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Abstract:InhumidlocationsoftheEasternU.S.,sulfateisasurrogateforaerosolliquidwater(ALW),

apoorlymeasuredparticleconstituent.RegionalandseasonalvariationinALW–sulfaterelationships

offersapotentialexplanationtoreconcileepidemiologyandtoxicologystudiesregardingparticulate

sulfurandhealthendpoints.ALWfacilitatestransferofpolarspeciesfromthegasphasetotheparticle

phaseandaffectsparticlepHandmetaloxidationstate.Thoughabundantandapotentialindicator

ofadversehealthendpoints,ALWislargelyremovedinmostparticulatemattermeasurement

techniques,includinginroutineparticulatematter(PM2.5)networksthatusefederalreferencemethod

(FRM)monitors,whichareusedinepidemiologystudies. Wefindthatin2004,atypicalyearinthe

availablerecord,ambientALWmassisremovedduringsamplingandfilterequilibrationtostandard

laboratoryconditionsatmost(94%)sites,upto85%oftheambientwatermass.TheremovalofALW

caninducetheevaporationofothersemi-volatilecompoundspresentinPM2.5,suchasammonium

nitrateandnumerousorganics.ThisproducesanartifactinthePMmassmeasurementsthatis,

importantly,notuniforminspaceortime.ThissuggeststhatPM2.5epidemiologystudiesthatexclude

ALWarebiased.Thisworkprovidesaplausibleexplanationtoresolvemulti-decadediscrepancies

regardingambientsulfateandhealthimpactsinsomeepidemiologicalandtoxicologicalstudies.
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1.Introduction

MorethanonemillionlifeyearsarelostintheU.S.duetofineparticulatematter(PM2.5)exposure

duringasingleyear.[1]StudieslinkPM2.5masswithavarietyofadversehealthconsequences[2].

Sulfate,a majorPM2.5constituent,isoftenpositivelycorrelated withincreasedriskin many

epidemiologystudies[3,4],includingtheHarvardsixcitiesstudy[5],butnotall[6].Toxicologystudies

donotrevealmechanisticevidenceforadirectassociationbetweensulfateandhealthendpointsat

atmosphericallyrelevantconcentrations[6,7].Inconsistentepidemiologicalfindingsandlackofa

definitivetoxicologicalexplanationareaconundrum.

Aplausibleexplanationforthediscrepanciesisthatsulfateisnottoxicbyitself,butasurrogate

forco-producedconstituent(s)notwellcharacterizedinPM2.5measurements[6,8]. Historically,

manyepidemiologicalstudiesrelatingPM2.5tohealthendpointsrelyondatafromfixedlocation

‘central’monitors(e.g.,[9]).SulfateisnotvolatileandexhibitslessspatialvariabilitythanotherPM2.5
constituents[10].Correlationsbetweenindoor(wheremostpeoplespendmosttime)andoutdoor

sulfatearehigh[11],andmeasurementerrorsandimpactonriskratios[12]arelowerforsulfate

thanfortotalPM2.5mass.Therefore,suchcentralmonitorapproachesshouldworkwellforsulfate.
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However, in a review of time series studies investigating the impacts of PM2.5 and sulfate on various
health endpoints, Reiss et al. (2008) (using re-estimated relative risk ratios to account for misleading
results from S-Plus’ default convergence criteria in the Generalized Additive Model), found little to no
support for a causal association of sulfate and increased health risk at ambient concentrations. In their
analysis of reported mass concentrations at central monitor locations in routine air quality networks
for 2004, Reiss et al. note that, for cities across the U.S., statistical correlations between sulfate and
PM2.5 vary, reducing the power of epidemiologic studies to elucidate association between specific
PM2.5 constituents and health risk. Such arguments could be used to advocate for the loosening of
successful sulfur-related regulations. However, there is a plausible mechanism by which sulfate may
impact human health through indirect ways not assessed in many current approaches [8,13], namely
by increasing the amount of aerosol liquid water (ALW) and facilitating transfer to the particle phase
of polar, water-soluble organic species that are potentially toxic and induce harm.

Sulfate is a hygroscopic species that promotes water uptake. Although ALW is an abundant and
ubiquitous PM2.5 chemical constituent [14], it is removed during PM2.5 mass sampling at routine air
quality network sites [15], and is vaporized, and not detected by state-of-the-art particle measurement
technologies such as aerosol mass spectrometers [16]. ALW facilitates transfer from the gas phase to the
particle phase of polar organic species [17], which are highly soluble in a polar solvent, such as water.
ALW alters the amount and chemical composition of particulate organic mass [18], potentially in ways
important for human health [19]. For example, secondary organic aerosol (SOA) derived from isoprene
epoxydiols is only formed when ALW is present [20]. This SOA induces expression of oxidative
stress response genes in human bronchial epithelial cells, which is not seen in control experiments
with sulfate aerosol [21–24]. Further, in humid locations ALW correlates with water-soluble toxic
species (e.g., Fe, Cu) [25], reactive oxygen species (ROS) [25], particle oxidative potential [8], and
sulfate [26]. Sulfate is the most widely reported species routinely measured and reported by air quality
networks. Positive sulfate–health associations are noted in the Harvard six cities study (i.e., all humid
Eastern U.S. locations, Figure 1), and generally observed in areas of the U.S. where ALW is predicted to
be high [17], (e.g., Detroit [27], and New Jersey [28]) but not in areas where ALW is expected to be
low [17], (e.g., Santa Clara [29], and Phoenix [30]). Associations between ALW and health end points
are difficult to quantitatively assess with many current approaches.

Central monitors in air quality networks across the U.S. often measure PM2.5 surface mass
concentrations according to the federal reference method (FRM), a filter-based mass measurement
collected and averaged over 24-h (midnight to midnight). Quality assurance criteria require that
after collection, FRM PM2.5 filters are equilibrated for a minimum of 24-h at 20–23 ◦C (±1 ◦C) and
30–40% (±5%) relative humidity (RH) [31]. Hourly PM2.5 mass concentration measurements using
federal equivalent methods (FEM) also evaporate ALW from ambient particles prior to collection [15].
This protocol perturbs collected particles from ambient temperature and RH to standard laboratory
conditions, and it is well documented that sampling artifacts arise due to the volatilization of organic
material during filter sampling [32,33]. FRM sampling and equilibration procedures, in particular for
water-soluble organic species, are also prone to this bias [34]. Ambient SOA equilibration experiments
to laboratory conditions (RH = 35%) by El-Sayad et al. (2016) for samples collected in Baltimore,
MD (i.e., humid, Eastern U.S.) find water-soluble organic matter evaporation losses are in excess of
5 µg m−3 in some cases. This is consistent with other particulate organic carbon findings by Zhang
et al., (2012) for samples collected in and near Atlanta, GA (Eastern U.S.) [35]. Loss of water-soluble
organic species may obscure interpretation of the health impacts of inhaled ambient PM2.5. Organic
species are documented to exhibit redox activity and catalyze ROS generation upon deposition in
lung fluid to induce adverse health responses, including oxidative stress, cell death, and disease [36].
Standard equilibration procedures in the FRM ensure consistency among reported mass concentrations
used in PM2.5 National Ambient Air Quality Standard (NAAQS) attainment decisions for the States.
For example, humid locations will have more ALW mass than arid regions for the same amount of
dry PM2.5 of a given chemical composition. ALW mass concentrations per unit of measured and
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reportedPM2.5‘dry’massarehighestintheEasternU.S.[37].Equilibrationtostandardconditions

normalizestheALWcontentinreportedPM2.5massacrosstheU.S.forastrictsetoflaboratory

conditions,assertingfairnesstothemass-basedNAAQSattainmentprocess.However,datafromFRM

measurementsareusedinepidemiologystudies[38],suggestingthatthemeasurementbiasassociated
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Figure1. Yearlyaveragein2004atInteragency MonitoringofPROtectedVisualEnvironments

(IMPROVE)monitoringsitesof(a)ratioofaerosolliquidwater(ALW)masspermeasuredPM2.5
‘dry’mass(b)ambientALWmassconcentrationsand(c)equivalentconcentrationlossuponfilter

equilibrationtostandardlaboratoryconditions.PointcoloranddiameterarerelativetoALWperdry

massratio(orange),ALWmass(blue),andALWmassdifference(green,red).GreenindicatesALW

lossduringequilibrationandredindicatesALWgain.

Thisworkexplorestherelationshipsamongsulfate,ALW,andchangestoPM2.5massuponfilter

equilibrationacrosstheU.S.withafocuson2004,theyearinthesulfate-epidemiologyreviewby

Reiss[6]. WecharacterizeALWandchangestoPM2.5massanddryversusliquidfractionationthrough

estimatesatambientandlaboratoryconditions.Precisechemicalcharacterizationofcompounds

associatedwithorformedinALW,andthenlostduringfiltersamplingand/orequilibrationremainsa

criticalopenquestion.ThelackofunderstandinginALWandtheextenttowhichthisbiasesPM2.5
riskestimatesastheyrelatehumanexposuretowater-solubleairpollutionarekeyknowledgegaps.

2. Methods

WeestimateALWacrossthecontiguousU.S.usingsurfacemassconcentrationsofSO4
2−and

NO3
−atPM2.5monitoringlocationsintheInteragencyMonitoringofPROtectedVisualEnvironments

(IMPROVE)network[39].Theestimationtechniquehasbeendescribedindetailelsewhere[40].Briefly,



Atmosphere 2020, 11, 194 4 of 11

IMPROVE collects 24-h PM filter measurements every three days. Teflon filters are analyzed for
gravimetric fine mass, elemental concentration, and light absorption, while nylon filters are analyzed
for the anions sulfate, nitrate, and chloride using ion chromatography. Data was downloaded from the
IMPROVE public archive [41] on 13 July 2015 for 203 unique locations (Figure S1) from 1988 to 2014,
and the database includes additional measurement details. There is some variability in the number
and location of IMRPOVE sites year to year. In 2004, 158 IMPROVE sites with a minimum of 2 reported
measurements per month are used for this analysis. Meteorology measurements are not available at
IMPROVE sites, therefore, we employ the North American Regional Reanalysis (NARR) model [42],
paired in space and time with monitoring sites, to obtain relative humidity (RH) and temperature
data. We calculate ALW using NARR meteorology, IMRPOVE particle chemical composition, and the
thermodynamic equilibrium model ISORROPIAv2.1 [43] that describes gas-to-particle partitioning
of inorganic species, including water (Figure S2). We apply ISORROPIA as a box model where
IMPROVE chemically characterized PM2.5 and NARR meteorology are inputs. We assume metastable
particles, and that measured sulfate is in the form of ammonium sulfate, and nitrate is in the form of
ammonium nitrate. Ammonia (NH3), dust, and organic compounds are not considered in the ALW
estimates due to inconsistencies in measurements among the sites, an inability to accurately predict
concentrations, and/or large uncertainties in intrinsic properties such as water uptake relationships.
The IMPROVE monitoring network routinely measures ammonium (NH4

+) mass, but not gas-phase
ammonia. Gas-phase predictions of ammonia by atmospheric models are not accurate [44], and
therefore inappropriate to use as input to the thermodynamic equilibrium is pH-dependent for which
accurate constraints are elusive in routine monitoring data [45] Neglect of ammonia in our ALW
mass estimates likely underestimates ALW content. Dust contains crustal species (e.g., Ca2+, K+,
Mg2+) which can form insoluble species (e.g., CaSO4). Neglect of dust likely overestimates ALW mass.
Organic species vary greatly in their effects on ALW [46,47], and detailed chemical characterization of
the organic fraction of PM2.5 is not available. Neglect of these species introduces uncertainty, and while
absolute mass concentrations are uncertain, we are confident that overall trends are qualitatively robust
in space and time [37,40] Laboratory conditions for estimated ALW are 21.5 ◦C and 35% RH for all
sites on all measurement days. These are the central values established for equilibration of FRM PM2.5

filters, and we calculate laboratory ALW estimates for the central values, as an idealized case [31].

3. Results

In 2004, the ratio of ALW mass per measured PM2.5 ‘dry’ mass, average ALW mass concentrations,
and water loss upon filter equilibration to standard laboratory conditions are greatest in the Eastern U.S.
(Figure 1), where both sulfate mass and RH are relatively high (Figure S3). This year is highlighted in a
review of sulfate–health endpoint associations and represents typical conditions that may partly explain
discrepancies in the literature among epidemiological and toxicological studies. The pattern observed
for 2004 persists throughout the entire IMPROVE record analyzed in this work (Video S1, Video S2),
though sulfate concentrations and absolute values of ALW mass concentrations are decreasing over
past decades, consistent with findings in the Southeast U.S. [40]. The patterns in ALW and ALW:PM2.5

ratios estimated here are independently consistent with remote optical measurements that demonstrate
higher RH-dependent extinction per unit of PM2.5 dry mass in the Eastern U.S. [37]. Note the spatial
similarity of the humid Eastern U.S. where these ALW patterns are observed with epidemiology studies
that find statistically discernible relationships among sulfate mass concentrations and health endpoints.
The locations of all the Harvard six cities are in areas with relatively high ALW mass concentrations, as
are other cities such as Detroit [27], New Jersey [28], and Toronto [48]. Locations where statistically
robust associations among sulfate and health endpoints are not found, for example in Santa Clara,
California and Phoenix, Arizona, are arid and estimated ALW is low (Figure 1). It is noted that nitrate
is more hygroscopic than sulfate, but nitrate mass concentrations are generally small (<1 µg m−3 in
most locations) and where they are highest, it is in the areas of the U.S. where RH is low (Figure S3).
Nitrate impacts on ALW are therefore generally less than for sulfate.
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WhileorganicmaterialislostduringFRMsamplingandanalysisapproaches[32,33],lossofwater

massisgreater.ALWmassislostduringequilibrationfromambienttolaboratoryconditionsatnearly

allmonitoringlocations(94%),withtheexceptionofninesitesintheSouthwesternU.S.whereRHis

low(Figure1b,FigureS3).AtallEasternU.S.sites,throughouttheentireanalyzedtimeperiod,ALW

massisabundant(FigureS4,VideoS1),andthereisapositivedifferencebetweenestimatedALWfor

ambientandlabconditions,(VideoS2)indicatingsystematicALWevaporationfromfiltersoccurs

broadlyforthisregion.AverageALWmassconcentrationsatmostIMPROVEmonitoringlocationsin

theEasternU.S.are>9µgm−3andlosetheequivalentALWmassconcentrationofmorethan6µgm−3

uponfilterequilibration(Figure1).ThisfindingsuggeststhatonaveragefortheEasternU.S.in2004,

ALWcontributed3µgm−3toreportedPM2.5‘dry’mass.ThesitewiththelargestambientALW

massconcentrationsandgreatestamountofwaterlossin2004isMartha’sVineyardinMassachusetts

(Table1,Figure2).AverageALWlossatMartha’sVineyardin2004was17.5µgm−3or85%ofambient

watermass.ALWmassconcentrationsintheEasternU.S.aresubstantiallymoreabundantthanthe

WesternU.S.ThemajorityofwesternsitesexhibitannualaverageALWmassconcentrations<3µgm−3

in2004.ThesitewiththeleastamountofwaterthatyearisLavaBedsNationalMonumentinNorthern

California,0.6µgm−3(Table1,Figure2).ThesitewiththelargestincreaseinALWmassduring

filterequilibrationin2004isDeathValleyNationalParkinCentralCalifornia,whereitisestimated

that0.2µgm−3ofALWwasgainedduringthelaboratoryfilterequilibration(Table1,Figure2).The

averageambientRHatDeathValleywas28%,whichislessthanthe35%usedforALWestimatesat

laboratoryconditions,explainingtheestimatedALWenhancement.

Table1.The2004annualaverageatIMPROVElocationsdiscussedhere.Ambientandlabparticlesare

idealizedrepresentationstoindicatechangeduetofilterequilibrations.Piechartsizeisproportional

bymassbetweenambientandlabconditionsforanindividuallocation.

City
Sulfate
(µgm−3)

Nitrate
(µgm−3)

Ambient
Water
(µgm−3)

Lab
Water
(µgm−3)

Relative
Humidity
(%)

AmbientParticle
andMass
(µgm−3)

LabParticle
andMass
(µgm−3)
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2.28 2.46 

Lava Beds, 

CA 
0.35 0.12 0.56 0.35 60.7 
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Figure2.Differencesbetweenambientandlaboratory-equilibratedPM2.5absolutemassandconstituent

fractionalcontributions.Idealizedparticlesaredrawntoscalebymassforambientandlaboratory

conditionsforeachcity,butnotbetweencities.

Fractionationoftotalparticlemassthatis‘dry’versuswaterchangesdramaticallyuponfilter

equilibrationinmostlocations.ForallIMPROVEsitesintheEasternU.S.highlightedinFigure2,

Detroit,Martha’sVineyard,Brigantine,and WashingtonD.C.,ambientparticulatemattermassis

predominantly(>50%)liquidwater.Afterequilibration,thedryfractiondominatestotalmass.Notable

exceptionsoccurinaridregionsoftheWesternU.S.withlowRH,suchasDeathValley,andPhoenix,

AZ(Figure2)whichexperiencedALWgainfromambienttofilterequilibrationconditions.Itshould

benotedthat,inpart,theintentionofstandardizedlaboratoryconditionsforequilibrationofPM2.5
filtersamplesistoremoveliquidwaterfromreportedmassvaluesusedinattainmentconsiderations.

Inthatrespect,standardizedmassconcentrationsnormalizedtoprescribedtemperatureandRH,

worksasintended.

InlocationswhereRHandsulfatemassconcentrationsareabundant,ambientALWmass

concentrationsarehighestandexhibitthelargesttemporalvariability(Figure3,VideosS3andS4).

In2004inWashingtonD.C.medianALWmassconcentrationsvaryfrom<10µgm−3inthewinter

monthsto>25µgm−3insummer,consistentwithdecadalseasonalALWpatternsinthisregion[49]

AnnualaverageRHfortheregionwasnearly80%yearroundandexhibitedlittletemporalvariability

relativetosulfatemass.Sulfatemassconcentrationsincreasebyafactoroffourfromsummertowinter.

SummertimemaximainsulfatemassconcentrationsintheEasternU.S.aredrivenlargelybychanging

SO2emissionsrelatedtoelectricitydemand,whichpeaksinsummeronHighElectricityDemand

Days(HEDD)[50,51].Temporalvariance(σ=7.4µgm−3)inALWforWashingtonD.C.in2004is

relativelylargeanddrivenprimarilybythestrongseasonaltrendofsulfate(Figure3)andnotRH.

Sufficientlyhighyear-roundRHsuggestswatervapormixingratiosdonotlimitALWformationin

thatlocationandthatsulfatehasthedeterminingeffectonALWmassconcentrations.Incontrast,in

2004forPhoenix,AZ,RHandsulfatemassconcentrationsarelower(e.g.,<50%RHand<2µgm−3).

TemporalvarianceovertheyearforALWmassissmall(σ=0.4µgm−3),inpart,becausesulfate

massconcentrationsandRHareoutofphase.InPhoenix,RHisgreatestinwinterwhenambient

temperaturesarelow,andsulfatemassconcentrationsarehighestinsummer,sameasforD.C.This

suggestsambientwatermixingratioscansometimesbelimitingandexertadeterminingimpacton

ALWmassconcentrations,insharpcontrasttohumidlocationssuchasD.C.whereRHissufficiently

highyearroundtofacilitateALWformation.Notethatstatisticallyrobustassociationsbetweensulfate
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andhealthendpointshavebeenfoundinEasternU.S.locations(e.g.,Detroit[27],NewJersey[28])and
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D.C.Eachvariableispresentedasthemean(solidline)and95%confidenceinterval(shadedareaand

dottedlines).Piechartsillustratethemonthlyaveragedrymass(brown)andwaterfractions(blue)
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4.Discussion

FRM-collectedPM2.5massisperturbedfromambientconditionsuponfilterequilibration.Reported

massconcentrationsarebiasedlowformostlocations,includingthe25largestmetropolitanareasin

theUnitedStates(TableS1).Further,collectedPMcompositionischemicallydifferentfromtheambient

particulatemattertowhichindividualsareexposed,potentiallyimpartingbiasinestimatedriskratios

calculatedinepidemiologystudiesthatusePM2.5FRMmeasurements.Discrepanciesinepidemiology

studieslinkingsulfatetohealthendpointsmaybepartlyexplainedbymassandchemicaldifferencesin

ambientvs.laboratoryPM2.5thatareinducedbyevaporationofALWandorganicmaterial.Further,in

theabsenceofplausibletoxicologicalmechanisticexplanationsforsulfate-inducedinjuryitisimportant

tonotethatadversehealthendpointsassociatedwithambientsulfatemayarisefromotherparticle

characteristicsnotexploredhere,suchaspHortoxicmetaloxidationstate[8].IntheIMPROVE

datasetanalyzedhere,sulfateiscorrelatedwithwater-solubletransitionmetalsAl,Fe,PbandMn

(R2>0.5)attheIMPROVEsiteinLavaBeds,CAfor2004(TableS2).However,forcitiesinthisgeneral

location(SantaClaraandPhoenix),wheresulfateconcentrationsarelessthan2µgm−3yearround,

statisticallyrobustsulfate–healthrelationshipsarenotobservedinepidemiologicalstudies[29,30].

Anothercomplicationisthatpartitioningofsemi-volatileorganicmaterialtoALWexhibitsaseasonal

trendinhumidareas[52],indicatingthatlossoforganicmaterialduringequilibrationisnotuniform

oreasilyparameterizedfromALWdata.ParticulatematterinaridSouthwesternU.S.locationsalso

containsWSOCthatvariesbyseasonandisassociatedwithenhancedmoisture,temperature,and

ozonethatmayworksynergisticallytocausehealthimpacts[53].

TheabsoluteandrelativeamountofALWlossandbiasinFRM-reportedPM2.5changesspatially

acrosstheU.S.,andforagivenlocationthroughouttheyear(Figure3).Thereisnotasinglebias

correctionthatworksforalltimesandlocations.Further,decadaldecreasesinsulfateandALW

massconcentrationsinhumidanddrylocations,alike,aredocumentedintheliteratureandtraceable
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to environmental regulations, increasing efficiencies and economic factors (Figures S5 and S6) [54].
Observational evidence in visibility measurements is supportive of sulfate-driven ALW decadal
trends [55], in particular in the absence of similar RH trends, suggesting that repeating epidemiology
studies in certain locations may change interpretation of sulfate–health endpoint relationships if ALW
is included in the analysis. These findings qualitatively translate more broadly to other locations
outside of the U.S.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/2/194/s1,
Figure S1: IMPROVE network monitoring locations, Figure S2: Flow chart summarizing the method for calculating
aerosol liquid water, Figure S3: 2004 annual average of sulfate mass, nitrate mass, and RH% at all IMMPROVE
network monitoring locations, Video S1: GIF of 1988 to 2013 yearly average ALW for IMPROVE monitoring sites,
Video S2: GIF of 1988 to 2013 yearly average difference between ambient and lab ALW for IMPROVE monitoring
sites, Figure S4: Defined Eastern and Western U.S., Video S3: GIF of 2004 ALW monthly average for IMPROVE
monitoring sites, Video S4: GIF of 2004 monthly average difference between ambient and lab ALW for IMPROVE
monitoring sites, Table S1: Chemical speciation data and calculations of aerosol liquid water content at ambient
and lab conditions for the 25 largest U.S. cities discussed in Reiss et al., Table S2: 2004 annual average correlations
of particulate sulfate and transition metals for a subset of cities, Figure S5: U.S. average ambient aerosol liquid
water for 2001 to 2013, Figure S6: Yearly average comparing ambient water content to relative humidity, and
ambient water to sulfate mass for Phoenix, AZ, and Washington D.C.
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