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Sensible and latent heat transfer across

the air–water interface in wind-driven turbulence
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Abstract. Heat transfer mechanism across the sheared air-water interface was

investigated through evaporation experiments in a wind-wave tank. Flow,

temperature and humidity fields near the air-water interface were measured using

a laser Doppler velocimetry (LDV), a particle image velocimetry (PIV), a cold

film probe and an infrared hygrometer. The results show that the heat transfer

coefficient on the water side increases with the free-stream wind speed and has a

small plateau in the middle wind speed region where the streaky flow structure

due to longitudinal vortices changes to patchy one due to breaking waves. On the

air side, the sensible heat transfer coefficint monotomically inceases with the

free-stream wind speed, whereas the latent heat transfer coefficient similarly has

a small plateau in the middle wind speed region. These suggest that the sensible

and latent heat transfer across the sheared air-water interface are dominated by

turbulent organized motions in air and water flows, respectively.

Key Words: Wind wave, Air-water interface, Sensible heat transfer, Latent heat

transfer, Turbulence

1. Introduction

Climate change owing to increasing release of carbon dioxide has been

warningly predicted through numerical simulations based on the atmosphere-

ocean general circulation model (AOGCM). In order to precisely predict such

climate change and abnormal weather, it is of importance to examine some

submodels used in the AOGCM without theoretical and experimental

verifications. One of the uncertain submodels is the bulk model for estimating heat

transfer across the air-sea interface. The bulk model gives the total heat flux per

unit area QT on the water side by

QT=ρWCp,w hLΔT , (1)

where ρW is the water density, Cp,w the specific heat of water, hL the heat transfer

coefficient on the water side and ΔT the temperature difference between the
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interface and bulk water. However, ΔT is so small in oceans that precise data of ΔT

cannot be available. Therefore, QT for the air-sea interface is estimated on the air

side by

QT=QH+QE+QR , (2)

where QH is the sensible heat flux, QE the latent heat flux and QR the radiative heat

flux. By using temperature and specific humidity differences between atmosphere

and sea surface, ΔT and Δq, together with sensible and latent heat flux transfer

coefficients, CH and CE, the sensible and latent heat fluxes, QH and QE, are given by

QH=ρaCp,a CHUΔT, (3)

QE=ρaLV CEUΔq, (4)

where U is the wind speed above the air-sea interface, ρa the air density, Cp,a the

constant pressure specific heat of air and LV the evaporative latent heat.

The conventional bulk models are based on the assumption that the heat flux is

proportional to the wind-speed over the air-sea interface and the values of CH and

CE in equations (3) and (4) are constant irrespective of velocity and temperature

fields (Blanc, 1985; DeCosmo et al. 1996). However, the values of CH and CE

measured in oceans are so scattered among previous studies that it is difficult to

verify the assumption in the conventional bulk models. In addition, it is found that

mass transfer across the sheared air-water interface is controlled by turbulent

organized surface-renewal eddies in the water flow below the interface and the

mass transfer coefficient is not given by a simple proportional relation with the

wind-speed (Komori et al. 1982, 1993). Therefore, heat transfer should be

considered to be similarly controlled by the turbulent organized surface-renewal

eddies in the water flow and the relationship between heat transfer and turbulent

motions should be fully investigated in wind-driven turbulence. However, the

details of heat transfer have not been investigated in previous studies, since it is

very difficult to precisely measure sensible, latent and radiative heat transfer in

equation (2).

In order to confirm whether the conventional bulk models are applicable to the

estimation of heat flux across the air-sea interface or not, we first have to precisely

measure heat flux across the wavy sheared air-water interface and to clarify heat

transfer mechanism together with turbulence structure near the interface. One of

the best ways for getting reliable measurements is to perform laboratory

experiments in a wind-wave tank where more steady flow and scalar fields than

oceans are attained and turbulence quantities can be more precisely measured.

The purpose of this study is to clarify the mechanism of heat transfer across

the wavy sheared air-water interface together with turbulence structure and to
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examine the conventional bulk models for estimating heat transfer rates across the

air-sea interface.

2. Experiments

Figure 1 shows a sketch of a wind-wave tank used in this study. The wind-

wave tank had a glass test section of 7 m-long, 0.3 m-wide and 0.8 m-high. The

water depth in the tank was 0.5 m and the vertical height of the air flow above the

air-water interface was 0.3 m. Nonlinear three-dimensional waves were driven in

the wind-wave tank by wind. To keep the water temperature constant, water

circulation system with an electric heater was employed.

To directly estimate the total heat flux QT, we employed the eddy correlation

method, namely, QT was estimated by ρWCp,w vθmax, where vθmax is the maximum

value of the vertical turbulent heat flux vθ in the water flow just below the air-

water interface. The instantaneous velocity and temperature at the same point were

simultaneously measured using a laser Doppler velocimetry (LDV) (DANTEC

55X System) and a cold film probe (TSI 1260-10W) operated by a constant-

current temperature bridge (DANTEC 55M system) in the vicinity of the surface

in water flow (Nagata and Komori, 2001). Also, the temperature at the water

surface Ti and the bulk temperature in water TW were measured by a high-speed

scanning infrared thermometer (NIPPON AVIONICS TVS-8502) and a

thermocouple (ANRISTU-METER AM8000 series), respectively, and the

temperature difference ΔT(=TW−Ti) was estimated. The heat transfer coefficient

on the water side hL was calculated from equation (1), and the values of hL were

normalized to the heat transfer coefficient at 20 oC by the following equation

proposed by Jähne et al. (1989):

hL∝
1

 Prw

, (5)
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where Prw(=νw/αw) is the Prandtl number of tap water. Here, νw and αw are the

dynamic viscosity and the thermal diffusivity of tap water.

Similarly, the sensible heat flux QH was directly estimated by the eddy

correlation method, namely, QH was estimated by ρaCp,a vθmax, where vθmax is the

maximum value of the vertical turbulent heat flux vθ in the air flow just above the

air-water interface. The instantaneous velocity and temperature at the same point

were simultaneously measured using LDV (DANTEC Flow Lite LDA system) and

the cold film probe, which is the same as in measurement of QT. Also, the water-

surface temperature Ti and the bulk temperature in air Ta were measured by the

same infrared thermometer and the same thermocouple used as in the

measurement of QT, respectively. From these Ti and Ta the temperature difference

ΔT (=Ti-Ta) was estimated. Air velocity was measured by a particle image

velocimetry (PIV) (DANTEC Flow Map) to obtain the vertical mean velocity

profile. The wind speed at the height of 10 m above the water surface U10 was

estimated from the logarithmic wind profile in the vicinity of the water surface.

The sensible heat flux transfer coefficient CH was calculated from equation (3), but

the CH was not normalized by the Prandtl number of air Pra because the changes of

physical and thermal properties of air are negligibly small under present

temperature condition.

On the other hand, the latent heat flux QE was estimated using two methods;

one was a heat balance method, in which QE was estimated from the balance of

several heat fluxes using equation (2), and the other was a water vapor balance

method. In the heat balance method, the radiative heat flux QR in equation (2) was

estimated by

QR=εσ(T 4
i−T 4

a)+QRs , (6)

where the first term in the right hand side of equation (6) is the Stefan-Boltzmann

law, ε and σ are the water-surface emissivity and the Stefan-Boltzmann constant

(=5. 67 × 10−11), respectively. The shortwave radiative heat flux QR,s was

negligibly small in present laboratory experiments. Using QH and QR together with

QT measured in the water flow, the latent heat flux QE was calculated from

equation (2). The water vapor balance method is a similar method to the mass

(CO2) balance method for estimating the CO2 flux across the air-water interface

used in Komori et al. (1993). By taking the water vapor balance from the vertical

mean vapor concentration and velocity profiles at the two stations of x=3 and 5 m

in the wind wave tank (see Figure 2) using an infrared hygrometer (LI-COR LI-

7000) and PIV, the sensible heat flux E per unit area was estimated at x=4 m from

the following equation:
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E=
1

lx

1

2l z

(E5−E3)

=ρa

1

lx

1

2l z
∫

lz

lz
∫

q

0
U5(y, z)Δq5(y, z)dydz−∫

lz

lz
∫

q

0
U3(y, z)Δq3(y, z)dydz , (7)

where lx, lz, δq, and q are the distance between two stations of x=3 and 5 m, the

half width of wind-wave tank, the thickness of the water vapor concentration

boundary layer, and the water vapor concentration, respectively. Using this E, the

latent heat flux QE is given by

QE= LVE . (8)

The latent heat flux transfer coefficient CE was calculated from equation (4),

but CE was not normalized by the Schmidt number of water vapor in air Sca

because the changes of the physical and thermal properties of air are negligibly

small under present temperature condition.

In order to measure the latent heat flux across the breaking air-water interface

in high wind speed region, a probe for sampling the water vapor in air was affected

by dispersed water droplets. To overcome this problem, we horizontally lined two

probes in a row and the distance between two probes was 5 mm at most. Two

different hygrometers were used here for measuring the water vapor from two

probes simultaneously. When one of sampling data differs from another one, we

rejected the data, because this suggested that some dispersed droplets are

contacting the probes.

In addition to the measurements of these heat fluxes, the frequency of the

appearance of surface-renewal eddies in the water flow, fS, was estimated by

applying a VITA technique to instantaneous vertical turbulent heat flux signal

(Komori et al. 1993).

The measurements of the heat fluxes (QT and QH) and fS were carried out at

x=4m (fetch) from the entrance (x=0m) into the test section. The mean air

velocity and mean specific humidity were measured at x=3 and 5m to use the
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water vapor balance method. The measurements were done under the free-stream

wind speed of U∞=4∼16. 5m/s and the air-water bulk mean temperature

difference of ΔT=15K. In addition, the effect of salinity on heat transfer was

investigated by comparing heat fluxes between filtered tap water and 3.5 wt% salt

water.

3. Results and discussion

3.1 Heat transfer coefficient on the water side

Figure 3 shows the distribution of the heat transfer coefficient hL on the water

side againt the free-stream wind speed U∞. The coefficient hL increases with U∞

and its profile has a small plateau in the middle wind speed region of U∞=7.5 ~ 10

m/s. The similar plateau in the middle wind speed region was observed for the

mass transfer coefficient kL (Komori et al. 1993; Komori and Shimada, 1995), but

the cause has not been well understood. In the Figure, the values for 3.5 wt% salt

water are also plotted against U∞. Here, the values of hL for 3.5 wt% salt water are

normalized by the follwoing equation derived from equation (5):

hL=hL
Pr

Pr
, (9)

where PrS and PrF are the Prandtl numbers for salt and tap waters. There is no

significant difference in hL between tap water and 3. 5 wt% salt water. This

suggests that salinity does not affect on hL.

In order to investigate the behavior of hL against U∞ in more detail, the surface

temperature and standard deviation of surface temperature σT, which were

measured by a high-speed scanning infrared thermometer, were compared. Figure
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4 shows the surface temperature distributions at typical low and high wind speeds

of U∞=3.1 m/s and 13.2 m/s, and Figure 5 shows the relationship between σT and

U∞. It is found that the surface temperature pattern changes from streaky structure

to patchy one and σT decreases with increasing U∞. Also, the profile of σT has a
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similar plateau in the middle wind speed region as shown in the profile of hL.

These suggest that the heat transfer mechanism drastically changes with the wind

speed and the transition takes place in the middle wind speed region of U∞=7.5 ~

10 m/s. In the low wind speed region, the turbulence structure generated on the

water side beneath the sheared air-water interface is found to be similar to that

beneath the flat air-water interface (Tsai et al. 2005; Komori et al. 2010).

Furthermore, by performing a DNS of wind-driven turbulence and scalar transfer

at sheared gas-liquid interfaces, Komori et al. (2010) suggested that the scalar

transfer is mainly controlled by the longitudinal vortices related to the bursting

motions on the liquid side even for the wind-wave interface under the low-wind

speed condition. The streaky structure in the surface temperature distribution at the

low wind speed of U∞=3.1 m/s in Figure 4 supports their DNS results. That is, the

longitudinal vortices are regarded as the surface-renewal eddies, which contribute

to the heat transfer across the air-water interface. On the other hand, it is

impossible to numerically simulate the turbulence structure at higher wind speed

than 10 m/s where breaking waves actively appear. In such higher wind speed

region, it is considered that the longitudinal vortices related to the bursting

motions are disturbed by the breaking waves and therefore the patchy structure is

formed.

The reason why both hL and σT have the plateaus in the middle wind speed

region of U∞=7.5 ~ 10 m/s may be given by the relation between friction drag and

pressure drag acting on the air-water interface. That is, although the form drag

(pressure drag) increases with growing waves, the increase in the friction drag

becomes suppressed by the appearance of the flow separation behind the crests of

the growing waves in the middle wind speed region. In fact, the frequency of the

appearance of surface-renewal eddies in the water flow, fS, which was estimated by
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applying a VITA technique to instantaneous vertical heat flux vθ, has a similar

trend to hL as shown in Figure 6.

3.2 Sensible and latent heat transfer coefficients on the air side

The ratios of sensible, latent, and radiative heat fluxes (QH, QE, and QR) to the

total heat flux QT across the wavy sheared air-water interface against the free-

stream wind speed U∞ are shown in Figure 7. It is evident that the latent heat flux

dominates the heat transfer across the air-water interface on the air side in present

laboratory experiments.

Figure 8 shows the distributions of sensible and latent heat flux transfer

coefficients CH and CE obtained by substituting the above sensible and latent heat

fluxes QH and QE into equations (3) and (4) against the wind speed at the height of

10 m above the water surface U10, together with the best-fit curves of previous

field measuements. It is found that the sensible heat flux transfer coefficient CH is

almost constant irrespective of the wind speed, but it is smaller than the field

measurements. On the other hand, CE shows the complicated dependence of wind

speed and differs from the field measurements. This suggests that the conventional

assumption for the same constant value around unity for CH and CE is not suitable

for estimating the heat flux on the air side. Instead of such transfer coefficients, we

propose the following sensible and latent heat transfer coefficients hA and kA:

QH=ρaCp,ahAΔT , (10)

QE=ρaLV kAΔq , (11)

where ΔT and Δq are the temperature and humidty differences between the bulk air

flow and the interface. Figure 9 shows the distributions of hA and kA against the

free-stream wind speed U∞. The coefficient hA is proportional to U∞, and kA shows

very similar behavior to the heat transfer coefficient on the water side hL in Figure

3. This suggests that sensible heat transfer is controlled by the air turbulence,

whereas the latent heat transfer is controlled by the water turbulence. Figure 7 also

suggests that the latent heat transfer governs the total heat transfer across the wavy

sheared air-water interface.

To confirm the reliability of the heat balance method, we also estimated QE

using equations (7) and (8), which is named as the water vapor balance method.

The values of kA estimated from the water vapor balance method are added in

Figure 9. The values calculated from both the heat balance method and water

vapor balance method well correspond with each other. This suggests that kA is

measured with high accuracy.

The values of the heat transfer coefficients hA and kA for 3.5 wt% salt water are

plotted against U∞ in Figure 9 as well as hL in Figure 3. There is no significant
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difference between tap water and 3.5 wt% salt water. This fact together with hL in

Figure 3 suggests that salinity does not affect heat transfer across air-water

interface.

4. Conclusions

Heat transfer mechanism across the sheared air-water interface was

investigated through evaporation experiments in a wind-wave tank. The main

results obtained from this study can be summarized as follows.

(1) The heat transfer coefficient on the water side increases with the free-

stream wind speed and has a small plateau in the middle wind speed region where

the streaky flow structure changes to patchy one.
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(2) Instead of the conventional sensible and latent heat flux transfer

coefficients on the air side, new heat transfer coefficients are proposed. The

proposed sensible heat transfer coefficient monotomically inceases with the free-

stream wind speed. On the other hand, similar to the heat transfer coefficient on

the water side, the proposed latent heat transfer coefficient on the air side has a

small plateau in the middle wind speed region. These suggest that the sensible and

latent heat transfer across the sheared air-water interface are dominated by

turbulent motions in the water and air flows, respectively.

(3) Effects of water salinity on heat transfer across the wavy sheared air-water

interface are negligibly small.
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