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Abstract: Urban areas are directly or indirectly responsible for the majority of
anthropogenic C@emissions.In this study, wecharacterizeobservedatmospheric C®
mixing ratios andestimatedCO, fluxes at three sites acroas urbanto-rural gradientin
Boston, MA USA. CO, is a weltmixed greenhouse gas, but vieund significant
differencesacross this gradienin how, where, and when it was exchangdatal
anthropogenic emissiongere estimated froran emissions inventorgndranged from 1.5

to 37.3mg-C-hd *-yr' * between rural Harvard Forest antban BostonDespite this large
increase in anthropogenic emissipitise mean annual difference in atmospheric ,CO
between sitesvas approximately5% (0.6 £ 0.4 ppm). The influence of vegetatiowas
also visibleacross the gradienGreenup occurrechearday of yearl26, 136, and141 in
Boston, Worcester and Harvard Forest, respectivabhlighing differences ingrowing
season lengt In Boston, gross primary productidrestimatedoy scalingproductivity by
canopy coved was~75% lower than at Harvard Forest, yetlistionstitutel a significant
local flux of 3.8 mg-C-hd -yr'. In orderto reduce greenhouse gas emissions, we must
improve ourunderstanithg of the spacdime variations and underlying drivers ofban
carbonfluxes
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1. Introduction

The worldé populationhas beenrapidly shifting from rural and agrarian to urbareas with the
percent of global populatiofiving in cities increasing from 29.4% to 51.6% between 1950 and
2010[1]. This urbanizaton trendis forecast tocontinuewith modelssuggeshg that by 2050nearly
70% of theglobal populationwill live in urbanareas[1]. While urban areas currently comprigess
than2% o globalland ared?2], thar impactextendsfar beyondthe city limits through environmental
teleconnection§3] and demand for goods and servipls Urban areas are estimated to consume 67%
of global energy and emit 71% ehergyrelatedCO, emissiond5]. Despitethe significant role these
areas play in anthropogenic emissiongmst research relating to atmospheric ,Gfynamics has
avoided areas close to or heavily influenced by cit&g]. Efforts to quantify terrestrial carbon
exchange have instead focused oeaa dominated by biogenic flesxand homogenousahd use
patterns such as forestnd agricultue [8]. By contrast urban areas are often comprised of
heterogeneousand cover andcomplex topography, which complicateeasurements and source
attributionof both CO, fluxes andmixing ratics.

A range ofenvironmental gradients has been observed between urban and adjacent rural locations.
For example, urban heat islands, whiemaperatures can be several degrees higher than adjacent rural
areas, develop due to reductions in latent heat fluxes and surface albedo changes associated wi
paving amongother reasonf9,10]. Urbancanyons created by tightly spadadgildingsandroadways
can change airflow patterns amtrease downwellingpngwave radiation by reducing the sky view
factor. This in turnraises temperaturesimportantly, theseincreass in temperaturéhave also been
shown to etendthe growing seasofll1,12] and likely also affecbiogenic carbon exchange in cities
Differences inhydrology, flord and faunh speciesdiversity, soil nitrogen and carbon stockand
concentrations oatmosphen pollutantshave also been observatbng urbanizationgradients[13],
although not always according to expectations

While some of the environmental gradient@ssociated withurbanization have been better
defined[14], the influence of these variables on atmospherig @RIng ratios hagust recently begun
to be assessedror example,CO, mixing ratios have been found to be higher in urban centers
compared to adjacent rural locations in Phodi®], Salt Lake City[16], and Baltimore[17]0 a
phenomenon known as diurban CQ dome. Thesehigher mixing ratios arelue in part tolocal
traffic emissions, as seen kelsinki[18], Mexico City[19], and Base]20], but may alsobe effected
by residential,commercial and industrial emissiongJnique patterns ofCO, across urbanization
gradients have also been demonstrated in Melbd@tje Phoenix[22], and Romd23], suggesting
an association betweanrbanland uss, urban density, and obsered CO, [24]. There have also
been attempts to map emissions at finer spatial scales in urban areasmasnfjux measurements
of carbon dioxideamong other data sourd@&i 27], butthese resultsan be vergifficult to interpret
due to complexirbanmicrometeorology2§].
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Urbanareasinfluence on atmospheric GGs often framed in terms of anthropogenic emissions
however, biomasand biogenic Cflux in urban areas can approach tbehearby foret-dominated
areas[29i 3]]. In remote sensing products such as MODIS N#Banareas aremasked outand
assumed to have little productivityut the biomass present in these areas suggests that biogenic fluxes
are also importantecological processes in humdominated ecosystems such wban areas are
expected to diffefrom adjacat, predominantly rural locationg32i 34], but these differences in
ecosystem function are poorly understood.

While our knowledge of carbon emissions and biogenic carbon exchange in urban areas is
limited [31,35], local policies forclimate action plansemissions reductias) and urban greening are
continually being developg@.g, US Mayors Climate Protection Agreemamidthe California Global
Warming Solutions Agt Biogenic carbon exchangestimates in urban arease poorly constrained
and represent serious impediment to sustainable urban planf@®. It is difficult to quantify the
carbon exchange impacts of local greenimgatives such asMillion Trees NYC and Grow Boston
Greener,which have significant financial costs associated with th@wlicymakers require better
spatially and temporally resolved estimates of both anthropogenic emissions and biogenic exchange tc
assure that local climate mitigation actions ewst effectiveand CQ reductions are being actualized
in the atmosphere

In this study, we report atmospheric results from a new interdisciplinary research effort focused on
(1) better characterizing atmospheric 2Q@ixing ratios across the urbdorrural gradient near Boston,

MA and (2) associatingtmospheric C@with changingCO, fluxes and land coveWWe measure@€O,
mixing ratiosat Harvard Foresin Petersham, MAa foresed arey Worcester MA (urbanzedto the
eastand foresed to the wesgt and Boston MA (urbarnzed) during 2011lin order to capture the
heterogeneity of the urban gradiefrom these observationsgjurnal and seasonglatternsare
examinedThesetemporalpatterns are thecompared te@stimateof biogenic and anthropogenic @O
fluxes and land cover at each study siteWe use remote sensing iavestigate thepotential
implications ofthe urban heat island effech vegetation phenology and atmospheric,@change
across the urbanization gradielinally, weexplorethe relationship of land coves aitmospheric CO
concentrations andetermine how variables such mspervioussurface area influence patterns of
observed atmospheric GO

2. Results and Discussion

CO, is a weltmixed gas in the atmospherts spatial and temporal variations refleatanbination
of anthropogenic emissions, exchange with the biosphere, atmospheric traarsgpdrdundary layer
dynamics.On the basis of atmospheric mixing patterns alone; i€@xpeced to build up during the
nightime hours due to atmosphestratification and decrease in the morning with the brgakf the
nocturnal boundary laydi7,37]. However, the mixing ratio also reflects biogenic uptake, ecosystem
respiration, and anthropogenic emissiamsluding human respiratioreach of which haslifferent
diurnal, seasonal, and spatial pattefiifee biogenic signal tends to draw dodaytimeCO, during the
summer growing season when photosynthesis is active, resulting in lower overatixi@ ratios.
CO, mixing ratios are higheduring the winér monthswhen respiration dominates in the biosphere
and heatingelated emissions aleghest
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These diurnal and seasonal trends in, @lxing ratios were evident aach ofour measurement
sites which spanned a gradient of urbanization intensithds three sites had a larger seasonal
amplitude in CQ than the global background measurements from Mauna Loaandl the
measurementiom Niwot Ridge[38], Coloradg which is asite at asimilar latitudeto our study area
and within the free tropospherghese differencelighlight broad scale patterns suchthsincreasing
strength of seasonality with distance from éggiatorandthe influenceof localto regional uptake and
release processeB) all cases, seasonal maxima and minima occurred duringgrwémd summer
months, respectivelyF{gure 1a)). Total anthropogenic emissions estimgtgdd] also have a strong
seasonal signal due to residential heating demand, and were roughly 4 and 24 times higher in Bostor
than similar estimates in Worcester arahvard Forest, respective(lfigure Ib)).

Figure 1. (a) Time series ofdaily medianCO, mixing ratiosand (b) 2002 daily total
Vulcan emissions estimatef®r all sectors Vulcan emissions are drawfrom the nine
10km x 10km grid cellssurroundingeachtower site.
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2.1. Trends in Observed GO

The spatial and temporafariability in carbon fluxedinders simple characterization of the primary
determinants of localCO, observations, especially in urban areas where the land cover is
heterogeneous and topography is compl@aspite these challenges, we observed variatior3On
mixing ratios across Bost@m urbanization gradienthat were consistent with vegetation and
urbanization patterns at each s{tégure 3. For the Worcester site, whids the midpoint in our
urbanization gradient, we separately charactdrthe results for air originatingrom the urbanized
area to the eagD to 180 degreg@sand the rural areto the west (180 to 360 degrees) of the site.
Henceforth, we will refer to these urban and rural sectorsEast Worcesterand West
Worcesterrespectively.

Figure 2. Estimates ofcarbon flux and canopy covercrossBostorts urbanization
gradient.Anthropogenic emissions estimateg are basedmtheVulcan[39] datasetand
estimatesof human respiratiorior the 33 km x 33 km focal area shown in each panel
Canopy percentage and biogefiiexes (both - and ®) were estimated within th& km
radiusaround each tower (red circlet) Worcester, statisticaere split into easterly and
westerly sectorghat represent half the areaoverageand are delineated by thdashed
line. GPP = Gross primary poduction, E.R. = [Ecosystem @aspiration,
Human = Human CQ respiration Mob. = Mobile sourceemissionsRes.= Residatial
emissions,and Other = All other fossil fuel emissions.All fluxes are inmg-C-hd *-yr' %,
All atmospheric C@Q measurementare timeweighted annual means with bootstrapped
95% confidencantervals.
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In 2011, mean C@Omixing ratios in Boston were 8.8 ppm higher than air originating from East
Worcester, 15.5 ppm higher than air originating from West Worcester, and 20.6 ppm higher than
observations at Harvard Forest. These obsiens were consistent with the patterns in local
anthropogenic and biogenic fluxes. Across all sites these differences amounted to a roughly 5%
difference in mean annual G@nixing ratios, despite the combination of a large biotic imprint on
atmospheric C@in the rural areas and large anthropogenic emissions in the urban areas. The 2011
annual mean observed g@ixing ratios in Boston, East Worcester, West Worcester, and Harvard
Forest were 393.4 0.15, 398.5:0.23, 405.2+0.45, and 414.G 0.21 ppmyespectively Figure 3. The
trends inCO, mixing ratios at all sites showed seasonal shifts with winter enhancemestciatedvith
heating related emissions and ecosystem respifatonl summer draslown, coinciding with
enhanced ecosystem productivitydareduced anthropogenic emissions.

Anthropogenic emissions for all sectors decreased significantly from Boston to Harvard Forest
(Figure 2). Total annual estimated fossil fuel emissidos Boston (excluding the area covered by
water) Eastand West Worcster, and Harvard Forestere34.7, 5.9, 1.97,and1.53 Mg Ghd *-yr'?,
respectively The composition oainthropogeni@missions also changedrassBostorts urbanization
gradient:emissiondrom other sourceg¢such asndustrialandcommercial decreased as a percentage
of total emissionsas urbanization decreasedhere were also large seasonal differences in
anthropogeniemissions: the ~4% increase in total emissions between summer and winter at all sites
(Figure ) wasdrivenby the ~480% mcreasen residential emissions betweensbkseasons.

Patterns inthe estimatediogenic fluxes showethe oppositetrend; gross primary productivity
(photosynthsis) and ecosystem respiratiancreasedfrom urban Boston torural Harvard Forest
(Figure 2. Thisincrease in biogeniftuxeswasassociated with the increasefarestcanopy from east
to westacross the regiomiogenic fluxes dominated carbon exchange processes at Harvard Forest and
West Worcesterand reflectthe largely undeveloped, foredteharacter of these aredsee canopy
coverwas 27%within a 1 km radius of the Boston towethis is consistent with the 29% average
overall canopy for the City of BostddQ]. Gross primary productioand ecosystem respirati@ach
constitute a substéal portion of total CQ fluxesin Boston, suggesting considerable biatituence
evenwithin denseurbanares.

Differences between the human and vegetafimminated environments across Bogkon
urbanizationgradientwerereflected in theannualstandard deviations of G@nixing ratios in Boston
(17.8 ppm), East Worcestef21.5ppm), West Worceste(15.9 ppm) and Harvard Forest (14.0 ppm).
Higher overall and diuwral variabiliy in Boston andEast Worcestewas likely due to proximate
anthropogeni@emissionssuch adocal traffic,combined with higheair entrainment from surrounding
buildings This variability was also exhibitedin the houly averageCQO, mixing ratios and the
correspondingeasonal trend&igure 3. In Harvard ferest,total carboremissionsvererelatively low
in winter due to low biogeni@and anthropogenifiuxes resulting inCO, mixing ratios that remaéd
relatively constant over timevloving towards BostonCO, mixing ratios quicklybecane more
sinusoidal andeflected greater levels ofinthropogenicemissions which were quite high during
winter months
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Figure 3. Hourly average C®mixing ratios in(a) Harvard Forest(b) West Worcester
(c) East Worcesterand (d) Boston with a LOESS ggession trend lineTo the right of
each panela box and whisker plot summarizéee annual dataDpen circles represent
observations that are more than 1.5 times greater than thejirstdile range
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The variability in the trend of season@lO, is supported byhe changs in the heteroscedasticity
and skewessof the frequency distributions of G@bservations at these three sitegy(re 3). For
example, lhe data distributions from Boston akdst Worcesteexhibited a strong positive skeess
of +2.8 and+1.1, respectiely. On the other handjourly CQ mixing ratiosin West Worcesteand
Harvard Foreshada slight positive(+0.6) and negative skewess(i 0.8), respectivelyand exhibieda
much lower variance Without large proximate anthropogenic emissi@atghese two sitesmixing
ratios rarely exceedtl 450 ppm. The negative skew at Harvard Fordikely resuled from strong
photosynth#c activity.

While other studies have observarban CO, mixing ratioswell above background levelthe
magnitudes ofthese CO, domes varid greatly by location[15,21,4]. For example, mean peak
city-center mixing ratios in Phoenix AZ were 28%i 76% higher thanlocal backgroundvalues
although this findingwas likely influenced by highly stable atmospheric conditioasulting from
local wintertime atmospheric inversioim Portland OR and MelbourngAustraliameanCO, mixing
ratios at more developed sitagere as much as 6 arl® ppm greater respectivelythan tlose in
corresponding lessateveloped locationsThe strength ofurban CQ domes including Bostors, is
sensitive to locaieteorological conditiongmissionspiogenic processesindthe height of thegas
analyzerabove the surfac&hese local influences complicate simple generalization or extrapoldtion o
urban carbomlomes

Observed diurnal patterns @O, mixing ratios across Bost@n urbanization gradient exhibited
predictable behavior associated with stratification of the atmosphere, but also showed marked
differences as urlmézation increased=gure4). The diurnalpatterns at Boston and Worcedteoadly
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showeda daily maximum occurring between 4:@é and 7:00 am, followed by a rapid decrease
occurringwith sunriseand theassociatedreakup of the nocturnal boundary lay0,37. The daily
minimum inCQO, occurred irthe early afternoon hours as atmospheric mignd photosynthesis were
maximized At Harvard Forestthis same diurnal pattern occurreduring the summer when
photosynthesigind respiration were both largleut was absent durm the winter months whe@0O,
hoveed around 400 ppmreflecting the low local anthropogenic emissio®sg(re 23, minimal
photosynthesisand reduced ecosystem respiration due to low temperdtities

Figure 4. Seasonal deviation from the 24 hour med@@, mixing ratio in @) Harvard
Forest, b) West Worcester(c) East Worcesterand ¢l) Boston The Worcester system was
established in April of 201 herefore, a full seasonal analysis was not possible.
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We observed the largest diurnal variability in £@uring the summer months witlmaximum
diurnalamplitudesof 29.2 31.6 31.1, and29.0ppm at BostonEast WorcesteMWest Worcesterand
Harvard Forest, respective{ifigure4). Theseresuls vary slightlyfrom observations across Portland
ORGs urbaniation gradienduring summer and falvhereamplitudeswere higherin rural (33 ppm)
and suburba29.5ppm) areascompared tadhe downtown cor€25 ppm) [41]. Differences in both the
absolute magnituden CO, mixing ratios and their relationship withurban development between
Boston and Portlarid urbanization gradiesteflect local meteorology, emissions, ahd influence of
deciduousversusevergreenvegetationexchangedynamics For examplethe Portland area has a
greatemumberof conifersanda moretemperateclimatethan Boston, which could resuit biogenic
fluxes that are greater in magnitude amyen more by moisture availability

Diurnal patterns in mobile and total emissiansBoston and Worcestdeast and west sectors
combined)reflected human activity with overall emissions increasing around 7 am and remaining high
through 8 pm(Figure 5. Mid-day weekday C®mixing ratios in Boston and Worcesteere5.1 and
2.3 ppmgreater tharon weekend, respectively. There was no statisticalignificant weekend effect
observed at Harvard ForeSYhen integrate@cross the daywulcanmobile sourceemissionestimates
were 42.7% and 58.7% higher during the weekday comparegekendsn Boston and Worcester
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respectivelywhich is consistent wth elevated C@ mixing ratios observed during weekdays at each
site Observational studieism Portland and®?hoenixshowed weekddweekenddifferences as high as
4.0 and 14.ppm respectively15,41], while a study from suburban Baltimore showedsmgnificant
weekend differencgl17]. Weekend effects reflect the importance lotal commuting patterns on
observations of C@mixing ratios.

Figure 5. (a) A comparison between diurnal Vulcanolmile sourceemissionestimates for

the focal area surrounding the Bostoand Worcester (combined east and west sectors)
tower sites for summerweekend and weekday (b) A weekend and weekday G@ixing

ratio comparisorat the same siseConfidencemtervals (C.l.were boostrapped and reflect
90% confdence.
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Despite being a relatively wethixed gastheimprint of human and biogenic activity can be seen in
both the shorterm and longerm signals ofCO, across Bostais urbanizationgradient.Moreover,
many of the changes @O, mixing ratiosacross the gradiemtere causedoy alteration of land cover
andthe concomitant changes wegetatedraction and anthropogenic emissip@as seen ifrigure 2
These datauggessignificant, direct alteration of GOnixing ratiosdue tourban landcoverchange
and associateanthropogenic activities

2.2.Enhanced Vegetation IndekVI) Time Series and Phenology Timing

While emissions variations are clearly associated with urban areas,diless effects of
urbanizationcan also influenc&€0O, fluxes and observed COmixing ratios The urban heat island
effect, in particularmay alter the balance oéspiration and photosynthesisurban areaselative to
nearbyrural counterpartgll]. Urban heat islands may also alter seasonal anthropogenicarsidsie
to changes in heating and cooling degree dbgsiperaturgradients arérequently observetletween
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urbanandrural areas[9,43]. We observed ean summer temperatures of 21.7, 21.1, and 20ié €
Boston, Worcester, and Harvard Forest, respegtiltretreases itemperature across the gradiemtre
likely related toelevation differencedncreased incomingpngwave radiation (due to a reduced sky
view factorand ly the presence acfitmosphericpollution), decrease latent heat flugs increased
building and road storage heat fluxdeanthropogenic heat emissiof®,10,44.

Higher temperatures associated with urbanzation can result in altered vegetation
phenology{11,45]. For example,urban greenrup (defined here as 25% leaf emergence) and
browndown @definedhereas90% leafsenescengeaendto occur earlier and latergspectively thanin
nearbyruraland suburbaareaqd12]. To examine trends in phenology across the gradient, we used the
Enhanced Vegetation Index (EVI), which meassedacegreennesBased orthe absolute EVlime
series greenup in 2011 occurredn approximate day of year (DOY) 68,2136, and141 in Boston,
Worcester and Harvard Forest, respecti(€igure §. Brown-down in 2011 occurredn approximate
DOY 304, 284 and 288respectivelyThe total growing season length difference between Boston and
Harvard Forestin 2011 was 31 days, potential 20% lengthening in the period for biogenic
carbonuptake

While the differential impacts of earlier greap and late browndown are still being quantified,
for eachoneday increase in growing season length, net ecosystem carbon uptake has been found to
increase by 4.8-C-m'%day® across aange of temperate deciduous forgg§]. Assuming similar
productivity per mit canopy coverand a 31 day phenologic changke extended urban growing
season coulgotentiallyincrease net biogeniarbon sequestratian Boston (27% canopy covely
as much a8.36mg-C-hd*-yr'!, a 50% increase in net biogenic excharigewever,abiotic growing
conditions that affect ecosystem productivity, such as soil moisture, nitrogen availability, and
atmospheric ozone, differ significantly between urban and rural §i&hsAs a result,scalng
ecosystem productivity by canopyvews should only be condered a first order estimate tife effect
of longer growing seasons on carbon uptdether, while it is clear that the urban heat island effect
significantly altersair and soiltemperature and growing season length in the muiit is difficult to
determine what fraction of the lengthened growing season in Bostative to Harvard Forest due
to heat island effectgersudocal climateand topographidifferences between the sites.

The timing of geenup and browrdown acured at differentpointsalong theseasonaCO, trend
(Figure 3).In Boston, CQ mixing ratios began to decline in early Februavg]l before the onset of
photosynthesig early May. This is likely due to a combination of increased vertical mixinanges
in background C@mixing ratios, and the 50% reduction in residential emissions from January through
March [39] due to the typical early year decrease in heating degree days (HDD): duringn2011
Boston there were 1156 HDD in January, 961 in Feabyu and 804 in March47]. As a result
greenup occuredwell afterthe timing ofpeakCO, mixing ratios in BostonConversely CO, mixing
ratios at all sitebegn to risebetween late June and midigust, proceeding browdown by as many
as 104 daysni Bostoris case. The late summer increase in, @@s likely not due to changes in
residential emissions, but rather decreases in canopy photosynthetic efficiency (associated with foliar
aging and decreasing insolatip4?]), increasing ecosystem respiraticand changes to background
CO, mixing ratios. Others have found that rates of gross primary production typically begin to decline
in early July[48], consistent with the patterns observed at all sites.
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Figure 6. A LandsatEnhanced Vegetation Inde&VI) time series for Boston, Worcester
and Harvard ForesiCurves vere fit using LOESSUp arrows ) and down arrows®)
represengreenup and browrdown timing,respectively, at each site.
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In contrast to the patterns in Bost@reenup and browndown ocarred closer tomaxima and
minima mixing ratios inHarvard ForestMixing ratios at Harvard Forest began to decline
mid-May, 25 days before greeup. Biogenicfluxes dominate this rural siteshich likely reflects the
influence of theconiferous trees the canopy: conifers begin photosynthesiasgoon as daily @an
temperaturesire consistently above freezifg?]. The high values of EVI observed in Boston were
influenced by urban and suburban lawns, wiygtically sequester less carbtiran foress [49].

2.3. Land Cover and Relationship to £O

The differences we observed between our three studyssitggest thathie land cover arounca
measurementocation can influence observed mixing ratios @0,. For example,we found that
obsenations near adenselypopulatedareawith high traffic emissiongBoston) exhibited higher
atmospherianixing ratiosthan a site surroundday forest(Harvard Forest)However, measurements
in heterogeneous urban or suburban areas refleobsaic of land coversand depend on local
meteorological conditions

To betterquantify the influence ofand coveron atmospheric C§we conducted a more detailed
analysis of the Worcester sitayhich has bothlarge tracts offoress and urbandevelopmennearby
(Figure 7. To the west othe Worcestersite, forests dominate the land cové&io the east, residential,
commercial/industrial, and other developed land uses domibate@ntown Worcestér including
Interstates 90190,and 29@ is located between 40 and 170 degrexdstive to the Worcester tower
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Total impervious surface aregSA), which includes buildings, roads, and compacted man made soils,
andmeanEVI reflect these land cove(Bigure 3.

Figure 7. A basemapwith EVI of thetwo sectors atWorcester tower sitederived from
Zhu and Woodcock, 201&0]. Worcestemwas chosen for this analysisie toits proximity
to large tracts of forest to the west and to Worcéstanban core, visible to the soutke
The 1km and 5km radii test areas were used to estimate biogenic emissiortoartite
surrounding land cover 80, 0observations, respectively.

0 051 2 Kilometers

CO, mixing ratios measured from th@rimarily forestedsector to the west (betweer80 and
360 degrees) were on averagd & 1.8 ppm lower than C@mixing ratiosobserved from therban
sector to the east (betweemi®d 180 degreeskigure?2). This provides further evidendhat bhogenic
and anthropogenic fluxes associated with differamtd cover types likely influence observed
atmospheric C@mixing ratios For example West Worcesteexhibited much highertree canopy
cover(65%)and correspondingstimatediogenic fluxegT 9.1 and+7.48mg-C-hd *-yr'  for GPPand
E.R, respectively than East Worceste(46% canopy]j 6.44 and+5.29 mg-C-hd *-yr'* for GPP and
E.R., respectively Anthropogenic emissions forEast Worcester(11.16 mg-C-hd*-yr'?) were
relatively high compared towest Worcesteland Harvard Foressuggestingthat lower levels of
canopy cover can serve apraxy for human activity and associated anthropogenic emisibahs

There were also seasomtiferences exhibited between the sectdiee mean summezO, mixing
ratio for West Worcester was 389.4 ppm, compared to 395.2 ppm for East Worthstaiower
values in the west sector suggest increased photosynthesis, which is reflected in the higher EVI (0.56]
and lower ISA (13.6%) exhibited by the west sedb@spite higher ISA (44.0%) and lower EVI (0.41)
in East Worcestetthe estimatedecosystem rgsration comprisedthe largest single source GO, to
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the atmospherg8.1 mg-C-hd *-yr'Y), underscoring the importance of vegetatorer on local carbon
fluxes even withn developed areai fall, the mearCO, mixing ratios forWestandEast Worcester
were 404.0and416.1ppm, and in winter, they were 40¥and 419 ppm, respectively The larger
difference inmixing ratios between the two sectois the fall and wintercould be a result of
proportionally greatemcreass in residentialanthropogeniemissions inEast Worcesterelative to
lessdevelopedNVest Worcesteduring the cooler months.

While the land cover in Boston and Harvardrefst was more uniformly urban andral,
respectively, wealso parsedthe CQ data by easterly and westerly winsctors (Supplementary
Material). In contrast to the Worcester results, the Boston and Harvard sector analyses in did not yield
statistically significant differences, suggesting that the Worcester results were not dris\gmotic
scale pollution patterns.

Despite thesstrongassociations between land covef), flux, and observed mixing tias at the
sector scale (easersuswest) amore detailedspatialanalysis where we divided the source area into
45 degreewind sectors yielded inconclusive result$herewereno statistically significant correlatisn
between ISAEVI, orany of8 land use clagsand CQ mixing ratiosfor these more spatially resolved
sectors These resulthighlight several of the challenges associated \agisessing the influence of
heterogeneous land coven CQ mixing ratios MeanEVI was not necessarily lower in areagh
higher human population and emissiof examplethe residential arsafound inEast Wacester
(Figure 3 hadboth a high meanEVI andpopulation densityWe attribute these high EVI values in
residential areas in part to grass, which increases mean EVI, but does not sequester as muoh carbon
biomassas forestq49]. This likely contributel to the inconclusive results in our analysisirther
highlighting the challenges in using remotegnsed measures of greenness as a proxy for biogenic
fluxes in areas dominated laymix of trees andrasseslmpervious surface area percentage is also a
problematic proxy for C@emissionsISA can underestimate carbon emissions from point squrces
which are small in areandfrom major transportation arterials, which are relatively narrow and are
often surrounded by vegetation to provide a sound buiferrbhan aread-urthermore, attribution of
emissions to local energy usage is very challenging since energy demand is often spatially separate
from power generation.

While we generatedixed results usinghis directional analysis arodnthe Worcester ®t there
appeaedto beanassoa@tion between land cover ar@O, mixing ratiosacross Bostads urbanization
gradienf as demonstrated Wyigure 2. As ISA and anthropogenic emissions increased from Harvard
Forest to Boston, so did G@nixing ratios.

3. Experimental Section
3.1. Site Description

This research was conducted at three atmospheric measurement sites thatdeaderss an
urbanto-rural gradient from downtown Boston, to the medisiaed city of Worcester, MAgndto the
Harvard Forestong Term Ecological Resear¢hTER) site in Central Massachuse(isgure §. Our
eastern and most urban measurement locatasa 2.0 m tall instrument towéocatedon the 29.0 m
tall roof of the College of Arts and Sciences (CAS) building on the campuBoston University
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(42.35N, 71.10W), in Boston MA, USA The base of the building is approximat8ly m above sea

level (m asl.). The tower is located within a heavily developed urban area ~0.16 km from Interstate
90 and 4 km from the downtowrhigh-rise buildings.The BJU Law bulding (~60 ma.s.l) and the
Warren Towers (~4f a.s.l) are approximately 70 and 1&®from the test site, respectiveBoston,

with a population of approximately 600,000 people, is characterized bydbiggity urban
development with parks interspersétiere are three power plants (all utilizing natural gas or oil) and
one large regional airport withit6 kmof the tower sitg52].

Figure 8. Land cover across owastern Massachusetts study adesived from Mass GIS
data layerg53]. Impervious surface fraction is between b (constructed impervious
surfaceyand 1 ¢completely covered by constructed impervious sujface

Our centralMA locationwas 65km west of downtown Boston an21.7 ntall building roof on the
Worcester State University camp(.27N, 71.84W), which ison the western side of Worcester,
MA. The base of the building is approximately 173.%.81. Worcester is a secondary urban center
with a population of 180,000 pe@plThis site is characterized by large tracts of forest to the west and
urbanized areas to the eaBhe Worcester Regional Airport andtérstate290 are located &.km to
the west andl km to the east of the tower site, respectiv@ljiere are also sewarlargeindustrial
point source emissions withit6 kmof the Worcestettower siteincludingthe SaintGobain Abrasives
and Wheelabrator Millbury, Ingower plantg§52].

Our westernMA and most rurasite is located 4km northwestof Worcesterand 94km northwest
of downtownBostonat the Harvard Forest LTER site in Petersh&. Atmospheric observations
were madeon the Prospect Hill tract42.54°N, 72.17W, elevation 340 mat the Enviromental
Monitoring Site (HF EMS)which is a 3a@m tall tower thatextends above the forest candp4,55.



