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Sea surface drag coefficients in the Riso Air Sea Experiment 

L. Mahrt, 1 Dean Vickers, 1 Jim Howell, 1 J0rgen H0jstrup, 2 James M. Wilczak, 3 
Jim Edson, 4 and Jeffrey Hare 4 

Abstract. This study examines the dependence of the computed drag coefficient on wind 
speed, stability, fetch, flux sampling problems, and method of calculation of the drag 
coefficient. The analysis is applied to data collected at a tower 2 km off the coast of 
Denmark during the Risc Air Sea Experiment (RASEX). Various flux sampling problems 
are evaluated to eliminate unreliable fluxes. Large drag coefficients are observed with 
weak large-scale flow. However, the value of the computed drag coefficient at weak wind 
speeds is sensitive to flux sampling problems and the method of calculation of the drag 
coefficient which might be a general characteristic of weak winds. The drag coefficient is 
significantly larger for short fetch conditions, particularly at strong wind speeds. 

1. Introduction 

The drag coefficient over the sea is thought to increase as the 
wind speed becomes weak. Recently, Wu [1994] has suggested 
that closely packed capillary waves associated with surface 
tension partly explain the large drag coefficients at weak winds 
observed by Geernaert et al. [1988] and Bradley et al. [1991]. 
Greenhut and Khalsa [1995] have observed a similar increase of 
the drag coefficient at low wind speeds. 

In addition to wind speed and surface tension the drag 
coefficient depends on a number of other factors. For a given 
wind speed the stress is expected to be greater with young 
developing waves and smaller with decaying waves [Kitaigor- 
odskii, 1973; Nordeng, 1991; Geernaert et al., 1987, 1988; 
Donelan, 1990; Maat et al., 1991] even after accounting for 
built-in correlation associated with the usual method of relat- 

ing the drag coefficient to wave age [Smith et al., 1992]. Young 
waves are steeper, leading to larger stress. Since the drag 
coefficient for a given wind speed is larger with young devel- 
oping waves, the drag coefficient is expected to be larger with 
flow acceleration, as observed by Large and Pond [1981] and 
Smith [1980]. In fact, the stress may become very small or even 
reverse sign with significant deceleration implying small or 
negative drag coefficients [Smedman et al., 1994]. Unfortu- 
nately, during rapid acceleration the stress is nonstationary, 
and the calculated stress is sensitive to choice of averaging 
scales. The drag coefficient is also influenced by changing wind 
direction, fetch [Geernaert et al., 1988], water depth, and wave 
breaking [Banner, 1990]. Shoaling processes can cause changes 
of wave shape and wave breaking in shallow water [Freilich and 
Guza, 1984; Freilich et.al., 1990], leading to increased stress, 
while limited fetch can enhance the stress through wave 
growth. 

The choice of averaging length used to compute the flux and 
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use of any detrending or filtering varies between different stud- 
ies so that comparison of fluxes and exchange coefficients is 
sometimes ambiguous. While there are no guidelines for a 
"standard calculation" of the flux, this study will examine the 
sensitivity of the flux, mean flow, and drag coefficient to the 
method of calculation. If the values of the flux and exchange 
coefficients are sensitive to the calculation procedure, then this 
calculation is not "well posed." 

The principal difficulty in estimating fluxes is that motions 
simultaneously occur on a variety of scales; often small me- 
soscale motions occur on scales only slightly larger than tur- 
bulent scales corresponding to nonstationarity (heterogeneity) 
and absence of the textbook "spectral gap." The division be- 
tween the turbulence and mesoscale motions is not always 
obvious. For example, roll vortices are generally considered as 
turbulence and can lead to significant flux at higher levels in 
the boundary layer [LeMone, 1973; Mourad and Brown, 1990] 
even though such motions are neither fully three dimensional 
nor random. However, their signal observed from tower data 
appears on timescales longer than that normally included as 
turbulence. 

Significant mesoscale variability occurs in most atmospheric 
boundary layers even in the absence of well-defined mesoscale 
circulations such as sea breezes and organized moist convec- 
tion [Lilly, 1983]. Mesoscale motions may be generated by a 
number of instabilities [Emanuel, 1983], including gravity 
waves and convection waves coupled to boundary layer eddies 
[Haul and Clark, 1989]. Geernaert et al. [1987] observed oscil- 
lations of the surface stress direction over the sea with a period 
of 3-4 hours. Mahrt and Gibson [1992] observed.oscillations of 
the stress magnitude (direction was not included in their anal- 
ysis) on a similar timescale at a coastal site. Both studies 
speculate that inertial-gravity waves at the top of the boundary 
layer are one possible candidate. Oscillations of the stress 
sometimes occur with significant differences between the wind 
direction and wave directions [Plant, !982; Geernaert, 1988]. 

When there is significant mesoscale modulation of the tur- 
bulent flux, the computed flux is sensitive to the choice of 
averaging scale, particularly at weak wind speeds. For similar 
reasons the computation of the drag coefficient at weak wind 
speeds becomes sensitive to whether the wind speed is vector 
averaged or the instantaneous speed is averaged [Godfrey and 
Beljaars, 1991; Beljaars, 1995; Mahrt and Sun, 1995], whether 
the cross-wind stress is included or not, and whether flux sam- 
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pling criteria are applied. The present study documents these 
sensitivities. The question then becomes whether the increase 
of the drag coefficient at weak winds can be predicted with any 
confidence. 

This question will be addressed using offshore tower data 
from the Ris0 Air Sea Experiment (RASEX) described in 
section 2. Section 3 introduces the averaging procedures, and 
section 4 develops the framework for analysis of flux sampling 
errors, while section 5 examines the dependence of the drag 
coefficient on method of computation. Section 6 studies the 
dependence of the drag coefficient on wind speed, fetch, and 
stability. 

2. Data 

This study analyzes data from a research tower in shallow 
water 4 m deep located 2 km off the Danish coast and de- 
scribed by Barthelmie et al. [1994] and HOjstrup et al. [1995]. 
The data were collected during a spring period and a fall 
period. The fluctuating wind and virtual temperature data were 
measured with a Gill/Solent Ultrasonic Anemometer with an 

asymmetric head mounted 10 m above the sea surface. The 
asymmetric head was aligned such that the supporting struts 
did not distort the flow in the preferred wind directions. 

The buoyancy flux is computed using virtual temperature 
fluctuations from the sonic anemometer after making correc- 
tions for bending of the acoustic wave by the cross-wind flow. 
Temperature was measured using a platinum resistance wire 
(Pt100). 

To correct for tilt of the sonic anemometer, a single set of tilt 
angles was computed using the entire data set. Using 30-min 
mean values, the vertical motions for the entire observational 
period were fit in a least squares sense to the equation 

w = a + bu + cv. (1) 

The regression coefficients b and c estimate the dependence of 
the "measured" vertical velocity on the two measured horizon- 
tal velocity components due to tilt of the sonic anemometer 
from true vertical. The calculation of corrected sonic velocity 
components is constructed by subtracting the value a and ro- 
tating the coordinate system such that the statistical influence 
of bu + c v vanishes. This transformation of the coordinate 

system puts the regression prediction in the horizontal plane 
such that applying (1) in a least squares sense to the corrected 
rotated data would yield a - b -- c - 0. The tilt correction 
angles are approximately 1 ø, while the displacement a is 0.003 
m/s. However, the small rotation of the data exerted an im- 
portant influence on the fluxes for the weak wind records and 
altered the computed drag coefficient by as much as 50%. 

Data for wind directions between 340 ø and 120 ø were elim- 

inated due to tower interference and possible interference 
from wind turbines northeast of the observation tower. Winds 

from 120 ø to 240 ø are fetch limited but are included in this 

study, providing 606 1-hour records. The current velocity was 
measured with the electromagnetic system developed by Geo- 
logical and Marine Instrumentation (Denmark). 

The following analyses will apply simple unweighted averag- 
ing with a moving window of length L even though such aver- 
aging possesses a "sloppy" response function in Fourier space. 
Increased complexity of filters with sharper response functions 
does not seem justified for analysis of turbulence data since the 
turbulence is not periodic and is often characterized by sharp 

boundaries such as edges of thermals and wind gusts [Mahrt 
and Howell, 1994]. Furthermore, weighted averaging does not 
formally satisfy Reynolds averaging, although we have found 
such errors to be relatively small. Detrending is not applied to 
the analyses reported in this study. 

3. Averaging Procedure 

3.1. Bulk Aerodynamic Formulation 
and Averaging Scales 

Turbulent fluctuations of some quantity (b are defined as 
- 

deviations from the local average (b, in which case the decom- 
position of (b can be written as 

(b = (b + (b ' (2) 

where/b is an average over timescale L. The local averaging 
length L determines which scales of the motions are included 
in the computed flux. L might be chosen to include only scales 
which have characteristics of turbulence. The numerical choice 

of L is discussed below. 

Turbulent fluxes are then computed by averaging the prod- 
uct of the perturbations over period X, which can be chosen to 
be larger than L to increase the sample size. For example, the 
fluxes might be averaged over the entire record length in which 
case X = record length. Here X will be referred to as the flux 
averaging length. Averaging over length X is symbolized as ( ) 
so that the magnitudes of the vector averaged wind and stress 
are, respectively, 

(v) = ((u) + 
(3) 

(w'v') = ((w'u') + 

where v' is the fluctuating horizontal velocity vector. When 
( } operates on a vector, the magnitude of the vector average 
is implied. Here the flow is computed to be relative to the 
moving surface current; that is, the current velocity has been 
subtracted from the original velocity vector. However, the cur- 
rent, due mainly to the tides, was normally only a few tens of 
centimeters per second, and the inclusion of the current ve- 
locity was significant only in a few cases of very weak winds. 
The momentum flux (w'v') is computed by first forming the 
time series w'v' where u' and v' are computed as deviations 
from the averages over the local averaging window L. The 
product time series w'v' is then averaged over the flux aver- 
aging length •. 

The time average of the instantaneous wind speed (V) is 
computed as 

(V) = ((u) 2 + (v)2) •/2 (4) 

where again the air motion is relative to the surface current. 
For application to observations the bulk aerodynamic relation- 
ship for momentum is usually written as 

(w'v') = G,(œ, x)(v) (5) 

where again the averaging operator ( ) designates the mag- 
nitude of the vector average. This form of the drag coefficient 
is used in most observational studies, although it could be 
considered inconsistent in the sense that it mixes scalar and 

vector averages. For example, in the limit of vanishing large- 
scale flow with random instantaneous wind and stress vectors, 
the vector-averaged wind and stress vanish, but the average of 
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the instantaneous wind speed does not vanish. Then (5) pre- 
dicts the drag coefficient to approach zero with vanishing large- 
scale flow. 

For application to numerical models the wind speed is com- 
puted from the grid-averaged velocity components computed 
from the equations of motion, in which case the drag coeffi- 
cient is defined as 

(w'v') = (7D(L, X)(V) 2. (6) 

where •7 o is the drag coefficient based on the vector-averaged 
wind. The distinction between these two drag coefficients is 
illustrated in terms of RASEX data in section 5. 
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3.2. Choice of Local Averaging Scale 

The local averaging length L must be chosen sufficiently 
large such that the perturbation flow includes most of the 
turbulence, although such a determination may be ambiguous 
in nonstationary conditions. To systematically examine the de- 
pendence of the flux on the local averaging scale, all continu- 
ous records longer than 10 hours were chosen. The records 
were classified as stationary or nonstationary according to the 
value of the ratio 

+ d;) 
/3 = <V) (7) 

where the standard deviations are computed from the six 10- 
min average of the wind components for a 1-hour period and 
< V) is the 1-hour averaged wind speed. Then the hourly values 
of/3 are averaged over the record. The record is classified as 
nonstationary if the average value of/3 exceeds 0.1. Six station- 
ary and 11 nonstationary records are found ranging in length 
from 10 to 24 hours with an averaged length of about 15 hours. 

For each subrecord of width A = L the magnitude of the 
vector averaged momentum flux (equation (3)) is computed 
and then averaged over all of the subrecords in a given class 
(stationary or nonstationary). Figure 1 shows the flux as a 
function of local averaging scale. The choice of L = 5 min 
appears to be adequate to capture most of the turbulence flux 
for the stationary class. The flux is generally weaker for the 
nonstationary class, which is more often associated with weak 
winds. The flux for the nonstationary class does not reach a 
constant value with increasing L. Instead, the flux decreases at 
the largest scales because of meandering of the stress vector 
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Figure 1. Dependence of the momentum flux (equation (3)) 
on the local averaging scale L used to compute perturbation 
quantities for the stationary (solid line) and nonstationary 
(dotted line) classes. 
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Figure 2. (top) Variation of the turbulent flux computed 
from a moving average using L - A - 5 min (thick line) and 
L = 5 min, • = 30 min (thin line) for a 150-min record of weak 
winds where the wind increases from 0.5 m/s at the beginning 
of the record to 2.0 m/s at the end of the record. (bottom) 
Variation of the mesoscale flux computed from 5- and 30-min 
running means. 

and cancellation associated with sign reversal of the stress 
components. 

3.3. Choice of Flux Averaging Scale 

Choosing the flux averaging length X to be larger than the 
local averaging length L eliminates short-term oscillations of 
the flux as can be seen by contrasting the thin and thick lines 
in Figure 2. Choosing larger X also improves the flux gradient 
relationship and performance of the bulk aerodynamic rela- 
tionship by explicitly including only those motions in the mean 
flow (scales greater than X) which vary sufficiently slowly to 
allow adjustment of the turbulent flux to the changing mean 
flow. Large values of A additionally ensure a larger sample of 
the transporting eddies which improves the estimate of the 
mean turbulent flux. Unfortunately, choosing the flux averag- 
ing length X larger than the local averaging length L increases 
the chances of inadvertent capture of nonstationarity. Some 
nonstationarity seems to be always present due to ubiquitous 
nameless mesoscale motions. 
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Figure 3. Temporal variation of the turbulent flux computed 
from a moving average using L = ,k = 5 min for a strongly 
nonstationary record. 

Mesoscale modulation of the turbulent flux is evident in the 

nonstationary record shown in Figure 2 where the downward 
turbulent flux reaches a maximum at about 90 min into the 

record. This mesoscale modulation of the turbulent flux is 

distinct from the direct transport by mesoscale vertical motions 
(w)(u) shown in Figure 2. The mesoscale motion is affected by 
the correction for the anemometer tilt and is therefore some- 

what uncertain. Note that the mesoscale flux in this example is 
larger than the turbulent flux, which in this case is extremely 
small. However, the mesoscale flux in RASEX normally de- 
creases in importance with increased flux averaging scale since 
the mesoscale flux frequently reverses sign [Sun et al., 1996]. 

In conditions of significant mesoscale modulation of the 
turbulent flux the flux may reverse sign within the record (Fig- 
ure 3) so that the averaged turbulent flux is less than the 
average of the absolute value of the turbulent flux. In general, 
increasing the flux averaging length increases the chance of 
capturing a sign reversal of one of the flux components which 
reduces the magnitude of the vector-averaged flux. As a result 
the drag coefficient becomes sensitive to the choice of flux 
averaging length as occurs for the data used to construct Figure 
3. 
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Figure 4. The drag coefficient as a function of flux averaging 
length ,k over which the fluxes and instantaneous wind speed 
are averaged for stationary (solid lines) and nonstationary 
(dotted lines) classes. Each line corresponds to a different 
value of the averaging length L -< ,k which defines the average 
flow from which the deviations are computed. 
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Figure 5. Correlation r between the stress and wind magni- 
tude as a function of flux averaging length ,k for stationary 
(solid lines) and nonstationary (dotted lines) classes. Each line 
corresponds to a different value of the local averaging length 
L -< ,k, used to compute the perturbation quantities. 

The drag coefficient for the stationary wind class (Figure 4) 
for L = 10 min is relatively independent of the flux averaging 
length ,k. However, the drag coefficient for the nonstationary 
class decreases significantly with increasing ,k due to meander- 
ing of the stress vector. Increasing ,k leads to more sign rever- 
sals and cancellation when averaging the stress components 
over larger scales. 

The value of ,k can be chosen in terms of the performance of 
the bulk aerodynamic relationship. That is, what value of ,k 
produces the maximum correlation between the momentum 
flux and wind speed? This correlation for the stationary class of 
records is relatively independent of the averaging length (Fig- 
ure 5, solid lines) except at the smallest averaging lengths 
where a significant fraction of the flux is omitted and the 
sample size is inadequate. 

For the nonstationary class the correlation between the 
mean wind and flux is smaller and more sensitive to the local 

averaging length L (Figure 5, dotted lines). For flux averaging 
lengths greater than a few hours (not shown) the correlation 
begins to decrease due to inclusion of nonstationarity within 
the averaging window. The choice of flux averaging length ,k -- 
1 hour obtains a near-maximum correlation yet remains within 
the practical and traditional range of averaging periods. 

4. Flux Sampling Errors and Uncertainty 
Three types of sampling errors must be considered in assess- 

ing the reliability of the flux measurements: 
1. The systematic error is the failure to capture all of the 

largest transporting scales, typically leading to an underestima- 
tion of the flux. 

2. The random error is due to an inadequate sample of the 
main transporting eddies as a consequence of small record 
length. 

3. Nonstationarity due to mesoscale variability leads to 
significant dependence of both the flux and drag coefficient on 
choice of averaging scales (section 3). 

This section develops simple quantitative measures of the 
above errors and critical values of the measures for flagging 
records with large errors. However, the choice of the critical 
values will be lenient since elimination of records with these 
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errors systematically reduces the number of weak wind cases 
and creates a bias toward stronger winds. Some bias cannot be 
avoided since some of the weak wind records appeared to have 
very large sampling errors and must be removed. The critical 
values will be chosen by qualitatively maximizing the reduction 
in scatter in the drag coefficient-wind speed relationship and 
minimizing the number of records eliminated. 

4.1. Systematic Errors and Choice of Local 
Averaging Scale L 

Although L should be chosen to include almost all of the 
turbulent flux for stationary conditions, the choice of L is not 
obvious for nonstationary conditions where the computed flux 
continues to change with addition of scales larger than those 
normally associated with turbulence. To document such cases, 
we define a crude measure of the systematic error 

(w' - (w' 
-- (w' 4" (8) 

where L is chosen to be 10 min. Sixteen of the 606 hourly 
records are flagged where IRSEI exceeds 0.75. 

4.2. Random Sampling Error and Nonstationarity 

The ideal choice of the flux averaging length X is sufficiently 
long enough to reduce the random error but short enough to 
avoid capture of nonstationarity associated with mesoscale 
variability. Unfortunately, atmospheric flows are characterized 
by motions which simultaneously vary on a variety of scales. As 
a result, some motion usually appears on scales which are just 
larger than the largest transport scales. 

The following analysis attempts to partition the variability of 
the turbulent flux into (1) random variability of the flux asso- 
ciated with random location and strength of the transporting 
eddies and (2) variation of the flux associated with modulation 
of the turbulence by larger-scale motions. This partitioning is 
implemented by dividing the record of length 1 hour into 
nonoverlapping subrecords of width L = 5 min and computing 
the average flux for each subrecord, symbolized as Fi. The 
5-min subrecord flux F i is decomposed into the record mean 
5-min flux (F) -- (w' 4)') and the linear trend of this flux 
superimposed upon the record mean Ftr and the deviation of 
the 5-min flux from the linear trend F* i, such that 

F i = (F) q- Ftr q- FT (9) 

Ftr = ao + a•t (10) 

where t ranges from zero to 1 hour and ao and a • are the 
coefficients for the least squares fit. When the 90% confidence 
interval for the slope a • includes zero, the slope is set to zero 
and the trend is considered to be insignificant. 

To assess the random flux errors, we compute the relative 
flux error defined as the ratio of the standard flux error to the 

mean flux 

O'F, 

RFE -- i(F)iN1/2 (11) 
where crF. is the within-record standard deviation of the ran- 
dom part of the flux and N is the number of subrecords of 
width L, here equal to 12. Corrections due to dependence 
between subrecords [Sun and Mahrt, 1994] are not included. At 
least 10 samples of the flux are required to estimate the ran- 
dom flux error so that L could not be greater than about 6 min. 

Choosing L significantly less than 5 min would omit too much 
flux for some records. Nineteen of the 606 records are flagged 
where RFE exceeds 0.75. 

The corresponding measure of nonstationarity is defined as 

O'Ft r 

RN =-[(F) N 
where O'Ft r is the standard deviation of the 5-min flux due to 
the trend, which can be computed analytically from the slope 
of the trend, a 1. Since the random part of the flux F,*. is not 
significantly correlated with the trend, within a given record, 
the total variance of F• is approximately the sum of the random 
variance and the variance due to the trend. However, the 
variance due to the random part and trend does tend to be 
correlated between records. That is, records with large flux 
trend also have large random variation of the flux. Outlying 
values of F• and nonlinear trend could both increase the two 
variances simultaneously. Records will be flagged when RN 
exceeds 75%. Five of the 606 records fail this criteria. 

If the relative nonstationarity of the flux is large, then RFE 
can no longer be formally interpreted as the random error 
which is strictly defined for stationary conditions. RFE is then 
interpreted more loosely as a measure of the flux variability. 

In addition to the flux sampling errors described above a 
measure of isolated large flux events is calculated as 

Max(F,) 

Event = I(F)I (13) 
where again F• is the subrecord flux and (F) the record mean. 
This parameter is usually highly correlated with RFE but can 
significantly differ when the variation of the flux is due mainly 
to a single event within the subrecord. In this case, Event may 
be large even if RFE is not large. Event is a crude measure of 
the higher moments of the flux, while the random flux error is 
based on the flux variance. Sixty-five records are flagged where 
Event exceeds 2.5. 

Applying the criteria for the random and systematic flux 
errors, the nonstationarity parameter and the Event criteria, 81 
out of 606 records are flagged. Some of the records are mul- 
tiply flagged. In section 5, statistics of the drag coefficient will 
be computed with and without the flagged records. 

5. Drag Coelficient 
The value of the drag coefficient depends on many factors, 

including the wind speed, fetch and wave age, stability, method 
of calculation of the drag coefficient, and choice of averaging 
lengths. It is impossible to sort out these influences without 
massing an enormous data set, presently not available. The 
basic approach here is to display the dependence of the drag 
coefficient on wind speed for different classes of the other 
parameters. Unless otherwise noted, the local averaging length 
is L is 10 min and the flux averaging scale X is 1 hour. 

For the weakest wind speed category the drag coefficient 
computed from the vector-averaged wind is more than twice 
that computed from the time average of the instantaneous 
wind (Figure 6). The speed of the vector-averaged wind is 
reduced by meandering or mesoscale modulation of the wind 
vector, which is important for some weak wind cases. However, 
most of the cases where the speed of the vector-averaged wind 
is significantly smaller than the speed of the instantaneous 
wind will be removed by the flux sampling criteria. In the 
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Figure 6. The drag coefficient computed from the average of 
the instantaneous wind speed (solid line) and the speed of the 
vector-averaged wind (dotted line). 
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Figure 8. The drag coefficient for L = 10 min and X = 60 
min (dotted line) and X reduced to 10 min (solid line) as a 
function of wind speed. 

following analysis the drag coefficient will be computed from 
the time average of the instantaneous wind. 

Removing records which fail flux sampling criteria (section 
4) reduces the drag coefficient at weak wind speeds by a factor 
of 2 (Figure 7, lower panel) but exerts little influence on the 
drag coefficient at moderate and strong wind speeds. In other 
terms, some of the largest drag coefficients at weak wind 
speeds for this particular data are associated with sampling 
problems. Removing the records which fail flux sampling cri- 
teria reduces the standard error for variation of the drag co- 
efficient by a factor of 2 for the weak wind class but has little 
influence on the standard error for the other wind speed cat- 
egories. However, even after removing the cases with sampling 
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Figure 7. (top) The drag coefficient as a function of wind 
speed and standard error bars after removing records which 
fail sampling criteria. (bottom) Comparison of the drag coef- 
ficients with (solid line) and without (dotted line) application 
of sampling criteria. 

problems, the standard error for the weak wind speed category 
is still much larger than that for moderate and strong wind 
speed categories (Figure 7, upper panel). The records which 
fail the flux sampling criteria are not included in the remainder 
of the calculations below. 

Figure 8 shows that the drag coefficient is sensitive to the flux 
averaging scale only for weak wind speeds. Here modulation or 
meandering of the stress vector leads to sign reversals and 
cancellation when averaging the stress components (section 3). 
As a result, increasing the flux averaging scale (X) decreases 
the value of the drag coefficient at weak wind speeds (Figure 
8). 

Much of the decrease of the stress with increasing flux av- 
eraging scale X is due to decreasing importance of the cross- 
wind stress which frequently switches sign. One could argue 
that nonzero cross-wind stress is mainly due to inadequate 
sample size and should be discarded. However, there appears 
to be a small systematic cross-wind stress. The direction of the 
stress vector should be closer to the wind shear direction than 

the wind direction which is directed to the right of the wind 
vector for Ekman flow in the northern hemisphere. The stress 
direction is also influenced by stability and baroclinity [Geer- 
naert et al., 1993] and the direction of the waves [Rieder et al., 
1994]. Removing the cross-wind stress reduces the drag coef- 
ficient at weak wind speeds (not shown) but causes little effect 
at moderate and strong wind speeds. That is, the relationship 
between the wind and stress directions becomes less systematic 
at weak wind speeds. During these periods the along wind 
stress can even be directed opposite to the wind vector for 
some records. 

Finally, the way the averaging is conducted within each wind 
speed category influences the average value of the drag coef- 
ficient only for the weak wind category. The drag coefficients 
plotted above are simple averages of the drag coefficient for all 
of the records within a given wind speed category. As an 
alternative the stress magnitude and wind speed were first 
averaged over all of the records within a given wind speed 
category, and then the drag coefficient was computed from 
category averages (not shown). This drag coefficient for the 
weak wind speed category is significantly smaller than the av- 
erage of the drag coefficient values. Again, the values of the 



MAHRT ET AL.: SEA SURFACE DRAG COEFFICIENTS 14,333 

drag coefficients for moderate and strong wind speed catego- 
ries are not appreciably affected. 

The above results collectively indicate that the value of the 
drag coefficient at weak winds is sensitive to the method used 
to compute the drag coefficient. In our opinion, there is no one 
correct drag coefficient for these cases, but rather, the drag 
coefficient is associated with considerable uncertainty. One can 
conclude that the drag coefficient increases at weak wind 
speeds but the exact numerical value of this increase cannot be 
determined. Recognizing this uncertainty, we proceed to ex- 
amine the dependence of the drag coefficient on wind speed, 
fetch, and stability based on the usual magnitude of the vector- 
averaged stress and the time-averaged wind speed. The local 
averaging scale L will be 10 min, and the flux averaging scale 
X will be 1 hour. 

6. Dependence on Stability 
and Wind Direction 

The historical literature (introduction) as well as the present 
data (Figure 8) suggests that the drag coefficient reaches a 
minimum value for mean wind speeds near 4-5 m/s. However, 
in the present data set, most of the weak winds are blowing 
from land, and part of the enhancement of the drag coefficient 
at weak winds could be due to fetch-limited growing waves. 
Asymmetric wave profiles resulting from near-resonant non- 
linear wave-wave interactions in shallow water may also be 
important. However, some of the short fetch cases are associ- 
ated with thin internal boundary layers in which case the drag 
coefficient may be quite different from that predicted from 
similarity theory. To investigate the influence of fetch, the 
records are divided into a long fetch class (>15 km, between 
225 ø and 340 ø) and a short fetch class (<4 km, between 120 ø 
and 220ø). In general, the drag coefficient for the short fetch 
flow is indeed greater than that for the flow with long fetch 
(Figure 9), particularly at stronger wind speeds where the 
averaged short fetch drag coefficient is 50% more than that of 
the averaged long fetch value. At these strong wind speeds the 
flux sampling errors are generally small. The effect of stability 
on the drag coefficient is expected to be small at stronger wind 
speeds, as is suggested by the drag coefficients which were 
reduced to neutral stability (Figure 9) using similarity theory 
[Geernaert et al., 1986]. Therefore differences in the wave field 
and associated roughness seem to be the most likely explana- 
tion for the greater drag coefficients with short fetch. The 
estimated wave age is g/'eater than 10 for most of the present 
data, in which case the drag coefficient is expected to decrease 
with wave age [Nordeng, 1991] and thus decrease with increas- 
ing fetch. 

Notice that the difference between the short and long fetch 
drag coefficients increases with wind speed. Although the long 
fetch cases are still fetch limited in contrast to open ocean 
conditions, this general result might be related to the overall 
conclusion of Geernaert [1990, Figure 8] that near-coastal or 
lake drag coefficients are larger than open ocean drag coeffi- 
cients and that the difference between the two cases tends to 

increase with wind speed. The numerical values of the drag 
coefficients in RASEX for both the short and long fetch cases 
are closer to the near-coastal values than the open ocean 
values summarized in Figure 8 of Geernaert [1990]. Geernaert 
[1990] emphasized the differences in water depth as a cause of 
different values of the drag coefficient between the different 

short fetch 
g fetch 

0 • I • I • I • I , I • I • I • I , 
0 2 4 6 8 10 12 14 16 18 

wind speed (m/s) 

Figure 9. The drag coefficient for the short (solid line with 
circles) and long fetch (dotted line with asterisks) records and 
the corresponding values reduced to neutral conditions (solid 
line with squares for short fetch; dashed line with crosses for 
long fetch). 

observations. Water depth could also be a factor with the 
RASEX data even though the observations are from a fixed 
platform. With offshore winds the footprint of the flux mea- 
surements is upstream over shallower water and vice versa. 

The drag coefficient for the short fetch class is large in spite 
of some very small individual values associated with advection 
of warm air from land. With significant warm air advection, 
stable stratification leads to partial collapse of the surface 
stress and increase of stress with height. This advective internal 
boundary !ayer•is not described by similarity theory. 

The increase of the drag coefficient for weak winds is much 
greater for the unstable class of records (upward virtual heat 
flux) than for the stable class of records (comparison not 
shown). However, reducing the value of the drag coefficient to 
its neutral value does not significantly close the gap between 
the two classes of dat a . That is, the neutral drag coefficient 
reduced from the unstable class of records is still significantly 
larger than the neutral drag coefficient reduced from the stable 
class of records, even after subdividing the records according 
to fetch. Furthermore, the reduced neutral value of the drag 
coefficient is still correlated with stability (-z/L), particularly 
for unstable flow with long fetch. As one final test of the 
effectiveness of reducing the drag coefficients to neutral values 
the drag coefficient was modeled with a least squares depen- 
dence on wind speed. Using values of the drag coefficient 
which were reduced to their neutral values did not increase the 

variance explained by the modeled dependence of the drag 
coefficient on wind speed, as compared to the regression model 
using the original drag coefficients. 

One explanation is that existing similarity theory is generally 
inadequate, which will be examined in a future study. An 
alternative explanation is •hat the heat and momentum fluxes 
are relatively small at weak winds so that the relative flux errors 
are large. Then the computation of the Obukhov length and 
reduction of the drag coefficient to the neutral value suffer 
large errors at weak wind speeds, while the stability correction 
is generally unimportant at strong wind speeds. 

7. Conclusions 

Analysis of RASEX data shows that the drag coefficient for 
weak winds is sensitive to the method used to calculate the 
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drag coefficient. The value of the drag coefficient at moderate 
and strong wind speeds is not sensitive to the method of cal- 
culation provided that the computed perturbation flow in- 
cludes all of the transporting scales. The following tendencies 
were observed for the class of weak wind records but were not 

observed for the moderate and stro.ng wind classes: 
1. The computed drag coefficients for the weak wind cases 

are larger when the wind speed is Computed from the vector- 
averaged wind (analogous to numerical models) compared to 
averaging the instantaneous wind speed. 

2. Flux sampling criteria eliminhte a significant fraction of 
the weak wind cases; however, the standard error still remains 
significantly larger than that for moderate and strong wind 
classes. 

3. Rotation of the coordinate system to reduce the influ- 
ence of inadvertent tilt of the sonic anemometer significantly 
affects the drag coefficient for weak wind cases. 

4. The computed drag coetficlent is smaller when the flux is 
averaged over longer time periods due to meandering of the 
stress vector and cancellation associated with slgn switches. 

5. For a few weak wind cases, inclusion of the current 
velocity in the calculation of the relative surface wind signifi- 
cantly affects the value of the drag coefficient. 

6. The wind and stress vectors are g.enerally not aligned for 
weak wind cases. 

7. The difference between the stress values estimated from 

profiles and estimated from eddy correlation shows the great- 
est differences for the weak wind case. 

Regardless of the method of calculation, the drag coefficient 
shows some increase at weak wind speeds. However, the un- 
certainty of the drag coefficient at weak winds masks any at- 
tempt to distinguish between the influences of the smooth flow 
ph3)sics of Liu et al. [1979], increased roughness associated with 
capillary'waves [Wu, 1994], increased role of surfactants at 
weak winds, or greater nonequilibrium between the wind and 
wave field due to larger relative influence of flow meandering. 
The drag coefficient also increases with increasing instability 
and decreasing fetch. After attempting to remove the influence 
of stability by reducing the drag coefficients to their n. eutral 
values using conventional similarity theory, significant depen- 
dence on stability remains. In fact, reducing drag coefficients to 
neutral values had a mhch smaller influence than eliminating 
records with large flux sampling errors. A future study will 
attempt to isolate these various influences as well as wave age 
and shoaling through inclusion of the wave wire data and 
independent estimates of the' surface stress from wind profiles. 

The large scatter in the drag coefficient at weak winds in the 
present study contrasts with the data from Geernaert et al. 
[1988] and Bradley et al. [1991], as given by Wu [1994], where 
the scatter at weak winds was small. Those values of the drag 
coefficient were computed from the dissipation technique. 
However, the dissipation technique has not been calibrated for 
the case of very weak winds, and Geernaert et al. [1988] point 
out that the usual dissipation technique is justified only when 
the flow is near neutral and stationary. For the RASEX data, 
both of these conditions are violated more frequently for weak 
wind cases. The direct eddy correlation measurements show 

, 

large scatter at weak winds, and the drag coefficient can vary by 
a factor of 3 due to method of calculation. This uncertainty 
masks any attempts to differentiate between the smooth and 
rough flow predictions [Wu, 1994] and also precludes testing 
the dissipation method for the weak wind case. 

We recommend that examination of the drag coefficient at 

weak wind speeds should always include sensitivity to the 
method of calculation, choice of averaging scale, and assess- 
ment of nonstationarity. In the present study the flux averaging 
scale was chosen partly by consulting the scale dependence of 
the correlation between the mean flow and momentum flux. 
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