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Abstract Direct flux measurements of stress direction taken at the ocean surface during Typhoon Chaba
(2010) over 3 days are examined for wind speeds between 12 and 26.5ms™". Results show stress deviated
up to 35° from the wind direction and resided predominantly between the wind and peak wave directions in
both bimodal and unimodal seas. Off-wind stress angle was most pronounced in Chaba'’s wake where wind sea
and swell created an apparent unimodal system with narrow directional spread. These conditions lasted 2 days
during which the stress direction was midway between the wind and wave directions. The implications for
tropical cyclone forecasting are discussed.

1. Introduction

Surface wind stress facilitates the exchange of momentum at the air-sea interface. At high wind speeds, momen-
tum exchange is a key component of the tropical cyclone (TC) life cycle because it drives wave growth, which
modifies surface drag [Holthuijsen et al., 2012] and mixes the ocean, bringing cooler water to the surface which
reduces heat fluxes [e.g., Fisher, 1958] and alters boundary layer stability, which has been linked to increased heat
and moisture into the eyewall [Lee and Chen, 2014]. Accurate understanding of the wind stress is essential for
modeling of TC as well as storm surge and wave prediction [e.g., Moon et al., 2004; Ooyama, 1969].

Numerous studies have investigated the magnitude of the wind stress [e.g., Potter, 2015; Smith, 1980], given by

7 :p[<7u'w'> 7, (fv'w'> j} )
where 7 is the wind stress vector, p is the air density, 7 and j are unit vectors along and perpendicular to
the mean wind direction, and u, v, and w are the down-wind, cross-wind, and vertical components of wind
velocities, respectively. An overbar indicates time average of order 30min, and a prime denotes a

component which fluctuates from the mean (v =v' = w' = 0). The direction of the wind stress with
respect to the mean wind is

6 = arctan K—W)/(—uiw)} 2)
Positive angles correspond to the stress vector oriented to the right of the wind direction.

Monin-Obukhov Similarity Theory (MOST) [Monin and Obukhov, 1954] assumes that the stress vector is
aligned with the wind vector. Some early studies [e.g., Large and Pond, 1981; Geernaert et al., 1986] followed
MOST and assumed that the crosswind stress component was insignificant compared to the downwind com-

ponent, and neglected it. Other studies [e.g., Smith, 1980] found that —v'w’ was large enough to alter the
stress direction away from the direction of the mean wind. Nonalignment of the near-surface wind and stress
directions have since been attributed to surface currents or current shear [e.g., Drennan and Shay, 2006;
Zhang et al., 2009], and waves. Geernaert et al. [1993] showed that in mixed seas where both swell and wind
sea are present, a component of the crosswind contribution to the momentum flux exists in the frequency
band of the swell system. This manifests itself as turning of the wind stress in the direction of the long waves,
especially if swell is steep. For wind speeds up to ~14ms™ ", Rieder et al. [1994] also reported that stress direc-
tion lay between the direction of the wind and the long waves, particularly for winds over 8.6 ms™". Grachev
et al. [2003] proposed a dynamic link between the stress direction and waves, showing that the stress direc-
tion is the vector sum of the pure shear stress, the wind-wave induced stress aligned with the direction of the
pure wind sea waves, and the swell.
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The stress angle has been the subject of renewed interest lately, due to its importance in ocean-wave-
atmosphere coupled models, particularly those developed for TC modeling. The model of Moon et al. [2004]
predicted that the off-wind stress direction in TC lies between the mean wind and dominant wave directions,
echoing low wind speed observations, and was most pronounced in the TC front-left quadrant, which had
the largest directional difference between dominant waves and wind. The authors reported that the stress
angle never exceeded a few degrees because the waves which carry most of the stress are in the equilibrium
range aligned with the wind, while dominant waves which are misaligned from the wind support little stress.
The authors explicitly neglected swell which counter the waves, claiming that they have little effect on the
stress during TCs. Chen et al. [2013], whose model allowed for the inclusion of swell waves, reported relative
stress angles up to 25°, with the highest angles near the eyewall, and to the left of the storm track. Reich/
et al. [2014] used two approaches to model the wind stress and found that the parameterization which
introduced a contribution from the crosswind swell increased the off-wind stress angle. This angle was more
enhanced during lower wind speeds, for faster translating TCs, near the center, and to the left of the storm
where swell was present. Misalignment angle rarely exceeded 5° and never 10°.

With previous stress direction measurements made at low to moderate wind speeds and none recorded at
the surface in TCs, there remains a dearth of knowledge with which to validate TC models. Observations of
stress in TCs are sparse and most are indirect, relying on dropsonde profiles of wind extrapolated to the
surface [e.g., Powell et al., 2003]. To our knowledge only Zhang [2007] and Zhang and Drennan [2012], using
airplane measurements during the Coupled Boundary Layer Air-Sea Transfer Experiment have reported stress
directions in TCs, finding them to be nonzero. However, Zemba and Friehe [1987] showed that off-wind stress
angle increases systematically with height due to Ekman effects, so it is not clear if the Zhang and Drennan
findings, based on data collected 60-400 m above the surface, were due to TC dynamics. No near-surface
measurements of stress direction at high wind speeds have ever been reported.

This is one of the largest knowledge gaps in understanding moderate to high wind speed momentum transfer
at the sea surface. This paper fills this gap by reporting direct observations of stress direction during typhoon
Chaba (2010) for wind speeds up to 26.5ms™'. Measurements made over 3 days are examined and discussed
in relation to the wavefield. The results of this study will lead to better momentum flux parameterizations and
more accurate TC models.

2. Data Collection

Data were collected during the 2010 Impact of Typhoons on the Ocean in the Pacific (ITOP) experiment from
an Extreme Air-Sea Interaction (EASI) buoy [Drennan et al., 2014]. EASI was surface moored in the Philippine
Sea 126.96°E, 21.23°N, approximately 750 km east of Taiwan with a depth of ~5500 m and equipped to
measure air-sea fluxes of momentum, heat, and mass as well as mean meteorological and oceanographic
parameters. A Gill R2A sonic anemometer, positioned 5.45m above mean sea level, recorded wind speed
and direction at 20 Hz, which was stored on a below-deck data acquisition system. EASI's motion, recorded
by two full motion packages, was used to motion correct the sonic data following Anctil et al. [1994] and also
enabled EASI to operate as a heave-pitch-roll buoy [Longuet-Higgins et al., 1963]. Of interest here is the
calculation of mean wave direction at the peak frequency, 0(f,) = arctan(B, (f,)/A+(f,)), and directional spread at

1/2
the peak, o(fp) = 2(1 —\/A(fp) + B} (fp)> , where A; and By are the first directional moments calculated

from the co-spectra and quadrature-spectra of buoy motion [Kuik et al., 1988] and f, is the peak frequency
of the waves based on the one-dimensional wave spectrum. Note that 0(f,) is essentially an energy weighted
mean direction, which may not correspond to the actual peak in frequency-direction space. Collins et al.
[2014a, 2014b] determined that 6(f,) was accurate within £10° and provide extensive information about
EASI as a wave buoy. Further information about the ITOP experiment can be found at Potter et al. [2015]
and D’Asaro et al. [2014].

Data were processed in runs of 30 min. Each run was analyzed for spikes in u, v, and w. Isolated spikes greater
than 4 standard deviations from their respective means were interpolated through. Overall, spikes proved
rare, the highest wind speed runs averaged about 20 isolated spikes. After applying careful quality control
measures, mean wind speeds were raised to their 10 m neutral equivalent values U;on using MOST [Monin
and Obukhov, 1954].
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Figure 1. (top left) Uy (bottom left) Hs recorded during Typhoon Chaba during the period of interest (DOY 298.8-301.8).
Also shown is Chaba’s JTWC estimated storm track and maximum wind speed (right). Each dot on the track marks storm
location every 6 h and numbers show DOY at 00UTC. EASI’s location is denoted by the large isolated black dot.

We assume that our stress angle data at 5.45 m are representative of conditions at 10 m. While anemometer
failure prevented us from having stress angle measurements from multiple heights during ITOP, we refer to
unpublished data from a 2003 experiment in the Baltic [Hégstrom et al., 2008]. Here sonic anemometers were
deployed at 5.3 and 2.56 m above mean sea level on an Air-Sea Interaction Spar buoy. Based on over 600 h of
data with wind speeds over 5ms™" (as here), the mean difference between the stress angles at the two
heights was 2.11° (standard deviation 10.33°). There was no systematic effect of this difference on wind
speed, stress angle, wave age, or wave height. Hence, we are confident that the stress angle values at
5.45m are representative of those at 10 m.

3. Typhoon Chaba

Here we examine data collected during Typhoon Chaba, which had the highest wind speeds recorded on
EASI during the experiment. Because of our interest in stress direction under a TC and in high wind speeds,
we restrict analysis between day of year (DOY) 298.8 and 301.8 during which U,y was above 12ms™'and
reached a maximum of 26.5ms™'. During that period, Chaba ranged from a category one typhoon to category
four and passed within two radii of maximum winds (RMW) of EASI.

Chaba’s storm track and estimated maximum wind speeds from the Joint Typhoon Warning Center (JTWC)
[Angrove and Falvey, 2010] are shown in Figure 1 with U;qy and significant wave height Hs. Chaba
approached EASI from the southeast moving at ~3ms~'. On DOY 299.75, while still on EASI's east, Chaba
turned and headed north, passing closest to EASI on DOY 300 when its RMW was within 49 km. At that time,
JTWC estimated Chaba had a maximum wind speed of 49 ms™', which increased to 59 ms™' over the following

48 h as it propagated northeastward while its pace increased from ~3 to ~7 m s

4. Wind, Wave, and Stress Directions

Figure 2 shows the wind direction (blue), wave direction at the peak frequency (green), and stress direction
(magenta) plotted in a typhoon reference frame. The distance from EASI to Chaba at the time of each
measurement normalized by JTWC estimated RMW. Note that no measurements were made within one
RMW and few were made to Chaba's right.

In an anticlockwise rotating sense, the wind direction was generally ahead of the peak wave and stress directions.
Greatest off-wind stress directions were recorded from DOY 300.5 to 301.3 when EASI was 5-12 RMW behind
Chaba. During that time, off-wind stress angle remained above 22° and reached maximum of 35°n DOY
300.8. Stress direction was predominantly between the wind and peak waves, this delineation was consistent
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Figure 2. Mean direction of wind (blue), stress (magenta), and waves at
peak frequency (green) during Chaba. The figure is plotted in typhoon
reference frame and distance is normalized by RMW. Concentric circles
show 5, 10, 15, 20, and 25 RMW. The dots show the location of EASI in
relation to Chaba’s RMW every 30 min; dot colors denote DOY. For clarity
directions are only displayed every 1-2 h.

5. Discussion

for measurements made after DOY 299.7
when EASI was no longer directly ahead
of Chaba. This is shown in Figure. 3

We have pinpointed periods of interest
(A, B, Q) in Figure 3, which presents
unique wind, stress, and wave directional
characteristics. In period A, measure-
ments were made ahead of Chaba and
show dominant waves ~100° from the
wind direction, the result of a swell sys-
tem generated by, and moving ahead
of, Chaba. Period B lasted from DOY
299.3-299.9. During that time, the wind
seas were dominant, the directional
spread was large, and the wind and
stress directions were approximately
aligned. On DOY 299.7—when Chaba
turned and headed north—the stress
became positioned between the wind
and peak wave directions where it
remained for approximately 2days.
During period C EASI moved from being
on Chaba's weak side to behind the
typhoon. This coincided with a rapid shift
in wind, stress, and peak wave directions,
and a reduction in directional spread.

During the passage of Chaba the stress
direction at EASI was prevalently to the
right of the wind. The misalignment of
the stress from the wind was often akin
to a misalignment between the wind
and peak wave directions. We explore
this relationship by plotting off-wind
stress angle versus off-wind wave angle
(Figure 4). Periods from Figure 3 are
identified. The correlation between the
off-wind stress and off-wind peak wave
directions during Cis illustrated by a best
fit line, which shows the stress resided
approximately midway between the
wind and peak wave directions (r=0.6).

Next, we take a closer look at the wavefields for periods A, B, and C in order to evaluate any correlation to the
off-wind stress angle during Chaba. Figure 5 shows snapshots of the 2-D wave spectra for periods A, B, and C.

Each panel is 2 h averaged spectra plotted in log scale.

During period A the wavefield was bimodal. Measurements were made in the front-left quadrant of Chaba
where swell was dominant, leading to a large off-wind peak wave angle. Correlation between off-wind peak
wave and stress angles during this period (r=0.55) suggests that the swell contributed to stress turning,
which deviated up to 20° from the wind direction. Previous studies have also shown swell turning stress of
similar magnitude (cf. Figure 6 of Rieder et al. [1994]) but in response to considerably more acute off-wind
swell directions. Throughout B the wind sea energized rapidly. During intensification, the dominant wave
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Figure 3. Time series of wind direction (blue), stress direction (magenta), mean (energy weighted) wave direction at the
peak frequency (green), and directional spread at the peak (black). A, B, and C relate to specific periods referred to in the
text. Wave direction has been smoothed with a five point moving average.

direction bounced back and forth between the wind sea and the swell until the wind sea, propagating SSE,
was established as the dominant system. It also shifted to ~0.1Hz, acquiring approximately the same
frequency as the westward propagating swell, and developing large directional spread.

As the wavefield evolved (Figure 5¢) the swell and wind sea become indistinguishable in direction and
frequency. This newly established wavefield was unimodal with the peak frequency to the right of the wind
direction and the directional spread significantly reduced. By virtue of being in a rotating system both locally
generated swell and wind sea components must have existed; however, there was a lack of separation in
frequency and direction so they could not be isolated. The swell-like component would have been right of
the wind sea, but being recently generated, would have possessed wind sea qualities and is better characterized
as a noncoherent wind sea than traditional swell. Our observations indicate that waves under TC are very
complex, and we acknowledge wave energy existed outside this spectral peak, but because it was so dominant,
we feel justified referring to the wavefield as unimodal during this period.

The transition from a bimodal to unimodal sea coincided with EASI shifting from ahead of Chaba to its weak
side. Over the following 12 h rapid parallel swings in the wind, stress, and peak wave directions occurred as
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Figure 4. Off-wind stress angle versus off-wind wave angle. Periods A (purple), B (orange), and C (grey) are defined in
Figure 3. Period C has been fitted with a line of best fit (r=0.6); dashed lines show 95% confidence interval.
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Figure 5. 2-D wave spectra for selected periods during Chaba as highlighted in Figure 3. Each panel is a representative 2 h
averaged spectra plotted in log scale, and concentric circles are frequency bands from 0.1 (inner) to 0.5 Hz (outer) for waves
traveling outward from the center. Arrows point in wind direction (blue), mean wave direction at the peak frequency
(green), and stress direction (magenta). The wind and wave arrows have length equal to their velocity, with each frequency
band representing 10 m s~ ' Stress arrows have a length normalized to one frequency band. North and east are the top and
right of the plots, respectively.

Chaba passed EASI while remaining within three RMW of the buoy. By DOY 299.9 the waves were becoming
more organized through dispersion as the storm moved away and the waves traveled increasing distances
before reaching EASI. This manifests in decreasing directional spread, which drops to 50% of the peak TC
value. The resulting wavefield was well organized and persisted for about 40 h (Figure 5c). The uniformity
of the wave characteristics and correlation between the off-wind wave and off-wind stress directions during
period C (recall Figure 4) suggests that the unimodal wavefield generated by Chaba impacted the stress
direction by turning it away from the mean wind and toward the peak wave direction. Previous studies have
shown that the stress direction can be turned by the swell at low wind speeds [e.g., Geernaert et al., 1993], but
this has not been confirmed in TC conditions. Evidence suggests that the very steep noncoherent wind sea
contributed to stress turning during Chaba.

The scatter in Figure 4D suggests that stress direction could also have been influenced by other processes;
subsequently, we now consider the potential influence of surface currents and temporal nonstationarity.

Surface currents 1-2ms ™' have been recorded in TC [Withee and Johnson, 1976]. At these speeds, currents
have been shown to impact stress direction, [e.g., Drennan and Shay, 2006], although upper ocean transport
is much slower on the left side of a TC [e.g., Price, 1981]. Despite current velocity being influenced by wind
speed [e.g., Smith et al., 1992], no correlation was found between the off-wind stress angle and the wind
speed, or the proximity of EASI to storm center. This suggests that any stress turning by surface currents likely
had nominal influence during the periods in question.

Quanduo and Komen [1993] showed that nonstationary events, due to different rates of turning for the wind
and wind sea directions, may lend themselves to differences between the wind and stress vectors. Here we
test the level of stationarity during Chaba using the sampling error of the turbulent flux estimate. This is
based on the premise that, during stationary conditions, the sampling error in the flux estimate is consistent
with observed variability. The flux variability [e.g., Sreenivasan et al., 1978] is estimated by

% _ an1/2U71/2T—1/2_ 3)

F'is the mean flux over the study period, or is the standard deviation of the flux, 7" is sampling interval, and a¢

is a constant=6.4 [Sreenivasan et al., 1978]. When applied to the 2 h during peak measured wind speeds,
expected sampling variability was 0.073. This reasonably well predicted the observed variability of 0.088.
The result here is of the same order and so conditions were essentially stationary. Similarly, during the Gas
Exchange Experiment when conditions were considered largely stationary, the estimated variability of 0.16
was thought to be a good a prediction of the measured variability of 0.18 [Drennan et al., 20071. It should also
be noted that this test was used to assess stationarity on the time scale of 2 h, but in this study data are
processed over periods of 30 min and only assumes stationarity on that scale.
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6. Conclusion

We report the first direct flux measurements of stress direction in a typhoon. Measurements made during
Typhoon Chaba with wind speeds from 12 to 26.5ms ™' showed stress deviated up to 35° from the wind
direction. A positive correlation between the directions of the stress and peak waves occurred over ~2 days
when measurements were made behind Chaba, while the wavefield was unimodal, i.e., there was lack of fre-
quency separation between the wind sea and locally generated swell, and the directional spread was small.
Results indicate that waves contributed to stress being misaligned from the mean wind direction. The
off-wind stress angle reported here is much greater than previously anticipated by TC models or could be
inferred from studies with much lower wind speeds. It was also found that stress direction is turned significantly
in unimodal seas, which has not previously been reported, as well as bimodal. Results should be incorporated
into TC models by modifying surface layer parameterization of stress direction in relation to the wavefield. This
will result in more accurate prediction of TC track and intensity and have critical implications for risk assessment
of landfalling TC.
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