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LONG-TERM GOALS

Our long-term scientific goals are to understand the upper ocean dynamics, to understand the
coupling between the ocean and atmosphere via air—sea fluxes, and to quantify the mechanisms
of air—sea interactions. Our ultimate goal is to help develop improved parameterizations of air—
sea fluxes in ocean—-atmosphere models and parameterizations of small-scale processes in the
upper ocean and the stratified interior.

OBJECTIVES

Tropical cyclones derive energy from the ocean via air-sea fluxes. Oceanic heat content in the
mixed layer and the air—sea enthalpy flux play important roles in determining the storm’s
maximum potential intensity, structure, energy, trajectory, and dynamic evolution. The most
energetic oceanic responses to tropical cyclone forcing are surface waves, wind-driven currents,
shear and turbulence, and inertial currents. Quantifying the effect of these oceanic processes on
air-sea fluxes during tropical cyclone passage will aid understanding of storm dynamics and
structure. The ocean’s recovery after tropical cyclone passage depends upon small- and meso-
scale oceanic processes in the storm’s wake region. These processes are the least understood
primarily because of the paucity of direct field observations under passing tropical cyclones;
consequently, there are large uncertainties in air—-sea flux parameterizations in extreme wind
regimes.

This project supports a graduate student, Andy Hsu, to pursue a Ph.D. in Physical Oceanography.
He earned a M.S. degree in spring 2014 and obtained a Ph.D. degree in December 2017. The
major scientific goals of his Ph.D. study are to (1) quantify the surface wind stress and drag
coefficients under extreme winds, (2) quantify surface waves under extreme winds, and (3)
parameterize effects of surface waves on drag coefficients under moving tropical cyclones.

Surface wind stress is often computed using a drag coefficient (Cq). The parameterization of Cq is
critical for studies of air—sea interaction. For example, the maximum potential intensity (MPI) of
tropical cyclones is inversely proportional to Cq. Previous studies derive empirical formulas for
Cq as a function of wind speed at 10 m above the sea surface (U1o). Recent studies suggest that
Cq may also depend on surface gravity wave properties, which vary greatly in different sectors of
tropical cyclones. It remains a challenge to parameterize effects of surface waves on Cqg
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accurately. This study proposes a new parameterization, which includes the effects of surface
waves and wind speed on drag coefficients under moving storms.

ACCOMPLISHMENTS

The graduate student, Andy Hsu, successfully completed a Ph.D. program in December 2017.
After graduation, he continued to work on data analysis and preparing publications. Presently, he
is working at CSIRO as a postdoctoral researcher. Two papers were published. One summarized
results of drag coefficients measured under Typhoon Megi (2010), and the other described an
improved broad-band spectral method for estimating surface wave properties under typhoons. A
third paper is in preparation; it summarizes drag coefficients under five tropical cyclones and
proposes a new parameterization including the effects of surface waves and surface wind speed
on drag coefficients under moving tropical cyclones. Significant results of these three papers are
briefly summarized as follows.

Surface Wind Stress and Drag Coefficients in Typhoon Meaqi

Estimates of drag coefficients beneath Typhoon Megi (2010) are calculated from roughly hourly
velocity profiles of three EM-APEX floats, air-launched ahead of the storm, and from air-
deployed dropsondes and microwave measurements of the 10-m wind field (Fig. 1). The profiles
are corrected to minimize contributions from tides and low-frequency motions and thus isolate
the current induced by Typhoon Megi. Surface wind stress is computed from the linear
momentum budget in the upper 150 m. Three-dimensional numerical simulations of the oceanic
response to Typhoon Megi indicate that with small corrections, the linear momentum budget is
accurate to 15% before the passage of the eye, but cannot be applied reliably thereafter. Monte
Carlo error estimates indicate that stress estimates can be made for wind speeds greater than 25
m s7%; the error decreases with greater wind speeds. Downwind and crosswind drag coefficients
are computed from the computed stress and the mapped wind data (Fig. 2). Downwind drag
coefficients increase to 3.5+0.7 x 1072 at 31 m s}, a value greater than most previous estimates,
but decrease to 2.0+0.4 x 10~3 for wind speeds > 45 m s, in agreement with previous estimates.
The crosswind drag coefficient of 1.6+0.5 x 1073 at wind speeds 30—45 m s implies that the
wind stress is about 20° clockwise from the 10-m wind vector and thus not directly downwind as
is often assumed.



03mis
4

24°N EM-APEX 4908a
43904

21°N 50
202
T 1gon E
30 =
=
0,
159N 20

12°N

116%E 120°E 124% 128%E 132° 126 127 128 129 130
Lon Lon (°E)

Figure 1: (a) Typhoon Megi’s track (black curve with dots), deployment positions of EM-APEX
floats (blue and magenta dots), and position of a mooring SA1 (red dot), and (b) the wind map of
wind speed at 10 m above the sea surface (color shading) at 20:30 UTC 16 October at the
arrival time of Typhoon Megi at the float array, AVISO surface geostrophic current velocity
(black arrows) on 17 October, EM-APEX float positions and trajectories (blue and magenta dots
and curves), and mooring SA1 position (red dot). Typhoon track is labeled with time as
month/day/hour UTC. Floats at locations marked as magenta dots are used to compute drag
coefficients.
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Figure 2: The drag coefficient Cq as a function of wind speed at 10 m above the sea surface

|m| from Hsu et al. (2017) and as proposed by previous investigators (other colors). (b) Angle

between the surface wind and stress vectors from our analysis (heavy red) and from Drennan et
al. (1999, Fig. 6), Zhang et al. (2009, Figs. 1 and 3) and Potter et al. (2015, Figs. 1 and 4).
Measured wind speed from these investigators is extrapolated to 10 m above the sea surface
assuming a logarithmic wind profile. The horizontal and vertical bars describe the ranges of

their data. The positive angle implies a stress vector that points clockwise from the wind vector.

Estimates of Surface Waves From Subsurface EM-APEX Floats Under a Typhoon

Seven subsurface EM-APEX floats measured the voltage induced by the motional induction of
sea water under Typhoon Fanapi (2010). Voltage measurements were processed to estimate high-
frequency oceanic velocity variance @, %(z) associated with surface gravity waves. Surface wave
peak frequency fp and significant wave height Hsare estimated by nonlinearly least-squared
fitting to &%, assuming a broadband JONSWAP surface wave spectrum. The Hs is further
corrected for the effects of the floats’ rotation, earth geomagnetic field’s inclination, and surface
wave propagation direction. The f, is 0.08-0.10 Hz, with the maximum at the rear-left quadrant ~



0.02 Hz higher than that at the rear-right quadrant of Fanapi. The Hs is 6— 2 m, with the
maximum at the rear sector of Fanapi. Comparing our estimates of f, and Hs with those estimated
assuming a single dominant surface wave in a previous study, the differences of f, and Hs
between the two methods can be more than 0.02 Hz and 4 m, respectively. The surface waves
under Fanapi are simulated in the WAVEWATCH 111 (ww3) model to assess and compare with
float estimates (Fig. 3). The difference of surface wave spectrum between JONSWAP and ww3
leads to the uncertainties of < 5% outside Fanapi’s eyewall, and > 10% within the eyewall. The
estimates of f, are 10% less than simulated ;" before the passage of Fanapi’s eye, and 20%
less after eye passage. Most differences between Hs and simulated H*"3 are < 2 m, except those
at the rear-left quadrant of Fanapi, ~ 5 m. We conclude that improving ww3 surface wave
simulations is important to future studies of tropical cyclone—wave—ocean interactions.
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Figure 3: Maps of EM-APEX floats’ estimated peak frequency ﬁ; (a) and significant wave height

H; (d), and the ww3 model outputs of £}*W3 (b) and H¥"2 (e). The ratio 4f, /"2 (Af, = f, —
pWW"’) and AH, (AH; = H, — H”"3) are shown in (c) and (f), respectively. Black contour lines

show the wind speed at 10-m above the sea surface. The abscissa shows the relative arrival time
of Typhoon Fanapi’ eye to the float array. The ordinate is the distance of floats’ positions to

Fanapi’s track.

Scaling of Drag Coefficients Under Five Tropical Cyclones

Surface wind stress T estimated using ocean current measurements taken by thirteen EM-APEX
floats beneath the forward half of five tropical cyclones (Fig. 4) and aircraft measurements of

winds Uso are used to compute the downwind drag coefficient C; and the angle ¢ from the U1o to
the T (> 0 clockwise orientated). We report significant scattering of Gl between storms, and the



large ¢ > 30° (Fig. 5). A non-dimensional effective wind duration, a function of |U1o|, storm
translation speed, and float positions to eyes, predicts C; to 25%. These dependences are
explained by variations in wave breaking under differing wave forcing regimes. The proposed
parameterization of drag coefficients will be useful for guiding the future atmosphere-wave—-
ocean coupling models used to predict the intensification of tropical cyclones.
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Figure 4: The tracks of hurricanes in the North Atlantic (a), Frances: green; Gustav: purple;
Ike: gold. The tracks of typhoons in the western Pacific (b), Fanapi: blue; Megi: red. Tropical
cyclone wind maps at the time eyes pass near EM-APEX float positions (c—g) and trajectories of
float positions (blue dots connected with lines in c—g). The colored dots connected with thick
lines in (a) and (b) are tracks of tropical cyclone eyes every 12 h, and the black dots connected
with a thick line in (c)—(g) are tracks of tropical cyclone eyes every 6 h.
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Figure 5: Estimates of adjusted downwind drag coefficient C, (a and d) and the angle ¢ (b and
e) between the surface wind stress ¥ and wind Uy in five different tropical cyclones, using the
float measurements in the front-right (a and b) and front-left (d and e) sectors of tropical
cyclones (c). The vertical error bars represent the standard deviations of C; averages and 4,
respectively, and the horizontal error bars represent the standard deviations of interpolated
|U1o| at the float positions. The boundary between two sectors is defined assuming 6s = -10°. For
the positions of the floats, the azimuth 6 > 0 is clockwise from tropical cyclones’ motion, and r
the distance of floats to the tropical cyclone’s eye. Black dashed lines are results using the
Powell et al. (2003) drag coefficient.

IMPACT/APPLICATION

Tropical cyclones cause strong oceanic responses, e.g., surface waves, inertial waves, and a
deepening of the surface mixed layer. To improve the modeling skill of oceanic responses to
tropical cyclones and the prediction of tropical cyclones, we need to understand the small-scale
processes responsible for the air—sea fluxes and interior oceanic mixing, and the meso-scale
oceanic processes that modulate the background oceanic heat content. The ITOP field experiment
provides direct observations of oceanic responses forced by tropical cyclones and the ocean’s
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recovery, as well as aids understanding of the dynamics of small- and meso-scale oceanic
processes. These observations will help improve the prediction skill of oceanic and atmospheric
models in high wind regimes.
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