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Abstract. For measurements of eddy fluxes in the atmospheric boundary layer of gases (such as C02) 
whose average concentration is very large compared to the fluctuations, corrections for air density 
fluctuations are required. With the boundary condition of no flux of dry air at the surface, the evaporation 
correction to eddy fluxes is 2.6 times larger than has been estimated with the boundary condition of no 
mass flux at all at the surface. The heat flux correction is also increased by a few per cent. 

1. Introduction 

Bakan (1978) and Jones and Smith (1978) have shown that in the measurement of 
the average vertical flux of a gas in the atmospheric boundary layer, it is necessary to 
consider a mean vertical velocity associated with other fluxes. The average vertical 
gas flux is 

(1) 

where the partial density ps and the vertical velocity w are split into mean and 
fluctuating parts (ps) and pi and W and w’, respectively. The first term on the 
right-hand side of Equation (1) is the ‘eddy flux’ and the second term is the 
‘correction’, assuming that the fluctuating and mean partial densities are measured. 
Both Bakan (1978) and Jones and Smith (1978) took the boundary condition at the 
bottom of the atmosphere to be no flux of air, i.e., (pw) = 0, where p is the total 
density of air. Webb and Pearman (1977) have taken the boundary condition to be no 
flux of dry air at the surface and throughout a constant-flux layer, i.e., 

(P&J> = 0 (2) 

where pa is the partial density of dry air. This allows a flux of water vapour at the 
surface, and we acknowledge this to be a more realistic boundary condition. 

2. Correction of Eddy Fluxes Derived from Fluctuations of Partial Density 

We shall see that the choice of boundary condition has a large effect on the 
evaporation correction to eddy fluxes. From Equations 1 and 2, it follows with pa 
split into mean and fluctuating parts, (pa> and P;, that a mean vertical velocity in the 
constant-flux layer is required to balance a mass flux of dry air due to density 
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w = -(Plzw’Jl(Pa)~ (3) 

We now obtain an expression for p; and (p,). 
Dalton’s gas law relates the total density p to the partial densities of dry air and of 

water vapour, p,, as follows: 

P Pa Pw Ps P -=-+-+-=- (4) m ma m+ m, Rt 

where m, m,, m,, and m, are the molecular weights of moist air, dry air (0.029 kg), 
water vapour (0.018 kg), and where ps and m, are the density and molecular weight 
of the passive scalar which we wish to consider. The gas constant is R, the pressure p, 
and the absolute temperature t. To calculate W we shall consider ps to be negligible 
compared to other terms in Equation (4), an assumption quite justifiable for a 
low-concentration gas such as C02. With temperature, pressure, and densities split 
into mean and fluctuating parts, t = T + t’, p = P + p’, and p = (p) + p’, Dalton’s gas 
law becomes 

(Pa)+Ph+(Pw)+P:= P+p’ 
ma m, 

since t’x T in any reasonable situation. The fluctuating part of this equation 
(neglecting second-order terms) gives 

I 
I 

Pll -= Pw I PI Pt’ 

ma m, RT 2 

and within the substitution P/RT =(p)/m from Equation (4), we can write an 
expression for the dry-air density fluctuation caused by fluctuations of temperature, 
water vapour, and pressure, 

mabY m&i+ map’ ___-- - 
“=- Tm m, RT 

(7) 

The second term on the right-hand side represents dry air displaced by water vapour, 
while the equivalent term used by Jones and Smith (1978), (m, -m,)pL/m,+, 
allowed only for the lighter weight of moist air. From the mean part of Equation (4), 

and substituting for (p,) and ph in Equation (3), 

w= (t’w’) + (mlm,)bLw’) _ (P’W’> 

1 [ (p) l-e%] P[l-g$)] 
(9) 

The mean vertical velocity is now expressed in terms which may be measured in 
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micrometeorological experiments. Substitution of W from Equation (9) into Equa- 
tion (1) gives the flux correction. Webb and Pearman (1977) give the evaporation 
correction (second term in Equation (9)) for eddy fluxes and a similar correction for 
gas fluxes obtained from vertical profiles of mean concentration. 

The heat flux correction differs from the corresponding term of Jones and Sm::h 
(1978, Equation (6)) by the denominator in square brackets, which increases the 
correction at most by a few per cent, particularly in hot, humid conditions. The 
evaporation correction, in addition to this denominator, differs by a factor m,/(m, - 
m,) = 2.6 and so it is much more important than we realized previously. In general, 
both heat flux and evaporation will have to be known to calculate atmospheric 
boundary-layer fluxes of gases such as CO*. 

3. An Example 

The contributions of the terms on the right-hand side of Equation (9) can be 
evaluated for the mean of three heat and COZ flux measurements reported by Jones 
and Smith (1977), also used as an example by Jones and Smith (1978). Suppose that 
at a height of 10 m the wind speed VI0 = 7.4 m s-l, the air temperature T, = 14.8 “C, 
the water temperature T, = 12.7 “C, and the water vapour density p,,, = 
0.0111 kgmm3 corresponding to 87% relative humidity at a 10-m height and 
saturation at the surface water temperature. The value for (t’w’) = -0.011 is an 
average of the three measurements reported by Jones and Smith (1977). Under these 
conditions, the evaporation term is negligibly small, and from Equation (9), we get 

29 0.0111 
W=-0.011/(12.7+273.2)[1-Gx 123]=-3.9x10-5ms-‘. (10) 

Substituting in Equation (l), we obtain the corrected CO2 flux as reported by Jones 
and Smith (1977) to be 30% less than the uncorrected flux. This new correction 
differs from the one applied previously only by the denominator in the square 
brackets, [0.9851-l, a negligible change under the conditions of those measurements. 
However, if as in the second example used by Jones and Smith (1978), we suppose 
that the air at 10-m height was reduced to an unusually dry 50% relative humidity 
(p, = 0.0063 kg m-3) with other conditions remaining the same, then the second 
term in Equation (9) must also be included. The rate of evaporation can be estimated 
using an evaporation coefficient cn = lop3 (Kondo, 1975), 

(pivw’) = CE(&vr -&)uIO 

= 10-3(0.01 ll -0.0063)7.4 

= 3.6 x lop5 kg m-* s-l (11) 

where pws is the saturation water vapour density at the surface. Using the first and 
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second terms in Equation (9), we get 

w = -3.9 x 1o-3 + 
(29/18)3.6x 1O-5 

1.23[0.99] 
=(-3.9+4.7)x lo-” m s-l (12) 

and the evaporation correction has become larger than the heat flux correction. For 
warmer waters, which evaporate much more rapidly, the evaporation correction 
could be much larger than the heat flux correction, as envisaged by Webb and 
Pearman (1977), but in general both these terms should be considered. 

From measurements over land at similar wind speeds (Elliott, 1972; Table 3) the 
third term in Equation (9) amounts to (p’w’)/P = 0.6 x lo-l0 m s-l and can safely be 
neglected in this case and in general. 

4. Correction of Water Vapour Flux Measurements 

The same corrections apply to measurements of evaporation E, as pointed out by 
Webb and Pearman (1977), in which case ps = p,+ and Equations (1) and (9) simplify 
to 

E=(p;w’)+(p,)W= 
b h’> 

gL(pU) 

+ (PwM’W’> 

m, (P) I [ 
T ,20 

mw (P> 1 
(13) 

The measured water vapour flux is increased typically by a few per cent, using the 
denominator term in square brackets. From the form of Equation 10, we can see that 
had we not neglected ps after Equation (4), there would be additional denominator 
terms [l- (m(p,))/(m,(p))] in Equations (9) and (10). These would be significant if 
(ps) were not small, and would be important in correction of flux measurements of 
relatively abundant gases such as oxygen. In the example given above, the heat flux 
correction to the evaporation (last term in Equation (10)) is less than 1% of the flux, 
but this term may become more significant in humid, tropical conditions with larger 
values of (pw). 

5. Correction of Gas Fluxes with Sensors of Relative Concentration 

The above analysis applies to eddy fluxes computed from measured fluctuations in 
partial density (mass per unit volume). Jones and Smith (1978) and also Brook 
(1978), using a ‘zero mass flux’ boundary condition, pointed out that no gas flux 
corrections would be required if relative concentration (mass of gas or water vapour 
per unit mass of air) could be measured. Similarly, no gas flux correction would be 
required with the ‘dry air’ boundary condition if a sensor were devised which 
measured relative concentration per unit mass of dry air. In the more probable case 
of a hypothetical sensor measuring relative concentration c per unit mass of moist air 
with mean and fluctuating parts C and c’, the appropriate flux correction is due only 
to the difference between the two boundary conditions. Thus the required correction 
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to a measure flux (p)(c’w’) is the difference between the correction using Equations 1 
and 9 here and the equivalent correction from Jones and Smith (1978). Neglecting 
denominator terms in square brackets in Equation (9) (WI = m,), this amounts to a 
fraction m,/(m, -m,) = 62% of the evaporation correction from Equations (1) and 
(9) for a partial density sensor, 

Fs = (P>(c’w’> + b>Cb:w’) (14) 

and such a sensor would have the advantage of not requiring a heat flux correction, 
although the need for an evaporation correction remains. 

Brook (1978) has pointed out that there is also a sensible heat flux, equal to about 
10% of the latent heat flux, associated with humidity dependence of the specific heat 
of air. This flux correction is in addition to and independent of the gas flux corrections 
discussed here. 
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