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Abstract

Radiometers are adept at retrieving near surface ocean wind vettwdNaval
Research Laboratory (NRL) launchélde WindSat polarimetric radiometer with five

frequency channels to observe the sea surface and test its ability to accurately measure
the wind in various weather conditions. This study focuses on its performance in extreme

conditionsi the high wind andheavy precipitatiorf a tropical cyclone. Storms Dennis,
Katrina and Rita from the 2005 hurri

an independent surface wind field provided by H*Wind. Results show abeledlved

cane ¢
retrievalsusing an atmospheric clearing algorithm to extract emissivity measurements
from the brightness temperatuwbservations. The emissivity values are collocated with

relationship between emissivity and wind speed that is also monotonic. The study

indicatesthat microwave radiometg are capable of retrieving ocean surface wind speed

during extreme conditions into early hurricane categories.

1. Introduction

The Windsat polarimetric radiometkas orbited the Earth since 2003 aboard the

Coriolis satellite, and provides constaoterage ofupwelling brightnesgemperatures in
its ninety minute revolutionslts object is to providaccurate wind vectaetrievals for
the ocean surface Previous studies (Brown et al2006; Mondaldo, 2006) have
demonstratetVi nd Sat 6 s easurd wind $pged forageneral ocean conditidtis
little precipitation and winds below 20 mas well as competent wind direction retrievals
in significantly higher winds(Yueh, 2006). However, this study presentsresults of
Wi ndSat 6 s wivaldinderthpeen®mr intense condigongith high winds and
heavy precipitatiod a tropical cyclone.

The fundamentabasefor this study isocean surface foamWhen the surface
water is free of foam, its brightness temperature is relatively cbidthe prsence of
f oam, t his temperatur e r is :easunityp due dou isse
approximateblackbody behavior.Wind speed is itsnain sourcesince an increasing
wind will roughen the seaurface and causefoam to form. The relationship is

mondonic; higher winds generatemore foam. Therefore a radiometer is able to

f oamé



accuratelyd et er mi ne t he wi nd speed judging
contribution to emissivity. The potential limitation of this situatiols saturation.Once
the surfacas completely covered in foam, no higher wind speed catebected. This
study demonstrates that theam fraction saturation does not occur umtéll after 20
m/s,and tharadiometersre stillusdul in the tropical cyclone range.

Section 2describs the specifi data sets used in this study. Sectiatetails the
developed model processSection 4presents the results of tletudy wherein the
comparison between emissivity asutface wind speed examined.

2. Datasets

Two mainsets of datare used in the comparison between emissivitysamthce
wind speed. The fundamental informatiothat is put through themnodel is the WindSat
brightness temperaturesprovided by Colorado State University (CSU).The
temperatures come froits five frequency channejsvhere 10.7 GHz, 18.7 GHz and 37
GHz are fully polarimetric and the 6.8 GHz and 23.8 GiHannelsare dualpolarized
(Gaiser et al., 2004)However,only the vertical and horizontglolarizationsare used in
this study for each channellhe three specific tropical cyclormverpassgoccurredin
the 2005 hurricane season, and wadrkeast 100 km from any shdirees so as to prevent
interference from land emissiorfhe first casavas on 9 July over cyclone Dennis, and
the second on 28 Augusver Katrinashortly before it made its historic landfalkigure
1 (Appendix) illustrates thebrightness temperature observed by WindSdearly
showing Katrinadbés war mth t o ({THedinalroetpass i
was on 21 Septembever cyclone Rita.

The H*Wind windanalysis(Powell et al., 1998provides thesurface windfield
for the emissivity comparison.Developed athe National Oceanic and Atmospheric
Administration (NOAA) Hurricane Research Division (HRD)he pogram conpiles
available datanto arepresentatiorof tropical cyclonessurface winds Readings are
includedif they fall within a three to six hourme window arounda chosenstorm time,
and areplaced into a storrapecificcoordinate systemHowever, since th data coverage
is not conplete and varies from storm to storthe H*Wind analysis is not treated as a

perfect picture of the cyclone atyaspecific moment.As suchthe wind field is subject
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to a usual gor between 10% and 20% (Houstet al., 1999).Figure 2 (Appendixyives

an example of @aampling spreadsed to generate an H*Wind analysis, specifically for
the hurricane Ritawind field used in this study.The observations come from SFMR,
GPS dropsondes, QuikScat, bsognd Air Force reconnaissagacflights among other
sources. The imperfect sampling of such stornmay lead toan underestimation of
maximum windspeeds in thanalysis. However,the wind fieldson the whole provide an
excellentestimation of cyclone wind fields and are considereitasie as the outside
standard for collocation with emissivity.

3. Model Description

The brightness temperatures measured by Wind8et subjected to the
atmospheric clearing algorithm developleg Brown et al. (2006) and adapted in this
study The raliative transfer equation is at the heart of tiethod as giverbelow for
brightness temperature

To=  Gre “#Tdk | skt Themee'® %Y D ()
Tup and Tgown are the upwelling and downwelling atmosphdit@ghtness temperatures,
determined by the form in Brown et al. (2006), is the sea surface temperature and
TeosmiciS thecosmic background temperature, both given ints surface emissivity,
is surface reflectivityantd i s o p tdi cdaebnhedneggenck angle.

The result of the method ishe surfaceemissivity, calclated from the low
frequency observationsThese frequencies, 6.8 GHz in particuke the least sensitive
to atmospheric interference and thus present the dpgsirtunity for accurate surface
measurements.The higher frequencies are used to properly calculate the effect of the
atmosphere on the signalheir shorter wavelengths are more sensitive to the rain and
clouds present in the cyclone, and thereftaa make the Iset estimate of
attenuation as it passes from the surface to the satellid®ce theatmospheric
interference is determined, it can be removed from the surface signal to retrieve the
emissivity.

The three highest vertically polarized frequgrbanneld 18.7 GHz, 23.8 GHz
and 37 GH® areusedto estimatewater vapor andiquid water measurements for each

pixel of the cycloneverpass.Their brightness temperatures atdmitted witha surface
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emissivity modelinto a least squares iterativeversion of a forward model based on
Equation (1),which returns the desired atmospheric parametéhe surface emissivity
modelis basedn Wilheit (1979)and has the following form:

OW) &+ alil-explaW-aW?) ()
The model assumes combination of calnf Jand rough surface emissivitwhich is
dictatedby the foam fraction.W is wind speedn m/s, andhe equationcoefficients are
listed in Table 1 (Appendix).

The primary atmosphericonstituents returned by theeration are integrated
water vapor(V, in cm) and liquid wateKL, in mm), as well as wind speed as a secondary
component. Figures3 and 4 (Appendix) displagnaps of the two primarguantities for
hurricane Katrina Figure 4 clearly shows the characteristic spiaat bands 6the storm
in the liquid wateraroundthe eyethat islocated in the upper right corneiThe white
area of that region represemscluded unrealistidata, the result ofurrentdifficulties
with the retrieval in the most extreme of coratis. As of now, the forward modeloes
not consider scatterinigom high level ice, which malge the cause afnphysicalretuns
in the intense eye regionThis is one area othe model that is undergoing current
development.

Theatmosphed parameter areused in the followingnodel for optical depth:

U goV+eolL (3)
where the cefficients are listed in Table @ppendix). The results arecombined with
the 6.8 GHz horizontal brightness temperature in a inversi&ogudtion (1) to solve for
sea surfacemissivity. Once the methogrocess is complete, a ¢ h  semissivitm & s

matched againsheappropriate independewind field.

4. Results

The final collocation of the retrieved surface emissivity with th@vkhd data is
shown in Figure5 (Appendix) The total data presesd is ompiled from the three
separate cyclonesachindicated by colar The trend pesented continues to rise beyond
the 20 m/s point Any possible saturation of the emissivity sigdaks nobeginuntil 50
m/s. The scarcity ofextremelyhigh wind data pointslendsuncertainty to the absolute

point of saturation. During the chosen WindSatverpasses, cyclone Denmngas a



Category 1 and cyclones Katrina and Ruerelabeled as Category 3 stormgherefore,
the maximum measured wind speeavailable fom these cases is 60 m/s. In reality,
cyclones willreach much higher wind speeatshigher category leveldMore overpasses
at higher intensitiesare necessary in order to determine thect point of foam
saturation. Neverthelessthis result showshtat WindSat isvery capable ofetrieving
surface wind speed fonost early category hurricanes.

Current research in this projers integrating footprint matchindpetween the
frequency channelsito the main emissivityretrieval model. This will verify that the
high wind signalsare physical and represent theeal foam fraction situation.
Misalignment between channel footprimgy have introduced erroiigto the retrievals,
but this further studywill eliminate them if present.But as they standow, the results
presentan excellentelationship between ocean foam and near surface wthatwill be

key tomicrowave remote sensimj extremeoceanenvironments.

5. Conclusion

The WindSat polarimetric radiometeaollects brightness temperaturetaldince
its launchon the Coriolis satellite since 2008emonstratingits ability to provide
accurate wind vector measurements for the near ocean suaeeiousstudies of its
datafocused ongeneral ocean conditions with little precipitation dog wind speeds
below 20 m/s. This studgxamines the extreme case of a tropical cycloneviduate
Wi ndSat 6 s mehigh wind rmadnpeeeipitation. Overpassesre takenfrom
cyclones Dennis, Katrina and Rftam the2005 hurricane season.

Ocean sumce emissivity measurementye taken from thdow frequency
brightness temperaturesnverting the radiative transfer equati to remove the
attenuation effects of the atmospher€he data are then collocated with outside ocean
surface wind measuremergsneratecdy the NOAA H*Wind program. The match up
illustratesa noticeablemonotonic trend that igisible up to 50 m/s, indicating that the
emissivityretains a usable dependence on wind speed up into the low category hurricane
range. This also serve$o indicate that the surface foam fraction does not saturate after
the 20 m/amark. Radiometers using this techniqwél be capable omeasuringsurface

wind speeckven in extreme conditions.
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Appendix

37 GHz V-pol Brightness Temperature, Katrina
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Figure 1. WindSat brightness temperature observatigf)sfor cyclone Katrina, 37 GHz
vertical frequency channel. This channel is most sensitive to the atmosphere and allows
best illustration of storm.
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Figure 2. Data sources for Rita H*Wind analysas 2257 UTC on 21 September 2005.
Data includes SFMR, AFRES, moored bud®sjkSCAT, GOES cloud wind drifts, GPS
dropsondes and ship observations.




2 a(m/s)’ | a(m/s)®
6.8 Hpol | 0.246 | 1.03E03 | 6.8(CE-04
6.8\V-pol | 0.163 | 3.52E04 | 4.75E04
10.7 Hpol | 0.269 | 2.35E04 | 1.30E03
10.7 V.pol | 0.176 | 1.09E04 | 1.01E03
18.7 Hpol | 0.462 | 3.71E03 | 8.64E04
18.7 Vipol | 0.202 | 1.11E04 | 1.03E03
23.8 Hpol | 0.440 | 2.46E05 | 1.35E03
23.8 \lpol | 0.224 | 1.95E04 | 1.00E03
37 Hpol | 0.495 | 4.16E04 | 9.90E04
37 V-pol | 0.216 | 1.68E04 | 8.96E04

Table 1. Coefficients forEquation (2)the emissivity model dependent on wind speed.

Co o (em)yt | cp(mm)?
6.8 GHz | 1.024E02 0 1.020E02
10.7 GHz | 1.222E02 | 7.230E04 | 2.385E02
18.7 GHz | 1.819E02 | 1.484E02 | 6.972E02
23.8 GHz | 2.340E02 | 5.210E02 | 0.1103
37 GHz | 6.190E02 | 1.137E02 | 0.2491

Table 2. Coefficients foroptical depth model, modified from Brown et al. (2006).
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Figure 3. Retrievedintegrated water vapor (cnipr cyclone Katrina White patches
indicateunphysical results.
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Figure 4. Retrieved integrated liquid water (cm) for cyclone Katrina. White patches
indicate unphysical results.

Figure 5. Sea surface emissivitgollocated withH*Wind wind speed fo cyclones
Dennis, Katrina and Rita. Emissivity generated from the 6.8 GHzpdl Windsat
brightness temperatures



