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ABSTRACT

Marine wind measurements at three heights (3.0, 4.5, and 5.0 m) from both moored and drifting buoys during
the Ocean Storms Experiment are described. These winds are compared with each other, with winds from ships,
from subsurface ambient acoustic noise, and from the analyses of three numerical weather prediction centers. In
the mean, wind directions generally differ by only a small constant offset of a few degrees. No wave influence
on the wind direction is evident, because the differences are not systematic and, with few exceptions, they are
less than the expected error. After correcting for some apparent calibration and instrument bias, the Ocean Storms
wind speeds display similar behavior when compared to the analyzed wind products. There is excellent agreement
up to a transition wind speed between 7 and 10 m s ™', above which all the measured winds tend to be relatively
low. The transition speed is found to increase with anemometer height, so this behavior is interpreted as being
due to the distortion of the wind profile by surface waves. The wave effects are shown to be profound. By
increasing the stress by 40% or more in high winds, the corrections are shown to be essential for numerical
models to simulate the oceanic response to storm events. The Ocean Storms corrections are used to construct
functions describing wave influence on both the vertical wind shear and the mean wind speed profile. These
functions can only be regarded as crude approximations because the Ocean Storms data are far from ideal for
determining them. However, they can be used to assess potential influences of surface waves on any low-level
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wind measurement.

1. Introduction

Marine winds are often measured by buoy-mounted
anemometers at heights, z,, only a few meters above
the sea surface (e.g., Weller et al. 1990). Such obser-
vations are used for a variety of purposes. They are
often transmitted in real time to the operational nu-
merical weather prediction centers for incorporation
into their global analyses (e.g., Lorenc 1981). They
are commonly used as ground truth for satellite wind
retrievals (e.g., Jones et al. 1982; Halpern et al. 1994).
Buoy winds are also used to establish the wind forcing
of the upper ocean on a variety of timescales. This forc-
ing can then be used in the analysis and interpretation
of ocean observations (e.g., Price et al. 1987) or can
be applied to numerical ocean models (e.g., Large and
Crawford 1995).
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Most uses of marine winds involve either explicit or
implicit calculation of the wind stress through the bulk
aerodynamic method. This method requires that wind
observations be shifted to the standard reference height,
z, = 10 m, where the drag coefficient has been for-
mulated. Shifting the wind from z, to z,, in turn, re-
quires knowledge of the wind profile. However, marine
wind profiles are known to be distorted from their fa-
miliar logarithmic dependency by both the atmospheric
stability and by ocean surface waves. The former effect
has been quantified (Deardorff 1968) and is usually
accounted for (Large and Pond 1981). On the other
hand, surface wave distortion is not well understood
and is almost always neglected, even though Dittmer
(1977) shows that it can be significant even in rela-
tively benign tropical conditions. He shows marine
wind profiles from a stabilized spar buoy, where the
mean speeds from 2-m height are systematically too
low with wave heights less than 0.75 m. Another ex-
ample from the JONSWAP II experiment in the
German Bight is given by Krugermeyer et al. (1978).
They conclude that the wave influence on the wind pro-
file may extend to about three wave heights.

The distortion of the wind profile above surface
waves has been used to explain the observed systematic
discrepancy between wind stresses inferred from ob-
served profiles and coincident stresses obtained from
the eddy correlation technique (Dittmer 1977). The
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wind-wave tank results of Tseng et al. (1992) can be
interpreted in a similar fashion, even though they for-
mulate the problem in terms of the height of the zero
reference plane for the wind profile, which they con-
clude must vary with wave conditions. Theoretical con-
siderations of wind generation of ocean surface waves
require that the waves distort the wind profile, but Jans-
sen (1989) predicts that even in strong winds the effect
extends only to about 5-cm height.

In the Ocean Storms Experiment of 1987, most of

the wind observations were made from moored and |

drifting buoys at heights of 4.5 and 3.0 m, respectively.
It is expected that these heights would sometimes be
comparable to the wave height because high winds are
common in the Ocean Storms region. This paper ad-
dresses the question of how to account for the distortion
of the wind profile by the surface waves when deriving
wind stress from these low-level wind observations.

2. The marine wind profile

In the atmospheric surface layer, it is conventional
to align the downstream wind component, U, with the
x axis of a Cartesian coordinate system. This surface
layer is not a constant stress layer ( Tennekes 1973) but
still can be defined as the turbulent flow regime where
the only important dimensional parameters are the den-
sity p, the height above the boundary z, the surface
wind stress 7, and the surface buoyancy flux B,. Two
fundamental turbulence parameters that can be formed
from these quantities are the friction velocity u* and
the Monin—Obukhov length scale L:

u*? = e

L =u**(«xB,)™", (L)

where k = 0.4 is the von Karmén constant. The semi-
empirical Monin—Obukhov similarity theory then
gives the well-tested wind flux profile relation as a
function of the stability parameter, { = z/L:

o0 = 2%

u* 9z °

(2)

This function (2) has been empirically determined
(Hogstrom 1988). Integration of (2) leads to the fa-
miliar logarithmic wind profile with corrections for sta-
bility:

*
U(z) = Uo+%<—[ln<z—zo> —¢(§)], (3)

where

(S § ’
"'(C)zLL[ g’(c )1

The constant of integration, z,, is the roughness length
defined as the height at which a wind profile governed

dg’.
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by (2) would match the surface flow; that is, U(z,)
= U().

Tennekes (1973) gives an alternative derivation of
(3) and discusses the extent of the atmospheric surface
layer. A practical definition is the height where the
wind stress has been reduced by 20% from its surface
value (Lumley and Panofsky 1964). In midlatitudes
this height, z,, scales as A,U(z,), with A, ~ 5.5s, in
steady winds. It is higher (lower) when the wind speed
is increasing (decreasing ) with time (Large 1979; Dan-
ard 1980).

The bottom of the atmospheric surface layer at z = z,
is where the surface roughness elements begin to di-
rectly influence the turbulent flow. If over the sea the
roughness elements are the surface waves, then z,
would scale with the wave height. Neither (2) nor (3)
can be expected to hold for z < z;. Dimensional anal-
ysis suggests that a possible model for the structure of
the mean wind profile at these heights is

aUu
X(E)d(C) = ==

it (4)
where £ = z/h, with h an unknown wave height param-
eter, and x is an unknown function still to be deter-
mined empirically. At large values of £, x should ap-
proach a value of 1, so that (4) becomes (2) making
(3) valid. The profiles of Dittmer (1977) indicate that
at smaller £, x should become greater than 1.

High marine winds are typically accompanied by
high waves and near-neutral conditions ({ near zero, ¢
about 1). In such cases (4) can be integrated analo-
gously to (2) to give the logarithmic wind profile as
distorted by surface waves:

U(z) = Uy + "—: [m(f) - Q(g)] . (5)

r

where

o
o = [ 1 XED .

and ¢, = z,/h. The roughness length z, is the height
where the wind from (5) and the surface speed are
equal [U(z,) = Up]. |

An example of the possible neutral wind profiles
given by (5) and (3), with Uy = 0.0 and U(z,) = 13.0
m s~', as shown in Fig. 1. In this case z, is assumed to
be about 7.0 m and higher up, where the physics of
both (2) and (4) are valid, the two profiles coincide.
Lower, the larger wind gradient results in lower wind
speeds from (5) than from (3), and z, is nearly three
orders of magnitude larger than z,. The actual wind
profile would be expected to follow (5) (solid trace)
only so far as no other physical parameters become
important and (4) remains valid. At these heights, Fig.
1 is qualitatively similar to the model of Chalikov and
Makin (1991). Figure 1 also illustrates that if an ane-
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FiG. 1. Schematic of a neutral low-level wind profile with U,
=13.0 m s™' as predicted by (5), solid trace, and (3), dotted trace.
The dashed trace shows (3) as derived from an anemometer mea-
surement at z, below the surface layer (z, < z;). These three profiles
go to zero at z,, %, and z,,, respectively.

mometer at z, = 3.5 m measures the correct wind speed
U,, which is then shifted to a neutral 10-m value U,
according to (3), this inferred value would be signifi-
cantly less than the true neutral 10-m speed U,,.

The bulk aerodynamic formula for computing the
surface wind stress, and hence u*, from measurements
of the wind is

7o = pCp(z, L U(2)U(2), (6)

where the drag coefficient C,, is a function of height
and stability. In formulating Cp, it is common to refer-
ence it to a height of z, = 10 m and to neutral stability

(§=0):

* \ 2
CN=CD(ZS‘)0)=M=<L¢ ) .

— 7
PU%O U ™

A very good fit to published data averaged over wind
speed bins from 1 to more than 25 m s ™' (E. Vera 1983,
unpublished manuscript) is

u*? = 107*[2.717U,, + 0.142U%, + 0.0764U3,].
(8)

With the formulation implied by (8), Cy goes to its
theoretical infinite limit at zero wind speed, and sig-
nificantly increases with wind speed for U,, > 10
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m s~'. This increase results in a measured roughness
length z,, smaller than z, (Fig. 1).

In computing the data used in the fit (8), Uj, at best
has been calculated using (3), ignoring any surface
wave influence (e.g., Large and Pond 1981). Thus,
when measurements of stress and wind speed have
been made in high wind/wave conditions with z, > z,
> z, > z,, the estimate of U(z,) used to compute Cy
has been a smooth sea value rather than the smaller
actual wave influenced speed (Fig. 1, dotted versus
solid curves). The Cy values implied by (7) and (8),
therefore, are referenced also to a smooth sea, as well
as to neutral stability and to 10-m height. They should
result in good bulk stress estimates (6) provided the
wind measurements were made at heights above the
wave influence, z, > z,. Figure 1 illustrates that in-
ferred winds U,, from low-level anemometers and (3)
could result in bulk stress magnitudes that are much too
low. Instead, (5) should be used, which requires an
estimate of ¢ and the empirical determination of Q(&).

We note that drag coefficients Cy derived from (3)
and measurements of stress and wind at heights z, < z,
would be systematically larger than the smooth sea val-
ues. Thus, measurement height could explain some of
the differences from dataset to dataset in reported drag
coefficients.

3. The Ocean Storms wind observations

The wind observations considered in this study are
cataloged in Table 1. Figure 2 shows the locations of
the five surface moorings. Two of these, the Ocean
Storms central, S¢, and north, Sy, moorings, were de-
ployed specifically for Ocean Storms and operated
from August 1987 to June 1988. Propeller—vane ane-
mometers were installed at a height of 4.5 m. The other
three moorings are part of the offshore NOAA opera-
tional network run by the National Data Buoy Center
(NDBC). These buoys have boat-shaped hulls, 6 m
long by 3 m wide. They also have propeller—vane an-
emometers, but at z, = 5.0 m. Their reported winds are
vector averages over 8.5-minute intervals from 1 Hz
samples.

The drifting wind observations were made along the
tracks shown in Fig. 2. Each of the six Climate Air—
Sea Interaction Drifting (CASID) buoys (C, to Cs)
employed a propeller—vane anemometer at 3.0-m
height. All buoys were deployed early in October, but
only one, C;, continued to operate into the new year.

In pilot experiments a CASID was additionally in-
strumented to measure the three components of accel-
eration, as well as buoy pitch and roll. The results in-
dicated that periods of excessive buoy motion lasted
for only about 10 seconds and were accompanied by
widely varying vane activity. Thus, anomalous wind
directions were indicative of an overly active buoy and
unreliable wind samples. To exclude such periods from
the Ocean Storms observations, the CASID wind pro-
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cessing was as follows. Five minute (300 samples)
blocks of wind speed data were internally processed.
Only samples whose wind direction were within +30°
of the most common direction were used to compute a
simple mean speed and direction for a block. Typically
only 10%—15% of the samples were excluded. Then,
to conserve power, the buoy system was muted for
about 4.5 minutes before new block means were com-
puted. Every 1.3 hours, eight-block means were vector
averaged to give the wind speed and direction data that
were transmitted to the Argos satellite data collection
system.

The two French Marisonde drifters (M; and M;)

-were also deployed early in October, but failed rela-

tively soon. These drifters used Savonius rotor wind
speed sensors at about 3.0-m height. A large fin was
rigidly attached to the buoy hull, and the orientation of
the hull was used to give the wind direction.

At various times the CSS Parizeau operated in the
vicinity of the Ocean Storms moorings. Wind mea-
surements from a cup and vane system at about 19 m
were continuously recorded and are denoted as P (Ta-
ble 1). In addition, fast response propeller—vane ane-
mometers were installed at about 9-m on a mast at the
ship’s bow and at about 15 m near the ship’s bridge.
These Parizeau winds did not operate continuously and
are denoted in Table 1 as Py and Py, respectively. Pe-
riodically, a small drifting buoy, denoted Py, was de-
ployed from the Parizeau with a cup and vane ane-
mometer at about 3.0-m height.
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FiG. 2. Locations of Ocean Storms wind observations that are cat-
aloged in Table 1. The dots correspond to the approximately 1° grid
of the ECMWF-analyzed products.

An unconventional wind speed dataset was provided
throughout Ocean Storms by a Wind Observations
Through Ambient Noise (WOTAN) instrument on a
subsurface mooring near the central mooring. This de-
vice measured acoustic noise (4-20 kHz) at 150-m
depth. The noise measurements were converted to 10-
m wind speeds using an algorithm of Vagle et al.
(1990), which was based on measurements during the
earlier Frontal Air—Sea Interaction Experiment (FA-
SINEX). The FASINEX winds used in this calibration
were from a Gill 3-cup anemometer at 3.55-m height
on a mooring (Weller et al. 1990). Most of these cal-
ibration data were at wind speeds below 10 m s™'. At

TaBLE 1. Ocean Storms wind observing systems and suggested corrections, 66. Asterisks denote platforms that transmit their winds to the
operational forecast centers for incorporation into their analyses.

Za &6
Platform Wind sensor (m) °)

Mooring Sc Prop-vane 4.5 -1 Storms central

Sy Prop-vane 4.5 0 Storms north

N+ Prop-vane 5.0 -1 NDBC 46004

N Prop-vane 50 5 NDBC 46005

N+ Prop-vane 5.0 10 NDBC 46036
Drifter Co Prop-vane 3.0 =5 CASID 10060

C, Prop-vane 3.0 5 CASID 10061

C, Prop-vane 3.0 0 CASID 10062

C; Prop-vane 3.0 -4 CASID 10063

C, Prop-vane 3.0 0 CASID 10064

Cs Prop-vane 3.0 3 CASID 10065

M, Rotor-fin 3.0 5 Marisonde 33

M, Rotor-fin 3.0 0 Marisonde 37

Ps Cup-vane 3.0 -30 Parizeau drifter
Ship Pc. Cup-vane 18.9 Parizeau _

Py Prop-vane 9.0 Parizeau bow mast

Py Prop-vane 15.0 Parizeau bridge
Subsurface We WOTAN —-150 — Near-storms central
Analyses EC 10.0 1 ECMWF, 6 hourly

NM 10.0 5 NMC, 12 hourly

FN 10.0 0 FNOC, 12 hourly




NOVEMBER 1995

higher wind speeds the calibration is essentially an ex-
trapolation from the lower speeds.

Valuable meteorological datasets, including 10-m
wind speed and direction, were obtained from the anal-
ysis products of three operational numerical weather
forecast centers. The European Centre for Medium-
Range Weather Forecasts (ECMWF) provides global
fields every 6 hours on the approximately 1-degree grid
shown by the dots in Fig. 2. Air and dewpoint temper-
atures at 2-m height are also in the dataset. Similar
products from a similar procedure, but on a coarser 2-
degree grid, are provided every 12 hours by both the
National Meteorological Center (NMC) and the Fleet
Numerical Oceanography Center (FNOC). All three
datasets are available throughout Ocean Storms, and
for comparison purposes these data were interpolated
to the time and positions of other Ocean Storms obser-
vations.

In 1987 the ECMWF data assimilation (Lorenc
1981) included a global, multivariate, optimal inter-
polation analysis. The observational data, including
that indicated in Table 1, underwent three quality con-
trol checks (Hollingsworth et al. 1986). First, they
were compared to the first guess from a previous fore-
cast and excluded if too different. Next, a univariate
check was applied to nearby observations to identify
redundancies. Finally, they were compared to an in-
dependent analysis using neighboring observations.
The 10-m wind components and the 2-m temperatures
were calculated by integrating profiles of the gradients
(2), assuming a constant flux (surface) layer and a
Charnock constant of 0.018 (ECMWF 1993). The 2-
m dewpoint was computed assuming a constant relative
humidity in the surface layer.

For buoy and mooring intercomparisons, the wind
data were averaged over or interpolated to 1-hour in-
tervals. For comparisons with the much larger scale
analyzed winds, wind data buoy and mooring data were
averaged over 6 hours. All the wind speeds were shifted
to a common reference height, z, = 10 m, using (3)
and (8). Most wind measurements were accompanied
by air and sea temperature measurements, so the sur-
face buoyancy flux B, in (1) and hence { could be
estimated and the effects of atmospheric stability taken
into account. Any missing temperature or humidity
data were supplied by interpolating the ECMWF data
in both time and space. Thus, the wind speeds that are
to be compared have been corrected for measurement
height differences and atmospheric stability, but they
still retain any wave distortion effects.

4. Wind directions

All wind directions 6 are defined to be in the direc-
tion of the wind stress, the direction to which the wind
is blowing, and are given as degrees clockwise from
true north. In comparing wind direction datasets, one
is chosen to be the independent variable, 6., and an-
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other the dependent, §,. The mean difference Aé and
standard deviation ¢ of complete comparative datasets
of N points are computed as

1
Al =NZ(0"— 8,)

2 1

TTWN-D

Z (ex - oy)z' (9)
To obtain a more representative estimate of mean dif-
ferences, outliers were eliminated by following an it-
erative procedure. For the ith iteration a subset of N;

points is chosen such that, for all points,

6. — (6, + AG;_y) < 30° (10)

from which a mean difference A#d; and standard devi-
ation o; are computed following (9). For the first it-
eration Af, = 0.0 is used. In practice, one iteration is
usually sufficient, because the Ocean Storms wind di-
rections are in very good agreement, differing by only
small offsets.

All measurements of wind direction rely upon a
compass reading, and most also require a vane heading.
The two major sources of error are likely the alignment
of the vane reference with the compass lubber line and
the calibrations of both compass and vane. Drifting
buoy assembly is such that it is difficult to achieve
alignment to better than ~5°. Vane calibration can be
more accurate, but together with that of the compass,
another 5° uncertainty is due to calibration. The total
system accuracy of the NDBC wind directions, for ex-
ample, is reported to be +10° (Gilhousen et al. 1990).
Therefore, any two wind direction datasets that differ
by less than 5° in the mean should be regarded as being
in agreement,

Figure 3 is a scatterplot of interpolated ECMWF (6,)
versus the central mooring (6, ) wind directions. Winds
with a westerly component 0° < ¢ < 180° are most
common, while winds from the northeast (6§ = 225°)
are rare. There are some cases, usually associated with
low wind speeds, where the directions are very differ-
ent. Large differences at high wind speeds are also ex-
pected when the mooring is located on one side of a
real front and on the other side of the model front. After
the largest of these outliers (about 10% of the data) are
excluded according to (10), the only major difference
in the two datasets is a small offset. The mean differ-
ence, Af,, is only 2.3° so the two sets of measurements
agree.

The results of the primary Ocean Storms wind di-
rection comparisons are cataloged in Table 2. The first
group shows the central mooring to analyses compar-
isons. The ECMWF to S comparison of Fig. 3 is typ-
ical. The agreement between FNOC and Sc is best in
the mean, but the scatter is the largest of this group.

In the second group of Table 2, ECMWF directions
are compared to those from Ocean Storms drifters.
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FiG. 3. Scatterplot of interpolated wind directions from ECMWF
vs the reported wind directions from the central mooring. The 1:1
line of perfect agreement is shown for reference.

Larger than expected mean differences are found only
for the Parizeau drifter, Pp, and M,, with A = —31°
and 20° respectively. The other drifters, including all
six CASID buoys, show good agreement in the mean.
However, there were only N = 34, N, = 21 observa-
tions from M, for comparison, and the resulting ¢ = 57
is the largest scatter of any comparison. An important
result is that the observed differences, especially be-
tween the identical CASID buoys, are not systematic.

Results from the third group of comparisons (S to
drifters) are generally consistent with the findings of
the first two groups. Only data from periods when a
drifter was within 150 km of the central mooring are
included in these comparisons. Again the Marisonde
and Parizeau drifters compare least favorably. The Sc
wind directions appear to differ from each CASID by
only a small offset. The two Ocean Storms moorings,
Sc and Sy, were about 60 km apart, yet the mean di-
rection difference is less than a degree.

Table 2 (group 4) also shows the interpolated
ECMWF to NDBC buoy wind direction comparisons.
Buoy Ny gives the largest mean difference, but there
are few data points. Both N, and N; have many more
points and give mean differences well within their
claimed system accuracies.

In addition, numerous secondary comparisons of
wind direction were made. For example, all the drifting
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buoys were intercompared with each other and with the
north mooring, using data from times when measure-
ments were separated by less than 100 km. These re-
sults were qualitatively similar to those of the primary
comparison. Mean differences tended to have consis-
tent signs, but the amounts varied by a few degrees.

In summary, most of the wind datasets can be made
to agree with each other in mean direction to within a
few degrees by applying small constant corrections. A
very consistent direction dataset can be constructed by
adding the 66 corrections of Table 1 to each dataset. A
lot of data appears to fall between the Sc and ECMWEF
directions, so 1° is added to the ECMWF directions and
1° is subtracted from the Sc. No corrections are then
required for the Sy mooring and for the C,, C;, and M,
drifters, nor for the FNOC analyses. Only small cor-
rections of *5° are needed for the NMC analysis and
for all the other platforms with two exceptions. The
small Ny dataset suggests that about 10° should be
added to its reported direction. The Parizeau drifter
seems to have been seriously in error, requiring about
a —30° correction. The M, directions are useful only if
about half are rejected according to (9). The remainder
need to be corrected by about 5°.

5. Wind speeds

The results to be presented in this section sug-
gest that flow distortion extended beyond the ane-
mometer heights in high wind/wave conditions. As
a result the computed 10-m wind speeds from (3)
are underestimated in such conditions, even though
the low-level winds themselves appear to be consis-
tent and accurately measured by most of the moor-
ings and drifters. Furthermore, it will be shown
that the resulting error in computed wind stress is
serious.

The small dots of Fig. 4 are a scatterplot of the
wind speeds from ECMWF versus central mooring
wind speeds from August 1987 to June 1988. The
averages (circles) in Fig. 4 and those in subsequent
plots are bin averages. Each bin is bounded by lines
perpendicular to the solid 1:1 line at 2 m s ' incre-
ments along the line. Averages from bins with less
than 6 points are never plotted. At wind speeds be-
low about U* = 3 m s ', the implicit spatial average
of the analysis and the 6-hour time average of the
mooring may not be comparable quantities, with the
latter tending to be smaller as shown by the bin av-
erages (circles). Also shown in Fig. 4 are the bin
averages of NMC versus Sc (triangles) and FNOC
versus Sc (squares ) comparisons over the same time
period. The three analyses appear to be very consis-
tent with no systematic differences evident. It is
clear in Fig. 4 that the central mooring winds
do tend to be low relative to all three of the analyzed
wind products at wind speeds above a transition
speed U§..
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TABLE 2. Primary wind direction comparisons.
x y N A 4 N, Af, o
Sc EC 1179 43 30 1051 23 13
NM 597 7.8 27 508 4.6 12
FN 1225 53 44 845 1.1 14
EC Co 160 ~7.4 43 114 -3.1 14
C, 21 7.8 24 18 4.4 15
C, 223 1.6 29 181 -0.6 14
C; 503 -11.0 32 411 —6.9 13
C, 103 -2.1 34 84 -13 14
Cs 126 -0.5 47 99 52 14
M, 393 -20 — 178 2.1 15
M, 34 6.2 57 21 -22 16
P, 36 -31 23
Sc Co 60 -1.6 34 53 -39 13
o 180 7.1 55 133 2.7 14
C, 557 1.0 25 504 0.4 14
G 114 0.2 49 102 0.8 12
C, 255 2.8 32 217 09 13
Cs 303 5.1 17 287 4.0 11
M, 182 10.5 69 108 5.0 15
M, 60 12.0 86 31 2.8 15
Sx 6576 -0.1 39 5673 05 11
Pp 87 -29.3 17
EC Ny 1215 —-1.0 22 1110 -1.6 11
Ns 985 3.8 25 888 39 12
N 170 9.7 27 146 8.5 11
To determine the transition speed U of this and Uo=Uy UysUT
other Ocean Storms comparisons, the data points are fit r
to two linear segments that meet at U”. The general =AUy +B Uy>U’, (11)

form of the fit is

25 T —
Wind Speed m/s

a4 29 ]
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=
=z
o 15 i
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S 5S¢ :
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0 L : : -
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Fic. 4. Scatterplot of interpolated ECMWF wind speeds vs central
mooring (Sc) speeds. Bin averages of these data are shown as open
circles. Also shown are bin averages from NMC vs Sc (triangles) and
FNOC vs Sc (squares) comparisons.

where Uy, is the observed wind speed shifted to 10 m
(Fig. 1) according to (3). The transition speed is varied
over a wide range, and for each value the rms distance
between the data points and the nearest point on the
fitted line (11) is computed. Finally, U7 is taken to be
the transition speed for which the rms goodness-of-fit
measure is a minimum. The Fig. 4 comparison gives
Ugc = 9.05 ms™"'. The fit (11) gives As. = 1.53 and
BSC = —4.80m S_l .

A comparison of hourly average wind speeds from
the central and north moorings reveals that, at wind
speeds below about 8 m s™', the north mooring seri-
ously and systematically underestimates the wind
speed. The cause of the error is not understood, but any
correction would be very nonlinear. At higher wind
speeds, however, both moorings give comparable
speeds, on average, and the scatter is reasonable given
the 60-km separation. Thus, relative to the analyses
both moorings give the same high wind speed behavior:
Ugc = UgN, ASC = ASN, and BSC = BSN'

A notable feature of this mooring comparison is that
from the approximately 9 months of hourly records
there are only about 12 reports from each mooring with
wind speeds greater than 20 m s ~'. The meteorological
data from OWS Papa indicates that during the twenty-
two September through May periods from 1959 to
1981, the number of 3-hourly observations of wind
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FiG. 5. Scatterplot of interpolated ECMWF wind speeds vs all
CASID buoy speeds. Bin averages are shown for the individual com-
parisons of ECMWF vs C, (triangles), C, (squares), C; (solid circles),
C, (stars), and Cs (diamonds).

speeds greater than 20 m s~' over these nine months

ranged from 10 in 1978-1979 to 118 in 1963-1964,
with 40 being the median of the 22 values. If it is as-
sumed that hourly observations would have given three
times these numbers, then 19871988, as measured by
the mooring wind speeds, was anomalously calm.
However, since hourly averages might tend to be lower
than hourly observations, such a year could have oc-
curred. Alternative interpretations are that the Ocean
Storms and OWS Papa wind regimes are very different
or that the moorings underestimated high winds. There
are about 14 occurrences in the Fig. 4 time period of
ECMWEF 10-m wind speeds in excess of 20 m s '; the
central mooring gives no 6-hour average speeds so
high. Thus, the ECMWF data and the central mooring
winds corrected according to (11) are more in agree-
ment with the historical record.

Figure 5 is a scatterplot of ECMWF wind speeds and
the speeds from the six CASID buoys with bin averages
from each. The CASID buoys are consistent. They each
give approximately the same bin averages, especially
at low wind speeds, where there are more data points
and differences are not systematic. However, like the
mooring, the drifter winds tend to be relatively low for
wind speeds above a transition speed, UL = 7.25
m s~!, where subscript C denotes all six CASID buoys.
To agree with ECMWF wind speeds, observed CASID
wind speeds should be corrected according to (11), but
with Ac = 1.56 and B, = —4.06 ms™'.

The comparison of ECMWF wind speeds with the
NDBC buoys (Fig. 6) is more complicated because
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Fic. 6. Scatterplot of interpolated ECMWF wind speeds vs NDBC
mooring N,. Bin averages of these data are shown as open circles.
Also shown are bin averages from the ECMWF vs Nj (triangles)
comparison.

these mooring winds tend to be smaller than the ana-
lyzed at all wind speeds. This result is somewhat un-
expected because the winds from these moorings were
presumably assimilated into the analyzed products,
whereas winds from Ocean Storms moorings and drift-
ers were not (Table 1). Clearly, wind speeds from
NDBC moorings N, (circles) and N5 (squares) do not
agree with each other. One procedure for correcting
these NDBC winds to agree with ECMWEF is to first
apply a gain factor of Gy, = 1.20 and Gy, = 1.05,
respectively, to all the winds in each dataset. Such cor-
rections sometimes need to be applied because of cal-
ibration errors or instrument problems such as over-
speeding (Izumi and Barad 1970; Busch and Kristen-
sen 1976). For each mooring, the gain is the ratio of
the average ECMWF speed to the average mooring
speed over a bin bordered by lines perpendicular to the
1:1 line at 0 and 8 m s ' along the line. Following these
gain corrections both sets of NDBC mooring data are
consistent and behave relative to ECMWF in the fa-

TaBLE 3. Summary of wind speed corrections.

Za ur B
Platforms (m) (ms™") A (ms™") Gain
CASID 3.0 7.25 1.56 —-4.06
Sc. Su 4.5 9.05 1.53 —4.80
N, 5.0 9.20 1.40 —3.68 1.20
N;s 5.0 9.20 1.40 —3.68 1.05
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miliar fashion seen in Figs. 4 and 5. The transition
speed, U 1 =920ms™!, where subscript N denotes all
NDBC moorings, is the highest. A composite fit (11)
gives Ay = 1.40 and By = —3.68 ms™'.

The above corrections are summarized in Table 3.
There is a very distinct trend for the transition speed to
increase with the measurement height. Wind speed er-
rors in the ECMWEF data should not lead to this result.
However, flow distortion of the wind profile by surface
waves could because wave heights tend to increase
with wind speed. As the wind speed and wave heights
increase, the profile distortion would extend to higher
levels. Thus, when 10-m shifted wind speeds from two
anemometers at different low levels are compared, the
high speeds from the lower anemometer should tend to
be smaller than those from the higher one. Such a ten-
dency is evident when CASID buoy wind speeds from
measurements at 3.0 m are compared to central moor-
ing winds from measurements at 4.5 m. For Sc speeds
greater than about 9 m s ™', all three CASID buoys tend
to give smaller speeds. The ECMWF comparisons in-
dicate that at these speeds both the S and CASID
winds should be corrected, but the latter more so.

The Ocean Storms WOTAN data provide further ev-
idence that the mooring winds are too low at high wind
speed. The FASINEX noise to wind speed comparisons
of Vagle et al. (1990) also hint at the presence of some
wave distortion of the wind profile at winds above 10
m s~'. The FASINEX mooring winds near 15 ms™'
are systematically low compared to the extrapolated
linear calibration that was used to convert the Ocean
Storms acoustic noise. However, any distorted FASI-
NEX data, although not plentiful, would have influ-
enced the calibration fits somewhat. The net result
would be to make the Ocean Storms WOTAN winds
somewhat too small. Accordingly, Vagle et al.’s
(1990) plot of WOTAN versus central mooring wind
speeds shows a tendency for relatively low Sc winds at
the higher wind speeds, which is similar to that seen in
Fig. 4. However, the S¢ corrected winds would tend to
be somewhat higher than the WOTAN winds.

Anemometer performance is unlikely the cause of
the high wind speed behavior relative to analyses be-
cause propellers and rotors display similar behavior but
have very different performance characteristics. It is
well known, for example, that horizontally rotating an-
emometers such as cups and Savonius rotors can tend
to overspeed because of the inertia of the rotating sen-
sor and platform motion (Kaganov and Yaglom 1976).
However, such sensors have the advantage on tilting
platforms of not responding to the cosine of the angle
of attack as do propellers (MacCready 1966). Not-
withstanding the paucity of data, the Savonius rotors of
the Marisonde buoys appear to overspeed by about
10%, according to the Fig. 7 comparison with ECMWF
at speeds between U’ and about 8 m s™'. At higher
speeds a further correction for the wave distortion ap-
pears to be needed, but since the two corrections tend
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Fig. 7. Scatterplot of interpolated ECMWF wind speeds vs
Marisonde buoy M, wind speeds. Bin averages are shown as open
circles.

to compensate, the ECMWF and M, wind speeds are
in good agreement around 14 ms™'. A similar com-
parison of Parizeau drifter winds indicates an over-
speeding of its cup anemometer by about 5%. Again,
at high winds ECMWF and P;, speeds agree quite well
because of the compensating errors. As illustrated by
Fig. 7, it can be difficult to interpret a comparison, es-
pecially over a narrow wind speed range, when correc-
tions are needed for competing effects.

The Parizeau ship cup and vane system winds, Pc,
were measured above any suspected wave influence.
Since these winds were continuously recorded, they
could have been a useful local reference, overspeeding
notwithstanding. However, it appears as if they have
gross errors of unknown origin, making them unsuit-
able for such a purpose. This situation was revealed by
comparing these winds to speeds from the Parizeau
propeller anemometers, Py and Py. By selecting data
from one propeller or the other depending on the rel-
ative wind direction, flow distortion by the ship can be
minimized, and a relatively reliable composite wind da-
taset compiled. Relative to this dataset, the Pc wind
behavior was very erratic. They give wind speeds of
7-8 m s~' when the propeller speeds are less than 2
m s~'. Visual observations confirm the calm conditions
(L. Zedel 1988, personal communication). Con-
versely, the propeller speeds sometimes exceed the Pc
speeds by more than 3 m s™'. Such discrepancies, es-
pecially in collocated wind measurements, are not ac-
ceptable. .

Additional support for correcting the mooring and
drifter winds is provided by the performance of one-
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dimensional ocean models. Model simulations of
- Ocean Storms wind events have been carried out by
Large and Crawford (1995). They find that such a nu-
merical model is able to reproduce the observed ocean
responses to several storms if it is forced with corrected
CASID buoy winds. One particular model is based on
known boundary layer physics as parameterized by a
nonlocal vertical diffusivity and is described and veri-
fied by Large et al. (1994). Two examples of simulated
versus observed response are plotted in Fig. 8.

The change in kinetic energy, AIKE,,, represents the
increase over the duration of a storm in the kinetic en-
ergy of inertial currents integrated over the upper-
mixed layer. The change in the potential energy over
the duration of a storm, APE,;,, has been corrected for
surface buoyancy fluxes -and advection, so that it rep-
resents the change due solely to the vertical exchange
of heat and salt between the mixed layer and the deeper,
colder thermocline. Details of how these responses
were computed from Ocean Storms observations are
given in Large and Crawford (1995). Also shown in
Fig. 8 are these responses compared to observations
when the model is forced with uncorrected 10-m winds.
The weaker winds are able to produce only a small
fraction to the observed energy increases. In these cases
the forced mixed layer inertial currents are much too
weak, and the change in mixed layer temperature is
much too small. Large and Crawford (1995) also used
both a second-order closure model (Mellor and Ya-
mada 1982) and a bulk mixed layer model (Price et al.
1986) to simulate these Ocean Storms responses. Both
of these models produced somewhat weaker responses,
and therefore, if forced with the uncorrected winds,
they would compare even more poorly to observations.

6. The low-level wind profile

The high wind speed corrections of Table 3 can be
interpreted as accounting for distortion of the low-level
wind profile by surface waves. However, to properly
correct for this effect in general, it is necessary to know
the form of the functions () in (5) and hence x(&)
in (4). In addition, a proper wave height parameter, A,
needs to be found. To at least obtain crude approxi-
mations to these functions from the corrections found
for Ocean Storms, the wind speed is used to approxi-
mate a wave height:

h = 2V2VE,

where

E =3.64 X 107 U%g 2 (12)

is the total variance under the Pierson and Moskowitz
(1964) wave spectrum, and g is gravitational acceler-
ation (SWAMP Group 1985). This is just the height
of a monochromatic wave train with energy E. For a
given value of £, = z,/h, three values of 4, and hence
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FiG. 8. A comparison of the observed ocean responses: (a) change
in mixed layer kinetic energy AIKE, and (b) change in potential
energy due to vertical mixing APE, vs simulated responses (ordi-
nates) from an upper-ocean numerical model forced with both un-
corrected (upper panels) and corrected (lower panels) winds from
collocated CASID buoys. Symbols refer to different storm events.

of U\o by inverting (12), can be computed, one for each
of the three values of z, in Table 3. The values of U,
then give u* from (8). For each of these three datasets
there is a transition value, £7 = z,/h”, where A7 is the
wave height at the transition speed U’, as given
by (12).

Since high winds generally produce near-neutral sta-
bility conditions [$(§) = 1, ¢({) = 0], (5) at heights
z; and z, gives

u* Zs '
U — U(z,) = " [lnz‘ + &) — Q(&)] , (13)
where £, = (z,/h). Similarly, the roughness length as

measured, z,,, can be eliminated from (3) to give

%k
Uy—-U(z)=2"m%,
K Z

a

(14)

where uX is the friction velocity determined from (8)
using U,,. Eliminating U(z,) from (13) and (14 ) yields

_ (25 _ .5 o
UE) = UE) + (u* l)lnza"‘u*(Ulo Un).
(15)

For each dataset, (U,o — Uy) can be expressed as a
function of Uy, using (11). At large values of £, = ¢7,
wave distortion is not observed, implying €(&,)
= U&;) = €1, where (1, is a constant. If a value for
, is assumed, then (15) can be solved for Q(,) by
starting at large £, (low winds) and bootstrapping to
lower values (higher winds). The point at which the
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resulting curve becomes zero defines £, = z,/h because
(5) demands €(£,) = 0. The wind—wave tank obser-
vations of Tseng et al. (1992) show that the reference
height where the wind speed goes to zero ranges from
about 0.2 to 0.4 times the wave amplitude. The wave
amplitude should be about 2 h, so assuming this ref-
erence height and z, are similar, £, should be in the
range 0.1-0.2.

The CASID, central mooring, and NDBC datasets
have each been used to give (U, — Uy,) as a function
of Uy, through (11), and hence of A through (12) and
of £,. The three resulting estimated functions (&) are
shown in Fig. 9a. For each a value of ;, = —6.0 was
chosen to put &, near 0.1. However, shifting wind
heights do not depend on this choice, because only dif-
ferences in (2 are involved (13). All three datasets give
comparable results (Fig. 9a). The functions are greater
than €, for all £ < £7, where £7 equals 3.28, 3.15, and
3.39, respectively. The curves are piecewise linear be-
cause of the linear corrections (11).

The function x(¢) is related to the derivative of (&)
with respect to £ through (5):

dQ

d¢ -
Thus, x(£) could be computed from the derivatives of
the curves in Fig. 9a. However, the curves would first
need to be smoothed to eliminate the discontinuous first
derivatives, otherwise the x(£) functions would also be
discontinuous.

Alternatively, estimates of x(£) can also be found
from the discrete wind speed gradients,

x(&=1- (16)

VZU — UIO — U(za)
(zs - Za)
- Ui — Uy + ufx™' In(z,/z,) . an
(Zs - Za)
A discrete, neutral stability form of (4) is just
KZ;
X(Ea = u_* VzU' (18)

The discrete gradient (17) is only an approximation to
the gradient at £, = z,/h, but the proper choice of z;
can ensure that x(£,) = 1 at values of £, > £7, where
the comparison results find Uy, = U,o; namely,

- ﬁ (Z.\‘ — Za)
uXIn(z,/z,) "

Figure 9b shows x(&) from (17), (18), and (19) as
derived from the CASID, central mooring, and NDBC
wind corrections. When u* = u ¥, the respective values
of z; are 5.8, 6.9, and 7.2 m. These three estimates of
x(&) are in general agreement. They indicate that for £
= 1, the wind speed gradient is about three times as
large as would be expected in the absence of surface

(19)

LARGE ET AL:

2969

FiG. 9. (a) The function () as determined from the corrections
to the CASID wind speeds (solid curve), to the central mooring
speeds (dotted curve), and to the gain-corrected NDBC wind speeds
(dashed curve). (b) Same as Fig. 9a except for the function x(§).

waves. It is because the wind speed decreases so much
faster with height in the presence of waves that z, can
be orders of magnitude greater than z, as indicated in
Fig. 1.

7. Discussion and conclusions

Low-level Ocean Storms wind measurements at high
speeds were smaller, on average, than both the ana-
lyzed wind products and the WOTAN winds. This ef-
fect appeared to be enhanced at lower measurement
heights. Thus, it does appear as if the surface wave
influence on the wind profile did extend up to the levels
of Ocean Storms wind measurements. These heights
are much higher than the theoretical study Janssen
(1989) predicts for the extent of surface wave influ-
ence. There does not appear to have been any surface
wave effects on wind direction. Wind directions as
measured by sensors at various heights generally
agreed with each other to within expected errors. The
most notable exception were the directions from the
Marisonde drifters, so their technique of using a hull-
mounted fin to align the hull into the wind, then mea-
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suring the orientation of its hull with a compass may
not be reliable. Better results were obtained from sys-
tems with an additional wind-vane measurement, and
in the case of the CASIDs, conditional sampling. Con-
tamination of the Marisonde winds during periods of
excessive platform activity may have contributed to the
large overspeeding correction (10%).

The consistency of the CASID buoy winds with one
another, the agreement between the analyses and var-
ious wind speed measurements at low wind speeds, and
the high wind speed agreement between winds from
the north and central moorings all suggest that the cen-
tral mooring and CASID winds, as measured at the an-
emometer heights, were essentially correct. This result
is in accord with Weller et al. (1983), who concluded
that propeller-vane anemometers perform well on ac-
tive ocean platforms. However, to compare wind
speeds observed at different heights and to estimate
surface wind stress, it is not enough to have correct
measurements. It is also necessary to properly shift
these winds to the common reference height, z,. The
simplest means of doing so for Ocean Storms obser-
vations is to apply the corrections summarized in Table
3 to 10-m speeds from (3). However, this procedure
essentially references all the measurements to the an-
~alyzed wind speeds mainly from ECMWF but also
from NMC and FNOC. However, these products can-
not be regarded as a standard, at least globally, because
of known systematic errors in the tropics (Trenberth et
al. 1990) and over midlatitude western basins (Kent et
al. 1993; P. K. Taylor 1992, personal communication).
There are also discrepancies between the ECMWF and
NMC analyses (Trenberth and Olson 1988). Fortu-
nately, the 10-m wind analyses at the western basin site
of Ocean Storms are consistent (Fig. 4) and appear to
be accurate at least at low wind speeds (Figs. 4 and 5).

The apparent wave influence is profound. A 10-m
. central mooring wind of 17 m s~' becomes more than
20 m s~ after correction. The greater speed and higher
drag coefficient [(7) and (8)] result in about a 40%
higher wind stress (6). Only with the higher stresses
were numerical ocean models able to reproduce ob-
served Ocean Storms responses to high wind events
(Fig. 8). In accord is the D’ Asaro et al. (1995) result
that the magnitude of observed energetic (0.35-0.7
m s~') inertial motions can be predicted from the
higher stresses.

Other studies that make use of wind speeds from
low-level anemometers should consider whether or not
profile distortion by surface waves needs to be consid-
ered. For example, Halpern et al. (1994 ) show monthly
mean wind speeds from the Special Sensor Microwave
Imager (SSMI) on board a DSMP satellite versus com-

parable winds from surface moorings. The behavior is -

similar to Figs. 5, 6, and 7. Above about 8 m s™' the
buoy speeds tend to be smaller than those derived from
SSMI. Quantitatively, the two comparisons should dif-
fer because Halpern et al. (1994 ) show monthly means,
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because they use many different buoys, and because
the SSMI model function is based largely on empirical
relations with buoy winds (Wentz 1992). Also, Weller
et al. (1983) intercompared wind measurements from
nine anemometers mounted on various buoy types at
heights ranging from 2.0 to 7.7 m during the Joint Air—
Sea Interaction Experiment. Their examination raised
doubts about the performance of the anemometers, the
processing, and buoy motion. Even though the wind
speeds were always less than 10 m s~', some of the
peculiar behavior noted in the comparisons could have
been due to wave distortion of the wind profile. For
example, a comparison of winds observed at 7.7 and
3.5 m is similar to Fig. 7, where both overspeeding and
wave distortion appear to be competing.

General corrections to be applied to any wind mea-
surement can be approximated from the 2(£) function
of Fig. 9a. However, the Ocean Storms data were far
from ideal for determining this function. A more suit-
able dataset would include measurements from identi-
cal wind sensors at several heights from about 2 m to
more than 10 m at the same site. In Ocean Storms the
direct wind measurements spanned only from 3.0 to 5.0
m in height, utilized different anemometers and pro-
cessing systems, and were often far apart. It would also
be preferable to have direct measurements of the wind
stress, and hence u* and of wave height, rather than to
have to rely on empirical relationships such as (8) and
(12). Thus, the Ocean Storms results (Fig. 9) are at
best crude approximations to £2(£) and x(&) but should
be better than ignoring wave effects. They probably
reveal the general features of these functions and
should be useful in designing a proper observational
program.

The traditional roughness length z, is derived from
measurements in the atmospheric surface layer. Over
solid surfaces it has been related to the size and distri-
bution of the roughness elements (Wu 1973; Jackson
1981), implying that (2) is valid down to order z,. This
is not true over surface water waves, where z; is not
related to the height where the wind matches U,. In
accord with Krugermeyer et al. (1978), the physics of
(2) appear to hold only above about three wave
heights, where x = 1 (Fig. 9b) and (2 is constant (Fig.
9b). For some distance below the marine surface layer,
(4) appears to hold, so that the wind profile follows the
solid trace of Fig. 1, at least to the lowest height (z,
= 3.0 m) and greatest wind speed (25 m s~') of the
Ocean Storms dataset. Corresponding values are h
= 10.9 m and £ = 0.28. Beyond these extremes, knowl-
edge of the wind profile is an extrapolation into regimes
where other physics may become important, such that
the wind profile deviates away from that given by (5),
too. The nature of the marine wind profile at these
heights is beyond the scope of this present study and
perhaps better addressed by wind/wave tank studies,
such as those of Tseng et al. (1992).
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