 4.4, shows the same basic 

representation previously shown in the bulk formulation comparison section. A distinct 

maximum resides over the tropical latitudes toward the equator and steadily declines toward the 

poles. Regions of upwelling in the tropical latitudes are noted over the western coasts of South 

America and northwest Africa. The difference plots, shown in Figure 4.5, effectively point out 

the variation of the apparent temperature. The NCEP R1 and ERA-40 data sets have a similar 

representation of the apparent temperature.  The largest differences occur off the coast of Peru, 

along the coasts of Baja California, and just off the coast of Ivory Coast of Africa. Off the coast 

of Peru, the NCEP R1 has a higher apparent temperature, which extends farther off the coast. 

Along the immediate coast of western South America, the two data sets are similar. Off Baja 

California, the ERA-40 has apparent temperatures that are up to 3
o
C lower than those shown in 

the NCEP-R1. Finally, the NCEP R1 shows lower apparent temperatures close to the coast of the 

Ivory Coast, while the ERA-40 exhibits this area farther north. It should also be noted that the 

NCEP R1 is a full degree cooler in this region as well.  

 The MERRA data set has a representation vastly different when compared to both the 

NCEP R1 and ERA-40. An example of the difference is over the Pacific Ocean, where there is a 

larger area of positive bias extending from the coast of Peru. This trait makes the MERRA data 

set distinct from the NCEP R1 and ERA-40 and also points out a similarity to the UWM/COADS 

over the open Pacific Ocean. This is further illustrated in the plots of the departure of the 

apparent temperature to the SST. MERRA does share a few similarities of the apparent 

temperature with the ERA-40. In particular, the region off of Baja California is fairly similar. 

Both the ERA-40 and MERRA have an apparent temperature around 2
o
C lower than the apparent 

temperature in UWM/COADS. However, the extent of the -2
o
C area is larger in MERRA. Off 

the coast of Peru, MERRA has a representation close to that of the ERA-40. MERRA does not 

extend warmer apparent temperatures as far off the coast as the NCEP R1 does. 

 NARR has a representation similar to that of the NCEP R1 and ERA-40 over the western 

Atlantic and over the east Pacific, a representation similar to that of the ERA-40 and MERRA. 

Over the Gulf of Mexico, NARR does resemble MERRA with slightly higher values of the 

apparent temperature.  
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Fig. 4.6.  Annual apparent temperature minus SST plots from each data set. Clockwise from the 

top left: UWM/COADS, NCEP R1, ERA-40, and MERRA. NARR is shown on the bottom.  

 

 The final metric used to compare these data sets is the departure of the apparent 

temperature from the SST, which is shown in Figure 4.6. Following the method used by Barnier 
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et al. (1995), the coupling coefficient is calculated using the input data from the respective data 

set. The net heat flux is also taken from the data set along with the SST. The characteristic of 

these plots resemble the net heat flux. Using this metric, the similarities between the 

UWM/COADS and MERRA are evident over the open Pacific and Atlantic oceans. The Pacific 

and Atlantic ocean basins have apparent temperatures that are greater than the provided SST 

within UWM/COADS and MERRA. This means that there is a net heat gain over these regions. 

In contrast, the NCEP R1 and ERA-40 show a large area of heat loss. Over the regions of large 

heat loss or heat gain, the reanalysis data sets are in better agreement. The expanse and 

magnitude of the Kurishio and the Gulf Stream are similar. The UWM/COADS data set does not 

extend the effects of the Kurishio as far west as the reanalysis does. The representation of the 

Gulf Stream is more similar between UWM/COADS and the reanalysis. However, 

UWM/COADS still fails to extend the effects as far north and east as the reanalysis does. The 

MERRA data set exhibits a slightly smaller region of heat loss over the western boundary 

currents compared to the lower resolution global reanalysis. NARR resembles the depiction of 

the apparent temperature departure from SST over the Gulf Stream and the western Atlantic 

Ocean shown in the NCEP R1 and ERA-40. Regarding the Gulf of Mexico, UWM/COADS and 

NARR are actually the most similar to each other. NCEP R1 and the ERA-40 exhibit similarities 

over this region as well. All four of these data sets mainly exhibit negative values over the Gulf, 

which shows a net heat loss. The NCEP R1 and ERA-40 show larger heat loss over the Gulf of 

Mexico, especially over the eastern side of the basin. The MERRA is the outlier, showing most 

of the Gulf of Mexico with positive values. Therefore, MERRA suggests that there is an annual 

net heat gain over most of the Gulf of Mexico. The last region of interest is off Baja California 

and the western United States. Here, UWM/COADS and NCEP R1 are very similar. The 

remaining data sets, which are more similar, have larger regions of positive difference values. 

The NARR data set has a slightly larger region of 2
o
C differences emanating from Baja 

California. This corresponds to the higher apparent temperatures from NARR in that region.  

 

4.2 Monthly Comparisons 

 In this section, the monthly characteristics of each dataset are explored. The evolution of 

the relaxation time and the apparent temperature from each data set are examined. The monthly 

evolutions for each data set are shown in Figs. 4.7 to 4.11. Every data set shows a similar 
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evolution of the relaxation time. Short relaxation times are shown over all the midlatitudes and 

over the tropics for January. During the spring months, relaxation times over the midlatitudes 

increase by about 12 days. Over the tropics, the main area of shorter relaxation times compresses 

over the Pacific. This also occurs over the Atlantic Ocean. The only difference is a slightly 

smaller northward and southward extent of the shorter relaxation times. Off the coast of Peru, the 

area of longer relaxation time increases in areas off the coast. By July, the effect of the monsoon 

season is evident over the Indian Ocean. Very short relaxation times are seen over the Arabian 

Sea and, to a lesser extent, over the Bay of Bengal. The central Indian Ocean also shows a 

decrease in relaxation time. The area of shorter relaxation times over the central Pacific 

continues to compress into an oval south of Hawaii. Over the midlatitudes, the values of 

relaxation time continue to decrease in magnitude and extent. As fall begins, longer relaxation 

times return to the northern Indian Ocean. Also, the midlatitudes begin to exhibit shorter 

relaxation times again. The tropical band of shorter relaxation times north of the equator begins 

to flatten out and extend to the east and west. Throughout the year the Southern Ocean maintains 

relatively shorter relaxation times between Africa and Australia. 

 While these characteristics exist in each data set, there are distinct differences. The most 

notable are the shorter relaxation times of the UWM/COADS data set. This is a trait pointed out 

in the annual comparisons. Although the evolution of the reanalyses is very similar, a few 

exceptions exist. In January the NCEP R1 and MERRA show an area of shorter relaxation times 

to the south of the upwelling region off Peru. This same region is not present in the ERA-40. The 

mid-latitudes are fairly similar in all the reanalyses. The only difference exists with the MERRA, 

which has a smaller extent of shorter relaxation times over the North Pacific and Atlantic. Over 

the Southern Ocean the ERA-40 and MERRA are most similar. NCEP R1 actually resembles the 

UWM/COADS more closely. During April, each reanalysis is very similar. The only appreciable 

differences are over the Gulf Stream and in the Indian Ocean. Compared to the NCEP-R1, ERA-

40, and NARR the MERRA data set produced long relaxation times. In the northern Indian 

Ocean, each data set produces long relaxation times. The NCEP R1 and ERA-40 are very 

similar. Each displays times of 70 to 80 days. MERRA shows times slightly shorter at around 60 

to 70 days. July produces the largest differences between the data sets. The NCEP R1 has the 

shortest relaxation time values in the monsoon region. Off the Horn of Africa, the relaxation time 

is below 10 days and the values displayed in the ERA-40 and MERRA are around 12 to 14 days. 
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Over the central Indian Ocean, the NCEP R1 and MERRA are most alike with relaxation times 

around 16 to 18 days. The ERA-40 maintains an area of relaxation time around 22 to 24 days 

over the same area. In the midlatitudes, the data sets alter their characteristics. The NARR and 

ERA-40 now show the longest relaxation times over the Gulf Stream. Over the same region, the 

MERRA and NCEP R1 are now more similar. During October, MERRA has the longest 

relaxation times over the Gulf Stream in comparison to the other data sets. This trait is also seen 

over the Kurishio. Additionally, the ERA-40 begins to exhibit its negative bias compared to 

NCEP R1 and MERRA south of the upwelling region off of Peru.  

 Examining the small-scale phenomenon such as the gap flow from Mexico and Central 

American yields even more information on how each data set observes this feature. In January, 

NCEP R1 has a distinct area of shorter relaxation times off the western Central American coasts. 

The ERA-40 has a similar appearance, except that the area is split into two distinct smaller 

regions with the southern area having the shortest relaxation times. The MERRA and NARR also 

split this region. However the shorter relaxation times are in the northern area. By spring, this 

area disappears in each data set. A region of shorter relaxation time appears in July in the ERA-

40 data set but not in MERRA or NARR. By October, the ERA-40, MERRA, and NARR all 

depict the same region off the southern coast of Mexico. Each data set exhibits a varying 

magnitude of the relaxation time. This region seemed to have the most variability among the data 

sets.  

 The apparent temperatures do not exhibit as much variability as the relaxation times do. 

Recall that the distribution of the annual apparent temperature follows a pattern similar to that of 

the SST. Maximum values are located in the Pacific warm pool and extend into the Indian 

Ocean. Generally, throughout the year the relaxation times begin with maximums over the Indian 

Ocean just south of the equator. By April, the maximum values populate the northern Indian 

Ocean. Higher values extend across the Pacific toward Panama. The central Atlantic also has an 

area of high apparent temperature. In July, the highest values of apparent temperature spread 

farther north. High values of apparent temperature are present southeast of Japan, extending over 

the Western Pacific Ocean. This pattern is also seen over the western Atlantic Ocean. October 

has a similar distribution to January with one difference — the apparent temperature has a 

slightly lower magnitude in October than in January. 
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The apparent temperature follows a pattern dictated by the relaxation time. Regions of 

longer relaxation time correspond to regions of higher apparent temperature. This is more easily 

seen over the tropics where the SST does not vary as much spatially. The major differences 

between the data sets are mostly seen with magnitude. The UWM/COADS has the highest 

maximum of apparent temperature compared to each data set. NCEP R1 has the next lowest 

magnitude and ERA-40 has the lowest apparent temperature of all data sets. 
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Fig. 4.7. Relaxation time (left) and apparent equilibrium temperature (right) representations for 

UWM/COADS data set for the months of January (top), April (second from top), July (second 

from bottom), and October (bottom). 
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Fig. 4.8. Same as Figure 4.7 except for the NCEP R1 data set. 
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Fig. 4.9. Same as Figure 4.7 except for the ERA-40 data set. 
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Fig. 4.10. Same as Figure 4.7 except for the MERRA data set. 
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Fig. 4.11. Same as Figure 4.7 except for the NARR data set. 
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4.3 Discussion 

 Computing the relaxation time and apparent temperatures with various datasets produces 

an easily compared image. A few large differences are apparent among the data sets. The 

UWM/COADS is vastly different from the reanalysis data set presented. The annual relaxation 

time is shorter by 6 to 8 days than the times in the other data sets. This difference also extends 

into the monthly evolution of the relaxation time from the UWM/COADS data set. The 

reanalysis data sets are closer in their representation of the relaxation time. However, large 

differences exist in different regions across the globe. The areas of greatest differences are the 

upwelling region off Peru, the western boundary currents, and the Indian Ocean. The NCEP R1 

presents a larger region of longer relaxation times off Peru. The ERA-40 and MERRA have 

much more similar representations of this region. The UWM/COADS data set is also similar to 

the ERA-40 and MERRA. This suggests that using the NCEP R1 to force a model would 

produce a smaller flux over this region and thus a higher modeled temperature. The apparent 

temperature and SST difference plot reinforces this. The area of larger positive values suggests 

an extensive region of heat gain.  

 The western boundary currents also have varying representations within each data set. 

MERRA stands out in this region, depicting longer relaxation times over the two western 

boundary currents. This suggests that input data from MERRA would not produce the same 

amount of heat loss over these regions. Again, this is shown by the apparent temperature and 

SST difference plots. MERRA produces a smaller region of negative values. Furthermore, the 

apparent temperature is around a degree warmer in the MERRA data set. Recent research by 

Roberts et al. (2011) has documented a low bias for the MERRA flux product and wind speeds. 

Our comparison reveals this trait of the MERRA product as well. 

 The Indian Ocean is one region with large variability between each data set. The ERA-40 

seems to be the outlier in this region. The MERRA and NCEP R1 have similar representation, 

whereas the ERA-40 exhibits longer relaxation times. The monthly breakdowns show that the 

monsoon cycle is represented differently in the ERA-40. In the beginning of the year, the ERA-

40 and MERRA are similar, but differences begin to arise by April when the ERA40 has longer 

relaxation times over the northern Indian Ocean. By July, the relaxation times over the northern 

Indian Ocean are similar. However, over the central Indian Ocean, MERRA has shorter 

relaxation times of around 4 days. So while the annual differences are small, the monthly 
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contrasts are larger. This means that using a regional model and doing seasonal simulations 

would produce very different outcomes depending on the data set used. However, an annual 

simulation would produce similar outcomes. 

 Examining the characteristics of gap flow off Central America identified stark contrasts 

in the datasets. MERRA and NARR seemed to be in fair agreement while the ERA-40 produced 

a different representation. This contrast is seen best in January. During this month the MERRA 

and NARR produce lower relaxation times off the southern Mexican coast while the ERA-40 

produces its lowest relaxation times off Central America. Again, this shows that reanalysis data 

sets should be chosen carefully since large differences may exists in a smaller temporal and 

spatial scale, but may not be apparent on an annual scale.  

 One last differing characteristic of the data sets is the regions of positive and negative 

heat gain. The UWM-COADS and MERRA are similar, as much of the Pacific and Atlantic 

oceans are gaining heat. The only areas that are losing heat to the atmosphere are the western 

boundary currents. In contrast, the NCEP R1 and ERA-40 depict a larger area where the oceans 

lose heat. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



69 

 

 

 

CHAPTER 5 

SUMMARY AND CONCLUSIONS 

 Three separate bulk formulas are linearized and their respective characteristics are 

examined using variables derived from a surface heat flux boundary condition. These variables 

are the correction term, the relaxation time, and the apparent temperature. The comparison of the 

linearized bulk formulas showed distinct differences with the data sets. The most noticeable 

difference was the effect of the transfer coefficient. Each bulk formulation examined has a 

distinctly different bulk transfer coefficient. The three coefficients used were represented by a 

constant, a stability-dependent scheme, or an empirical formula dependent on temperature 

difference and wind speed. It is obvious that using a constant transfer coefficient (Barnier) 

produces sensitivities to the SST that are much lower in comparison to the sensitivities produced 

by the other transfer coefficients. Comparing the bulk formula with a stability-dependent bulk 

transfer equation (da Silva) and the bulk formula with temperature difference and wind-speed-

dependent bulk transfer equation (Kara) revealed a few interesting results. First, these two 

formulations were closer in their representation of the correction term and relaxation time. This 

was encouraging considering that we compared the da Silva bulk formula and a formula based 

upon an empirical fit to data. However, few differences exist between the Kara and da Silva 

formulations. Most noticable in regions of higher wind speeds, the Kara formulation produces a 

larger correction term and shorter relaxation time. This is a by-product of the Kara transfer 

coefficient dependence on wind speed. Over the major upwelling regions, the da Silva 

formulation produces lower values of the correction term which correspond to longer relaxation 

times, largely because of the increased dependence of stability. This difference is illustrated by 

the difference plots of apparent temperature. The da Silva formulation has larger apparent 

temperatures over this region suggesting a heat gain due to decreased fluxes out of the ocean. In 

contrast, during the Indian monsoon and over regions of higher wind speed such as the 

midlatitudes, the Kara formulation shows higher apparent temperatures suggesting a greater flux. 

Using the relaxation time and apparent temperature to compare the various bulk formulas gives a 

clear insight into where they differ the most. 
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 Another aspect of the linearized bulk formula that was examined was higher order 

contributions. The higher order terms and the residual flux they produce had not been explicitly 

shown and described in the previous literature. Using the Kara formulation as the reference flux 

and assuming a temperature difference of 1
o
C between TM and To, the residual flux from the 

Kara and Barnier formulations were calculated to explore the effect of the higher order terms. In 

the Barnier formulation, the residual flux ranged from 27 to 30 Wm
-2

. The Kara formulation’s 

residual ranged from 6-10 Wm
-2

. If the second order of the linearized Kara formulation is 

included, the residual flux is reduced by 1-2 Wm
-2

.  Thus, the first order linearized version of the 

Kara formulation is a good approximation of the total heat flux assuming a 1
o
C temperature 

difference between TM and To. In contrast, the use of a constant heat transfer coefficient in the 

Barnier formulation leaves a large amount of flux in the residual. This suggests the Barnier 

formulation may not be the best method for linearizing and representing the net heat flux. To 

further explore the effect of the higher order terms to the residual, a larger temperature difference 

of 4
o
C between the modeled and observed temperature was used to calculate the residual flux. 

The result shows that the second order term can contribute up to 15% of the total residual 

compared to 10% when having a 1
o
C temperature difference. This suggests that if the difference 

between those two temperatures is large enough, the second order term may need to be included 

in the calculation of the net heat flux. 

 The most accurate of the three linearized bulk formulas was chosen as a comparison tool 

for various data sets. As noted previously, the Kara formulation produces the greatest 

sensitivities since it is more dependent on wind. In addition, its use of an empirical transfer 

coefficient makes it much easier to derive and calculate. The Kara bulk formulas have also been 

used in recent modeling studies. Each data set was computed as a function of the relaxation time 

and apparent temperature. The purpose of this approach is to gain a rough picture of how the data 

sets would differ if used to force a model. The UWM/COADS is clearly the outlier in our 

comparisons with noticeably shorter relaxation times and higher apparent temperature over most 

of the ocean basins. This suggests that the UWM/COADS would produce much higher fluxes if 

it were used to force an ocean model. The reanalysis data sets are generally more similar to each 

other. However, drastic differences can be found over certain regions. Over the midlatitudes, the 

NCEP R1 and MERRA have the shortest and longest relaxation times, respectively, and the 

ERA-40 and NARR are in the middle. Over the tropics, the characteristics of the MERRA and 
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ERA-40 were reversed. MERRA displays shorter relaxation times and the ERA-40 displays 

longer relaxation times. The differences in relaxation time show the potential effect of using 

certain input data to create ocean fluxes. For example, by looking at relaxation times produced 

by MERRA it can be inferred that MERRA would produce lower fluxes over the western 

boundary currents and higher fluxes over the tropics. 

 Varying representations of the relaxation time over the year further compound these 

differences. Annual climate events, such as the Indian monsoon, are depicted differently in each 

data set. For example, the ERA-40 does not produce as short relaxation times over the Indian 

Ocean compared to the NCEP R1 and MERRA. Again, this suggests that the fluxes produced 

from a model ingesting NCEP R1 or MERRA would be higher in the Indian Ocean compared to 

the fluxes produced by the ERA-40. This, in turn, would produce lower apparent temperatures 

compared to the apparent temperatures from the ERA-40. Thus, modeled temperatures using 

NCEP R1 or MERRA data would produce a lower SST when compared to the modeled SST 

produced from the ERA-40. Over the upwelling region of Peru the characteristics between the 

data sets are different, as the ERA-40 and MERRA are similar and the NCEP-R1 is as an outlier. 

The NCEP R1 produces a larger area of longer relaxation times and a lower apparent 

temperature. Using NCEP R1 would force the model to produce less flux over this region and a 

lower SST than using ERA-40 or MERRA.  

 Differences in regional phenomena are apparent as well. In particular the representation 

of the gap flow coming off southern Mexico and Central America and entering the eastern 

Pacific Ocean is different in each data set. While the UWM/COADS barely hints at this region, 

the ERA-40, MERRA, and NARR clearly show regions produced from the gap flow. The 

representations in NARR and MERRA are very similar, but the ERA-40 has a different 

representation. Using one data set over another in this region would produce different fluxes and, 

in turn, a different representation of the modeled SST. The same can be said for the area over the 

Gulf of Mexico where NARR produces a longer relaxation time over the eastern portion of the 

basin compared to the other data sets. Again, the longer relaxation time shows that the flux 

produced over the region would be lower in comparison. Thus, the modeled SST, using NARR 

input, would be higher in this region compared to the other data sets. 

 All of these comparisons show the utility of relaxation time and apparent temperature as a 

tool for comparing bulk formulas and various data sets. This method allows the user to determine 
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how sensitive a bulk formula is to the input data. Furthermore, regions that play a larger role in 

the flux are easily identified. Perhaps even more advantageous is the ability to gauge the impact 

certain input data set will have on a model’s fluxes and subsequently produced SST. Before 

running an ocean model, one can view the respective relaxation times and apparent temperatures 

from a potential forcing data set and gain an idea of how different data sets will behave in a 

model. Various seasonal and regional characteristics are also visible using this method of 

comparison. It becomes quite clear how various data sets differ when they are observed over the 

seasons. While the data sets may be similar from an annual perspective, large differences can be 

present from month to month. Being able to see these differences can give a modeler a better 

idea of which data set to use for forcing a particular model. 

 This method of comparison can be extended beyond this study. Other commonly used 

bulk formulas, such as COARE, can be examined to find their sensitivity in comparison to the 

bulk formulas studied here. It would be interesting to examine how a turbulent-based bulk 

formula performs in comparison to the Kara formulation. Other commonly used data sets, such 

as the Navy’s Operation Global Atmospheric Prediction System (NOGAPS), can be examined as 

well. Newer data sets, such as the Climate Forecast System Reanalysis (CFSR), can also be 

examined to determine if any appreciable differences exist between them and the older 

reanalysis. In addition, examining shorter time scales could shed light on how each data set 

represents synoptic scale features such as midlatitude cyclones and their respective fluxes.  
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