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The transfer of momentum between the atmosphere and the ocean is described in terms of the variation of wind speed with height
and a drag coefficient that increases with sea surface roughness and wind speed. But direct measurements have only been
available for weak winds; momentum transfer under extreme wind conditions has therefore been extrapolated from these field
measurements. Global Positioning System sondes have been used since 1997 to measure the profiles of the strong winds in the
marine boundary layer associated with tropical cyclones. Here we present an analysis of these data, which show a logarithmic
increase in mean wind speed with height in the lowest 200 m, maximum wind speed at 500 m and a gradual weakening up to a
height of 3km. By determining surface stress, roughness length and neutral stability drag coefficient, we find that surface
momentum flux levels off as the wind speeds increase above hurricane force. This behaviour is contrary to surface flux
parameterizations that are currently used in a variety of modelling applications, including hurricane risk assessment and
prediction of storm motion, intensity, waves and storm surges.

In strong winds, momentum exchange at the sea surface is described
by a sea-state-dependent drag coefficient (Cy4). The behaviour of Cy
in tropical cyclones has never been observed, so it is currently based
on extrapolations from field measurements in much weaker wind
regimes. These extrapolations describe an increase in Cy with wind
speed and are currently employed in applications such as: forecast-
ing the intensity and track of tropical cyclones in numerical weather
prediction models’; diagnosing surface wind speeds from recon-
naissance flight-level observations™’; determining the geographic
distribution of extreme wind loads and loss with probabilistic
models* for building design and insurance ratemaking, respectively;
and specification of the wind field forcing for storm surge®® and
wave forecasts’.

Under neutral stability in strong winds, the vertical variation of
mean wind speed is controlled by the roughness of the sea surface.
Relevant surface layer quantities are sea surface roughness length
(Zy), friction velocity (U+), and the neutral stability 10-m wind speed
(Uyp) and drag coefficient (Cy). Assuming a neutrally stable surface
layer, the mean wind speed (U) increases logarithmically® with
height (2).

U = (Ux /0 In(Z/Zy) 1)

where k is a constant of about 0.4, and U- is the friction velocity
related to the surface momentum flux (7)

7=pU% =pCyUj, @

and p is the air density. The roughness length described by
Charnock’ is:

Zo=aU3/g 3)

where o is a constant of range 0.015-0.035. Estimates of U+, Z; and
Cq4 are computed by measurement of the momentum flux using
eddy correlation and inertial dissipation methods or by using the
mean wind speed profile with equations (1) and (2).

Field studies based primarily on eddy correlation and inertial
dissipation measurements have examined C4 and Z, dependence on
U, and sea state in winds below hurricane force'*"*. Indirect
estimates of Cy4 for hurricanes''® have been made from angular
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momentum and vorticity budgets, but errors are large. C4 depends
on Z, Uy, wave age (ratio of local friction velocity to phase speed of
dominant spectral component) and wave steepness'**. Influences
on Z, include steepness of wind waves, surface current velocity, and
relative directions of wind, waves, current and swell. These studies
suggest that swell and wind waves from different directions and
fetches modulate the local Z, independently of Ujo. Individual
waves may distort the overlying wind field* by setting up speed-up
and separation zones over and to leeward of the wave crest,
respectively. Estimates of the vertical extent of this effect range
from a few centimetres® to three wave heights®.

Recent measurements of directional wave spectra® gathered by
NOAA research aircraft in Hurricane Bonnie of 1998 depict the
classic conceptual model*” with the longest and largest (shortest and
smallest) waves in the right front (left rear) quadrant, but show a
complex pattern with multiple wave modes propagating at large and
sometimes conflicting angles to the local wind, with a tendency for
steeper waves in the right rear quadrant.

Wind measurement by GPS sonde

High-resolution wind profile measurements are now possible owing
to the development of the Global Positioning System dropwind-
sonde (GPS sonde)®. From 1997-1999, 331 wind profiles were
measured in the vicinity of the hurricane eyewalls in the Atlantic,
and Eastern and Central Pacific basins (Table 1). The eyewall
contains the strongest winds of a tropical cyclone and is identified
as the ring of convection typically surrounding the relatively clear
‘eye’ depicted in satellite and radar imagery.

The GPS sonde is launched from reconnaissance or research
aircraft at altitudes of 1.5-3 km or higher and falls at a vertical speed
of 10-15ms™"', while sampling pressure, temperature, humidity
and position every 0.5s. A sonde launched in the eyewall takes
several minutes to reach the surface while drifting (relative to the
storm centre) tangentially 10-15km and radially hundreds of
metres. Wind speeds calculated from the motion of the GPS
sonde have an accuracy of 0.5-2.0ms” ', and height is typically
estimated to within 2 m. GPS sonde measurements were smoothed
by a 5-s low-pass filter to remove fluctuations associated with
undersampled scales and noise due to satellite switching. Extreme
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turbulence and intense rainfall contribute to signal interruptions or
failures of GPS sondes to report values all the way to splash at the
sea surface. Limited comparisons of GPS sondes to NOAA moored
buoy and Coastal-Marine Automated Network platform obser-
vations® suggest GPS sonde winds are within 3.5ms” ' of nearby
buoy measurements at moderate wind speeds.

Wind profiles were examined in a composite sense (as a normal-
ized profile containing all measurements gathered in the lowest
3km), and also as a function of mean boundary layer (MBL) wind
speed. For the MBL analysis, individual profiles were organized into
five groups according to the MBL wind speed, defined as the mean
wind speed of all profile observations below 500 m. The five groups
corresponded to MBL wind speeds in the ranges of 30-39ms '
(72 profiles), 40-49 ms ' (105 profiles), 50-59 m s (55 profiles),
60-69ms ' (61 profiles) and 70-85m s! (38 profiles). Near-
surface (8—14 m) winds sampled by the GPS sondes ranged from
21 to 67ms . Each group was ordered vertically into height bins
chosen to provide the highest resolution where the wind shear is
the greatest. Variability associated with mesoscale, convective, and
undersampled turbulent scales was removed by averaging all
profiles in a given wind speed group.

Wind profile scaling

Scaled winds and heights were considered for constructing a
normalized wind profile. A scaling height quantity was not selected
because of the lack of a consistent objective method for estimating
boundary layer height (thus the arbitrary definition of MBL) and
variability or uncertainty of other possible quantities, including
depth of the inflow layer, gradient wind level and height of
the maximum wind speed. Planetary boundary layer (PBL) scaling
heights determined from potential temperature or specific humid-
ity mixed layer depths could differ by a factor of two.

The ‘gradient’ wind level is frequently used in engineering
applications to represent the height at which the ‘free atmosphere’
flows above the boundary layer. Ideally, the gradient wind flows
parallel to lines of constant pressure (isobars) and represents the
source of momentum that can be transported to the surface in gusts.
A ‘gradient height’ is difficult to assign in a tropical cyclone, because
‘gradient balance™ may apply to winds as high as 3 km above the
surface. A gradient height based on zero inflow (assuming inflow
represents frictional surface effects of the PBL) yields values 1-3 km
above thermodynamic measures of boundary layer height.

The MBL was selected to normalize the wind measurements
because it usually contains the maximum wind speed measured in
the profile, is not greatly affected by multiple maxima and minima,
and also contains all the boundary layer measurements. The MBL

Table 1 GPS sonde wind profiles in tropical cyclones

Tropical
Storm Year Profiles storm Cat1 Cat2 Cat3 Cat4 Catb
Bonnie 1998 84 - 0 84 0 0 0
Bret 1999 ihl - 0 1 3 7 0
Danielle 1998 4 - 4 0 0 0 0
Dennis 1999 32 2 8 22 0 0 0
Dora 1998 8 - 4 3 1 0 0
Erika 1997 22 - 0 0 22 0 0
Eugene 1999 1 - 1 0 0 0 0
Floyd 1999 58 1 4 10 20 23 0
Georges 1998 22 - 0 0 9 13 0
Gert 1999 7 - 0 1 0 6 0
Guillermo 1997 6 - 0 0 6 0 0
Irene 1999 2 - 0 2 0 0 0
Jose 1999 1 - 0 1 0 0 0
Lenny 1999 22 - 5 3 6 8 0
Mitch 1998 51 - 0 3 5 37 6
Totals 331 3 26 130 72 94 6

Number of individual GPS sonde wind profiles in tropical cyclones by storm and by Saffir—Simpson
damage potential scale category (Cat) as determined by the National Hurricane Center ‘best
track’.
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wind was within 10% of the maximum mean wind in all groupings,
so it was consistent with the concept of a ‘gradient’ wind as a source
of momentum for gusts affecting the surface.

Mean wind profile

The normalized composite wind profile in Fig. 1 contains all (over
126,000) individual 0.5-s samples from 331 profiles comprising all
MBL groups. The lower 200 m of the profile shows a logarithmic
increase of mean wind speed with height, reaching a maximum near
500 m. Wind speeds decreased above 500 m owing to the weakening
of the horizontal pressure gradient with height in the warm core of
the hurricane®*. Increased variability of the individual wind
measurements above 600 m contradicts the concept of a ‘free
atmosphere’ flow above the PBL.

Most of this variability is probably caused by convective scale
features in the eyewall as well as the location of the GPS sonde
launch relative to the flight-level wind maximum. The outward tilt
of angular momentum surfaces with height™ (eyewall tilt) places the
location of the maximum wind at typical launch altitudes (3 km) as
much as 1-3 km radially outward (relative to the storm centre) from
the location of the maximum wind at the surface. GPS sondes
launched radially outward from the 3-km wind maximum would
fall into weaker MBL winds, whereas those launched radially inward
from the 3-km maximum would tend to fall into stronger MBL
winds.

Estimation of surface winds and gusts

The relationship of the surface and typical flight-level winds to the
MBL can be used to estimate surface winds based on reconnaissance
flight-level wind measurements. Uy, is about 78% (standard devia-
tion 8%) of the MBL. The 1.5-km flight-level wind is about equal
(13%) to the MBL for MBL groups <60ms ™', and then decreases
t0 96% (12%) and 93% (10%) for the 60—69 and 70-85ms ' MBL
groups, respectively. The ratio of the 3-km flight-level wind to the
MBL decreases from 110% (37%), to 97% (20%), to 90% (14%), to
87% (12%) and to 84% (11%) as the MBL wind speed group
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Figure 1 GPS sonde wind speed measurements normalized by mean boundary layer
wind. Individual measurements (open circles), mean (open triangles) and standard
deviation (horizontal bars) are shown for each height bin. An alternative scale of U/U;q is
also shown, to represent the surface gust factor.
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increases successively from 30-39 to 70-85ms™ .

It must be stressed that these factors are only relevant for deep-
water, open-ocean conditions. A variety of field experiments con-
ducted in shallow water with shoaling waves suggest that higher
roughness (and smaller surface wind reduction factors) would be
experienced adjacent to coastal areas. This is of special concern now
that GPS sonde information is influencing a reanalysis of the major
US hurricane landfalls (for example, http://www.noaanews.noaa.
gov/stories/s966.htm). Such reassessments are premature until
sufficient numbers of GPS sonde profiles become available to
distinguish between open-ocean conditions and shoaling and
breaking wave effects in coastal areas.

The ratio of the surface wind to MBL was used to create an
‘alternative’ gust factor scale (ratio of the individual wind speed
measurements to the mean surface wind speed) in Fig. 1. For mean
winds above 25ms™~ ' observed by coastal anemometers during
hurricane landfall*, gust factors (ratio of the peak 3-s gust to the
10-min mean) average at 1.5 with the largest gust factors at about
1.8. For marine exposure winds over 25ms” ', the mean gust
factor® is around 1.4. Convective gusts®>*” are believed to represent
the transport and acceleration of extreme winds to the surface
through downdrafts with gust factors of over 2.0. Observations of
convective gusts in tropical cyclones are extremely rare because
power outages and anemometer failures make it difficult to preserve
continuous wind speed records. The highest wind observations at
10m in Fig. 1 suggest gust factors less than 1.3, which is in
agreement with values measured by NOAA buoy platforms in
hurricanes. Examination of tropical cyclone anemometer records
typically shows peak gust values of the order of three standard
deviations in excess of the mean. The envelope of minima and
maxima in Fig. 1 may, however, not be comparable to lulls and gusts
measured by conventional anemometers, because filtering during
post-processing effectively smoothes out high-frequency
fluctuations.

Drag coefficient and surface roughness

Analysis of eyewall thermodynamic soundings® document well-
mixed layers of potential temperature and specific humidity con-
sistent with well-developed boundary layers. Mean wind profiles for
each MBL group (Fig. 2) were logarithmic in the lowest 200 m and
then levelled off slightly with a peak near 500 m. The log profile is
consistent with a neutral stability surface layer in which the vertical
distribution of momentum is controlled by surface roughness, as
described by equation (1). The profiles suggest a decrease in the
elevation of the maximum mean wind as the MBL wind speed
increases. This behaviour is consistent with a shallower boundary
layer in stronger storms.

The lowest 100—150 m of each MBL group in Fig. 2 was fitted by a
least-squares line to determine the intercept (on a natural log height
scale) and slope as a measure of Z; and k/U -« respectively, according
to equation (1). The drag coefficient was computed from equation
(2). Values of U+, Zy and Cq for four estimates of surface layer depth
are shown in Fig. 3. The 10-150-m layer tended to have the smallest
error bars. All fits explained over 98% of the variance.

The group in the range 70-85ms™ ' contained too few low-level
samples to determine reliable estimates of slope and intercept.
Surface layer parameter dependence on wind speed (Fig. 3) showed
that U increased with U,o up to 40ms ™' before levelling off, and
that Z, and Cjy initially increased as surface winds approached
hurricane force (33ms™ ). For Ujy < 40ms ', U« and Z, beha-
viour (Fig. 3a, b) was very similar to that described by Large and
Pond", although Z, decreased with Uy, > 40ms~' and the Z,
values became much less than those predicted by the Charnock® and
Large and Pond relationships. The magnitudes of Cy4 (Fig. 3¢) for
Ujp < 40ms~ ' were consistent with numerous investigations®,
several budget studies conducted in tropical cyclones, and recent
flume and annulus experiments (M. A. Donelan, personal com-
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munication; see also ref. 40), although the tendency was for a
decrease in Cg4 for Ujp > 33 ms ™ '. The most remarkable result was
the large decrease in Z, and Cq as U increased to 51 m s~ !, which
was not indicated by any of the investigations shown in Fig. 3c.
However, no observations previously existed for such wind speeds
(the values shown from previous investigations are extrapolations).

A possible explanation for the transition in Z; and C4 as Uyg
increased from 40 to 51ms ™' is the development of a sea foam
layer®' at the air—sea interface. Surface winds above hurricane force
(34ms ") create streaks of bubbles on the sea surface combined
with patches of foam 20-50 m wide caused by steep wave faces
breaking and being sheared off by the wind (Fig. 4a). As the wind
approaches 50 ms ', the sea becomes completely covered by a layer
of foam and it is difficult to discern individual wave-breaking
elements in the reduced visibility from spray and rain (Fig. 4b).
Experiments with a bubble annulus** suggest that bubble layers in
salt water impede the transfer of momentum from the wind. As
winds increase above 40 ms ™, it is speculated that increased foam
coverage could progressively form a ‘slip’ surface at the air—sea
interface. In addition to the possible effects of foam, sea spray is

a 30-39ms~TMBL 50-59 ms~'MBL 70-85m s' MBL

'

Wind speed (m s™)

Figure 2 Mean wind profiles by MBL group. Symbols and horizontal bars represent mean
and standard deviation for each vertical bin, numbers adjacent to each level represent the
number of samples within each of the lowest five height bins. a, 30-39ms™" (72
profiles), 50-59ms ™" (55 profiles) and 70-85ms ™' (38 profiles) MBL groups.

b, 40-49ms™" (105 profiles) and 60-69 ms ™~ (61 profiles) MBL groups.
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hypothesized to significantly influence the transfer of momentum,
heat and moisture in tropical cyclones®.

Remote sensing measurements from the NOAA WP-3D aircraft*
provide independent evidence supporting the Cy and Z, behaviour
observed in the GPS sonde profiles. Scatterometer measurements of

a 4
r 010-100 m
| 010-150m
- A20-100m
8 o20-150m

f‘; L

£ L

z 20

£ L

kel L

]

> L

c

kel -

81+

.
0_|||||||||||||||||
20

b 15

Tqn

§,10

p= L

o -

c

K}

p L

@ L

£

o 5[

=1

o -

a5
0_| 1 L
20

c 4
r .

s

o

x

o

)
r ® Ref. 17 Ref. 39
: B Ref. 16 —— Ref. 13
L & Ref. 18 — — - Ref. 46
ol v v b b 1y
20 30 40 50

U,g(ms™)

Figure 3 Surface momentum exchange quantities as a function of Uj. Vertical bars
represent the range of estimates based on 95% confidence limits and symbols (see key in
a) show estimates based on the depth of the surface layer used for the fit. a, U, from GPS
sondes (symbols) and Large and Pond relationship' (solid line). b, Z, from GPS sonde
profiles (symbols) with Large and Pond'® (solid ling) and Charnock® relationships for
comparison (dotted line, o« = 0.035; dashed-dot line, « = 0.018). ¢, Gy, with
relationships and values from tropical cyclone budget studigs'16-183946,

282

© 2003 Nature Publishing Group

normalized radar cross-section (gy) due to Bragg scattering from
surface capillary waves ‘saturate’ or fail to continue to increase at
threshold wind speeds over 40ms™'. A levelling off of g with
increasing U, might be associated with the spacing and steepness of
wind waves such that the wind ‘sees’ an effective surface that
represents the tops of the separation zones between the waves
(M. A. Donelan, personal communication). A reduction in Cy
with increasing Uy is also supported by estimates of the angular
momentum budget and the implied frictional dissipation in
Hurricane Frederic® but the wind speeds were much less than
those considered here. A field investigation of ocean response to
Hurricane Gilbert* determined C4 from the near-inertial energy
flux across the top of the oceanic thermocline. Although the Cy4
values exceeded those described here, a levelling-off behaviour is
indicated.

An alternative scenario to describe the Z, and C4 behaviour
implied by the mean profiles concerns speculation on the existence
of linear coherent features in the form of helical rolls*. At low levels,
GPS sondes could be preferentially drawn into a convergent and
downward part of a helical roll circulation that would contain the
strongest winds, contributing to a profile with smaller shear (and
lower Z, and U-~) near the surface. Validation of such features will
require simultaneous multiple Doppler radar measurements of the
same sampling volume.

A final possible explanation for the shape of the mean wind
profiles and resulting surface layer parameters involves sampling
strategy. Most GPS sondes are launched strategically to place them
near the surface wind maximum. They are usually dropped radially
inward from the flight-level wind maximum. The GPS sonde
trajectories are generally tangential until they reach the lowest
300-500 m, at which point the radial (inward relative to the storm
centre) component of the wind increases. Hence, the GPS sonde

Wind

30m irecti
1 direction

\ Foam
patch

Wind
direction

Figure 4 Sea state photographs during an eyewall penetration in Hurricane Ella on

1 September 1978. a, At 15:21 utc (universal time coordinated) from 253-m altitude with
flight-level wind speed of 46 m s~ (starboard wing is at upper left). b, at 15:23 utc from
450-m altitude with flight-level wind speed of 55ms™". Arrows show the wind direction
and scales suggest approximate sizes of wave features. Photographs taken by M.D.P.
aboard the NOAA WP-3D research aircraft.
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may be moving horizontally towards the surface wind maximum,
causing the reported winds to increase while falling closer to the
surface (thus contributing to weaker wind shear). However, it seems
just as likely that a GPS sonde could fall through the location of the
surface wind maximum well before reaching the surface, and then
be moving towards the relatively weak eye.

surface stress, Z, and C, in winds much above 25ms™ ..

Until now, there have been no observations of wind profiles,
Our

findings provide compelling evidence that logarithmic mean wind
profiles exist in tropical cyclones and that the surface stress, Z, and

Cq4 are much less than previously thought in winds above 40 ms™ .

1

Heat and moisture transfer coefficients have a U~ dependence and
may also be reduced. Such winds comprise less than 1% of a mature
tropical cyclone’s circulation, but have a crucial role in enhanced
surface fluxes that supply enthalpy to the eyewall. The amount of
enthalpy in the eyewall is directly related to the intensity of the
tropical cyclone®.

Surface layer parameterizations used in tropical cyclone motion,

intensity, wave and storm surge prediction and risk assessment may
not be valid in high wind, fetch-limited conditions over the open
ocean. In the light of possible effects on heat and moisture transfer,
shoaling effects in shallow water, and azimuth-dependent sea state
and environmental wind-shear-induced asymmetries in the wind
field, we consider that continued collection and examination of GPS

sonde profiles is warranted.
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