Lecture 2: Oceanic Heat Budget

We define 
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 to be the shortwave solar radiation, 
[image: image2.wmf] , the net long-wave radiation from the ocean to the air, 
[image: image3.wmf] is the sensible heat loss from the ocean and 
[image: image4.wmf] is the heat loss by evaporation, the net oceanic heat flux (
[image: image5.wmf]) at the sea surface equals to 

[image: image1.wmf]                                          
[image: image6.wmf].                                                 (2.1)


[image: image7.wmf] is defined here as the heat transfer process driven by the oceanic circulation and convection. By transferring the heat from one place to the other, 
[image: image8.wmf] changes the distribution of the water temperature at the sea surface and thus affects the net oceanic heat flux.  It is important to understand the sign convention for each of the components.  

If we consider the ocean as a big closed saltwater tank with no tendency to change temperature, the net oceanic heat flux would be zero for a long-term integration. In this case, 

                                                    
[image: image9.wmf].                                                      (2.2)

This means that the oceanic heat flux at the sea surface can reach an equilibrium state at which the incoming solar radiation is balanced by the heat loss due to the long-wave radiation, evaporation, and conduction/convection. In the real ocean, however, the net oceanic heat flux varies with time and in space. The range of the variation time scale can be hours to seasonal or even inter-annual.  The tendency of global warming suggests that the average net heat flux over the entire ocean is not a trivial value that can be ignored, even for the climate scale.  In order to understand the energy driving the ocean, we must understand the properties and mechanisms for generation of of
[image: image10.wmf], 
[image: image11.wmf], 
[image: image12.wmf] and 
[image: image13.wmf]. 

a) 
[image: image14.wmf]: The shortwave solar radiation (unit: W/m2).  As described in lecture 1, not all the solar radiation can reach the ocean surface. The observations show that only 51% of the shortwave solar radiation can arrive at the sea surface, 28% of which comes directly from the sun after the reduction by clouds and the other 23% comes from the sky radiation and the atmospheric long-wave radiation. 
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There are several factors affecting 
[image: image15.wmf]: 1) the length of the day, which varies with season and geographic latitude; 2) the absorption of atmosphere (gas molecules, dust, water vapors, etc) and 3) clouds. The change of the day length directly affects the strength of the shortwave radiation per square meter at the sea surface: shorter path leads to less absorption and thus larger the solar radiation. The clouda tends to reduce the average amount of the shortwave radiation reaching the sea surface by absorbing the scattering processes. The effect of clouds can be estimated by an empirical equation given as 

                                            
[image: image16.wmf]                                                     (2.3)

where ( is the mean solar radiation arriving on the earth in the absence of clouds, c is the proportion of cloud cover in the sky that can be estimated by an unit of eight divisions. For example, if the sky is completely covered by clouds, c = 8. Then, (
                                      
[image: image17.wmf]                            (2.4)

In this case, only 28% of the solar radiation can penetrates the cloud layers and reach the sea surface. 
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In the real ocean, the shortwave solar radiation at the sea surface varies with latitude. The annually averaged distribution of 
[image: image18.wmf] can be viewed in Figure 2.3, which shows a range of  ~200-400 W/m2 in the tropical region between 25oN and 20oS and drops to ~70-90 W/m2 north of 80oN and south of 60oS. The shortwave radiation is the principle energy source supplying heat to the oceanic water, which in term provides the thermal source of oceanic circulation. The shortwave radiation can penetrate into the water and decreases rapidly with the water depth. The penetration depth depends strongly on the water quality, and ranges from ~40-100 meters in the deep ocean to a few meters in the near shore region. 

The amount of the incoming solar radiation reaching the earth’s surface is generally greater over continent areas than over the ocean. This can be clearly seen in Figure 2.3 by the comparison of 
[image: image19.wmf] in the land and water at the same latitude.  A simple explanation is that due to the relatively large evaporation in the ocean, there are more clouds over the ocean than over the land. The clouds absorb and reflect the incoming solar radiation and hence reduce the solar energy directly radiated to the sea surface.  The illustration of this process can be viewed in Figure 2.4. 
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b) 
[image: image20.wmf]: The net long-wave radiation (W/m2).  When the solar radiation is absorbed by the land and seawater, parts of this energy are re-radiated back to the atmosphere within a long-wave spectrum. In physics, all bodies with a temperature above absolute zero can emit radiation. The strength of such an emission depends on the body’s temperature: it is greater when the temperature of a body is higher. Also, as the temperature of a body increases, the radiation spectrum shifts towards shorter wavelengths. For this reason, we should easily understand why the incoming solar radiation is in a short-wave spectrum and the emitted radiation from the ocean is in a long-wave spectrum.  In the ocean, the long-wave radiation emitted from the seawater can be estimated by a black body with the sea-surface water temperature (
[image: image21.wmf]).  At the same time, the air can emit the long-wave radiation above the sea surface. Therefore, the net upward flux 
[image: image22.wmf]is equal to the difference of the long-wave radiation emitted from the seawater and air at the sea surface given as 

                                                   
[image: image23.wmf]                                         (2.5)

where 
[image: image24.wmf] is the air temperature at the sea surface and ( is the Stefan’s constant. This radiation can also be estimated using an empirical formula with consideration of the effect of clouds and water vapor pressure, which is given as 
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[image: image25.wmf]                                 (2.6)

where 
[image: image26.wmf]is the water vapor pressure at the 10-m height from the sea surface. The factor involving 
[image: image27.wmf] is the correction for back radiation, which depends on the vapor content of the atmosphere. 

The general findings from the observation are 

I) 
[image: image28.wmf] ~ 50 W/m2; 

II) as the cloud coverage increases, 
[image: image29.wmf] decreases, but it doesn’t change much for ice and water; 

III) 
[image: image30.wmf] doesn’t change much either daily or seasonally because neither sea temperature or relative humidity over the sea changes much in such time scales. 

The net heat gain across the sea surface is different between the water and ice. For water, since the reflection is mall (black body), 
[image: image31.wmf] is large, while for ice, since the reflection is large, 
[image: image32.wmf] is small. Since 
[image: image33.wmf] remains a small change for water and ice, so that 

                                  
[image: image34.wmf].                                             (2.7)

For this reason, the annually averaged distribution of 
[image: image35.wmf] is similar to that of 
[image: image36.wmf] (Figure 2. 5). 

c) Qh: Sensible heat loss.  Water is much denser than the air. The air density varies with temperature, pressure and humidity, with a typical value of 1.2-1.3 kg/m3. The seawater density is about 800 times denser than the air density, which is generally ~1025 kg/m3 at the sea surface. Therefore, the air-sea interface is very stable! On the other hand, the large density or temperature difference between the air and the seawater leads to a sharp density or temperature gradient at the sea surface. This gradient produces the heat transfer from the warm side to the cold side. The upward heat flux driven by such a process is called the sensible heat loss or the heat loss by conduction or diffusion. 

The sensible heat loss from the ocean goes through the two physical processes: 1) the molecular heat conduction and 2) the eddy (turbulence) diffusion. In the molecular case, 

                                                
[image: image37.wmf]                                                (2.8)

where k is the molecular conductivity of the heat and 
[image: image38.wmf] is the specific heat of the air at the constant pressure. 
[image: image39.wmf] is the air temperature gradient at the sea surface. In the turbulence case, 
                                              
[image: image40.wmf]                              (2.9)

where 
[image: image41.wmf]and 
[image: image42.wmf] are the turbulent fluctuations of vertical air velocity and temperature; 
[image: image43.wmf] and 
[image: image44.wmf] are the Monin-Obukhov similarity scaling parameters of the frictional velocity, temperature fluctuation; 
[image: image45.wmf] is the density of moist air, 
[image: image46.wmf] is the specific heat of dry air. Since the turbulence diffusion coefficient is orders of magnitude larger than the molecular conductivity, in the real ocean, the sensible heat loss from the ocean is usually estimated with the only consideration of the turbulence process given in (2.9).  As we described above, the air-sea interface is very stable because of the large air-sea density difference. However, the atmosphere is very unstable over the ocean, particularly in winter or under windy conditions. Turbulence indeed is the dominant physical process leading to the the air-sea heat flux exchange at the sea surface. 

In the real ocean, we can quantitatively estimate the gain or loss of sensible heat on basis of the air temperature gradient at the sea surface. Two examples are given in Figure 2.6. 
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In general, when the air temperature over the sea surface increases with height (stable condition), the ocean will gain the sensible heat. In turn, when the air temperature over the sea surface decreases with height (unstable condition), the ocean will loss the sensible heat.  

The sensible heat is large in regions with large air-sea temperature differences. One can expect a large value in the Gulf Stream, a warm western boundary current flowing along the shelf break in the US east coast. The same feature should be also found in Kuroshio, a similar warm western boundary current in the western shelf of the Pacific Ocean.  The detailed description of the western boundary currents will be given in later lectures. Several key issues in estimating the sensible heat loss will be discussed after we describe the latent heat loss. 

d) Qe: Latent heat loss.  The latent heat loss is sometime called the heat loss by evaporation, which is defined as and also can be estimated by
                                        
[image: image47.wmf]                              (2.10)

where 
[image: image48.wmf] is the water vapor mixing ratio, 
[image: image49.wmf]is the Monin-Obukhov similarity scaling parameter of the turbulent-induced water vapor mixing ratio, 
[image: image50.wmf] is the latent heat of evaporation of the water given as 
                               
[image: image51.wmf].                         (2.11)

The Monin-Obukhov similarity scaling friction velocity 
[image: image52.wmf]can be determined by the relationship between the frictional velocity and the surface wind stress given as 

                                      
[image: image53.wmf]                                                 (2.12) 

where 
[image: image54.wmf] is the turbulent fluctuation of the streamwise component of the horizontal wind velocity.

The average value of Qe is ~80 W/m2 in the ocean. The maximum Qe occurs on the western side of the ocean and winter as a result of the existence of the warm western boundary currents and large temperature gradients in winter. At mid-latitude in the western North Pacific Ocean, Qe is ~145 W/m2, while in the western North Atlantic Ocean, it is ~195 W/m2. 

In the ocean, Qh depends on the air-sea temperature difference, while Qe is related to the difference of the saturated vapor pressure of the seawater and the actual vapor pressure in the air. In general, these two fluxes are correlated each other. An empirical relationship between these two fluxes can be given by
                                                               
[image: image55.wmf]                                             (2.13)

where R is the so-called Bowen’s ratio given as 

                                                  
[image: image56.wmf].                               (2.14) 

In most areas of the ocean, particularly in winter, the sea surface is warmer than the air, so that the heat losses from the sea by conduction and convection. The water vapor content of the atmosphere decreases with increasing distance from the sea surface and so evaporation takes place. The observations show that when the sea surface is warmer than the air by > 0.3oC, the heat will loss from the sea by evaporation.  However, there are a few regions where Qe is negative (the ocean gain heat). An example is the Grand Banks off Newfoundland, where the sea temperature is generally colder than the air temperature and the relative humidity is such that the water vapor condenses onto the sea surface, leading to a gain of latent heat by the sea. 

It should be also noted that the relationship described by (2.13) and (2.14) is not always true in the real ocean. During hurricane events, for example, the latent heat loss can be much larger than the sensible heat loss, the empirical formulae described above may not work well. 

e) Estimations of Qh and Qe. The various physical processes controlling the bulk parameterization of the sensible and latent heat fluxes were described in detail by Fairall et al (1996).  A bulk flux algorithm, which was built on the standard Monin-Obukhov similarity theory, was proposed with a modified specification of the roughness-stress relationship, boundary-layer scale gustiness velocity and convective limit. Several issues must be addressed in order to provide an accurate estimation of 
[image: image57.wmf] and
[image: image58.wmf]. The first is how to determine accurately 
[image: image59.wmf] under various stable or unstable conditions of the thermal structure in the near-sea atmospheric boundary. Since 
[image: image60.wmf] is related to the sea-surface roughness (
[image: image61.wmf]), it is essentially important to capture the right near-surface transfer process that is related to the parameterization of the surface roughness. The second is how to calculate the air-sea temperature difference at the sea surface. Since the air temperature is measured at a certain height above the sea surface from the meteorological buoys or ships, the estimation of 
[image: image62.wmf] and 
[image: image63.wmf] requires an accurate calculation of the true interfacial air-sea temperature difference and wind stress. The third is how to estimate the contribution of precipitation to the surface cooling. The true interfacial air-sea temperature difference is sensitively influenced by the precipitation. Since the heavy rainfall usually companies with an atmospheric frontal passages, the failure to determine its contribution to the surface cooling would causes an inaccurate estimation of 
[image: image64.wmf] and 
[image: image65.wmf].

The flux estimation algorithm modified by Fairall et al. (1996) has taken these three factors into account. The detailed description of their method is given as follows.

1) Roughness (
[image: image66.wmf])
The roughness height is estimated by the formula suggested by Smith (1988) given as 

                                       
[image: image67.wmf]                                                 (2.16)

where 
[image: image68.wmf]is the Charnock’s parameter specified as 0.011 and g is gravity given as 9.8 m/s2. 
[image: image69.wmf] is the temperature-dependent air viscosity and it can be estimated using a third-order polynomial in a form of  

       
[image: image70.wmf]            (2.17)

where
[image: image71.wmf] is the air temperature at a measurement height of 
[image: image72.wmf]. For given parameters of
[image: image73.wmf], g, and 
[image: image74.wmf], 
[image: image75.wmf]depends only on 
[image: image76.wmf]. 

2) Air and sea water specific humidity values (
[image: image77.wmf]and 
[image: image78.wmf])

The specific humidity values (
[image: image79.wmf]and 
[image: image80.wmf]) for the air and sea water are defined as 

                        
[image: image81.wmf]                                                                   (2.18)

                        
[image: image82.wmf]                                                                      (2.19)
where 
[image: image83.wmf] and 
[image: image84.wmf] are the air pressure (mb) and relative humidity (%) measured at height 
[image: image85.wmf] (m). 
[image: image86.wmf] is the specific humidity at saturation at air temperature 
[image: image87.wmf] amd air 
[image: image88.wmf] is the specific humidity (kg/kg: ratio) at saturation at temperature 
[image: image89.wmf] amd air pressure
[image: image90.wmf]. It can be determined using Tetents’formula for saturation vapor pressure (Buck, 1981: J. App. Meteor., 1527-1532).  

                       
[image: image91.wmf].                (2.10)

Notice here that the dependence of 
[image: image92.wmf] on the air pressure is generally smaller than or equal to 2% (
[image: image93.wmf]). Therefore, if no accurate air pressure data available, it could be replaced by a constant value of 1020 mb. 
3) Air density (
[image: image94.wmf])

The air density 
[image: image95.wmf] depends on the air temperature, relative humidity and the specific humidity at saturation.   It can be calculated by 

                     
[image: image96.wmf]                                              (2.11)
4) Air-sea differences of temperature and specific humidity 

The air-sea temperature difference (
[image: image97.wmf]) is defined as 
                                     
[image: image98.wmf]                                                                     (2.12)
where 
[image: image99.wmf]is the potential air temperature defined as 
[image: image100.wmf]. The air-sea specific humidity difference is defined as 

                                    
[image: image101.wmf]                                                                    (2.13)

5) Wind speed at the air-sea interface
The wind speed at the air-sea interface is defined as 

                              
[image: image102.wmf]                                                                     (2.14)

where 
[image: image103.wmf] is the wind speed (m/s) measured at height 
[image: image104.wmf](m) and 
[image: image105.wmf]is the convective scaling velocity. 
[image: image106.wmf] depends on the stability of the air condition. Its initial guess value is 0.5 m/s.

6) Bulk Richardson number 

The bulk Richardson number is defined as 

                      
[image: image107.wmf]                                                          (2.15)

where 
[image: image108.wmf] is the absolute air temperature that is defined as 
[image: image109.wmf]. 

7) Neutral scaling coefficients

At the neutral air-sea condition, the roughness lengths for temperature and humidity (
[image: image110.wmf]and 
[image: image111.wmf]) are given as a same constant value as follows:

                             
[image: image112.wmf]                                    (2.16)

The neutral drag coefficient 
[image: image113.wmf] is a function of the roughness for velocity. According to Smith (1988) (J. Geophys. Res., 93, 311-326), 
[image: image114.wmf] and 
[image: image115.wmf] are unknown variables that depend each other. At a neutral condition, we could set up an initial guess of 
[image: image116.wmf], and 10-loop is conducted for the following two equations:

                                  
[image: image117.wmf]                                     (2.17)

After 
[image: image118.wmf] is determined, 
[image: image119.wmf] is given as 

                                   
[image: image120.wmf]                                                     (2.18)                                

where 
[image: image121.wmf] is von Karman constant and 
[image: image122.wmf] is the wind measurement height.  Similarly, we could calculate the 
[image: image123.wmf] and 
[image: image124.wmf]. They are

                                          
[image: image125.wmf]                                                  (2.19)

                                          
[image: image126.wmf]                                                   (2.20)

 Now, we can determine the scales for frictional velocity (m/s), temperature (deg C) and humidity (kg/kg) as follows:

                                           
[image: image127.wmf];                                                              (2.21)

                                           
[image: image128.wmf];                                                             (2.22)
                                           
[image: image129.wmf]                                                               (2.23)
                      
[image: image130.wmf]                                (2.24)

8) Best estimations of 
[image: image131.wmf], 
[image: image132.wmf] and 
[image: image133.wmf]
In order to calculate accurately the sensible and latent heat fluxes, we must provide the best estimation of the scales for frictional velocity, temperature and humidity under the conditions close to real air-sea environment.  As found in our experiments with MM5 applications to the Gulf of Maine/Georges Bank, this issue becomes critical during air frontal passages or storms. Calibration of 
[image: image134.wmf], 
[image: image135.wmf] and 
[image: image136.wmf] must be done for unstable air condition in which convective velocity might play a critical role in heat flux.

The calibration is conducted with initial guess of the neutral stability transfer coefficients (
[image: image137.wmf], 
[image: image138.wmf] and 
[image: image139.wmf]) described above. 20-iteration loop are specified to find the best values of 
[image: image140.wmf], 
[image: image141.wmf] and 
[image: image142.wmf] under different stable and unstable conditions. The detailed steps are given as follows.

(1) Set up an initial value of the roughness based on the velocity frictional scaling determined in the neutral stability condition as 

                                     
[image: image143.wmf]                                           (2.25)

(2) Compute 
[image: image144.wmf], 
[image: image145.wmf], 
[image: image146.wmf], where 
[image: image147.wmf] is Monin-Obukoff length (m), which is given as 

                                    
[image: image148.wmf] and 
[image: image149.wmf] .                        (2.26) 

(3) Set up the upper limit on 
[image: image150.wmf]=1 to force convergence under very stable conditions.  In particular, 

                                
[image: image151.wmf].0  if  
[image: image152.wmf]                                              (2.27)

The same treatment is also applied to 
[image: image153.wmf] and 
[image: image154.wmf].

(4) Determine the turbulent velocity profile function 
[image: image155.wmf]for a given
[image: image156.wmf].  This function is used to count the effects of asymptotic behavior in the so-called Dyer and free convections. A Rogers’ weighting factor is introduced to combine the Dyer and free convection forms for unstable conditions. If 
[image: image157.wmf]> 0, then

                                                         
[image: image158.wmf];                                           (2.28)  

For the case with 
[image: image159.wmf]<0 (unstable conditions), we have 

                    
[image: image160.wmf]                                                                              (2.29)

                    
[image: image161.wmf]                       (2.30)

                     
[image: image162.wmf]                                                                        (2.31)

                      
[image: image163.wmf]                     (2.32)

Rogers’ weighting factor is given as 

                                                 
[image: image164.wmf]                                                      (2.33)

Therefore, under unstable condition, 
[image: image165.wmf] is given as

                                            
[image: image166.wmf]                                           (2.34)

(5) Re-calculate new 
[image: image167.wmf]and Reynolds’ number (
[image: image168.wmf]). Including the correction due to convection, 
[image: image169.wmf] is modified as 

                                         
[image: image170.wmf]                                          (2.35)

and a new Reynolds’ number is given as 

                                             
[image: image171.wmf] .                                                       (2.36)

(6) Calculate Reynolds’ numbers and roughness for air temperature and humidity. After the Reynolds’number is determined for turbulent motion, we can also determine the Reynolds for air temperature and humidity (
[image: image172.wmf] and 
[image: image173.wmf]).  Relationship between 
[image: image174.wmf] or
[image: image175.wmf]and 
[image: image176.wmf]are different in different ranges of 
[image: image177.wmf], which could be calculated empirically as follows:

                
[image: image178.wmf]              (2.37)

           and 

                               
[image: image179.wmf]         .                    (2.38)
Then, the roughness values for air temperature and humidity can be updated as 

                                        
[image: image180.wmf]                                                                     (2.39)

                                         
[image: image181.wmf]                                                                    (2.40)
(7) The stability functions of 
[image: image182.wmf] and 
[image: image183.wmf] can be determined using the similar method for calculation of 
[image: image184.wmf]. For example, if 
[image: image185.wmf]> 0  then

                               
[image: image186.wmf];                                                                      (2.41)                                                                     For the case with 
[image: image187.wmf]<0 (unstable conditions), we have
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[image: image189.wmf]                                                                      (2.43)

                     
[image: image190.wmf]                                                                       (2.44)

                      
[image: image191.wmf]                      (2.45)

Rogers’ weighting factor is given as 

                                 
[image: image192.wmf]                                                                    (2.46)

Therefore, under unstable condition, 
[image: image193.wmf] is given as

                                            
[image: image194.wmf]                                  (2.47)

Replacing 
[image: image195.wmf]by 
[image: image196.wmf]in Eqs (2.41)-(2.47), we can find the value of 
[image: image197.wmf]under stable and unstable conditions.

(8) Calculate new transfer coefficients 
[image: image198.wmf] and 
[image: image199.wmf]at the measurement heights of 
[image: image200.wmf]and 
[image: image201.wmf]. After the stability functions for air temperature and humidity are determined, we can update the 
[image: image202.wmf] and 
[image: image203.wmf] as 

                                             
[image: image204.wmf]                                            (2.48)

                                                  
[image: image205.wmf]                                             (2.49)
(9) Compute new values of 
[image: image206.wmf], 
[image: image207.wmf] and 
[image: image208.wmf].  They are 
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[image: image211.wmf]                               (2.52)

(10) Estimate new gustiness. Assume that the minimum value of 
[image: image212.wmf]under all conditions is 0.5 m/s. For unstable conditions with 
[image: image213.wmf], 

                                      
[image: image214.wmf]                                          (2.53)

Therefore, 

                                      
[image: image215.wmf]                                                                (2.54)

Steps (1) to (9) are iterated with 20 times. After these iterations, we can calculate new wind stress, sensible and latent heat fluxes as 
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[image: image219.wmf]                                                            (2.58)

Also we can determine transfer coefficients 
[image: image220.wmf]

 EMBED Equation.3  [image: image221.wmf]and 
[image: image222.wmf]at measurement heights. They equal to 
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[image: image224.wmf]    Stanton number                      (2.60)

                                                
[image: image225.wmf]   Dalton number                          (2.61)

Suggested papers to read:
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Figure 2.6: Two examples of the sensible heat exchange under known vertical air temperature profile at the sea surface. 











Figure 2.4: Illustration of the solar radiation process over continents and ocean.   





Figure 2.5: The distribution of the annually averaged value of Qs -Qb. 





Figure 2.2: Illustration of direct and indirect radiations onto the sea surface.  





Figure 2.3: Annually averaged distribution of the solar radiation (W/m2). This picture is scanned from the “Ocean Circulation” book.





Figure 2.1: Schematic of the heat exchange process at the sea surface. 
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