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ABSTRACT

A new functional form of the neutral drag coefficient for moderate to high wind speeds in the marine

atmospheric boundary layer for a range of field measurements as reported in the literature is proposed. This

new form is found to describe a wide variety of measurements recorded in the open ocean, coast, fetch-limited

seas, and lakes, with almost one and the same set of parameters. This is the result of a reanalysis of the

definition of the drag coefficient in the marine boundary layer, which finds that a constant is missing from the

traditional definition of the drag coefficient. The constant arises because the neutral friction velocity over

water surfaces is not directly proportional to the 10-m wind speed, a consequence of the transition to rough

flow at low wind speeds. Within the rough flow regime, the neutral friction velocity is linearly dependent on

the 10-m wind speed; consequently, within this rough regime, the new definition of the drag coefficient is not

a function of the wind speed. The magnitude of the new definition of the neutral drag coefficient represents an

upper limit to the magnitude of the traditional definition.

1. Introduction

Despite conflicting evidence in the past (Garratt

1977), it is now accepted that the drag coefficient (de-

fined below) in the marine atmospheric boundary layer

(MABL) is an increasing function of the wind speed

(Sullivan and McWilliams 2010) for moderate wind

speeds. At higher wind speeds, however, recent evidence

suggests that the drag coefficient tends toward a constant

value (Donelan et al. 2004; Black et al. 2007). The exact

equation that describes the relationship between the

drag coefficient and wind speed is dependent on the

author (Geernaert 1990). Although a universal consen-

sus does not exist, the most widely cited relationships are

possibly those proposed by Smith (1980), Large and

Pond (1981), Yelland et al. (1998), and in particular the

Coupled Ocean–Atmosphere Response Experiment

(COARE) algorithm (Fairall et al. 1996, 2003).

It is thought that differences in measured drag coef-

ficients between independent studies are a function of the

state of the sea (Donelan 1990). Attempts over the years

to explain these differences have led to the use of various

conceptual tools such as the wave steepness or slope (e.g.,

Hsu 1974) and wave age (e.g., Maat et al. 1991). For

example, the drag coefficient is thought to increase with

younger waves (decreasing wave age) (Smith et al. 1992).

The precise dependence of the drag coefficient on one or

more of these tools is an ongoing area of research in air–

sea interaction (Sullivan and McWilliams 2010).

However, our intention here is not to review these

tools but rather to take a step back and revisit the defi-

nition of the drag coefficient, to investigate whether the

definition of the drag coefficient in the MABL is con-

sistent with observations over the past 35 years, and to

determine whether an alternative approach could help

describe these observations. Summaries of measure-

ments and the state of knowledge prior to approximately

1975 can be found in Wu (1980) and Garratt (1977).

For the purposes of this study, data previously reported

in the literature is collected and reanalyzed. The choice

of data is limited to what can be readily accessed and that

spans a sufficient velocity range, the reason for which will

be clear below. This includes data reported in tabulated

form (e.g., Smith 1980) or in a figure whereby data points

can be clearly extracted (e.g., Drennan et al. 2003).

The structure of this paper is as follows: An initial

analysis of the standard definition of the drag coefficient
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is conducted and compared against a wide collection of

data as sourced from the literature. Based on this anal-

ysis, a new definition of the drag coefficient in the MABL

is proposed that fits a wide range of reported data, under

a range of field conditions. The new drag coefficient is

then related to the old. Finally, an explanation is offered

for data that appear to fit the new definition less well.

2. Analysis

a. Definition of the neutral drag coefficient

The neutral drag coefficient is defined as a squared

ratio of the friction velocity u* to a wind speed usually

reported at a 10-m height, U10, where

C
D

5
u2

*
U2

10

. (1)

Figure 1 shows the neutral drag coefficient as calculated

from sources listed in Table 1, where the lines repre-

senting Eq. (14) and CD 5 0.0026 are explained below. It

is assumed here that the data listed in Table 1 has been

corrected for neutral conditions. Data uncorrected for

stability will deviate from the true magnitude of CD as

defined by Eq. (1) (Smith 1980). Details of the data dis-

played in Fig. 1 can be found in Table 1, and an expla-

nation of the various parameters in Table 1 follows.

Figure 1 shows that, except for low velocities, CD is an

increasing function of U10, until roughly 20 m s21 when

CD appears to level off. Highlighted in Fig. 1 are the

Humidity Exchange over the Sea (HEXOS) results

(triangles) as reported by Janssen (1997), which do not

display this leveling off, whereas those of Anderson

(1993) do (squares). An increasing CD with U10 is gen-

erally thought to be a consequence of increasing surface

roughness with increasing wind velocity (Charnock

1955; Smith 1988; Hasse and Smith 1997; Fairall et al.

1996, 2003).

The standard definition of the drag coefficient as-

sumes that u* is directly proportional to U10. This is

evident upon rearranging Eq. (1) whereby

u* 5 (C1/2
D )U

10
, (2)

and the square root of the drag coefficient must be the

slope of a plot of u* against U10. Displayed in Fig. 2 is

such a plot using data from the sources listed in Table 1

where for higher velocities it can be seen that u* is ap-

proximately linearly dependent on U10. The linear de-

pendence of u* on U10 is precisely what is assumed in

Eq. (2). Why, therefore, is the drag coefficient as presented

in Fig. 1 not constant within the apparent linear regime?

The answer to this question can be found once more

from Fig. 2, where a straight line is fitted to an apparent

linear regime. Figure 2 shows that while u* is propor-

tional to U10, u* is not directly proportional to U10, and

this information is masked if one merely views a plot

displaying CD 5 f(U10). The linear equation describing

that in Fig. 2 is

u* 5 0.051U
10
� 0.14, (3)

and hence a constant must be inserted into the usual

definition of the drag coefficient such that now

u* 5 C
m

U 1 b, (4)

where b is a constant that must have dimensions of me-

ters per second in order for Eq. (4) to be dimensionally

consistent. All measurements combined, as shown in

Fig. 2, give b 5 20.14 m s21 for U10 $ 8 m s21 and u* $

0.27 m s21, where justification for these numbers is

provided in the following section. Here, the drag co-

efficient has been relabeled to distinguish it from the

traditional definition.

The HEXOS results have been highlighted in Fig. 2

since they are noticeably nonlinear. A nonlinear de-

pendence of u* on U10 has also been spotted by Davidson

(1974) and Oost et al. (2002). However, they considered

u* for the full range of U10, whereas below we will show

that linearity is constrained to higher velocities. A pos-

sible reason for nonlinearity for higher velocities will be

FIG. 1. The neutral drag coefficient plotted as a function of the

10-m wind speed for data listed in Table 1. Triangles represent the

HEXOS data (Janssen 1997) and squares are data reported by

Anderson (1993). Equation (14) is explained in the text, as well as

the horizontal line, where CD 5 0.0026.
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given further below where the nonlinearity is also quan-

tified, since some datasets are clearly more nonlinear

than others. For example, the data reported by Anderson

(1993), also displayed in Fig. 2, is more linear than the

HEXOS results reported by Janssen (1997).

b. Formulation of a new drag coefficient

In contrast to what has been illustrated above for flows

over water, flows over a typically rough terrain exhibit

a near-direct linear proportionality between the friction

velocity and the wind speed; that is, b is small and can be

neglected [e.g., see Fig. 1 in Hicks (1976) and the bottom

of Table 1 here]. While aerodynamically rough flow ex-

ists even at low velocities over land, this may not be true

over water, because the roughness length over water

surfaces is smoother by one or two orders of magnitude

compared with land surfaces (Stull 1988). It could be

possible therefore that at low velocities, that is, in the

nonlinear, low velocity regime, the flow in the marine

surface layer may not be completely aerodynamically

rough but rather within a smooth or transition flow re-

gime. In correspondence with measurements showing

linearity in clearly rough flows over land, it will be shown

here that the existence of the approximately linear re-

gime of u* with U10 corresponds to the regime of aero-

dynamically rough flow over water as it does over land.

To show this, however, we must first reject data outside

the rough flow regime in flows over water.

A surface layer flow can be classified as aerodynami-

cally rough as long as the roughness Reynolds number

[Lange et al. (2004) gives a nice summary of the origins

of this parameter]

R
f
5

u*z
o

n
. 2.3, (5)

where n is the kinematic viscosity. With Charnock’s re-

lation (Charnock 1955) providing an expression for the

roughness height,

z
o
5

au2
*

g
, (6)

a friction velocity can be found where

u*o
5

2.3ng

a

� �1/3

(7)

and can be said to equal the friction velocity at the onset

of aerodynamically rough flow. To show that a linear

relationship between the friction velocity and wind

speed exists over water within the rough flow regime, all

data for u* # u*o
must be rejected. However, the exact

magnitude of u*o
is uncertain owing to the uncertainty

of a (see below) and possibly also Rf. Therefore, an it-

erative procedure to solve for Eq. (7) is needed, which

also involves the stipulation of a minimum value Uo for

the 10-m wind speed U10.

Recalling that, if the drag coefficient has the general

form [recall Eq. (4)]

u* 5 C
m

U
10

1 b, (8)

then u*(U10 5 Uo) 5 u*o
and thus

u*o
5 U

o
C

m
1 b, (9)

where it can be seen that the assumed linear relationship

between the friction velocity and the wind speed also

gives a relationship between u*o
and Uo. This also gives

an expression for the constant b, where

b 5
2.3ng

a

� �1/3

�U
o
C

m
. (10)

A new definition of the drag coefficient is then obtained

if Eq. (10) is substituted back into our original definition,

Eq. (8), to give

u* 5 C
m

(U
10
�U

o
) 1

2.3ng

a

� �1/3

, (11)

provided that both u* $ u*o
and U10 $ Uo; to find these

values, the following iterative approach is adopted:

(i) Uo is assumed;

(ii) linear regression coefficients Cm and b for U10 $ Uo

are calculated;

(iii) u*o
can then be calculated from Cm and b via Eq. (9);

(iv) Cm and b are then recalculated for u* $ u*o
;

(v) steps (iii) and (iv) are repeated until the numbers

converge; and

(vi) a can then be found from Eq. (7).

Plotted in Fig. 3 is a as calculated from Eq. (7) based

on a number of assumed values of Uo and shows that a 5

0.018 (and hence u*o
5 0.27 m s21) corresponds to Uo 5

8 m s21. Substituting these values into Eq. (11) gives

u* 5 C
m

(U
10
� 8) 1 0.27 for

U
10

$ 8, u* $ 0.27 m s�1, (12)

with Cm 5 0.051. For the purposes of calculating Cm for

each individual dataset (Table 1), data below U10 5

8 m s21 and u* 5 0.27 m s21 have been neglected. In

this way, it can be seen that values for Cm, as determined

from a range of reported data using different techniques

in various locations, give a standard deviation (50.006)
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that is approximately 12% of the mean. Previous esti-

mates of a reported in the literature range from 0.01 over

the open ocean (i.e., Smith 1988; Taylor and Yelland

2001) to approximately 0.02 over coastal sites or at

high wind speeds (Yelland and Taylor 1996; Yelland

et al. 1998; Fairall et al. 2003). Figure 3 shows that a

Charnock’s constant of a 5 0.01 (i.e., u*o
5 0.32) gives

Uo 5 9 m s21, and hence the precise value of Uo will

vary depending on a. If a 5 0.01 were to be assumed,

then Cm in Eq. (12) moves from Cm 5 0.051, based on

a 5 0.018, to Cm 5 0.052.

Shown in Fig. 4 is a plot showing the modified drag

coefficient according to

u* � u*o
5 C

m
(U

10
�U

o
) for

U
10

$ U
o
, u* $ u*o

m s�1, (13)

where Uo 5 8 m s21 and u*o
5 0.27 m s�1. It can be seen

in this figure that the indirect proportionality resulting

from the initial transition regime to rough flow has been

removed.

c. The difference between Cm and the standard
definition of the drag coefficient CD

It has been suggested that the typical definition of the

drag coefficient CD reaches an upper limit for increasing

U10 (e.g., Donelan et al. 2004), and Black et al. (2007)

note the possible occurrence of this in their results.

However, the tendency of CD to increase with U10 and

reach a limiting value is predominantly due to the ne-

glect of the constant b.D
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FIG. 2. The square root of the neutral drag coefficient here is

interpreted as the slope of the u* vs U10 distribution for U10 $

8 m s21 and u* $ 0.27 m s21, and a straight line is fitted to data

in this range. The HEXOS results as reported by Janssen (1997) are

shown by triangles; the measurements of Anderson (1993) are in-

dicated by squares.
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This is perhaps clearer if it is realized that, according

to Eq. (4), Fig. 1 (within the linear range) is actually

a plot of

C
D

5
u2

*
U2

10

5
(U

10
C

m
1 b)2

U2
10

(14)

against U10. Therefore,

C
D

5
(U

10
C

m
1 b)2

U2
10

!
(U

10
C

m
)2

U2
10

(15)

as U10 / ‘. Hence, as U10 / ‘,

C
D
! C2

m, (16)

where an average of Cm
2 5 0.0026 is found according to

all data collected in Table 1. Included in Fig. 1 is the drag

coefficient given by Eq. (14) and the line CD / Cm
2 5

0.0512 as found from our analysis, where the trend CD /
Cm

2 is evident (either U10 needs to be significantly higher

or b much smaller for CD ; Cm
2 ). This provides an upper

limit to the magnitude of CD and could be important

with respect to the theoretical development of hurri-

canes (Emanuel 1995; Black et al. 2007).

d. Nonlinearity of u* 5 f(U10 2 Uo)

It has been assumed above that the linear regime exists

for higher velocities (U10 $ Uo and u* $ u*o
). With Uo 5

8 m s21 and u*o
5 0.27 m s�1, the nonlinearity of all data

can be first tested by fitting a quadratic function giving

u* 5 �0.000 018U2
10 1 0.051(U

10
� 8) 1 0.27, (17)

which illustrates a weak nonlinearity within the range 8 ,

U10 , 30 m s21. However, limiting the range of con-

sideration to 8 , U10 , 20 m s21 gives

u* 5 0.0019U2
10 1 0.033(U

10
� 8) 1 0.30, (18)

where the nonlinear term here is more significant.

Therefore, to gauge the linearity in each individual

dataset, shown in Table 1 are Rns values, where Rns is the

ratio of the norm of residuals between a quadratic func-

tion and a linear function. The linear norm of residuals is

E
l
5 �[u*i

� b� C
m

(U
10
� 8)]2

� �1/2

, (19)

where u*i
are measured and b 1 CmU10 are predicted

friction velocities. Similarly, the quadratic norm of re-

siduals is

E
q

5 �[u*i
� a

2
� a

1
(U

10
� 8)� a

o
(U

10
� 8)2]2

� �1/2

,

(20)

where ao, a1, and a2 are quadratic model coefficients.

The ratio between these norms of residuals is thus

R
ns

5
E

q

E
l

. (21)

For example, all data in Fig. 2 give Rns 5 1.0000 in the

range 8 , U10 , 30 m s21 and Rns 5 0.9708 in the range

8 , U10 , 20 m s21. The clearly nonlinear HEXOS re-

sults give Rns 5 0.85, whereas those of Anderson (1993)

FIG. 3. Charnock’s constant a as calculated from Eq. (7) by as-

suming various magnitudes of Uo. It can be seen that Uo 5 8 m s21

corresponds to a 5 0.018.

FIG. 4. Figure 2 plotted according to Eq. (13). Here the x and y

axes are offset by Uo 5 8 m s21 and u*o
5 0.27 m s21, respectively.

The solid line is the line of best fit through this data, where the

relationship is no longer offset from the origin.

2330 J O U R N A L O F P H Y S I C A L O C E A N O G R A P H Y VOLUME 40



give Rns 5 0.98. Values of Rns are listed in Table 1, in

addition to a negative sign in parentheses (2) if the

quadratic function is concave down; for example, the

HEXOS data is concave up and hence lacks a negative

sign in Table 1. The near-perfect magnitude of Rns (51)

here can be attributed to the contribution of data that

are both concave up (e.g., Large and Pond 1982) and

concave down (e.g., Black et al. 2007). In general, be-

cause Rns , 1,1 the linear model defined by Eq. (3) is an

approximation. Table 1 shows that this is a good ap-

proximation for most data, which gives Rns ’ 1. For

other data, the assumption of linearity is weaker, and we

believe this can be attributed to a lack of geometric

similarity in regions of limited water depth.

For the drag coefficient to be constant,2 geometric simi-

larity at the very least must be maintained. For example,

geometric similarity here is not maintained between low

and high wind speeds (there is a surface roughness de-

pendence), and hence the drag coefficient is not constant

over this range. If geometric similarity is to be maintained

at higher velocities, then a characteristic wave shape [let

us suppose it is the wave steepness H/L, where H is

some characteristic wave height (e.g., the significant wave

height) and L a characteristic wavelength] must also be

constant. For example, if the drag coefficient is to be

constant for higher velocities, then H/L at 10 m s21 must

be the same H/L at 20 m s21. In deeper water, the wave

shape at higher wind speeds is governed principally by the

surface wind. A linear dependence of u* on U10 at higher

velocities suggests the forcing of the waves by the action

of the surface wind at, for example, 10 and 20 m s21 is

equivalent and that geometric similarity is maintained in

deeper water as a consequence of a persistent charac-

teristic wave shape for increasing surface winds.

In the vicinity of a coast, in addition to the action of the

wind, the characteristic wave shape can also be governed

by sea floor effects (shoaling). It is possible that these two

separate forcings combine to alter the characteristic wave

shape so that now, for example, H/L at 10 m s21 differs

from H/L at 20 m s21, and hence the drag coefficient

cannot be expected to be constant under these conditions.

This is reflected in the magnitudes of Rns , 1 in two

particular datasets in Table 1 [HEXOS (Rns 5 0.848) and

the Risø Air–Sea Experiment (RASEX) (Rns 5 0.852)]

that also happen to be in regions of limited water depth. It

is also consistent with the analysis of Taylor and Yelland

(2001), who find a wave steepness dependence in both of

these datasets. In these locations, the classical relationship

as proposed by Charnock (1955), which predicts a non-

linear dependence of u* on U10, should be more valid than

the linear relationship suggested here.

3. Conclusions

A reanalysis of the definition of the neutral drag co-

efficient in the marine boundary layer was conducted with

the help of easily accessible data as reported in the liter-

ature. It is found that the increase in the drag coefficient

with wind speed can be attributed to the neglect of a con-

stant, a consequence of the friction velocity not being di-

rectly proportional to the mean wind speed. However, the

friction velocity is still approximately linearly related to

the mean wind speed at higher wind speeds. This linear

regime is shown to be a feature of aerodynamically rough

flow over water, similarly to that found over land, but the

regime over water is offset from the origin by a transitional

flow regime at low velocities. This offset justifies the in-

troduction of the otherwise neglected constant b in Eq. (4).

An expression for the dependence of the friction ve-

locity on the mean wind speed and Charnock’s constant is

found, which can be rearranged to form a new definition

of the neutral drag coefficient in the marine atmospheric

boundary layer, valid for a Charnock constant of 0.018

implying friction velocities greater than 0.27 m s21 and

wind speeds greater than 8 m s21. The new drag co-

efficient, Cm, approximates a range of datasets as reported

in the literature for a range of locations including the open

ocean, limited-fetch cases, as well as lakes, where the

standard deviation is found to be approximately 12% of

the mean. The square of the new drag coefficient turns out

to be the limiting value for the classical drag coefficient

for high wind speeds. The new drag coefficient is expected

to be less valid in areas of limited water depth where the

traditional definition in conjunction with Charnock’s re-

lation, which predicts a nonlinear dependence of u* on

U10, such as that evident in the HEXOS data, is expected

to be superior. In deeper water the new definition could

prove to be useful, particularly at higher wind speeds.
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