
ESTIMATION OF TURBULENCE-DISSIPATION RATES AND 
GAS-TRANSFER VELOCITIES IN A SURF POOL: 
THE RESULTS FROM WABEX-93 

ANALYSIS OF 

DISCLAIMER 
C. R. Sherwood 
A. S.  Ogstone1' 
W. E. Asher 

July 1995 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recorn- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 

Presented at the 
Third International Symposium on Air-Water Gas 

Trans fer 
JUIY 24-27, 1995 
Heidelberg, Germany 

Prepared for 
the U.S. Department of Energy 
under Contract DE-AC06-76RLO 1830 

Pacific Northwest Laboratory 
Richland, Washington 99352 

(a) University of Washington, Seattle, Washington 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



- 
Estimation of Turbulence-Dissipation Rates and Gas-Transfer Velocities in a Surf Pool: Analysis of the 
Results from WABEX-93 

C. R. Sherwoodt, A. S. Ogston*, W. E. Asher' 

t Pacific Northwest Laboratory. 1529 W. Sequim Bay Rd, Sequim WA 98382 

* School of Oceanography, University of Washington, Seaale WA 98195 

Abstract 

Air-water gas exchange is an important biogeochemical cycling process and accordingly, it is necessary 
to know the gas flux. The flux to or from bodies of water can be estimated as the product of the air-water 
concentration difference, AC, of a gas and its transfer velocity, b. Because of the difficulties associated with 
direct oceanic measurements of kL, it is often calculated from parameterizations derived empirically from wind 
speed, U. As part of an experiment designed to help develop a method for estimating at high wind speeds, 
gas fluxes and turbulence were measured in a large outdoor surf pool during WABEX-93. 

Results from the gas-exchange measurements suggest that kL can be partitioned into a fraction due to 
near-surface turbulence generated by currents and nonbreaking waves (kd, a component due to turbulence 
generated by breaking waves (kT), and a component due to bubble-mediated transfer (kB; Karle et al., 1994). For 
gas evasion with AC much less than zero, kL can be written in terms of the fractional area of whitecap coverage, 
wc, as 

k~ = (kM+W,(k,-kM)) +Wck, (1) 

Karle et al. (1994) showed that Equation 1 could be applied to gas transfer in the surf pool using an explicit 
functional form for & developed using data collected in a whitecap simulation tank (WST) by Asher et al. 
(1994). Although Equation 1 provided reasonable estimates of k in the surf pool, it was observed to 
systematically underpredict k when Wc was large (Karle et al., 1994). Karle et al. (1994) hypothesized that this 
discrepancy could have been caused by incorrect assumptions concerning the behavior of & and k,. 

and kT were constant and not functions of W,. Because kM 
and IC, are determined by the intensity of the near-surface aqueous-phase turbulence, they are constant only if the 
turbulence in the surf pool is constant with We However, it is reasonable to expect that the turbulence 
associated with breaking waves increases with wave height and the background turbulence levels in the surf pool 
increase with increasing wave energy. This was conlimed in the surf pool by measurement-based estimates of 
turbulence-dissipation rates, E, which showed that E increased with increasing We This means that Equation 1 
could be substantially improved by including the effects of increasing turbulence on kT and kw 

Turbulence-dissipation rates were estimated from velocity measurements made with an acoustic-Doppler 
velocimeter (ADV) at a sampling rate of 25 Hz. The ADV measured three components of velocity in a small 
(-0.5 an3) sampling volume located in an undisturbed region of the ffow, 10 cm from the sensor. Simultaneous 
measurements of water depth were made with a precision strain-gage pressure sensor with a response filtered to 
12 Hz. Velocity and pressure statistics were computed from -300-s long time series that included approximately 
75 waves. Profiles were obtained by combining point estimates from separate runs at several elevations above 
the bottom. Comparison of pressure measurements among runs and evjtuation of long time series indicated that 
wave, current, and f.urbuIence conditions were repeatable between runs and relatively stationary within 5-minute 
runs. Frequency spectra were calculated from time series of velocity after prewhitening by removal of the 
ensemble-average wave velocity and linear debending. Root-mean-square ( R M S )  wave-orbital velocity was used 
to convert wavenumber spectra from frequency spectra. Turbulencedissipation rates, E, were estimated from the 
magnitude of the energy cascade in the inertial subrange of the wavenumber spectra. 

"diamond" patterns) and four wave-energy levels, providing estimates of E as a function of depth for a variety of 
wave conditions, including breaking waves (plunging and spilling), broken waves (bores), and unbroken waves, 
Background turbulence-dissipation rate, E,,,, was estimated from measurements made beneath unbroken waves or 
below the penetration depth for whitecap-generated turbulence beneath breaking waves. Whitecap-induced 
turbulence-dissipation rate, q, was derived by subtracting background turbulence from estimates of E made at 

Equation 1 was derived by assuming that 

Measurements were made at several locations in the surf pool for two types of waves ("roller" and 



depth;% less that one wave height beneath breaking waves. Results indicate that 
the surface under breaking waves and was higher for larger waves. Background turbulence was probably 
generated by strong rip currents. It was more uniform with depth and increased with wave energy. These 
estimates of 

increased rapidly toward 

and were used to calculate the turbulence-driven transfer velocities in the surf pool. 
Using a surface-renewal model, Lamont and Scott (1970) showed that and kT can be expressed in 

terms Of EM and ET as 

k, = BSc-''' (5~)"~ (X =M, T) (2) 

where B is a dimensionless constant and Sc is the Schmidt number of the gas, 
of wavecment-generated and whitecap-generated turbulence, respectively, and v is the kinematic viscosity of 
water. In support of Equation 2, Asher and Pankow (1986) found that for carbon dioxide (COJ scaled 
Iineariy with e". They also found B to be in the range 0.65 to 1.2, depending on cleanliness of the water 
surface. 

-le et at. (1994) assumed k;, and kT were constant and fit Equation 1 to 1G. measured in the surf pool 
for CQ, helium, sulfur hexafluoride, oxygen, and nitrous oxide as a function of We Using the same functional 
form for k;l as that used by Karle et al. (1994), W . 6 5 ,  and the dissipation rates estimated above in Equation 2, 
the gas iransfer velocities measured in the surf pool were fit to the modified form of Equation 1. In contrast to 
the procedure used by Karle et al. (1994), kT and kM were calculated directly from the turbulence data rather than 
determined as part of a curve-fitting procedure. 

and kT were constant, it was found that kL values predicted using Equation 
1 for frmsfer of the gases listed above in the surf pool when WcclS were a factor of two to three less than the 
measured values. In contrast, the accuracy for kL values calculated at W+l% was found to be *30% (Katle 
et al., 1994). Substitution of the direct estimates of kM and kT from Equation 2 and E measured in the surf pool 
improved the prediction accuracy of Equation 1 at low whitecap coverage (W,cl%) to SO%, an accuracy 
consistent with calculations at W2l%.  This shows that for the conditions in the surf pool, where the increase in 
W, was associated with increases in both eM and q, the turbulence-driven transfer velocities cannot be assumed 
to be constant with W, 

In the surf pool, increases in W, were caused by increases in height of the breaking wave. It could be 
expected that 8 similar process occurs under oceanic conditions, where increasing wind speed leads to higher 
whitecap coverage and larger wave size. The success of the approach described here suggests that application of 
Equation 1 to the wean will require knowledge of the dependence of kM and k, on wind speed. 

and eT are the dissipation rates 

Under the assumption that 
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