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1. Introduction

The National Aeronautics and Space Administration
launched a microwave scatterometer QuikSCAT in July
1999. It is providing daily coverage of surfacenwi
speed and direction over 93% of the global oceadeu
clear and cloudy conditions, day and night. Thehhig
accuracy and resolution made it possible to compute
derivative quantities, such as atmospheric wind
convergence, which reveal details of the atmospheri
processes [Liu, 2002].

2. Interplay Between Wind and Rain in Tropical
Cyclones

Scatterometer data have been widely used by marine
weather and hurricane centers in analyzing and
predicting marine storms. The increasing spatial
resolution of scatterometer data provides incrgasin
detailed descriptions of small and intense weather
systems, like tropical cyclones [Liu et al. 200(ig. 1
shows that the 12.5-km spatial resolution allows th
delineation of surface wind convergence associaiéd

the multiple rainbands of Hurricane Floyd. The vénd
from the Eta model are not even close to being able
resolve such rain bands. Eta is a regional NWPeainod
producing operational wind products with the highes
available spatial resolution (40-km).

Wind, the dynamic parameter, and rain, the hydtiolog

(latent heat) parameter, are related by the coatierv

principle. The influence of the ocean surface wiigl

not confined to the surface, but instead is felbtighout

the atmospheric column. The vertical velocity in

pressure coordinate, at a certain level p, depends on

the horizontal wind velocity u at that level antllalels

below it, as defined in the equations in Fig. 2.eTh

surface wind affectsv at all levels, andv affects the

‘apparent moisture sink’ [Yanai et al., 1973] Qeaich

level. Q is the difference between condensatiand

evaporation e, per unit mass of air. The vertical

integration of Q gives the fresh water flux (F), OrFig. 1 Hurricane Floyd on 13 September 1999. Bkackws
hydrologic forcing, at the surface. The profile @fis  representing wind vectors are superimposed on aolage of
conventionally expressed as the profile of diabatigvind convergence, derived from QUikSCAT (upper) &om Eta
heating rate per unit mass of air, H. In the foumodel (lower)

equations in Fig. 2, g is the specific humidityis tthe

time, g is acceleration due to gravity,i€ the isobaric



Fig. 2 Hurricane Floyd, as revealed by Eta outjpirpolated to 10:48 UT, with white arrows repraggg winds at 1000 mb
and the color image presenting F (upper left); asfputed by replacing the surface wind divergesfdeta output with
QuikSCAT data measured at 10:48 UT (center lefiswaface rainfall estimated from TRMM PR obsensadiat 9:30 UT
(lower left). Vertical profiles of heating andmaates along the white lines in panels on thieded shown in panels on the

right.



Fig. 3 Track of Hurricane Floyd issued by the NagibHurricane Center and revealed by QuikSCAT

Fig. 3 Track of Hurricane Floyd issued by the NagibHurricane Center and revealed by QuikSCAT

Specific heat, L is the latent heat of vaporizatiérand P are the evaporation precipitation astivéace The estimation
of F and H should be dependent on the accuracyrfdce wind divergence. Provided that the variatbiic is small
compared with P, the horizontal pattern of F andicsa pattern of H should be comparable to thdasé rain pattern
and vertical rain profiles measured by TRMM.

The multiple rainbands of hurricane Floyd were diesisible in surface rain pattern and rain predilmeasured by the
precipitation radar (PR) on Tropical Rain Measuriiigsion (TRMM) (Fig. 2c & 2f). The eta model witonventional
data assimilation cannot produce realistic raitigpas for Hurricane Floyd (Fig, 2a & 2c). By simpbplacing the wind
divergence between 1000 and 975 mb of the Eta ptsduith the divergence of scatterometer wind & ¢bmputation
of F, the pattern becomes much more realistic thithappearance of the eye and more than one spinabands (Fig.
2b). Walls of precipitations define the rainbaagsl locate the eye at 77.1°W (Fig. 2e). The pitipn cut-off at 5
km, indicating freezing level, also agrees withavations by PR. Because Hurricane Floyd moves en@dults were
linearly interpolated to the time of QuikSCAT ovasgs at 10:48 UT, with the spatial coordinate movwiiiity the eye of
the hurricane.



In 1999, the National Hurricane Center declared/éla tropical depression on 7 September east oMbst Indies. As
shown in Fig. 3, QuikSCAT data were used to tréxekdurface vortex all the way back to the sheae zothe monsoon
trough off the African coast on September 2, 199Most a week earlier [Liu, 2001]. Cyclogenesigartsng of the
hurricane heat engine) requires sufficient inersi@bility in the atmosphere, as reflected in alkRassby radius of
deformation, to retain the heat released by cumeoduisection. A current theory suggests that thility is achieved
by mid-level vortex merging [Ritchie et al., 2002JAfter merging, the resultant mid-level vortexestgthens and
thickens to reach the surface. The surface citiomain turn, will feed moisture and ocean eneirgy the cyclone. In
the early stages, the scattered cloud patternslexidy weather satellite (Fig. 4) do not appeadset related to surface
vortex and cannot dispel the doubt on whether sarfeortex plays any role in the mid-level vorticesrging that
happens much later in the genesis of Floyd. Afabhexamination of the distribution of surface wisdnvergence,
however, show that, even at the early stages, Ithel gatterns (mid-level vorticity) are collocatedith surface wind
convergence associated with the surface wind v@fx 4). The high resolution surface wind vestirom QuikSCAT
provide a good opportunity for a more objective raikation of the relation between surface circulatamd mid-level
vorticity, in the genesis of hurricanes.

Fig.4 Comparison of EUMETSAT infrared images (tapyl QuikSCAT surface wind vectors and convergeacéhe vortex
that evolved into Hurricane Floyd.

3. Intertropical Convergence Zones
The Intertropical Convergence Zones (ITCZ) northhef equator in the eastern Pacific and the Aga@tieans and their

seasonal meridional migrations were well obserwednfspace, mostly through cloudiness and rainfalthie past.
Despite many studies, the existences and seagsowmdlithe ITCZ south of the equator is still contessial. By



definition, ITCZ should be examined through surfaged convergence, but surface wind convergencdaagely not
available in the past because of the poor resolwfavind maps computed from routine ship repotiising QuikSCAT
winds, the weaker convergence zones south of thategwere revealed in the eastern Pacific andsacttee entire
Atlantic most of the time during the annual cydlero different mechanisms which distinguish the fation of stronger
from the weaker ITCZ were revealed by the vectordsifrom QuikSCAT and the sea surface tempera&®d) from
the microwave imager on TRMM [Liu and Xie, 2002].

The surface wind convergence is defined as

c=- 2L

W

where u and v are the zonal and meridional compsrefrsurface winds. Near the equatory/-x is much smaller than
- v/ y; wind convergence is dominated by the meridiggraldient of the meridional wind component. In dastern
and western Atlantic, Fig. 5a and 5b show thatibghern ITCZ, denoted by the high values of Cca#located
approximately with the v=0 line, where the nortiieslind meets the southerly winds and v changes. sifgms is also
the location of the local maxima of SST, in generat the eastern Atlantic, a weaker ITCZ is présmound 5°S,
almost all year round, except for the Septembeonkmt period. In the west Atlantic, the ITCZ spiitdo north and

(@) (b) (©)

Fig. 5 Latitude-time variations of (from top to twn) surface wind convergence (1§), meridional wind component (m/s),
cloud liquid water (mm), and sea surface tempeeai€), from QuikSCAT and TMI, averaged over (a)\5615°W, (b)
25°W-35°W. and (c) 95-105°W. On the back line. the meridional wind is



south branches between May and December. The tistlasouth of the northern ITCZ, is largely domedtby
southerly winds, all year round. Because no nolgheinds are observed blowing from the equatorhte EITCZ, a
mechanism different from the one described forrtbghern ITCZ is needed. There are two scenari@chieve local
maximum of C. High C occurs when v changes fromitpmesto negative, where the southerly trade winuset the
northerly trade winds over the warm water. For 32emonths of QuikSCAT observations, this type ofivergence
takes place only on one side of the equator, ndiath sides. The coexistence of a stronger connesyeone on one
side of the equator with a weaker one on the atid® cannot be explained with the same mechanishe second
scenario is that local convergence occurs whenceldeates. As the trade winds move from the wanvater with a
relatively well-mixed boundary layer towards thddcapwelling water near the equator, vertical mixis suppressed
and wind shear increases. The trade winds decelarat create a region of convergence just befa rbach the cold
water. The scenario is similar in the eastern Rafffig. 5¢), except that during boreal springg, tlortherly trade winds
cross the equator and meet the southerly tradesvaihthe stronger convergence south of the equator.

The QuikSCAT winds are limited to 32 months and rawesufficient to discern interannual variationslthough ocean
wind vectors from the ERS scatterometers and floenSpecial Sensor Microwave Imager [Atlas et &96] do not
have the spatial resolution to provide the qualdityvind convergence as QuikSCAT, they provide lartifae series of
data, 1992-2001, and 1987-2001, respectively. mbhasurements of v by these two sensors are fouedhibit the
same characteristics as the QuUIkSCAT data. Folotig time series in the Atlantic, the stronger\engence zone is
always in the north and weaker one in south cagrsistith two mechanisms we postulated. In theegadRacific, both
sets of data (Fig. 6) show weak surface winds@ned blowing both northward and southward fromdbkl equatorial
water towards the double ITCZ, in the boreal spin§ 1988, 1994, 1996, and 1999, when the distdbudf SST is

Fig. 6 Latitude-time variations of meridional conrmegmts of surface wind from ERS scatterometer (pgoedt SSM/I (lower) in the
eastern tropical Pacific.



more symmetric across the equator. In the bopraigs of 1989, 2000, and 2001, the northeast sradass the equator
and the stronger convergence zone is in the sastihown by the QuikSCAT data.

4. Wind and Sea Surface Temperature Coupling

This hypothesis of tropical ocean atmosphere cogglirough vertical mixing that was used to exptaimweaker ITCZ
was first used by Xie et al. [1998] to explain ttwherence between SST and surface wind in thecabpistability
waves (TIW)-the westward propagating temperatwatfof the cold tongue. Liu et al. [2000] validatihis model with
rawinsonde measurements of a research cruise atlres3IW, and with the phase difference between whied

components measured by QuikSCAT and SST from TMiey showed that the wind divergence is in quadeatather
than in phase with SST. The same model was impliednumber of studies of TIW, including Wentza&t[2000] who
tested the model with the boundary parameterizatiohiu et al. [1979], and Hashizume et al. [200#}0 related
boundary layer structure to pressure gradient usingnsonde soundings.

Similar relation between SST and surface winds apgp® be much more prevalent. It was observékdrcold patches
left behind typhoon passages [Lin et al., 2002 awen over Gulf Stream rings [Park and Cornil@@02]. Xie et al.

[2002] demonstrate similar relation in the Asianrgiaal seas. The vertical mixing mechanism appeabe applicable
over a broad spectrum of temporal and spatial scaler different regions. Wind convergence and abgociated
vorticity were also observed over a narrow bandafm water and eastward currents, creating a brettie westward
trade winds and North Equatorial Current; this kreretches from the Western Pacific to the Hawalgands - the
results of positive air-sea coupling [Xie et aD02].
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