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1. INTRODUCTION

A betterunderstandingof the microscalepropertiesof
the atmosphericboundarylayer over urbanand subur-
banareascould leadto betterdefensesagainstairborne
hazardsfrom terrorismandenvironmentalmishaps.Ac-
cordingly, the SpecialProjectsOf�ce of the Defense
AdvancedResearchProjectsAgency (DARPA) recently
fundeda highly focusedmeteorological�eld campaign
at the Pentagonin Arlington, VA. In-situ and remote-
sensingmeteorologicalinstrumentsweredeployedto ob-
serve the boundarylayer andmonitor the transportand
diffusion of the passive tracersulfur hexa�uoride, SF6,
releasedduringthecampaign's intensiveobservingperi-
ods(IOPs).Theknowledgegainedwill aid thedevelop-
mentandinstallationof a systemfor detectingairborne
hazardsandpredictingtheir transportandconcentration
nearthePentagonandotherstrategically importantloca-
tions.

2. SCIENTIFICOBJECTIVES

The scienti�c objectivesof PentagonShield2004were
1) to characterizethe perturbedwind, including turbu-
lence,aroundthePentagonandadjacentstructures;2) to
measurethe urbanboundarylayer's depth,andits ther-
modynamicaland kinematicalpro�les, during day and
night under various stability regimes; and 3) to trace
thetransportanddiffusionof gasesaroundthePentagon
andwithin its complex architecture.The datafrom the
�eld campaignwill beusedto comparetheperformances
of the instrumentsused; to evaluatepredictionsfrom
transport-and-diffusionmodelsandfrom computational
�uid dynamicsmodels; to test techniquesfor dataas-
similation; to compareagainstresultsfrom wind-tunnel
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experiments;and to investigategeneraltopics in urban
micrometeorology.

3. PARTICIPATING ORGANIZATIONS

TheResearchApplicationsProgramof theNationalCen-
ter for AtmosphericResearch(NCAR) providedoverall
scienti�c planningand direction of the campaign. All
primaryparticipatingorganizationsarelistedin Table1.

4. OPERATIONS

4.1 Meteorological instruments

Many of themeteorologicalinstrumentsdeployedduring
PentagonShield2004requiredlittle or noattentiononce
they wereoperational(Fig. 1). Theseinstrumentspro-
videdvirtually continuousfeedsof data,whetheror not
anIOP wasin progress,barringproblemswith mechan-
ics or communications(labeledcontinuousin Table2).
Other instrumentsrequiredmore involvementfrom op-
eratorsor hadlimited operatingwindows. Theseinstru-
mentswereusedmostlyor entirelyduringIOPs(labeled
periodicin Table2).

Conditionsnear the ground and near the Pentagon
roof were measuredby 15 PortableWeatherInforma-
tion Display Systems(PWIDS) and 10 Super-PWIDS,
which weredeployedandmaintainedby Dugway Prov-
ing Ground (DPG). The systemsmeasurewind speed
anddirection, temperature,and relative humidity. The
PWIDSanemometersaremechanical,whereasthoseon
the Super-PWIDS are sonic. The sonic anemometers
measureall threespatialcomponentsof wind at 10 Hz,
yielding turbulencestatisticsand�ux esof heatandmo-
mentum.Systemsweremountedon tripods,light poles,
andotherstructures(Fig. 1). Four Super-PWIDS were
mountedat differentaltitudeson a 32-m(105-ft) tower,
which alsoincludedmatchedprobesthatmeasuredtem-
peratureand relative humidity at � ves altitudes. Data
from PWIDSwerecollectedevery secondandaveraged
over10sbeforebeingsentvia aradionetwork to alaptop
for recording. Datafrom Super-PWIDS werecollected
locally ondiscat eachinstrument.

Otherthanfrom theinstrumentedtower, in-situsound-
ingswereavailablefrom balloon-bornesondesandfrom
atetheredblimpout�tted with instruments.DuringIOPs,
thesondeswerereleasedhourlyfrom thesouthernendof
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Table 1: Primary organizationsthat participatedin PentagonShield
2004.

AerospaceCorporation

Army ResearchLaboratory

CoherentTechnologies,Incorporated

Cooperative Institutefor Researchin theEnvironmentalSciences,
Universityof ColoradoatBoulder

DefenseAdvancedResearchProjectsAgency

Dugway Proving Ground,UnitedStatesArmy

NationalCenterfor AtmosphericResearch

NationalOceanicandAtmosphericAdministrationAir Resources
Laboratory, FieldResearchDivision

NorthropGrumman

PentagonForceProtectionAgency

Arlington NationalCemetery(justwestof thePentagon)
by DPG personnel. The 21-m3 blimp, part of a Teth-
eredLifting System(TLS; Balsley et al. 1998, 2003),
wasoperatedby personnelfrom theCooperativeInstitute
for Researchin theEnvironmentalSciences(CIRES)at
the University of Coloradoat Boulder. Suspendedbe-
neaththe blimp werea hot–/cold–wireturbulencepay-
loadanda meteorologicalpayload.Measurementsfrom
the former includetemperatureandwind velocity sam-
pledat 200Hz. Theblimp andits payloadswereraised
andloweredfrom awinchplacedin thesouthernparking
lot of the Pentagon(Fig. 1). Becauseof the low-�ying
aircraft at the Pentagonandat nearbyReaganNational
Airport, authoritiesrestrictedthe blimp to �ights below
76 m (250ft) AGL, exceptfrom 0200–0500EDT, when
theceilingwassetat 1 km (3281ft) AGL.

Shallow, remotely sensedsoundingsof wind were
madeby an AeroVironmentModel 4000mini-sodar(a
Doppleracousticsounder)operatedby DPG.Everysec-
ond, the sodaremitted a 4500-Hz pulse, then useda
phasedarrayantennato direct thepulseandto measure
its backscatterand Doppler shift off discontinuitiesin
air density(Aerovironment,Inc. 2001;Barthelmieet al.
2003). In this way, thesodarprovidedcolumnarobser-
vationsof three-dimensionalwind andturbulenceevery
5 m betweenroughly10m and200m AGL.

A netradiometermeasuredsolarandterrestrialradia-
tion. Theunit comprisedaboomat1.5m AGL, onwhich
were mounteda pair of pyranometers,which measure
hemisphericincoming or outgoing radiation of wave-
lengths0.3–4.0� m, anda pair of pyrgeometers,which
measurehemisphericincomingor outgoingradiationof
wavelengths4.0–50.0� m. Onesensorof eachpair faced

skyward, the other facedgroundward. Power wassup-
pliedby solar-chargedbatteries.Datawerestoredlocally
onCampbellstoragemodules.

A coherentDopplerlidar calledtheWindTracer(CLR
Photonics,Inc. 2002),built by CLR Photonics,Inc., was
installedon the roof of one wing of the Navy Annex,
which is on a small hill roughly 850 m west-southwest
of thePentagon(Fig. 1). Thelocationwasidealfor pro-
viding an unobstructed,slightly downward view to the
Pentagonand the surroundingreservation. The Wind-
Tracer'spulsedlaseris eye-safeatawavelengthof 2 � m.
During the �eld campaign,the lidar wasgenerallypro-
grammedto scan90� in azimuth,centeredon the Pen-
tagon,and22� in elevation. Volumescanstook approx-
imately 4 min. On many days,the lidar beam's effec-
tive rangewas at least7 km. Throughthe application
of velocity-azimuthdisplay (VAD) algorithms,volume
scansfrom the WindTracerprovided horizontallyaver-
agedwind pro�les to about3 km AGL. WindTracerdata
werealsoassimilatedinto NCAR's variationallidar as-
similationsystem(VLAS), whichwill bepartof anover-
all systemof sensors,models,andalgorithmsthat will
assessandpredictairbornehazardsat thePentagon.

A secondWindTracerwaslocatedatBolling Air Force
Baseand operatedby the Army ResearchLaboratory.
However, datafrom thatlidar arestill beinganalyzedand
arenot includedin this paper, sohenceforthWindTracer
refersonly to thelidar on theroof of theNavy Annex.

Figure1: Approximatelocationsof meteorologicalinstruments.North
is toward the top of the �gure. The secondof the two WindTracers,
whichwaslocatedatBolling Air ForceBase,is not shown.

PentagonShield also served as the �rst �eld test
of the 1.54-� m Raman-shiftedEye-safeAerosol Lidar
(REAL), newly developedat NCAR (Mayor andSpuler
2004).TheREAL waslocatedat theeasternedgeof the
Navy Annex parking lot, stacked atopa large shipping
containerso that the lidar beamclearedsomeinterven-
ing obstaclessuchasa fenceandtrees(Fig. 1).
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Table2: Meteorologicalinstruments,periodsof datacollection, and
modeof datacollection.Acronymsareexplainedin thetext.

Instrument First data Last data Data collection

PWIDS 14April 15May continuous

SPWIDS 14April 16May continuous

radiosondes 15April 13May periodic

TLS 22April 11May periodic

WindTracer 19April ongoing continuous

REAL 3 May 9 May continuous

mini-sodar 9 April 15May continuous

netradiometer 13April 16May continuous

tower 24April 16May continuous

4.2 Chemicalinstruments

Three types of instrumentswere used to detect the
SF6. Six to eight TracerGasAnalyzers(TGAs, model
TGA-4000 manufacturedby Scientech,Incorporated)
deployed and operatedby the Field ResearchDivision
of the National Oceanicand AtmosphericAdministra-
tion's Air ResourcesLaboratory (NOAA/ARL/FRD),
provided fast-response,real-time, in-situ observations
of concentration.Field scientistsusedthe observations
to plan and adjust releasestrategies during the IOPs.
TGA datawere storedon a laptop at 2 Hz. Remotely
sensed,real-timeobservationswereavailablefrom three
Fourier TransformInfrared (FTIR) Spectrometers,one
operatedby AerospaceCorporationand the other two
by NorthropGrumman. The latter FTIRs werepart of
NorthropGrumman'sMobile ChemicalAgentDetectors
(MCADs). Finally, duringeachof theIOPs,roughly100
ProgrammableIntegrating Gas Samplers(PIGS) were
deployed by NOAA/ARL/FRD outsideand inside the
Pentagon.EachPIGSwasprogrammedto collect12 air
samples,eachonein aTedlarbag,duringaspeci�c hour
of an IOP. After eachIOP, the bagswerecollectedfor
later analysisby a gaschromatographcalled an Auto-
matedTracerGasAnalysisSystem(ATGAS).

4.3 Intensiveobservationperiods(IOPs)

Collectionandstorageof meteorologicaldatabeganon
9 April andendedon 16 May, althoughvariousinstru-
mentswereoperationalfor only partof thattime,assum-
marizedin Table2. Thetransport-and-diffusionelement
of the campaignwas organizedaround� ve IOPs: 4–5
May (IOP1),6–7May (IOP2),8–9May (IOP3),10–11

May (IOP4),and12–13May (IOP5).EachIOPinvolved
multiple releasesof SF6 at different locationsnearthe
Pentagonin a variety of temporaland spatialpatterns.
The tracerwasinvaluablefor revealingsomeof themi-
croscalepatternsof air�o w aroundandinto thebuilding.

Operationsduring eachIOP began in the late after-
noonandendedvery early the following morning. This
schedulewasdictatedby two main factors.First, it was
simplestto operateinstruments—especiallythoseinside
the Pentagon—afterbusinesshours. Moreover, it was
completelyimpractical to adjust the building's HVAC
(heating, ventilation, and air conditioning) until most
employeeshadleft for theday. Second,Air Traf�c Con-
trolsatthePentagonandnearbyReaganNationalAirport
did not permit theTLS blimp to be �o wn to usefulalti-
tudesduringthebusinessday, asmentionedearlier.

4.4 Directionof operations

Operationsweredirectedfrom a hotel room on thesix-
teenth�oor of the Marriott ResidenceInn immediately
southof the Pentagon,within line of site of almostall
instruments.In the room werefour to � ve laptopcom-
puterswith high-speedInternetconnections.Thesecom-
putersprovidedreal-timedisplaysof datafrom many of
the instruments,including the PWIDS, mini-sodar, and
WindTracer. The computersalsoserved asdatareposi-
toriesandwereusedby campaignforecastersto display
observationsandoutputfrom numericalmodels.Theop-
erationscenterwasthe site of daily planningmeetings,
during which forecastersbriefed participantson short-
term and long-termpredictions. Then participantsre-
viewed the statusof instrumentsand permissions,and
determinedthedetailsof upcomingoperations.

5. EXAMPLESOF DATA

Quality-controlandanalysisof thedataareon-going,but
a few preliminary �gures give early indicationsof the
campaign's success.(All data in the �gur esshouldbe
consideredsubjectto change.)

As alreadymentioned,onegoalof thecampaignwas
the comparisonof variousinstruments.Figure2 shows
how datafrom the TLS blimp, WindTracer, and mini-
sodarcomparewith oneanotherfor oneseriesof obser-
vations.All threeinstrumentsobservedwind to veerwith
altitude and to increasein speedwith altitude beneath
thenocturnalinversion,subjectively de�ned for ourpur-
posesby a gradual,thensharperincreasein temperature
with altitude (arrow in Fig. 2). Throughthe statically
neutrallayer, energy dissipationdiagnosedfrom Wind-
TracerVADs andfrom theTLS werequitesimilar, then
the estimatesdivergedabove the boundarylayer. The
high vertical gradients(wiggliness)in the pro�les from
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Figure2: Comparisonof pro�les from theTLS blimp (thin blue line),
from the WindTracer lidar (opengreencircles), and from the mini-
sodar(openredsquares).Panelsshow a)wind speed,b)wind direction,
c) temperature,andd) energy dissipationrate,� . Altitude is normalized
by theapproximatelevel of thebaseof thetemperatureinversionatop
theboundarylayer, markedby thearrow. Thethick blackline marksa
neutrallapserate.Dataarepreliminaryandsubjectto change.

the TLS (blue lines in Fig. 2) area productof the fast
response(200 Hz) of the TLS instrumentpayload,the

Figure3: Calculationsof temperaturespectrum(toppanel)from obser-
vationsby theTLS duringa 1-speriod(bottompanel).A best-�t line
in the top panelmarksthe temperaturestructureconstant,C 2

t . Data
arepreliminaryandsubjectto change.
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Figure4: Ten-secondaveragesof wind speedanddirectionfrom the
PWIDS.Dataarepreliminaryandsubjectto change.

blimp's ascentrate, and the lower troposphere's inher-
ent�ne variability. Figure3 demonstratesthatwith such
high temporalresolution,evendataovera 1-speriodare
suf�cient for a spectraldecompositionand the calcula-
tion of a temperaturestructureconstant,C2

t (thebest-�t
line in thetoppanelof the�gure).

Data from the PWIDS and Super-PWIDS show just
how spatiallyvariablethewind aroundthePentagonwas
on short time scales(Fig. 4). Amid the overall south-
easterliesin theexample�gure arenumeroussmallareas
of positive andnegative divergenceandshearvorticity.

Figure5: Vertical crosssectionfrom an RHI (range-heightindicator)
scanby theREAL operatingat 10 Hz. Thescanwasdirectedinto the
wind. Aerosolconcentrationsincreasefrom blue to red. Rangesand
valuesof the color shadingare intentionallyomitted from the �gure.
Dataarepreliminaryandsubjectto change.
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Suchperturbationsto the mean�o w mustbe studiedin
detailif wearetodevelopabetterunderstandingof trans-
portanddiffusionnearthePentagonandotherbuildings.

TheREAL performedextremelywell. Whenthelower
tropospherewas thick with scatterers,the REAL was
ableto observe�o w featuresandstructuresin thebound-
ary layerover10km away. RHI (range-heightindicator)
scanssuchasthosein Figure5 clearlyrevealthebound-
ary layer, andwhatappearsto beanelevatedlayerabove
it, whereaerosolswere concentrated.Even small fea-
turesat theboundarylayer's top wereapparent,suchas
theKelvin-Helmholtzwavesin Figure5.

6. SUMMARY

A meteorological�eld campaignwas conductedat the
Pentagonin Arlington, VA from mid April to mid May
2004. In-situ andremote-sensingmeteorologicalinstru-
mentsweredeployedto observe theboundarylayerand
monitor the transportand diffusion of an inert tracer,
SF6, releasedduringthecampaign's intensive observing
periods(IOPs).Preliminaryanalysesof someof thedata
point to thecampaign'ssuccess.
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