JUNE 2016

LIU AND TANG

Relating Wind and Stress under Tropical Cyclones with Scatterometer

W. TIMOTHY LIU AND WENQING TANG

Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California

(Manuscript received 16 February 2016, in final form 12 April 2016)

ABSTRACT

Ocean surface stress, the turbulent transport of momentum, is largely derived from wind through a drag
coefficient. In tropical cyclones (TCs), scatterometers have difficulty measuring strong wind and there is large
uncertainty in the drag coefficient. This study postulates that the microwave backscatter from ocean surface
roughness, which is in equilibrium with local stress, does not distinguish between weather systems. The re-
duced sensitivity of scatterometer wind retrieval algorithms under the strong wind is an air—sea interaction
problem that is caused by a change in the behavior of the drag coefficient rather than a sensor problem. Under
this assumption, a stress retrieval algorithm developed over a moderate wind range is applied to retrieve stress
under the strong winds of TCs. Over a moderate wind range, the abundant wind measurements and the more
established drag coefficient value allow for sufficient stress data to be computed from wind to develop a stress
retrieval algorithm for the scatterometer. Using 0.9 million coincident stress and wind pairs, the study shows
that the drag coefficient decreases with wind speed at a much steeper rate than previously revealed, for wind
speeds over 25ms ™ 1. The result implies that the ocean applies less drag to inhibit TC intensification, and that
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TCs cause less ocean mixing and surface cooling than previous studies indicated.

1. Drag coefficient

Wind is air in motion, and stress (7) is the turbulent
transport of momentum between the ocean and the at-
mosphere. While the strong wind of a tropical cyclone
(TC) causes destruction at landfall, it is the surface stress
that drags down the TC. There was almost no stress
measurement except in dedicated field campaigns, and
the stress estimates were almost entirely derived from
wind measurements. A drag coefficient (Cp) is used to
derive 7 from wind (U) at a reference height, and it is
defined as

T=pC, (U~ U, 1)

where Uj is the surface current and p is the air density.
Wind and stress are vector quantities but only their
magnitudes are considered in this study. Although we
include Uy in Eq. (1), it is usually ignored because its
magnitude is small compared with wind. Similar co-
efficients Cy and Cg are used to related turbulent fluxes
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of sensible and latent heat to temperature and humidity
differences, respectively (see Liu et al. 1979 for a review).

The drag coefficient has been well studied and derived
largely in field campaigns. For a moderate range of wind
speed, the drag coefficient is found to increase with
wind speed. Secondary factors (Geernaert et al. 1986;
Donelan 1990; Smith et al. 1992), such as sea states,
swell, and spray from breaking waves, together with the
stability effects (the balance between wind shear and
buoyancy) are not included, and they contribute to the
uncertainties of the Cp.

Liu et al. (1979) first postulated that, in a rough sea,
under a moderate range of winds (between 3 and
20ms '), Cy and Cg do not increase with wind speed
because of molecular constraint at the interface, while
Cp may still increase because momentum is transported
by form drag over the waves. Emanuel (1995) argued,
from theoretical and numerical model results, that the
scenario of Liu et al. (1979) could not hold at the strong
wind regime of a TC. To attain the wind strength of a
TC, the energy dissipated by drag could not keep in-
creasing while the energy fed by sensible and latent heat
does not increase with wind speed. His argument puts a
limit on the increase of Cp, as a function of wind speed.

The postulation that the increase of Cp with wind
speed will level off or decrease at TC-scale winds was
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FIG. 1. Drag coefficients as a function of wind speed. Broken lines are extrapolations.

supported by the results of many subsequent studies. In
Fig. 1, examples of Cp, for TC as a function of wind speed
are shown together with the extension of Cp, established
for moderate winds (Large and Pond 1981; Smith 1980).
Donelan et al. (2004) measured stress in a laboratory.
Powell et al. (2003) derived stress from the gradient of a
wind profile measured by dropsondes assuming a loga-
rithmic distribution. French et al. (2007) measured stress
using an eddy correlation method in an aircraft, but not
in very high winds (not shown). Recently, Jarosz et al.
(2007) estimated stress from current measurements,
Holthuijsen et al. (2012) also addressed wave breaking,
and Bell et al. (2012) based their estimates on angular
momentum balance. Soloviev et al. (2014) gives a more
recent review of Cp values and postulations on its be-
havior at high winds. Despite all the innovative stress
estimates of TCs, the large spread of the values in the
figure shows clearly the unsatisfactory stage of our
present knowledge.

2. Scatterometer

The scatterometer is the most established space-based
instrument to measure ocean surface stress vector (Liu
2002; Liu and Xie 2006). It sends microwave pulses to the
earth’s surface and measures the power backscattered
from the surface roughness. Over the ocean, the surface
roughness is largely due to the small centimeter-length
waves (including capillary waves), which are believed to

be in equilibrium with the surface stress. The initial
geophysical model functions relate measured normalized
radar cross section o, to the frictional velocity Us =
(t/p)'"?, representing kinematic stress. The expression is

g, :f(U*’XaG’p)v (2)

where y is the relative azimuth angle between the plane
of incidence of the radar beam and the stress direction,
0 is the incidence angle (relative to nadir), and p rep-
resents the polarization (e.g., Jones and Schroeder
1978). The data products of the first operational Seasat
scatterometer were validated against measured stress
(Liu and Large 1981). Because the public is more fa-
miliar with wind than stress, and there are more wind
measurements than stress measurements for calibration
and validation, the equivalent neutral wind U has been
used as the geophysical product. By definition, Uy has
an unambiguous relation with stress, while the relation
between actual wind and stress depends also on atmo-
spheric density stratification [see Liu et al. (2010) and
Liu and Xie (2014) for further explanation]. Under the
strong wind of a TC, wind shear dominates over buoy-
ancy in turbulence generation, and Uy is close to the
actual wind. Nonetheless, there were recent attempts on
stress retrieval algorithms (e.g., Weissman and Graber
1999). QuikSCAT has a conical scanning pencil-beam
antenna operating at 13.4 GHz (Ku band) at a fixed in-
cidence angle of about 46° and 54° for horizontal
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FIG. 2. Backscatter coefficient for two beams (identified by their polarization and incident
angles) measured by QuikSCAT collocated with H*wind along all reported hurricanes paths in
the North Atlantic from 2005 to 2008. QuikSCAT data with more than 10% chance of rainfall

are excluded.

polarization (H-pol; inner beam) and vertical polariza-
tion (V-pol; outer beam), respectively.

The difficulty of retrieving strong winds from the
scatterometer is obvious in Fig. 2. Data from North At-
lantic hurricanes in four seasons (2005-08), excluding
those with over 10% chance of rain, were examined.
QuikSCAT o, from the two beams are plotted against
collocated Hurricane Research Division Real-time Hur-
ricane Wind Analysis System (H*wind) speed, at a bin
size of 1ms ™. H*wind is described in section 4. Figure 2
shows that, in moderate winds (U < 30ms '), the loga-
rithm of o, (dB) increases almost linearly with the loga-
rithm of wind speed. At strong winds (U > 30ms '),
however, o, increases at a much slower rate with in-
creasing wind speed. The European Advanced Scatter-
ometer, measuring at C band, observes similar saturation.
Such high wind saturation has also been observed from
aircraft flying over TCs (e.g., Donnelly et al. 1999). When
the model function developed over the moderate wind
range is applied to the strong winds, an underestimation
of wind speed results. Strong efforts have been made to
adjust the model function (slope in Fig. 2) in strong winds,
but there are not sufficient in situ measurements avail-
able to give credible results. The regressions for the two
datasets cross each other at U = 20ms ', showing dif-
ferent sensitivities for different polarizations and incidence
angles. The variations caused by the change in azimuth

angle should be a major part of the error bars. The
azimuth dependence was clearly illustrated by Ebuchi
(2000). There were efforts to find a remote sensing
solution—that is, to find the right channel (a combination
of polarization, frequency, incidence angle)—that would
be more sensitive to the increase of strong winds (e.g.,
Fernandez et al. 2006).

3. Hypothesis

We assume that there is no distinct physics governing
radar backscatter from ocean surface for different
weather phenomena, including TCs [Eq. (2)]. The al-
gorithm that relates o, to surface roughness was initially
developed based on theory, artificial waves, and sta-
tionary roughness, independent of surface aero-
dynamics (e.g., Wright 1968; Brown 1978) and did not
consider weather change. The general relation should
apply with or without TCs. The formation of surface
roughness, with close bond to stress, is an air-sea in-
teraction problem that may depend on weather. The
changes in the wind retrieval algorithm under a TC, as
shown in section 2, is not a remote sensing problem but
an air-sea interaction problem caused by flow separa-
tion as manifested in the change of the Cp, in TCs. Based
on this hypothesis, we can use a stress retrieval algo-
rithm developed under a moderate range of wind speeds



1154

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

VOLUME 33

TABLE 1. List of the number of tropical storms and collocated QuikSCAT backscatter snapshots along the best tracks from storms
during the period 2005-08 in the North Atlantic, northwestern Pacific, and eastern Pacific. Combining three basins in 4 years, there were

a total of 236 storms and 4475 snapshots.

2005 2006 2007 2008
Storm Snapshot Storm Snapshot Storm Snapshot Storm Snapshot
North Atlantic 28 577 10 273 15 234 16 329
Northwest Pacific 25 509 26 522 27 456 27 463
East Pacific 15 260 19 336 11 196 17 320
Total 68 1346 55 1131 53 886 60 1112

to retrieve stress under the strong winds of TCs. With an
unprecedented large number of stress data retrieved
from the scatterometer, the variation of stress and Cp
under TCs can be reexamined.

4. Data

QuikSCAT level 2A o, data (PODAAC 2007) were
reprocessed to produce the averaged o, for each wind
vector cell (WVC) corresponding to H-pol and V-pol for
forward and backward looks, respectively. We compiled
two sets of wind data. One set was for moderate winds
with U < 25ms™ !, to derive stress for construction of the
retrieval algorithm; they are entirely from WindSat
measurements. The other set was for strong winds with
U > 20ms™ !, for evaluating the Cp; they were from
three sets of observations: WindSat, H*Wind, and
dropsondes. Both moderate and strong wind datasets
were collocated with QuikSCAT o, over TC tracks.

WindSat is a polarimetric radiometer that was launched
in 2003; it is capable of measuring wind vectors (Gaiser
et al. 2004). Only satellite sensors can provide sufficiently
large sets of measurements collocated with o, to cover
variations of azimuth angles, and those associated with
secondary factors (section 1), to mitigate aliasing in the
bin averages, upon which we perform our analysis.
Windsat had the closest overlap with QuikSCAT in
coverage among all the relevant sensors. Although we
encountered initial application difficulties (e.g., Liu
et al. 2004) and known deficiencies, the reprocessed data
have provided a consistent target to calibrate various
wind speed—-measuring sensors for more than a decade at
Remote Sensing Systems (Ricciardulli and Wentz 2015).
However, very few data are above 35m sl

For strong wind measurements in TCs, we used about
9000 dropsondes deployed from airplanes that were
tracked by a global positioning system collected during
several tropical cyclone campaigns during 2007-10.
Chou et al. (2013) performed quality control and pro-
vided the surface wind data to us. For collocation,
QuikSCAT data were averaged within 25-km grids
surrounding the dropsonde locations.

Strong winds between 35 and 45ms~' come largely
from the operational product of the Hurricane Research
Division real-time hurricane wind analysis system H*wind
(Powell et al. 1998). The data were produced from sur-
face winds within a time window of TC passes from
various sources, projected to a level of 10 m, and linearly
interpolated to complete a wind field representative of
the entire cyclone. H*wind data cover only a small area
around the storm center (SC) in the North Atlantic and
are generated at irregular times. We had to increase the
collocation time window to 6 hours.

The Joint Typhoon Warning Center and the National
Hurricane Center report locations of an SC every 6 h.
If a QuikSCAT swath passes over any SC, then a subset
of o, within 1000 km from the SCis created on a 25 km X
25km grid and is named a ‘“‘snapshot.” Table 1 lists the
number of tropical storms and snapshots from 2005 to
2008 extracted from QuikSCAT. A similar procedure is
applied to WindSat. Snapshots of data from the two
satellites within an hour are used. The dislocations
caused by the small time difference between QuikSCAT
and Windsat coverage were neglected. The resulting
ensemble database contains collocated QuikSCAT o,
for H-pol and V-pol for forward and afterward looks,
respectively, and Windsat wind vectors.

5. Stress algorithm

To develop an algorithm to retrieve stress from o, we
first derived a set of stress from wind data under a
moderate range of wind speeds in the TCs, where wind
measurements in TC coincident with QuikSCAT ob-
servations are abundant, and the Cp is more established.
We collocated WindSat wind vectors with QuikSCAT
0, as described in section 4. The C, by Large and Pond
(1981) was used to derive stress from Windsat winds.
The collocated 7 and o, data are shown in Fig. 3, with
four linear regressions of the bin averages in form of
logior = a + bao,, with o, in decibels. The coefficients
a and b for the two looks for the two beans are listed in
the figure. The difference in the regressions between the
forward- and backward-looking data is small.
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FI1G. 3. Backscatter for forward (for) and backward (aft) looks at two beams of horizontal and
vertical polarizations, collocated with ocean surface stress, and the linear regressions of the bin
averages. The coefficients of the linear regressions are given as a and b. The number of data
pairs in each bin is also plotted (purple line). The wind values corresponding to the stress scale

are shown on the top of the figure.

The numbers of data in each bin are also plotted. The
number decreases from 10 000 to 500 at a range equivalent
to wind speed from 12.6 to 25ms™'. By averaging out
the variations caused by directional (azimuth angle)
dependence with large amounts of data, we establish re-
lations between mean o, and stress. These simple relations
allow us to retrieve stress directly from QuikSCAT.

6. Results on stress

Applying the relations shown in Fig. 3, an un-
precedented amount of stress was produced from
QuikSCAT data, collocated with the high winds above
20ms ' we assembled by combining WindSat, H*wind,
and dropsonde measurements as described in section 3.
The data counts for all wind speeds from 20 to 40ms !
are shown Fig. 4. The total number of collocated pairs of
wind and stress are 39759 and 47093 for the outer and
inner beams, respectively. They vary from 10000 at
20ms~ !, decrease to 1000 at 30ms ™!, and decrease to
100 at 40ms™'. There are too few data above 40ms "
and are not included in our analysis.

The stress in the form of U* clearly increases with wind
speed up to a wind speed of 30ms ™!, and the increase is
much slower at a higher wind speed. The same set of
collocated stress and wind speed is used to compute the
Cp as defined in Eq. (1). They are shown in Fig. 5 as a

function of wind speed and compared with some of those
shown in Fig. 1. Between 20 and 25ms~ ! winds, the Cp
from scatterometer stress is enveloped by past values.
With wind speed above 25m s7', the values of Cp de-
crease significantly with wind speed at a steeper slope than
those of past formulations. A linear regression combining
both beams of data is shown. The formulation is

C, =(3.89 - 0.075U) x 1073.

7. Discussion

This study is not intended to produce a new stress
dataset for general applications, but just to demonstrate
our postulation that the same stress retrieval algorithm
at a moderate range of wind speed may apply under TC
conditions, and that the known wind retrieval difficulty
is an air-sea interaction problem—not an engineering
one. We focus only on the mean signal of the backscatter
from two beams, assuming the variations in azimuth
angle could be averaged out. We do not find significant
difference between forward- and backward-looking
data. In this simple study, we also bury the secondary
effects of bulk parameterization in the error bars of the
bin averages.



1156

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

VOLUME 33

T T T ! — 410000

1.4— ‘\;_ .. .
= . .
L \ i TR TR ) A
sl e
i 1000
5 1.0 =
o
e &
el g
L e—— o Ux (H—pol)
Ly qumaas e Ux (V=pol)
0.6 —s N (prol)
L o e N (V—pol)
C 1 . . L 2 1 1 L L . . 110
20 25 30 35 40

Wind Speed (m/s)

FIG. 4. Friction velocity retrieved from QuikSCAT for two beams as a function of collocated
winds. The red lines show the number of data pairs.

The results confirm that the scatterometer is a unique
stress rather than a wind sensor; the difference is accen-
tuated under the strong winds of TCs. Over the
centimeter-length surface waves that govern the Ku-band
backscatter, stress increases at much slower rate, and the
Cp decreases at a much faster rate, with increasing wind

speed, than demonstrated in past studies that were lim-
ited by stress measurements. Our results imply less drag
by the ocean on TCs; the impact on cyclone in-
tensification needs to be assessed (e.g., Moon et al. 2007).

Stress also causes ocean mixing and upwelling that
bring up colder water from below and reduces sea
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FIG. 5. Drag coefficient as a function of wind speed computed from stress measured by
QuikSCAT, with a linear regression of the combined bin averages (thick blue line), super-
imposed onto the drag coefficients of past studies shown on Fig. 1.
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surface temperature (e.g., Price 1981; Bender and Ginis
2000; Lin and Chan 2014). The cooling affects sensible
and latent heat fluxes. In light of the reduction of the
rates of stress increases with wind speed that are com-
monly used, the assessments of the ocean’s feedback and
the effect of global warming on TCs (e.g., Huang et al.
2014) need to be reexamined. It will be the challenge of
future studies to assess sensor sensitivity to wind and
stress directions in TCs. We also need to push spatial
resolution to examine any stress gradient around TC
eyewalls and the effect of surface wave and current
distributions on stress (e.g., Chen et al. 2013).
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