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Abstract. Measurements of nitrogen deposition and concentrations oNiQ,NO, (total oxidized N),

and Q have been made at Harvard Forest in central Massachusetts since 1990 to define the atmospheric
budget for reactive N near a major source regibotal (wet plus dry) reactive N deposition for the p

riod 1990-1996 averaged 47 mmofyr* (126pmol m* d*, 6.4 kg N h& yr), with 34% contributed

by dry deposition.Atmospheric input adds about 12% to the N made available annually by migeraliz

tion in the forest soil. The corresponding deposition rate at a distant site, Schefferville, Quebec, was 20
mmol m? d* during summer 1990Both heterogeneous and homogeneous reactions efficiently convert
NO, to HNG; in the boundary layer. HN@s subsequently removed rapidly by either dry deposition or
precipitation. The characteristice{folding) time for NQ oxidation ranges from 0.30 days in summer,

when OH radical is abundant, to ~1.5 days in the winter, when heterogeneous reactions are dominant and
O; concentrations are lowesthe characteristic time for removal of N@xidation products (defined as

NO, minus NQ) from the boundary layer by wet and dry deposition is ~1 day, except in winter when it
decreases to 0.6 dafiogenic hydrocarbons contribute to N deposition through formation of organic
nitrates but are also precursors of reservoir species, such as peroxyacetylnitrate, that may be exported
from the region.A simple model assuming pseudo first-order rates for oxidation gf fdlbwed by

deposition, predicts that 45% of N the northeastern U.S. boundary layer is removed in 1 day during
summer and 27% is removed in winter. It takes 3.5 and 5 days for 95% removal in summer and winter,
respetively.

1. Introduction

Human adivities have grealy increaseé the inpus of nitrogen oxidesto the amosphere (we
define nitrogen oxides asfollows: NO, = NO + NO,, radicds that rapidly interconvert, within

minutesto hous, and NO, = NO, + NO3 + N,Os + HNO;3 + peroxyaceylnitrate (PAN) + other
organic nitrates +aerosol nitrate, the family of radicds and norradicds that interconvert and are
deposited onlonger timescées i.e., hous to days) [Davidson, 1991 Galloway et al., 1995 Lo-
gan, 1983 Prather et al., 1993. Anthropogenic emissons of NOy (mainly from combustion)
excedl the natural inpus of fixed nitrogen to the amosphere in North America and aher urban-
ized regions. Photochemicd production d Oj; in the tropasphere is wntrolled by NO radicds.
Deposition d NOy (alongwith NH3) contributesto nurient loading and addificaion in sensitive
emsystems. Remote regions with low inputs from natural NO, sourcesmay be epedally sensi-
tive to even small increasesn readive N because diemicd and emlogicd effeds ae norlinea
functions of concentration [Liu et al., 1987 Wedin and Tilman, 1994. The lifetime for NOy
removal determinesthe distance from the urceregion ower which N levels ae perturbed from
the natural badkground. Holland et al. [1997 note that uncertaintiesin predicted gobal distri-
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bution d nitrogen deposition lead to large differencesin edimatesof global carbon ugiake ass-
ciated with N fertilization.

Dentener and Crutzen [1993 noted the dsence of a grong seasnality in wet deposition o
NO3 over Europe and North America and argued that ratesfor production and removal of HNO;
from the boundary layer are smilar throughou the yea, with increase ratesof HNO; formation
by heterogeneous hydrolysis of N,Os in winter compenséing for reduced ratesof homogeneous
oxidation d NO, by OH. However, the cntribution from dry deposition wasnat included, and
seasnd trends in wet deposition alone may be misleading. Total annual nitrate deposition
fluxeshave been edimated at sitesin North America by inferring the dry deposition from aver-
age oncentrations [Hanson and Lindberg, 1991 Johnson and Lindberg, 1992 Meyers et al.,
1991, bu longterm records of NO, and NOy concentrations and total (wet plus dry) nitrogen
deposition fluxes have nat been available to define seasnal cycles in the readive nitrogen
budget.

In 1990we began continuows measirements of concentrations and eddy-covariance fluxes of
NO,, concentrations of NO, and O3, and deposition d NOs™ in predpitation at Harvard Fored in
central Massabusdts. Additional measirements were made during the Arctic Boundary Layer
Expedition (ABLE 3B) experiment in the simmer of 1990 rea Scheffervill e, Quebec Munger et
al. [1999 (hereinafter referred to as MB6) demonstrated that NOy eddy fluxes ca be reliably
determined for extended periods by eddy-covariance measirements, identified haizontal and
verticd transport and chemicd readion asdominant processes antrolling dy deposition o NOy
to the fored canopy, and nded the ebsence of stomatal influence on NO, dry deposition. In this
paper we examine the seasnal trends in total nitrogen deposition, evaluate the mean lifetimes
for oxidation d NO, and depasition d NOy in the boundry layer, and edimate the rate of nitro-
genremoval during transport from source regions for the period 1990 through 1996.

2. Site Description and Measurement Methods

Harvard Fored islocaed in Petersham, Massabusdts (42.53N, 72.18W), at an elevation o
340m. Within 100 km the surroundngs ae largely rural with amix of mostly small (popuation
of ~10%) and a few medium (popuation of ~10°) towns surrounced by foregs. Extensive urban
areaswith relatively high NOx emisson censities lie within 206500 km to the outhwed of
Harvard Fored (Figure 1). Average NOyx emisdons given in the National Acid Predpitation
Assessient Program (NAPAP) inventory within 250 kn of Harvard Fores are 214 umol m?d*
[Environmental Protection Agency (EPA), 1989, ranging from 417 pmol m? d* in the ®uth-
wes quadrant, which includesthe New York metropditan area to 75umol m? d™ in the mostly
rural northwed quadrant. The Boston metropditan areais 100 km to the eas however, the
prevailing winds ae wederly, and emisgons from Boston rarely reat the ste. Harvard Fored
is smilar in many regeds to much of the northeasern United Statesoutside the urban corridor
along the coast.

The ABLE 3B tower site waslocated 13 km NW of Scheffervill e, Quebec Canada (54.83°N,
66.67°W), a an elevation d 500 m. Obsevations were made from mid-June to mid-August
1990.Beddes Scheffervill e (largely abandored and being demolished) and a few small vill ages
the neared habitations were >200 klometers away. Scheffervill e is hundeds of km from major
NO, sources except when fored fires ae burning reaby; it represents aremote receptor site
several days transport time from mgjor sourcesof NOy , in contrad to Harvard Fored, which is
immediately adjacent to a major souregion.
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Concentrations of NO were measired by using O3 chemiluminescece Concentrations of
NO, and NOy, repedively, were measired by using Xe-lamp phdolysis and caalysis by ha Au
with Hy, to convert NO, and NO, to NO. Dry deposition fluxesof NO, were determined by eddy
covariance. Concentrations of O3 at eight heights in the fored were determined by UV absor-
bance Concentrations and fluxes of O3 above the canopy were determined by using a fag-
response @&Hs-chemiluminescent analyzer. Full details of the mesmsents are givebhy M96.

At both sites predpitation was o©lleded above the canopy in a payethylene funrel that
opened orly duing predpitation events. The sanple drained to a fradionating coll edor housed
in arefrigerator. Concentrations of NOs', SO,*, and Cl” were determined by ion chromatogra-
phy. The analyticd preasionfor rainwater analyses determined from replicae anaysis of sam-
ples ad standards, was 2% or better. Additional data on predpitation compasition at the Na-
tional Atmospheric Depasition Program (NADP) Quabbin Resevoir site (42.392N, 72.345°W)
were obtained from the NADP data achive (http://nadp.rrel.colostate.edWNADP/, National
Atmospheric Deposition Program (NRSP-3)/National Trends Network, August, 1997,
NADP/NTN Coord. Off., lll . State Wat. Surv., Champaign, Il ., hereinafter referred to asNADP,
1997). Wet-deposition fluxes @ Harvard Fores were mrreded for missal samplesor inefficient
colledion bymulti plying the anourt of preapitation recorded at a andard gauge locaed abou
1 km from the tower (R. Lent, unpultished Harvard Fored data achives 1997 by the volume-
weighted average concentration for the event (for undersampled events) or by the monthly vol-
ume-weighted average (for missal events). Fredh and recantly fallen snow-core sampleswere
colleded abowve payethylene deds se out at severa locaions within =50 m radius prior to a
snow event. At Scheffervill e, rain vdumes o©lleded by the fradionating coll edor were used to
compute rainfall amourts becauserainfall in the aeawastopogaphicdly influenced [Fitzarrald
and Moore, 1994 and the neaegd standard rain gauge was ®me distance avay. Colledion effi-
ciency for light misting rains acompanied by winds may be lessthan 100% for the predpitation
funnel. When rain wasreported at the ste, bu sample waspartially lost (spill or collector mal-
function), the average depth for the rain gauge netwsitlfrrald and Moore, 1994] was used.

3. Results
3.1 Sampling Statistics

Inevitably, long-term data sés ae incomplete, and the smple 2um of all the data doesnat pro-
vide total flux ower the sanpling interval. Gaps occur as areault of routine instrument cdibra-
tions, periodic shutdowns, sensor malfunctions, and aher problems (e.g., lightning strikes and
power failureg. Individual obsavations may na be truly independent. Diel variations, synoptic
patterns, and seasnal trends introduce aitocorrelation into the data. For example, the lagged
correlation d mean midday NOy eddy fluxesis 0.25for a1 day lag and exceeds 0.1 for lags up
to 40 dys. These orrelations must be properly acounted for in filli ng data gaps and aggregat-
ing the data to monthly, seasonal, and annuakitiales (Goulden et al., 1996a]

Hourly obsevations of NOy eddy flux consist of a ceitral popuation that fits alognamal dis-
tribution with some low outliers, asillustrated by the dly data from Harvard Foreg (Figure
2,top). Other time periods ow similar patterns but with dfferent ranges ad median values
Integrated daily fluxes @ Harvard Fored for eaty month (ill ustrated for July) and for Scheffer-
ville dso fit alognamal distribution over the central portion d their range (Figure 2, batom).
NOy eddy fluxes had a mean del cycle with a morning maximum (M96); the period 1000to
1200 contributed nealy 20% of the integrated daily eddy flux. We have aygregated the data in
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monthly increments, consistent with obseved autocorrelation, to provide asufficient number of
obsavations from ead hou of the day to oltain acarate means and still resolve seasna varia-
tions. Means ae mwmputed independently for ead hou of the day, and the mean diel cycleis
summed to gve mean daily flux for eady month. The median or geometric mean represents the
central tendency of lognamally distributed data. However, we use the aithmetic mean here
becauseit incorporatesimportant contributions from infrequent high-deposition events that may
provide a significant fraction of total deposition during an averagingvaite

Half the NOy eddy flux input at Schefferville, and duing the simmers & Harvard Foreg, was
depaosited in extreme events on 23% and 20% of the days, repedively. Increasng skewness ad
contribution from rare events leads to greder potential for sampling error from missel data. We
therefore examined the uncertainty as®ciated with missng data by generating randam subsam-
plesof the data. The means (or medians) of subsamples ©ntaining >50% of the data vary by 16
15%. Variability increases lsarply as more data ae excluded (Figure 3). We esimated the
uncertainty of the NOy eddy-flux totals by computing the dandard deviation o random subsam-
ples that include 50% of the data from eatbrval.

On acount of the smaller sanple sze for Scheffervill e data, individual days were integrated
separately. Misdng data were interpolated between adjacent points; days with fewer than 20
hous of valid data were rejeded, and daly totals were computed. Thesevalueswere used to
obtain a seasnal mean, and edimates of the sanpling urcertainty were derived from the dan-
dard deviation of data from valid days.

3.2 Combined Deposition

3.21. Harvard Forest. Monthly average concentrations of NO3™ in rainwater at Harvard
Fored (Figure 4,top) compared closdy with the longterm means for rain sampled at the neaby
NADP Quabbin resevoir site, implying that predpitation colleded at Harvard Fored is region-
aly representative. The anual volume-weighted mean concentration d NO3™ at Harvard Fored
was25 pumol 1™}, with a minimum of ~20 umol 1! in fall and winter and a maximum of 30 pmol *
in ealy summer. Daily inpus of NO3 by predpitation ranged from <1 pmol m? d* for a trace
of rain to >2000pmol m?d™ for a particularly dirty (NOs” = 100 umol 1) large event. The dis-
tribution d wet-deposition cbta & Harvard Foreg was highly skewed; 13% of the events with
larged inpus oontributed half the wet deposition d NOs, a more sgnificant influence of ex-
treme events than that for dry deposition. Wet depasition d NOs™ (Figure 4, bdtom) pegked in
summer at Harvard Fored, asobseved at Quabbin Reseavoir and aher NADP sitesin the north-
eastern United StatéSIADP, 1997).

Daily integrated NO, eddy fluxes measired by eddy covariance ranged from nea O to 470
umol m? d*. Mean daily dry-depasiti on fluxes of NOy at Harvard Foreg for monthly intervals
generally showed low valuesin winter and hgher valuesin summer or fal (Figure 5). The
integrated daily NOy eddy fluxes siow seasnal diff erencesthat were not obseved in the midday
mean eddy fluxesbecaiseof day length dfferences ad the grong del cycle in NOy eddy fluxes
during summer months (M96). Monthly deposition (wet plus dry) of readive N for the 7 yeas
beginning January 1, 1990(Figure 6) exhibited values of around 200pmol m? d* during the
growing seasns of al yeas except 1995,which had an exceptional drought. Eddy fluxes (dry
depasition) of N during the siammer of 1990were higher, and ritrate wet depasition was lower
than that in subseguent yeas. Unusua meteorologicd condtions may be regorsible, bu poss-
ble atifads from a change in the NOy caalyst (M96) cannad be ruled ou. Nevertheless conclu-
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sions drawn from the 7-yea data se are not significantly different from the 6-yea data se ex-
cluding 1990. Variations in wet inpus tended to compensée for changesin dry depaosition. The
dedinein dry deposition duing 1994(Figure 5) wasoffse by increase wet deposition, and the
total deposition (Figure 6) was @mparable to previous yeas. However, reduced wet deposition
during a severe drought in summer 1995wasnot offse by increase dry deposition. Total NOy
inpus on an annual bass, averaged 47 £ 7.4 (sum of monthly means plus or minus monthly
standard deviation) mmol m? yr* (Figure 7) with 34% contributed by dy depasition. Total
readive N deposition washighes in summer and ealy fall (4-5 mmol m? month™; 150 umol
m? d%) and deareased by abou a fador of 2 in winter months. Pesk deposition rates oincide
with highed fradion d NOy oxidation products (minima in NO, :NO,) and nd with the maxi-
mumNQO, concentrations, which are highest in win(éo6).

3.2.2. Schefferville. The overal volume-weighted NO3;™ concentration in rainwater at the
Scheffervill e tower site was3.8 umol I, rougHy afador of 10 lessthan that at Harvard Fores
in summer. Nitrate depasition in rainwater varied from 0.4 pmol m? d* to 120 umol m?d™,
with a mean and median of 15and 7pmol m? d*, repedively. Seven days (14%) of a total of
50rainy days acourted for 50% of the NO3 wet depasition, indicaing that sporadic advedion
of palutants wasvery important. A single event with ~10 umol I [NOs7] on July 30, which has
been identified as an anthropogenic pal ution event [Bakwin et al., 1994, contributed 1 7% of the
wet deposition during the period.

Integrated daily NOy eddy fluxeswere 0.7-37 pmol m2d™* (M96, Figure 5), with a mean and
median of 7.6 and 6.4pmol m? d*, repedively. Dry-deposition fluxesof nitrate were more
uniform than wet-deposition fluxes daily totals excealed 14umol m? d* on ory 4 days (Figure
8). Total NO, inputs ranged from <5 to 130umol m d*, with amean value of 18.5umol m? d-
1 (0.55mmol m™ month™), about 12% of the deposition rate & Harvard Foreg during summer.
Dry deposition contributed 41% of the total readive N depasition at the Scheffervill e ste, com-
pared to 7®%6 during the same period at Harvard Fored. On average, however, dry deposition
contributed 35% of the total reactive N deposited during summer at Harvard Forest.

3.3 Regional Comparisons

Depositionratesfor N determined at 20 natheagern U.S. sitesin the National Dry Deposition
Network (NDDN) and the Integrated Fores Study (IFS) ranged from 24 to 68 mmol m? yr*
(mean 43 [Johnson and Lindberg, 1992 Meyers et al., 1991]. The depasition rates determined
in these tudiesby inferential method are cnsistent with the eddy-covariance measirements &
Harvard Fored. Estimated contributions from dry depasition at IFS and NDDN sitesfell in the
range 30-70%, which is comparable to reallts of dired measirements from Harvard Fores and
Scheffervill e. Nitrogen deposition fluxes @& Harvard Fores were intermediate between deposi-
tion at Weg Point, New York (56 mmol m? yr*) and Howland, Maine (34 mmol m? yr?), con-
sistent with the outhwed-to-northeas dedine in N deposition aaoss the region nded by OlI-
linger et al. [1993. No clea seasna cycle in total N deposition was gparent aaoss the
NDDN [Meyerset al., 19917, althoughthe Wed Point sitein New York had a simmer maximum
during 2 of 3 yeas gudied. The seasna trends & Harvard Fores becme most apparent when
many yeas of data ae agregated; this finding ill ustrates the value of longterm data sés in
identifying unaerlying petterns that may be masked by atmospheric variability (e.g. wet summer
in 1991 and dry summer in 1990).
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3.4 Ammonium Inputs

Reduced nitrogen in the form of NHs; and NH4" in predpitation and dy deposition also con-
tributesbiologicdly available N. We did nd measire NH," in predpitation at Harvard Fored,
but we can edimate it from the measired SO,* inpus & Harvard Fores and mean NH;":SO,*
ratio in predpitation colleded at the Quabbin Resevoir NADP site (NADP, 199) (Figure 9).
Estimated wet deposition of NH4" (8.1 mmol m? yr?) was=15% of the total NOs™ inpu at Har-
vard Fored. Tjepkema et al. [198]] obsaved low concentrations and deposition o NH3 at Har-
vard Fores and edimated that agosol depasition o NH," added 4.3 mmol m? yr'. Recent
measirements [Lefer, 1997 (B.L. Lefer et al., Nitric acd and ammonia & a rural northeasern
U.S. site, submitted to Journal of Geophysical Research, 1997 confirm that NH3 levels ae low
at Harvard Forest

4. Discussion

4.1 Atmospheric Contribution to Ecosystem Nitrogen Pools

Atmospheric N depasition at Harvard Fored is sgnificant in comparison with the N turnover
by vegetation but small in relation to the total N content of vegetation and soils. Total N in the
nea-surface sil (5410 mmol m?) at a neaby hardwood stand [Aber et al., 1993 represaits
abou 90 yeas acamulation at present ratesfor nitrate plus ammonium deposition (60.4mmol N
m? yr'). Combined input of atmospheric nitrate and ammonium also appeas snall (~12%) in
comparison with the aanual net N minerali zaion rate of 500mmol m? yr[Aber et al., 1993. If
atmospheric inpus of N are distributed uriformly within thesepods, deposition may have only
small effeds on the ewmsystem, although longterm cumulative dfeds might be important
[Wedin and Tilman, 19969. However, atmospheric inpus of N are rougHy half the green foliar
N content (100-150 mmol m?) and realy equal to the N depasited in litter (60-70 mmol m™
yr'Y). Foliar absorption d N could lead to more sgnificant eff edts by atmospheric N, and atmos-
pheric input of N, if it is efficiently converted to woody bhomass with C:N ratio = 200, could
suppat carbon storage rate of 1.6t C ha! yr* [Schindler and Bayley, 1993, comparable to the
net carbonacamulation otseved at Harvard Fored for the period 19911995(1.4-1.8ton-C ha™*
yr'Y) [Goulden et al., 1996b].

4.2 Meteorological and Seasonal Factors

Nitrogen deposition measired at Harvard Fored depends on wind petterns that control trans-
port from source regions, frequency and amourt of predpitation, oxdizing cgpadty of the &-
mosphere, and aher fadors. Mean NO, concentrations and eddy fluxeswere higher for periods
with southwederly winds, the diredion as®ciated with transport from eas$ coad urban areas
and with trgjedoriesoriginating in the Grea LakegOhio Valley region [Moody et al., 1998B] (see
Table 1). Periods with frequent wet weaher or above average rainfal amourts ae dso as®ci-
ated with enhanced N deposition. A leas-squaresfit to alinea model of the data that predicts N
deposition by seasn, the percentage of winds from the SW sedor, and the frequency of rainfall
gave amultiple R? of 0.65(seeTable 2a). The regresson model identifies a mynificant (p< 0.01)
seasnal comporent with an amplitude of 40 umol m? d* (Table 2b) acmurting for 38% of the
variancein the data. The variationsin N depaosition dwe to dfferencesin frequency of SW wind
and predpitation acoount for an additional 17% and 126 of variance regedively. Eadc o the
edimated effeds for the obsaved range of SW wind and pedpitation frequency is abou 30
umol m? d*. We atribute the influence of wind dredion to advedion from source regions and
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the influence of predpitation frequency on scavenging processes We ague below that the sex
sonal dependence WOy deposition is due to differences in chemical preiogs

4.3 Influence of Ratesfor Oxidation of NO, on NOy Deposition Flux

4.3.1. Estimated HNO3 production rates. As M96 noted, dired deposition d NO; is a
small contribution to the dry deposition d NOy; HNO3 and aganic nitrates (seebelow) acourt
for NOy dry deposition. Aerosol nitrate and HNOs are the ourcesof nitrate in predpitation.. In
this setion we evaluate the seasna pattern of production ratesfor depaositing spedes HNO;
and aganic nitratesthat can be derived from the observed concentrations & Harvard Fored, and
compare it with the observed deposition rates We will consider two inorganic pathways for
production of HN@: honogeneous oxidation dfO, ,

NO, + OH O~ HNO, )

and heterogeneous oxidation, Mareadions (2)-(4), cuiminating in hydolysis of N,Os on agosol
surfaces. Photolysisgaction(5), terminates this pathway.

NO, + O, OIf— NO, 2)

NO, + NO, OIF— N,O. (3

N,Os + H,0 001 - 2HNO, (4)
kS

NO, + hv OiJ ~ NO,+0,. (5

We dso consider one organic pathway base&l onformation d hydroxyalkyl nitratesfrom bio-
genic hydrocarbors. Oxidation d alkenesby OH generates peroxy radicas that reat¢ with NO
to form hydroxyalkyl nitrates The reported yield of hydroxyalkyl nitratesfrom isoprene reac-
tion is 12% [Paulson and Seinfeld, 1992 Tuazon and Atkinson, 1990, thoughit could be less
than 5% (Chen et al., submitted to Journal of Geophysical Research, 1997). A yield of 17% has
been olsaved for a-pinene [Noziere et al., 1997. Shorter (2-4 carbon) hydroxyalkyl nitrates
have sgnificant Henry's Law constants [Kames and Schurath, 1992 Roberts, 199Q Shepson et
al., 1999 and will dislvein predpitation a onaaosol. The unsaurated hydoxyalkyl nitrates
from isoprene may have smilar solubility and, in addition, read¢ with OH [Shepson et al., 19949.
Expeded products include dinitrates add nitrates and acayl nitrate, which realily hydrolyzes
[Trainer et al., 1997. Aerosol nitrate hasbeen olsaved in smog-chamber readions of biogenic
hydrocarbors [Hoffmann et al., 1997. Althoughthe detailed chemistry of hydroxyalkyl nitrates
hasnat been worked ou, atmospheric models that include them assime they have adepasition
velocity and rainfall scavenging efficiency equal to that of HNO; [Horowitz et al., 1998; Liang
et al., 1998; Trainer et al., 1991]. Production d hydroxyalky nitratesis examined here in order
to evaluate this assumption.

We compute the mean and variance of patential HNO3; production ratesin the regional bourd-
ary layer surroundng Harvard Foreg, using dstributions of preaursor concentrations for ead
month defined by means and logarithmic dandard deviations of midday data (Table 3). We use
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surfacemeasirements during the midd e of the day, when verticd mixing is most intense asthe
most representative of concentrations throughou the mixed layer. We exclude the high and low
extremes (data outside the 12.5 and 87.5percentileg that occur in condtions that may nat be
regionally represeantative. Temperaturesin the mixed layer are aljusted from the surfaceobse-
vations by a 600C km™ lapserate. Regionally represantative mixed-layer depths ae taken from
Holzworth [1967] to acmurt for seasnal variation in mixing heights. Concentrations and tem-
perature-adjusted rate cnstants [DeMore et al., 1997 are gplied to equations for the rate-
limiting reaction in each pathway to yield a set of rates for ipi©duction.

The homogeneous prodwction & HNO3z; on a 24-hour average bass is given by kyX[oH],
where [ OH ] is the 24-hour average OH concentration from a threedimensional chemicd trace
model [Wang et al., 1998] that includes detailed NOyx and hydocarbon chemistry. The pre-
dicted OH seasnal cycle has a amplitude consistent with seasnal variations in hydocarbon
concentrations & Harvard Fored [Goldstein et al., 1995. The reallting production ratesdepend
on seasonal variation in ambiéw®, and OH cocentrations.

We assme that heterogeneous formation d HNOs is limited by readion (2) forming NOs.
For typicd particle amncentrations in the cntinental boundry layer and a gicking coefficient,
Y=0.1[DeMore et al., 1997, the lifetime of N.,Os is shorter than the duration o night. Den-
tener and Crutzen [1993 computed the aanual zonal mean lifetime for N,Os as <1 hou in
northern midlatitudes below 850 mbar, due primarily to SO, aeosol from anthropogenic
sources The readion pobability for NO; with agosol surfacesin the @ntinental boundary
layer is 2 arders of magnitude lessthan that of N>Os [Rudich et al., 1999. The rate for heteroge-
neous formation d HNO; from hydrolysis of N,Os is given by 2%

i, [O3][NO,]dt. Becaise NO is fully oxidized to NO, at night, we initialize nighttime mixed-
layer NO, concentrations with midday NOx (NO + NO,) and allow NO, to decay exporentialy
over time (NO, = NOy (0) exp(-k;Ost)). Fresh emisgons only replenish NOy in the dallow
nocturna boundary layer. Therate expressonisintegrated over the length o night to oktain the
production rate for HNO3. Concentrations of NOx and Os are negatively correlated, particularly
in winter (r=-0.53, bu comparison d cdculations using adual data and the randam distribu-
tions for sdeded periods did na show any evidence of significant bias The cdculations pre-
santed here ae intended to evaluate seasnal trends in the regional balance between deposition
and HNQ production as defined by observed concentrations.

We compute ratesfor hydroxyalkyl nitrate formation basel onthe isoprene emissons & Har-
vard Fored [Goldstein et al., Sea®nal course of isoprene anissgons from a midlatitude deddu-
ous fored, submitted to Journal of Geophysical Research, 1997, a monderpeneiisoprene ratio
of 0.25[Guenther et al., 1999, and hydoxyalkyl nitrate yields of 4.4% and 17®6 for isoprene
and monaerpene, repedively. We make no dstinction ketween dred dry deposition d the
hydroxyalkyl nitrates predpitation scavenging, conversion to HNOs, or condensaion onagosol
surfacesall processes result in transfer of reactive N from the atmosphere tafdesu

Computed ratesfor homogeneous production d HNO;3 at Harvard Fored show a seasnal cy-
cle with awinter minimum, aflattened maximum from May throughOctober, and a dight dip in
July (Figure 10). The seasnal cycle is driven by seasndlity in OH concentrations, bu its an-
plitude is diminished by the off seting effed of a winter maximum and summer minimum in NO,
(M96). Ratesfor heterogeneous processes dteve their maxima in the gring and fal at the
crosover paints for oppaing trends in NOx and O3z concentrations (Figure 10, middle). Con-
centrations of NOy are & their pe&k in winter (M96), but lower O3 concentrations and colder
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temperaturesreduce ratesfor formation d NOs. Note that the variability for esimated heteroge-
neous HNOj3 production is greded in the gring and fall months aswell. Rapid NOy oxidation
shoud occur during pdlution episodes with elevated NOy and O3, with much slower rates @
other times Production d hydroxyalkyl nitratesbegins in June and reades amaximum in July
and August that is comparable to the inorganic HNO; production terms (Figure 10, bottom
panel)

Computed rates for heterogeneous and hanogeneous HNO;3; production rougHy balance the
mean deposition rate obseved at Harvard Foreg during winter and fall (Figure 11). In summer,
however, inorganic production & HNO3; doesnot balance the obseved deposition. Concentra-
tion pofiles & Harvard Fored are not consistent with NO, having a large deposition velocity
(M96), but even a depasition velocity of 1 cm s* would na acourt for the imbalance becaise
NO, concentrations ae too small.. The gparent deficit in NOk oxidation duing the growing
seasn pants to a medanism linked to vegetation. The seasnality of hydroxyalkyl nitrate for-
mation roughiy matchesthe goparent excessin N deposition. However, its ésolute magnitudeis
less cdain, becaise mean hydocarbon fluxesfor the region must be esimated, and the com-
plete chemicd medhanism for this seiesof readions hasnot been determined. Terpene amis-
sions may be relatively more important in the ring and fall when conifers ae adive but oaks
are dormant. The magnitude of hydroxyalky! nitrate-mediated NO, oxidation that we esimate for
the northeagern United States isin agreement with model predictions that this process acouns
for 25% of theNOy deposition in North America during summeigng et al.,1997]

At the remote ste, nea Scheffervill e, computed locd prodiction o HNOj3 is 2.2 umol m? d*
in summer, orly about 10% of the obseved average deposition, 20umol m? d*, but comparable
to the minimum obseved deposition (Figure 8). We nated previously that a few episodes &-
courted for alarge propation d the total N deposition at Scheffervill e, such asthe rain event on
July 30 and the devated dry depaosition onJuly 1-5 (Figure 8). Bakwin et al. [1994 attributed
these gents to advedion d pdlutants assciated with passage of high-pressire s/stems that
import depositing species dIO, from urban-industrial centers.

4.3.2. Characteristic times for NOy oxidation and deposition. We can dredly edimate
the time cnstants, 1, for NOy oxidation by sdting the concentrations of Oz and OH to their
monthly mean values (Table 3) and evaluating the relevant rate expresson, for example, T =
(ki[OH])™* for readion (1). The charaderistic time for depasition o NO, oxidation products is
cdculated as @lumn massdivided by total (wet plus dry) flux, analogots to the wet-deposition
lifetimesreported by Doddridge et al. [1997 for NO, over Virginia. We es$imated column mass
by integrating the midday surfacemixing ratio over the boundary layer depth (sx p(z)dz) where
X is the mixing ratio and p is the ar density. The daraderistic time for hydroxyalkyl nitrate
formation is determined from the N©olumn mass divided by the scaled isoprene flux.

The dharaderistic timesfor bath NO, oxidation by OH and hydoxyalkyl nitrate formation are
<0.5 day in summer and increase tleag ten fold in winter (Figure 12, top). However, the dhar-
aderistic time for heterogeneous readion is more uniform;, thus the overall chemicd lifetime
increasedrom a minimum of 0.3 day in summer to ony 1.5 dhys in winter asthe limiting ox-
dant shifts from OH to O3 (Figure 12). The daraderistic time for removal of NOy oxidation
products (NOy-NOy), Taep, is @ound 1 @y for most of the yea and deaeasedo 0.4 dy in winter
when NO,:NOy is highed (Figure 12). The charaderistic time expressé in terms of total NO,,
which is the dfedive time mnstant for oxidation and depasition ading in seies[Parrish et al.,
1991], rangesfrom 1 day in mid summer to more than 2 days in winter months. The shorter
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charaderistic time for depasition d oxidation products in winter is @nsistent with shall ower
mixed layer and also with reduced contribution from non-depositing spedes such asakyl ni-
trates to the mix of NOy oxidation products. Thesevalues ae in agreement with the lifetimes
that Parrish et al. [199] find consistent with obsaved NO,:CO ratios in summer at Niwot
Ridge.

At Scheffervill e, lower OH and O3 concentrations acourt for chemicd lifetimesof 1.0 day
and 2.1 dys, repedively, for oxidation byOH and O3. The daraderistic time for deposition o
NO, - NO at Schefferville, 0.76 days slightly less thathatat Harvard Forest.

Figure 12 shows that removal of NO, oxidation products (NOy - NOy) takes sightly longer
than their production for most of the year. Hence, within the region surroundng Harvard Fored,
NOy oxidation products tend to buld upin relation to the total readive N concentration. Rela-
tively long lifetimesfor depasition are mnsistent with the observation that some HNO; remains
when an air parcd reades aremote aea sich asScheffervill e, where locd oxidation d ambient
NOy acourts for only 10% of NOy deposition. Becaise NO, oxidation is 9 rapid, the NO
obsaved at Scheffervill e is likely to arise from decomposition d PAN or other longlived spe-
ciestransported there, rather than asNOy [Fan et al., 1994. Thus the fradion d NO, converted
to stable organics is aiticd for supdying readive N to the remote troposphere. Our reallts
imply that, at Scheffervill e, NOy is provided by cecomposition d resevoir spedes sich asPAN
[Singh and Hanst, 1987 and that PAN also suppats badkgroundlevels of NOy. Episodic trans-
port of HNOs and aher norradicd spedes acourts for high levels of NOy and pusesof N depo-
sition.

Fluxesof NOy are afador of 6 smaller (=e?) at Scheffervill e than at Harvard Fored, some-
what lessthan the dedine in concentration. Assuming comparable emisson ratesin source aeas
upwind, thisfinding suggests 2-3 days transport time to $emneille.

4.3.3. NOy budget integration. From the differential equations for rates of NO, oxidation
and deposition (ANOy = -k.NO,dt, and dAHNO; = (kc.NOx - kyHNO3)dt, repedively) we can de-
rive asimple expresson to predict the mncentration d HNOj3 in the boundry layer downwind
of a major sourceegion,

(6)

Here HNOx(t) is the mncentration d HNO3; (and aher rapidly deposited compounds) at time
after emisgon, t, NO4(0) isthe initial concentration o NOy at the emisson source, and k. and kg
are dfedive first-order rate constants (derived from phaochemicd cdculations and from obse-
vations) for phaochemicd production and deposition, repedively. Note that k. refleds hetero-
geneous, hamogeneous, and aganic pathways for conversion d NO, to HNOj; (or other rapidly
depositing spedeg and ky acourts for total (wet plus dry) deposition. We include adilution
fador, D, to acourt for mixing d the pall uted air parcd with cleaner badkgroundair (D cancds
out of the analysis oftios of species).

This ultra-simple model all ows us to assesshe fradion d NOy depaosited in the region and the
extent of the receptor areg using fluxes and concentrations of NOy obseved at a sngle dation.
The mode ill ustrates the mnseguencesof seasna trends in readion and deposition rates and
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provides afirst esimate for the fradion exported. We use mean concentrations and rates for
chemica readions and deposition, and we trea individual parcds independently. In redity,
oxidant concentrations, and hence readion rates depend somewhat on concentrations of NOy
[Logan et al., 1981, bu the larged variations in the ratesfor deposition refled seasnal changes
in solar radiation, concentrations of water vapor, and tlemyriayer characteristics.

The model doesnot acourt for formation and regycling d PAN, which may have alonglife-
timeif it istransported above the boundxry layer. The data analysis given above showed that the
average readive-N deposition rate & Harvard Fored closdy matchesthe regional emisson rate.
Henceit is unlikely that the regional budget is grondy affeded by ventilation d PAN from the
boundxry layer. However, the role of such processesn the sipdy of NOy to the global environ-
ment isunclea: the fradionescpingis predicted to be gnall [Horowitzet al., 199B; Liang et al.,
1998] and consequently difficult to determine accurately by measurements oftaepos

The key fedaure of the boundxry layer in summer, fall, and spring is that the NOy oxidation
rate constant exceels the deposition rate constant for the oxidation products; hence oxidation
products make an increasng fradion d total NOy, and the ratio NOJ/(NO,+HNOs) deaeases
with time (Figure 13, top). Obseved valuesof NO,:NOy = 0.25(M96) at noon duing summer at
Harvard Fored are mnsistent with transit timesof <1 day, or mixturesof older emissons that
have been depleted of NOy with freh NO, emitted from sources afew hours upwind. Regycling
of PAN may provide an inpu of NO, to maintain the NO,:NOj ratio at Schefferville nea 0.2
(M96) rather than approaching Oaspredicted for transit timesof >1 day. During winter the rate
constant for deposition d NOy oxidation products exceeals the rate constant for NO oxidation;
the NO/(NO+HNOg) ratio for longtimes gproadches a onstant, =0.6, comparable to olseved
NOy:NOy ratios(M96).

The product of kg  fune, definesthe fradion d initial NOy deposited in urit time & travel time
t downwind, where funo, is the fradion d odd ntrogen present asHNO; relative to the initial NOy

(fino, = HNO3(t)/{ NOL(0)/D} = kc/( kg - ko) (ekt - ekd) ). The value of fune, iS z&o at the eamis-
sion source (t=0), increasesiownwind to a maximum, and then gradually dedinesto 0 asNOxis
oxidized and deposited (Figure 13, middle). Note that becausethe parcd is dispersing with time,
concentrations and deposition per unit areatypicadly dedine with increasng dstance from the
source. For summer condtions the pe& in funo, OCCUrs & agesof <1 day, while for winter con-
ditions with slower chemistry the pe&k is delayed and kroadened such that f.no, in winter exceels
the summer values for parajesof >2 days.

Integration d kgx funo, OVer time givesthe amulative fradion d NOy deposited (Figure 13,
battom): 45% for t = 1 day in summer, 27 in winter. The time required to remove 95% of NOy
is 3.5 daysin summer and 5 dhys in winter. This analysis indicaesthat transport and dspersion
of NOy in the boundxry layer canna acourt for most of the amospheric N in the remote tro-
posphere, becauseoxidation d NO, and deposition d HNO;3 are dficient. Obsevations of NO,
acamulation in the wintertime tropasphere & high latitudes[e.g. Bottenheim et al., 1993 Dick-
erson et al., 1985 Muthuramu et al., 1994 could be acounted for by formation d stable edes
such as alkyl nitrates and PARhat have longer lifetimdsut are not included in our agals.

5. Conclusions

In this paper we have usel 7 yeas of measirements & Harvard Foreg, 1-2 days downwind o
a mgor source region, to compute the ratesfor NOy oxidation and HNO3 deposition, to deter-
mine the readive-N budget at the ste, and to edimate the fradion d N removed in the region
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nea the ource We foundannual average input of 47 mmol m? yr, with about twice asmuch

wet asdry deposition. Variationsin partitioning between wet and dy depasition tended to off set

eat aher becaiseHNO3, the main depositing spedes is removed efficiently by bah processes
Nitrogen deposition at Scheffervill e was afador of ~6 less(20 pmol m? d* versus. 130 pmol

m? d?) during the s)immer than the mean summertime rate & Harvard Fored, consistent with a
transport time of 2-3 days from emission sources.

Analysis of the regional balance between production and deposition all ows us to infer readion
and deposition lifetimes for NOy in the boundxry layer. The lifetimes for oxidation o NOy
ranged from 0.24 day in summer, due to the combined effed of homogeneous, heterogeneous,
and aganic pathways, to 1.4 diys in winter, due to heterogeneous processes lane. The life-
times for deposition of HNOwere 1 and 0.6 day summer and winter, respectively.

Our analysis $hows that deposition d readive N is regulated by the rate of oxidation d NOy
by readions with HOy radicds, by heterogeneous readions of N,Os, and by organic pathways.
Contributions from thesethree processes r@ comparable during summer; heterogeneous and
organic pathways for NOy oxidation are more important than we expeded them to be. The pres-
ence of foreds downwind d sourceregions enhancesratesfor nitrogen deposition and increases
the fradion d NOy retained in the region, kecaiseforeds ae dficient, agodyramicaly rough
receptors and becaisebiogenic hydrocarbors emitted by \egetation acceerate the rate of oxida-
tion of NQ..

The NOy emitted from easgern North Americais dficiently retained in the region duing sum-
mer. Export abou douldesfrom summer to winter, bu heterogeneous production d HNO;s is
efficient, and ventilation d the boundxry layer isrelatively slow; hence most of the emitted NOy
is probably deposited further downwind. Thus remote stes sich as Schefferville, 2-3 days
transport from the emisson sources could recaeve most of their annual readive-N inpu during
winter when it acaimulatesin the siowpadk and becomes aail able during spring melt. Only a
small fraction ofN escapes to the global @nenment in either season.
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Tablel. Quarterly Statistics for N deposition and Meteorological Conditions at
Harvard Forest

Frequency of Surface Winds by Sector

Total N
Deposition Northwest East Southwest Frequency Rainfall
Seasoh Year  umolm?d! (270°-45°), % (45°-180°), % (180°-27C°), % of Rairf, %  amount,
mm
Spring 1990 205 46.6 12.8 40.2 50.0 337.9
Summer 1990 139 40.3 21.9 37.2 39.1 271.3
Fall 1990 132 44.7 16.8 38.0 30.8 263.8
Winter 1991 103 52.9 15.3 31.4 40.1 311.2
Spring 1991 105 57.1 17.0 25.7 35.8 309.6
Summer 1991 168 51.1 17.5 31.0 33.8 420.0
Fall 1991 135 48.3 16.3 35.2 35.2 408.4
Winter 1992 81 55.6 16.0 28.1 394 210.6
Spring 1992 146 47.2 26.9 25.9 34.8 293.9
Summer 1992 161 48.0 16.6 35.1 49.8 390.5
Fall 1992 135 46.5 191 34.2 46.2 2721
Winter 1993 110 48.8 24.4 26.5 47.6 222.8
Spring 1993 128 451 26.7 28.0 53.4 282.1
Summer 1993 197 51.5 15.3 329 53.3 356.0
Fall 1993 168 345 20.1 44.8 60.4 357.6
Winter 1994 116 49.2 21.0 29.5 47.6 357.6
Spring 1994 151 44.2 19.2 36.1 53.3 362.1
Summer 1994 169 32.6 18.5 48.4 47.9 474.5
Fall 1994 59 54.8 19.0 25.6 28.0 NA
Winter 1995 103 524 20.5 26.7 28.9 370.0
Spring 1995 103 49.0 23.9 26.9 33.7 262.6
Summer 1995 107 38.3 19.5 41.3 294 200.Ff
Fall 1995 108 42.3 24.0 335 34.1 472.4
Winter 1996 58 52.1 21.5 26.1 38.6 252.7
Spring 1996 159 46.2 18.9 34.8 315 322.9
Summer 1996 151 40.2 18.0 41.5 26.7 NA
Fall 1996 103 50.9 21.6 27.1 NA NA

#We define the seasons as follows; winter is Decenber through February, spring is March throughMay, summer is
June through Augusandfall is September through November.

®NA signifies periods with gaps in the precipitation data record.

¢ Invalid rain gaugedata for June-Augst 1995have beemeplaced by data from an adjacent site abolm ®orth
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Table2a. Regression Results for the Linear
Model fit of N DepositiorPredicted by Sease
ality and

Frequency of Precipitation

Analysis of Variance Results

Degrees of Mean
Predictor Freedom Sum of Squares Square Pr(Ff

Season 3 12,930. 4,311.0 0.002
SW winds 1 5,930. 5,930.0 0.006
Frequency. of 1 3,597. 3597.0  0.026
precipi&tion
Residual 19 11,700. 615.7
Regression cosffientd
Factor Coefficient Standard Error.
Intercept (@),umol m? d* 129 5.0
season Jumol m? d* -8 9.2
season 2umol m d* 16 8.6
season 3umol m? d* 16 10.0
SW winds pmol m? d* % 2.0 1.1
Frequency of Precipitation 15 0.6

pmol m? d* %™

Noer = & + Za's + @SW + aFP +¢.

% Probability based on F distribution for the given degrees of
freedom that theliserved trends are random

PRegresson coefficients are cmputed for the intercept (anntel
mean), the seasonal fadors, which are transformed to oktain ordered
orthogoral fadors [Chambers and Hastie, 1992, and the resporse to
changes in percentage of time with SW wind and to changesin fre-
guency of rain.

Table2b. Mean Annual Cycle for N
Deposition

at Harvard Forest Derived Fromése
sonal Factors

Deviation from annual me&n

Season pmol mi? d*
Spring 16
Summer 16
Fall -8
Winter -24

The value for the fourth season is %t by the require-
ment that the seasonal cycle sum to zero
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Table3. Input Parameters for Estimation of Reaction Rates and Characteristic TiN@g of

Reaction and Deposition.

NOy NO NO, O3

NOy Deposit, Geometric. Geometric Geometric Arithmetic OH", 1¢° Mixing
pmol Mean Mean Mean Mean s.d, molecules T, Height,

Month m?d* ppt Isc? ppt Iscf ppt Iscf ppb ppb cm?® c m
Jan 94.8 5254 0.51 3279 0.55 2688 0.58 27 5.24 0.1 -5 730
Feh 91.3 6158 0.4 2796 0.56 2162 0.59 34 4.35 019 -44 900
March  121.9 5095 0.38 2110 0.5 1657 0.53 41 4.27 0.43 0.9 1200
April 139.4 3898 0.38 1282 0.54 1023 0.57 45 431 0.78 5.8 1800
May 159.4 3402 0.33 903 0.39 740 0.41 45 5.28 125 11.8 1800
Jure 128.2 2918 0.32 703 0.22 604 0.23 46 5.82 1.7 17.3 1800
July 183.7 3073 0.35 677 0.24 558 0.27 46 7.86 1.83 19.8 1800
Aug. 169.6 3547 0.33 772 0.34 661 0.35 44 6.18 1.5 19.2 1800
Seql. 131.9 3513 0.39 1138 0.44 920 0.47 35 4.75 0.89 143 1600
Oct 122 5075 0.43 1979 0.52 1666 0.53 32 3.83 042 102 1500
Nov. 108.8 6737 0.43 3535 0.48 2974 0.5 27 3.44 0.16 3 1000
Dec 107.8 5658 0.52 3226 049 2739 0.5 26 4.04 0.08 -2.1 750

Means and standard deviations for the concentrations are computed from the central 50% of the data for each month
@Standard dewtion of log-transformed data

POH concentrations frorkVang et al. [1998].

“Mixed-layer heighfrom Holzworth, [1967]
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Figure Captions

Figure 1. Locdion d Harvard Fored, indicaed by cross in relation to NO, emisson censities

PAP emisson inventory [EPA,1989) in the northeagern United States Darker colors indi-
cae increasng emisgon censity. The origin  pants of 8-hou bad trgjedories[Moody et al.,
19{_%] are |nd|<|:|aed by contours srowing the number of trgedories (of a total of 1276 origi-
nating in a cell.

Figure 2. &tog) Distribution d houly NOy eddy flux values for obseavations made between
1000and 1200 dung daysin July. Data ae plotted against quantilesof a normal distribution.
A lognamally distributed data sé would plot on a graight line. The dashed line conreds the
lL_IP[ZEF and lower quartiles of the data. (bottom) Daily integrated NO, eddy fluxesfor July at

arvard Fored (pluse9 and for the ABLE 3B Scheffervill e ste (squares. The dotted line @n-
neds the tenth and ninetieth percentile of the Harvard Foreg data; the dashed line wnreds
twenty-fifth andseventy-fifth perceile of the SchHerville data.

Figure 3. Mean values computed for 100 randam subsamples drawn from the sé of all NO,
eddy-flux data for the period 10001200in Jul¥ and August. The ranges of thesemeans nor-
malized by the overall mean are plotted against the fradion d data used'I1n the subsamples The
dashed lines $iow the mrregpond n%range of mean valuesfor subsamplesdrawn from'arandam
lognormal distribution based on the mean and standard deviation of thebdiata.

Figure 4. (top) Average NO3 concentrations in rainwater at Harvard Fored (pluseg and at the

uabbin Rese&voir National Atmospheric Depaosition site (NADP, 1997 for the period 1982
throughJune 1996 (solid line); dashed lines ae the dandard error of the monthly means for the
Quabhbin data. (bottom) Mean NO3z deposition by ped Bltatl on at Harvard Fored for the period
19901995 (solid line) and at the Quabbin Reseavoir NADP site (dashed line). The overall mean
for the period 1982-1996 at the Quabbin site is given by open triangles.

Figure 5. Mean NO, dry-deposition fluxes @mputed for monthly time intervals. Mean fluxes
arée ommputed for 50 random subsanples searately for ead hou of the day and then summed to
give the mean value of mtegg;lted da"c}/tN dry-deposition flux duing that month. Verticd

Segments %jve the dandard Ceviation d the 50 subsanple means. The seasns, winter (DJF),
tsrenrlug (MdM), summer(JJA), and fall (SON) are denated by dfferent symbals asindicaed in
e legend.

Fi%ure 6. Total (wet plus dry) monthly NO, depasition at Harvard Fored for the period 1900
(19 6i:_L|ght %r}adlng indicatesthe monthly predpitationinpu; dark shadingis the dry deposition
see Figure 5).

Fi%ure 7. Monthly mean depaosition d readive N at Harvard Fores computed from the 199G
1996 aéta. Dark a_\dlngt u;la_ﬂer bar) is the inpu from dry depasition, light shading (lower bar)
is the predpitation inpu. e thin verticd lines indicae the sanpling urcertainty for ead
monthly egimate determined from the gandard deviation d the means of randam subsanplesof
the datd. The dathed lines ae the overall sampling urcertainty for the total deposition. The dot-
dadhed line indicaesthe mean NO, emisgon rate within 250 kn radius of Harvard Fored given
by NAPAP emission mventorleE?PA, 1989].

Figure 8. Tota readive N deposition at Scheffervill e during summer 1990. Predpitation in-
puts ae down aslight shading; dry deposition is shown asdark shaded bar. Days with too
many missing data are seen as gaps In the dry-deposition time series



Filgqure 9., Estimated NH,-N _input from predpitation at Harvard Fored determined from the
NH; :SO4~ ratio at Quabbin Resevoir NADP site (NADP, 1997 and the measired SO,~ depo-
sition in precipitation at Harvard Forest.

Figure 10. Computed produwction d HNO; bé(to ) NO, + OH and (midde) NO, + Os
readions for obse'ved concentrations of NO,, NO,, Oz, and air temperatures @ Harvard Fored
and th/plcd values of OH and mixed layer cfepths_ In t?we northeagern United States For ead
month, 1000individual edimatesof HNO; production were generated by using randam valuesof
concentrations picked from data distributions asdefined in Table 3. The lid lineswith solid
circlesindicate medians; open circles aie the mean values Longdashed linesboundthe twenty-
fifth and seventy-fifth percentiles of the mmputed values short-dashed lines ae the gandard
deviations. (botfom) Potential production d hydroxyalkyl nitrates for the obseaved isoprene
emisson flux at Harvard Fored (solid line) and the production rate if the isoprene fluxeswere a
fador of, 2 lessﬁlashed line). Corregpondng production rates @ Schefferville ae 1.6 and 0.6
umol m“ d~ for homogneous and heterogeneous pathways, respectively.

Figure 11. Total production d HNO; by hamogeneous (dark shading), heterogeneous (light
shading), and hydom/al kyl nitrate (stippled) pathways in the mixed layer as eimated in Figure
10 versus obsaved N deposition %solld liné) at Harvard Fored. UncCetainty egimatesfor the
production and depdson terms (Figure7 and10) are omitted for clarity.

Fiﬂure 12. (top) Charaderistic (e-folding) timesfor HNOs production edimated from model ed
OH concentrations, monthly mean obseved Oz concentrations, and isoprene fluxes (bottom)
Deposition lifetimesfor N (fopen circleg and for NOy oxidation products, NO, = NO,-NO,,
(solid sguares) are determined from the obseved deposition flux and column mass The overaﬁ
chemica lifetime is the combination d charaderistic timesfor readion with OH, O3, and iso-
prene (dashed line with open triangleg. The daraderistic timesfor OH and O3 oxidation (tOc!_J)
and the overall chemistry and deposition lifetimes (bottom) at Scheffervill e in summer are indi-
cated by symbols on thieght margin (OH, Q, R, D).

Fiﬁure 13. (Stog Valuesof the NOy ratio, NOJ/(NO,+HNO;), (midde) HNO;3 fradion, funo, =
HNO;(t)/(NO,(0)/D), and (bottom) fracion o NO, that has been deposited, computed from
equation (6) (seetext) by using seasna mean valuesof readion and deposition time nstants
(in days) for chemical reactiom] and depositiont() taken from Figure 12.



N Latitude

pumol m-2d-1 l> 1000

400 1000

65

E Longtitude

Figure 1



NO, eddy flux

50 |

umol m2 hrt

0.05 |
200 ]

N O1
([eNe]

pumol m-2 d-t
(6]

© o
L

0.5 |

JUly ot *
1000-1200

N

-2 -1 0 1 2
Quantiles of Normal Distribution

Figure 2



Normalized Means

2.5

2.0

1.5

1.0

0.5

0.0

0.0

0.2 0.4 0.6 0.8

Fraction of data used

1.0

Figure 3



A Ol
o O

NO;™ pmol I

[EEN

a1 = N w

o o o o o
l ] l l l

[EEN

o

o
l

a1
o
1

o

NO; Deposition pmol m-2 d-1

jan feb mar apr may jun jul
Months

aug sep oct nov dec

Figure 4



Winter
Spring

o

Summer
Fall

®
A
L 4

A @

150 H

T
o o
o

1-P z-W jowr! xnyy AON

1990 1991 1992 1993 1994 1995 1996

Figure 5



NO, Deposition

(umol m-2 day?)

300 4

250

200 4

150 -

100 -

50

JAJOJAJOJAJOJIJAIJOJIJAIJOJIJAIJOJIAIJO

1990

1991

1992

1993

1994

1995

1996

Figure 6



7.5

r-yuow ;.w joww

250 7

50 7

o o

3 3
1-p z-w jowr
uonisodap N

200 7

Month

Figure 7



NO, Deposition

7/15

1990

Figure 8



w B a1
o o o
1 1 1

pumol m=2 d-1
N
o

NH,* Deposition

=
o
1

o
1

Total = 8.1 mmol m2yrl

- 1.5

1 I I I I I I I I I I I
jan feb mar apr may jun jul aug sep oct nov dec

Month

mmol m2 month-?

Figure 9



Production
(umol m-2 day?)

150
100
50

150
100
50

150
100
50

Hydroxyalkyl
nitrates

Ijan | feblmarI aprlmayljunI jul IauglsepI octlnovldecI

Month

Figure 10



NOy Reaction or

Deposition pmol m2 d-*

200

150

100

a
o

B0

Dep
OHR-N
N205
OH

—

J

F M A M

J J

Month

A S O N D

Figure 11



o OH

Y 03
o----¢ OHR-NO,

o

© IO < O N 1 0O I < MO N «H O

(sAep) awi onsualoeIey)d

J AS OND

FMAMJ

J

Month

Figure 12



fraction removed

Wtr 0.64 1.22
Spr 0.93 0.63
Sum 0.98 0.3

Fall 0.97

X + B> o

“ ' I ' I ' I ' I ' I
0 2 4 6 8 10
Age (days)

Figure 13



