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Abstract. We report evidence for ice catalyzing®s het- et al, 20063. From an atmospheric chemistry viewpoint,
erogeneous hydrolysis from a study conducted near Fairozone is also important in that it controls many aspects of
banks, Alaska in November 2007. Mixing ratios of®k, atmospheric oxidation processes. The ultimate fate of NO
NO, NO,, and ozone are reported and are used to deteris to be oxidized to nitric acid and subsequently deposited to
mine steady state 405 lifetimes. When air masses are sub- the surface of Earth. NQoxidation and removal limits the
saturated with respect to ice, the data show longer lifetimesxtent to which catalytic production of ozone occurs. Fur-
(~20min) and elevated MDs levels, while ice-saturated thermore, deposition of HNfgenerated by NQoxidation

air masses show shorter lifetimes@min) and suppressed results in acid deposition and nitrogen fertilization, poten-
N2Os levels. We also report estimates of aerosol surface areéally altering soil and surface water nutrients and pH and
densities that are on the order of 5?/cm?, a surface area  causing changes in biota in sensitive ecosystdtaarf et al.
density that is insufficient to explain the rapid losses oDl 2003 Bergholm et al.2003 Allan et al, 1999 Heintz et al,
observed in this study, reinforcing the importance of other re-1996 Andersen and Hovmand995.

active surfaces such as ice. Consideration of two possible re- Atmospheric NQ removal chemistry is diurnal in na-
sponsible types of ice surfaces, the snowpack and suspendedre, with different processes occurring during day and night.
ice particles, indicates that both are reasonable as possibBaytime NG removal is driven by the presence of the hy-
sinks for NOs. Because ice-saturated conditions are ubiqui-droxyl radical (OH) in the following reaction,

tous in high latitudes, ice surfaces are likely to be a key loss

of N»Os, leading to nitric acid production and loss of N NO2+OH+M—HNO3z+M.

high latitude plumes. Nighttime removal of NQ proceeds through the formation of
the oxidative intermediates nitrate radical (§@nd dinitro-
gen pentoxide (AOs) in what is termed the “dark” oxidation

1 Introduction pathway.

. - . N N R1
Tropospheric pollutants such as ozone and nitric acid O2+05—~>NOs+02 (R1)
(HNOg) are of growing concern due to their epvironmeqtal NO5+NO3+M—>N2O0s5+M (R2)
impacts and associated health concerns. Nitrogen oxides,
particularly the rapidly cycling family referred to as NO N205+M—NO3+NO2+M (R3)
(=nitric oxide, NO+nitrogen dioxide, N§), play a critical .
role in the production of ozone and HN@ the troposphere. N,Os+H>0 SuLfCEZHNO;;. (R4)

During the day, NQ enters catalytic cycles that produce _ _ _ _
ozone, and in some locations the amount of ozone producelf! the following sections of this manuscript refers to the
is considered hazardous to human hedfthlayson-Pitts and ~ rate coefficient for Reaction (Ri).

Pitts, 2000. NOy can also destroy ozone at nigtBrown In recent years, multiple optical techniques to detecgNO
and NoOs have been developed to study this pathwalatt

et al, 1980 Geyer and Stut2004 Stutz et al. 2004 King
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from photolysis of NQ in the day. Away from direct emis-
sions (i.e. outside of a city) and under nighttime conditions,
the NO sink is often small.

Ayers and Simpsorf2006§ have demonstrated that high
latitude N Os lifetimes are significantly shorter than ones
reported at lower latitudes. To characterizeQ¥ removal
mechanisms at high latitudes, we measure@®iusing off-
axis cavity ring-down spectroscopy (oa-CRDA&Y¢érs et al,
2005. With these data and measurements of aerosol parti-
cles and ice saturation conditions, we demonstrate that ice is
largely responsible for catalyzing,®s heterogeneous hy-
drolysis at high latitudes.

2 Measurements
Fig. 1. A satellite image showing the study site location and its
relationship to Fairbanks and the surrounding area. The map insdin-situ NoOs mixing ratios were measured using an off-axis
shows the location of Fairbanks in interior Alaska. cavity ring-down spectroscopy field instrument described in
Apodaca(2008, and based on the optical technique devel-
oped byAyers et al.(2005. The instrument’s precision and
accuracy have been verified in an intercomparision exercise
carried out at the SAPHIR reaction chamber iitich, Ger-
Nakayama et al2008. In a number of studies, these tech- many, as described iApodaca et al(2008. Briefly, am-

hiques have been used to determm@md NOs I'fet'mes’_ ient air is continuously pulled through a sampling cell at
and one §tudy has demqn§trated the direct determ|na_t|on Cgstandard liters per minute. A Teflon filter (47 mm Pall Teflo
the reactive uptake coefficient 0Ns, y(N20s), on ambi- o prane 2 am pore size) is housed at the mouth of the
ent aerosol partlcleﬁfoyvn et al, 2006W. inlet to minimize light extinction by particles in the cavity.
The landmark modeling study l:iyentener_and.Crutzen . Based on recommendations Apodaca et al(2008, the
(1993 suggests that the dark loss mechanism is the maifyo s \yere changed every 3 to 4h to prevent sample loss

loss process of nitrogen oxides at high latitudes in Winter'due to contaminated filters. It was standard practice to ex-
Factors that contribute to the prominence of the dark oxi-, ice the data pre- and post-filter change, looking for im-

dation pathway at high latitudes are outlined below. Long proved transmission of #0s following a filter change. If an

.rugh.tskallgvr\]/ N%to il dV}IIthOUt pl.h%to.lys's a_ctlng asl a n?a— aerosol-loaded filter was producing significant sample loss,
jor sink. Short days and low sunlight intensity resuitin low ¢ yqq expect to see highep8s mixing ratios following

(?H 'radical abu.réda.nce thﬁt reduces the impozrtancg of th‘ﬁlter changes as compared to just prior to changing a filter.
aytime NQ oxi ation pathway. Reactions (R2) an ,(R3) We did not observe increases in® upon insertion of clean
are half reactions of atemperature de_pe_ndent equilibrium begyq o every 3 to 4h. The all-Teflon analysis cell is heated
tyveen NG anld l\_ho5_. Tlherrrt])al ((jjlssomau?n of 505 (Reac- to measure the sum of N®N2Os. The sample first passes
tion R3) results in similar abundances of blénd NOs un- through a stage where it is heated to 100rapidly disso-

der Wﬁ_rrr;]clzor]dlgons.hHoc;/yever., u_nder cold contljmons, suchCiating the NOs to NOz+NO, (Reaction R3). The sample
aslgt 'gn atitu esd the ) '_SSC,’C'at'on ra(ljte QWFS OWS, T~ then enters the second stage where it is probed by measuring
sulting in increased partitioning towardG. For exam- 00 absorption of N@at 662 nm via off-axis cavity ring-

ple, at 250 and 5_ppbv (parts per billion by volume) MO down spectroscopy. The sample is maintained a€da the
the equilibrium ratio [NOs]/[NO3] is equal to 4. Under cold second stage to prevent repartitioning back O

c'\cl)ng|t|;)r,1|3062_0°C) arlutj 532‘;%\/ ITS tthe eqwhbnurr]ndrat:o . The measurements were made at a remote field site lo-
[ t2 s)/[ |3] IS equa Old o eilertc))g(ineous ty drcl) YSIS cated about 20km WSW of downtown Fairbanks, Alaska
rates are slow, bDs could potentially be transported long Fig. 1). Fairbanks and the surrounding area have a pop-

d|s_tances n .COId air masses such as those found at high lation of approximately 80000 people, making it the sec-
latitudes or high altitudes. L ond largest population center in Alaska. Fairbanks is geo-
A factor that may moderate Qark OX|dat|on'of NG the graphically isolated, particularly from other anthropogenic
fast reaction of NO with N@, which acts as a sink of N& NOy sources, with the nearest major city more than 400 km
NO3-+NO—2NO,. (R5) 0 the south and separated by the Alaska Range with typi-
cal elevations ranging from 2000 m to 3000 m. The study
Nitric oxide may be present either from direct emissions, site (64.78 N, 148.09 W; 135m elevation) was located in
which can persist at night in ozone-titrated air masses, om 45-acre agricultural field, cleared of trees and covered by
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seasonal snowpack throughout the study. To the north liémpaction location to a separate spot. The spots were visible

the hills of the Tanana uplands with peak elevations of aboubn the strip due to black carbon present in the aerosol, and

1000m. To the south lie the Tanana River and expansivewvere cut out and eluted in ultrapure water and analyzed by

Tanana flats with an elevation of about 130m. Radiativeion chromatography (Dionex ICS-2000). Wind speed, wind

cooling resulted in cold temperatures during the study pe-direction, and air temperature data were collected at the 1 m

riod with strong temperature inversions and highly stratifiedinlet elevation using an onsite meteorological tower (Camp-

air. The predominant winds during this study were from the bell Scientific). Relative humidity data were provided by hy-

NNE, resulting in the site being at least 20 km downwind grometers (Campbell Scientific Model HMP45C) mounted

from the nearest large NGsource, the city of Fairbanks. To 1.5m above the ground and located near the study site at the

the best of our knowledge, the biogenic N@ontribution = Bonanza Creek Experimental Forest and Long-Term Ecolog-

has not been characterized in the Fairbanks region. Furtheieal Research statiorChapin 2007). Relative humidity data

more, little is known about NO emissions from soils at low used in this study were collected at site LTER2.

temperatures, and even less is known about NO emissions

from snow-covered soils. A study b§oponen et al(2006

indicates that biogenic NO soil emissions are suppressed at

low temperatures. For exampkoponen et al(2006 report 3  Nocturnal nitrogen oxide partitioning

that when the soil temperature is negs°C, the soil NO flux

is ~1.5 micrograms N/ffhr. That NO will mix through the  For simplicity of discussion, we refer to nocturnal nitrogen

snow and into the boundary layer, being oxidized bya®it  oxides as NQ and define them as the sum of AN,Os.

mixes upwards. Simple box model estimates, using a surfac&he formation of NQ is the result of oxidation of N@by

layer of 1 m and a lifetime for the oxidation of NO by; ©f ozone to form N@, Reaction (R1). Subsequent conversion

4 min, predict the steady state biogenic NO mixing ratio toto N,Os (Reaction R2) proceeds rapidly. For example, at

be approximately 0.15 ppbv. This level of NO is below the NO; levels of 5 ppbv—20°C, 1 atmosphere pressure, typical

detection limits of the N@Q analyzer used in this study (see conditions during our study, the lifetime of N@ith respect

below). Oxidation and slow transport of the NO through the to the formation of NOs is 5s. In comparison, the ther-

snowpack would probably hold the NO significantly lower mal dissociation lifetime of NOs to form NO3;+NO, (Re-

than this value in the actual case. Once the NO is oxidized, iaction R3) is 4 h (again at20°C). The result is that NQ

will add NO to the boundary layer and is likely to mix over a spends very little time as the nitrate radical before partition-

higher height. Assuming a height of 10 m and a 4 h timescaldng to N>Os, and NQu~N>Os. Under typical study con-

for the boundary layer to ventilate, we get about 1 ppbwNO ditions, the NQ abundance is negligible and the reactive

in the boundary layer. While this level might contribute to the losses of nitrate radical are generally too slow to compete

NOy budget, it is significantly lower than anthropogenicNO with partitioning to NOs. The only processes fast enough

from Fairbanks. Therefore, the nitrogen oxides measured ino compete for reaction of N with formation of NOs is

this study are generated in the Fairbanks area without signifthe fast reaction of NO with N (Reaction R5) and to a

icant contribution from other regional sources. Strong tem-lesser extent, the daytime photolysis of NGFor example,

perature inversions coupled with the topography and weakhe lifetime of NG with respect to reaction with 0.3 ppbv

winds made the study site ideal for observing the isolatedNO is about 5's, while the lifetime with respect to photolysis

Fairbanks pollution plume after significant transport and ag-(j —NO3=0.2s1) is also 5s with overhead suRiflayson-

ing time. Pitts and Pitts2000. For NO levels greater than about
The study was conducted continuously from 7 Novem-1 ppbv, the reactive sink of N§Xwith NO) is very impor-

ber 2007 through 19 November 2007. The oa-CRDS instrutant as it becomes faster than formation of. Thus, only

ment was mounted outdoors and the inlet was maintained atighttime data at low NO will be considered for detailed life-

1 m above the snowpack surface. Ancillary measurements ofime analysis.

NO and NG were collected using a Thermo Environmen-

tal 42c NQ, analyzer. Ozone measurements were collected

using a Dasibi 1008 RS instrument. Aerosol particle number

density was measured with a condensation particle counte# Steady state lifetimes and other considerations

(TSI CPC 3010) that had a lower size cutoff of approxi-

mately 10 nm. A 3-stage modified DRUM impactor and ion Assuming rapid conversion of N{ao N,Os and little ther-

chromatography analysis were used to measure the size dignal dissociation of NOs, valid during our study because at

tribution and determine the chemical composition of aerosolcold temperatureks[N20s]>>k3[N>Os], the kinetic expres-

particles Perry et al. 1999 Cahill, 2003. The DRUM im-  sjon for NbOs is given by

pactor was operated in a mode where aerosol particles were

impacted on a spot on a Teflon strip. After two hours of ;N,0s]

sample acquisition, an automated stepping motor moved theT=k1[N02][O3]—k4[N205] . (1)

www.atmos-chem-phys.net/8/7451/2008/ Atmos. Chem. Phys., 8, 74632008
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Fig. 2. Time series of NOg, NO, NO,, and ozone mixing ratios from the full campaign, ®f data are filtered as described in Sécand
are colored blue for selected data and yellow for rejected data.

Assuming steady state forls, this equation may be rear- is easily calculated from the observed data, and for the case
ranged to of slow losses, the kinetic expression of® (Eq. 1) shows
thatd[N2Os]/dt is equal to the source rate. Thus, in the limit

r([\1205):£:_ [N2Os] ) 2) of short plume-processing times compared to th®Nloss

ka k1[NO2][Os] lifetime, N>Os should increase as the integral of its source
Here, the symbot (N2Os) indicates the steady state lifetime rate. Therefore, wg can examine thg tempqral behavior of
of N,Os. N2Os in an aged airmass to determine if it is near steady

state or not. If the system has a short inferred lifetime and

Brown et al.(2003 use a simple box model to demon- follows the source rate with lags on the order of the inferred
strate that the applicability of the steady state approximationy.. . o -
PP Y y PP r]|fet|me, we would indicate that it is near steady state. Alter-

to NO3 and NvOs atmospheric observations depends upon’ . . . :
the strength of sinks for Nand NbOs, the concentration nhat|vely, if N205| mclreases as thg integral of the source rate,
of NO2, and the ambient temperature. Model results indicatet e systemis clearly not at steady state.
that, in polluted air masses (i.e. large N@ixing ratios) and
cold conditions, when N@and NOs sinks are weak, the 5 Results
approach to steady state can be slow. In the simulations of
Brown et al.(2003, the timescale of the approach to steady Figure 2 shows the time series of NO, NQO Oz, N2Os
state can exceed the duration of a typical dark periat(h). for the entirety of the campaign. All data are recorded at
Under such conditions, the steady state approximation wouldnstrument-native time resolutions (typically 1-2 s) and av-
not be valid. However, as will be shown below, if the losseseraged to 1 min data for analysis. ,® abundance (up-
of N2Os are sufficiently fast, the system achieves steady stat@er panel) varies from a maximum near 100 pptv (parts per
on arapid timescale, and we argue that our data indicate thatillion by volume) to sub-detection limit. When J®s is
the system does achieve steady state. present, diurnal variation is evident with lower levels during
In the case where Nflosses can be ignored, the rate- the day (shaded background regions) and highest levels oc-
limiting step for loss of NOs is the heterogeneous hydrol- curring at night. However, note that when NO is low in the
ysis Reaction (R4). Therefore, the kinetic expression forday, the low sunlight intensity of late November in Fairbanks
N2Os (Eg. 1) simplifies to an exponential approach to steady(65° N) allows significant NOs levels to exist in the day.
state with relaxation time (the time to reach 63%=11 of NO> and NO levels range from near zero to a maximum of
steady state) equal to the loss lifetime of@¢. Generally, about 20 ppbv. Low levels of fresh pollution at the study site
the behavior of NOs can be considered in the context of fast are evidenced by the low levels of NO for most of the study.
or slow losses. If losses of JD5 are fast, then the system A notable exception of NO occurring at night was observed
achieves steady state on a fast timescale. If losseOFN during a highly polluted “ozone titration” event on 16 and
are slow, then it is useful to consider the source rate off NO 17 November. Ozone levels range from below the instrumen-
(Reaction R1, with a rate dfi[NO2][O3]). This source rate tal detection limit to around 35 ppbv. Regional background

Atmos. Chem. Phys., 8, 7457463 2008 www.atmos-chem-phys.net/8/7451/2008/
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ozone levels in the Fairbanks area during November are typi- Multiple lines of arguments support the validity of the
cally near 35 ppbv, and thus we observe significajid®ses, steady state analysis. First, based on measurements made
most probably contributed to by the nocturnal ozone loss asat the study site and review of National Weather Service ra-
sociated with the dark NQoxidation pathwayBrown et al, diosonde data from the Fairbanks airport, wind speeds in the
20063. lowest 1200 m of the troposphere were typically below 3 m/s

As discussed above, certain conditions are amenable téor the entirety of the study. Thus, the shortest processing
formation of NoOs, and thus we want to identify conditions times for air masses can be estimated by considering that the
where NOs should be forming, enabling the observation of nearest NQ source is minimally 20 km upwind (depending
its loss processes. We color the®% data in Fig.2 and all ~ upon actual airmass trajectory). At maximal windspeeds, a
subsequent plots by the code of yellow for “rejected” val- minimum transport time of 2 h is required for the airmass to
ues, where trivial losses of4®s preclude lifetime analysis, reach the study site. Therefore, most air masses are more
and dark blue for “selected” values, where®¢ should be  aged than a couple hours, allowing sufficient time for steady
forming sufficiently rapidly to warrant lifetime analysis. The state lifetimes of less than a few hours to be observed. How-
conditions we use to identify selected data are: 1) The surgVver, we observe steady state lifetimes on the order of tens of
is below the horizon. 2) NO is less than 1 ppbyv, the approxi-minutes, indicating losses on timescales shorter than typical
mate limit quantification of the NQanalyzer. Exceeding this transport times.
threshold would indicate that the airmass is titrated of ozone Second, the discussion above indicated that if the ac-
or impacted by a local plume. Furthermore, at 1 ppbv NO thetual lifetime of N;Os is long compared to the processing
rate of Reaction (R5) (destruction of NJexceeds the rate of timescale, the temporal behavior 0§@ should be increas-
Reaction (R2) (formation of pDs) and, as a result, very low ing as the integral of the source rate. We do not observe
levels of NGy would be present in the air mass. 3) Both of the NOs mixing ratio behaving as the integral of the source
these conditions have been valid for at least a half hour. Andate, but instead following the source rate on the timescale of
4) that the source rate ofs is more than 10 pptv/hr, which less than an hour. The representative data in Figemon-

is meant to preclude analysis of very clean (unpolluted) airstrates that the hourly source ob® is generally greater
masses. than the measured J®s mixing ratio, indicating that the

N2Os abundance would be produced in an hour or less. Con-
sidering that the typical transport time was greater than 2 h,
yet the detected P05 abundance was significantly less than
the expected cumulative production, the clear indication is
o ] . the presence of a significanb@s loss. The loss occurs on
6.1 Validity of the steady state approximation the timescale of an hour or less, again validating the idea
that these air masses have had sufficient time to reach steady
Steady state lifetimes were calculated for the entirety ofstate.
the study, using BOs, NO, and @ measurements and  Third, referring to Fig2, we can consider that nearly all
temperature-dependent values farbased on NASA/JPL  of these air masses have experienced loss of odd oxygen
recommendationsS@nder et al.2006. Lifetimes ranged (Ox=NO»+03). For fresh pollution at night, Qis conserved
from sub-minute to roughly 2 h, with a median value of about (Brown et al, 20063, and thus loss of Qindicates chem-
10min. These values are in agreement with previous meajcal aging. For each molecule of2®s hydrolyzed, three
surements in Fairbankéyers and Simpsar2009. Figure3  molecules of @ are lost. Thus, the loss of Qs three
shows the steady state lifetimes;® source rate, and2Ds  times the formation rate of #Ds. Accounting for dilution
abundance for two selected periods during the study and capmiting O, loss at our study site, we estimate that polluted
be used to further confirm the applicability of the steady stateplumes experience initial nighttime,Qoss at rates of about
approximation. 1 ppbv/hr. Many of the observed air masses had significant
In Fig. 3, period | is an example of times where®k Oy loss 10 ppbv Q loss from the regional background of
abundance was elevated (greater than 20 pptv) and wher35 ppbv). Subsequently, these air masses appear signifi-
longer steady state lifetimes were observed (20 to 60 min)cantly aged, often more than 10 h.
Period Il is representative of periods with suppresse®N All of the evidence presented in Figdand3 suggest that
abundance (less than 20 pptv) and short steady state lifetimd¥,0s losses are significantly strong to allow N®@o achieve
(less than 20 min). The absence of®§ in the early times of  steady state rapidly (on the same timescale as the lifetime),
periods | and Il is due to rapid losses associated with daytimend that the steady state approximation is generally valid dur-
conditions (reaction with daytime NO and N@hotolysis).  ing our study period.
As nightfall occurs, the build-up of 05 progresses until
shortly after sunset whenJ®s levels stabilize and reach rel-
atively steady conditions, clearly following source rate fluc-
tuations with only small lags.

6 Discussion

www.atmos-chem-phys.net/8/7451/2008/ Atmos. Chem. Phys., 8, 74632008
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Fig. 3. N2Og steady state lifetimes, source rates, and mixing ratios for two representative periods of the camg@igmixihg ratios and
7(N2Og) are colored to differentiate rejected (yellow) and selected (blue) data. Period | is representative of timesy@aeabusidance
was elevated ant(N,Os) reached its higher limits. Period Il is representative of times whef@gMbundance was suppressed a(id,Os)
were short. Period | clearly shows85 building to steady levels soon after sunset. Note that at no point in either time seriesgages N
build at the source rate (top, right axis), an indication of rapid lossy@d\

Figure5 shows the dependence of the®¢ steady-state
lifetime on the relative humidity with respect to ice. In this
Time series of MOs mixing ratios (top trace) and relative hu- and further analysis, we present lifetimes on logarithmic axes
midity with respect to ice (RH, bottom) covering the duration pecause the distribution of lifetimes is very broad and group-
of the study are presented in Figy. Figure4 shows a clear  ing data in this manner leads to nearly normal (Gaussian) dis-
anticorrelation betweeniDs abundance and RH. When RH tributions. In this plot, we see that sub-saturated air masses
is less than 100%, }Os abundance sometimes reaches its show longer lifetimes than ice-saturated air masses. From
highest levels. Conversely, when RH is greater than 100%the plot, it is clear that there are many points that are ice-
N20s abundance is generally suppressed, even though oWaturated but near 100% RH. This behavior is expected be-
selection criteria assure that conditions are favorable for fortause once ice nucleates, water vapor will condense on the
mation of NOs. ice crystal, holding the RH near saturation. On the other
hand, sub-saturated air masses will not have ice present, and

6.2 Loss of NOs and relative humidity with respect to ice

Atmos. Chem. Phys., 8, 7457463 2008 www.atmos-chem-phys.net/8/7451/2008/
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Fig. 4. Time series of NOg mixing ratios (upper panel) for the duration of the study. Th®B}ldata were colored based on the selection
criteria described in Sect. 5. The lower panel is a time series of relative humidity with respect to ice (RH). Note the apparent anticorrelation
between NOs abundance and RH.

can take on a wider range of RH values. We analyze the oo ! ' —! '
data in two regions, ice-saturated and sub-saturated, and fin 1
nearly a factor of three difference in the mean log-lifetime.

Figure6 shows the same data replotted as normalized his-
tograms of observed 405 lifetime distributions either at
ice-saturated or sub-saturated humidities. The ice-saturate«
(RH>100%) population, shown in blue in Fif, has a peak
value of about 6 min. The sub-saturated (Rt00%) pop-
ulation, shown in red, has a peak value near 20 min. Sig-<
nificance testing rejected the null hypothesis that the two
populations’ means were the same, with a confidence inter-
val at more than 99.9%. Thus, the difference between the ]
ice-saturated and sub-saturated populations is significant an: 1 — i

- T T
shows that ice formation plays a major role in the loss of %0 * oatve humicty (ce) / percent 10 e
N,Os.

Two possible hypotheses could explain the observed deFig. 5. The dependence of the;Rs steady-state lifetime on the
pendence of the HDs lifetime on the relative humidity with ~ relative humidity with respect to ice. The red points correspond to
respect to ice. First it is possible that when airmasses belndividual “selected” I§Os steady-state lifetimes. The black line
come supersaturated with respect to ice, they nucleate a |arg?@ows the mean of _the log-lifetime _dlstrlbutlon within the clqsses of
surface area of ice, which then acts as a surface for hetzUP-Satrated and ice-saturated airmasses. The dashed lines repre-

- . sent+1-sigma of the distribution of log-lifetimes.
erogeneous hydrolysis of J0s. An alternative hypothe-
sis takes the RH with respect to ice as a proxy for airmass
contact with the snowpack. If an airmass comes in contact
with snowpack, it will equilibrate to having 100% satura-
tion with respect to that snow, either through sublimation
or condensation, depending upon whether the airmass was
sub- or super-saturated before contact. On the other handhe snowpack with very near saturated (or slightly supersat-
airmasses that have no contact with the snowpack, say detrated) airmasses having had recent contact with the snow-
scending from aloft recently, could be sub-saturated with repack and drier airmasses indicative of descent of air from
spect to ice. Therefore, it may be the case that RH with re-aloft and less snowpack contact. In the following two sec-
spect to ice is an indicator of degree of airmass contact withtions, we explore these two hypotheses.

104

SS lifetime / minutes
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A TR TR 5 and 1Qum, andOhtake and Huffmarf1969, who mea-

— lce saturated sured ice fog ice particles between 4 andr6 modal ra-
=== sub saturated ! . . . .. .
0.25 g o dius. Ice crystal concentration size distributions were used
to infer a modal radius of 10m by Witte (1968 during air-
T 0204 craft measurements in Barrow, Alask&otaas and Benson
;—E (19695 cite a radius of 2m for a radiative cooling study in
5 g5 the Fairbanks area. These values span a fairly wide range
> ' but are on the order of a 30m modal radius (2@m di-
3 ameter) with number densities of a up 4dl particle per
s 0104 cm®. Spherical particles with 20m diameters have a surface
area of~1250ums</particle and non-spherical shapes of the
0.05 same volume would have higher surface areas per particle,
thus suspended ice surface area densities could easily exceed
0.00"7" 1000um2/cm?®. For our location, the presence of pollution

10 aerosol particles might cause an increased number of parti-
N,O; Steady State Lifetime / minutes cles to form, which also may be smaller due to spreading the
available condensed water across more ice particles. This ef-
Fig. 6. Normalized histograms of(N2Os) for selected data split  fect was predicted bywomey(1974), and has been observed
into populations where RH was greater than 100% (blue, solid line)i, satellite observations that show pollution suppresses rain
and where RH was less than 100% (red, dashed line). The peak, g6,y Rosenfeld200Q Toon, 2000. Both increased ice
value for the ice-saturated lifetimes is near 6 min ar_ld is 5|gn|f|ca_1ntl)_/ article number and decreased size would increase the sur-
shorter than the peak value for the sub-saturated lifetimes, which |$ L S
near 20 min. ace area significantly and decrease fall rates, resulting in in-
creased atmospheric lifetimes for the particles. Therefore, it
is likely that significantly more than 100m%/cm?® polluted
6.3 Loss of NOs on suspended ice particles ice surface area density is present in ice-saturated air masses.
Even with some size reduction, ice particles may not be
For relative humidity with respect to ice less than 100%, in the submicron size range, and Eq. (3) would then not be
ice should evaporate, thermodynamically, and suspended icgirectly applicable due to mass transport limitations. How-
particles should not be present. When air cools and RH suever, because the size of the particles is probably near the
persaturates, that is, becomes greater than 100%, ice Crygnicron size threshold, we feel it is useful to consider the
tals should thermodynamically form. However, nucleation magnitude of the inferred reactive uptake coefficientifs-
of ice crystals can be a significant barrier to ice crystal for-ing a lifetime of 6 min (the peak of the ice-saturated data)
mation, allowing RH to exceed 100%urry et al.(1990 in-  and anA of ~1000um2/cm®. In this limit, one arrives at
dicate that at cold temperatures particles often nucleate neain estimate of 0.05 foy(N2Os) on polluted ice particles.
the thermodynamic threshold. Therefore, we use a threshol@vhile not quantitative, this estimate is in reasonable agree-
of 100% to separate conditions that may have suspended ia@ent with laboratory and ambient observationg ¢KOs)
particles from those that cannot have ice present. with respect to aerosol particledgnson and Ravishankara
The observed pDs lifetimes, in combination with parti- 1991 Hallquist et al, 200Q Mentel et al, 1999 Leu, 2003
cle surface area can provide an estimate of th®d\uptake  Brown et al, 2006). A better estimate of the reactive up-
coefficient, ¥ (N20s). The uptake coefficient describes the take coefficient is not possible because we do not know the
efficiency with which NOs undergoes heterogeneous hy- size of the particles nor their abundance. Thus, we simply
drolysis per collision with particles. For particles less than note that reaction on suspended ice surfaces is a feasible sce-
1um diameter, which do not suffer kinetic limitation by mass nario based upon past work on ice particulate pollution in
transport, the reactive uptake coefficient is given by Fairbanks. It is important to consider the state of the surface
of the ice particles. The particles are formed in a polluted air-
—_— 3) mass that contains at least partially soluble aerosol particles.
c¢A7(N20s) Measurements of Fairbanks pollution indicate approximately
Here,c is the mean molecular speed 00k, andA is the  20% of the aerosol particle mass is sulfdid Genova and
aerosol surface area density. Dulla, 2007). Sulfate that would nucleate or stick to ice par-
Ice particle concentrations have been measured to exticles would be expected to partition to the surface and lo-
ceed 1000 (=1 cni3) in the Arctic Girard et al, 2005 cally melt the ice surface. Therefore, ice particles forming
Curry et al, 1990 Ohtake et aJ.1982. Studies of pol- in polluted and ice-saturated air masses are unlikely to be
luted air masses in the Arctic and ice particle size distribu-pure ice. Instead, the ice particles are likely to have surfaces
tion measurements are scarce but have been measured bgated with concentrated aqueous solutions containing sul-
Benson(1965, who measured ice particles to be betweenfate, which have been shown to have relatively high surface

¥ (N20s)=
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Fig. 7. Time series of NOg mixing ratios and directly measured aerosol properties.

reactivity from ambient observationBrown et al, 20068. loss of NeOs under ice-saturated conditions. The longer life-
Undoubtedly, further studies characterizing ice particle sur-times observed under unsaturated conditions would then be
face area density are required to quantify the role of ice partiindicative of less turbulent contact with the surface.

cles in the removal of pDs from the atmosphere. However,
the significant difference we observe between ice-saturate
and sub-saturated 95 lifetimes clearly indicates that ice
has a significant effect onJ0s heterogeneous hydrolysis.

%.5 Loss of NOs with respect to aerosol particles

A third hypothesis would be thatJDs losses occur on sub-
6.4 Loss of NOs on snowpack micron aerosol particles, as has been considered under warm

conditions Brown et al, 20068. Our observations of aerosol
As discussed earlier, an alternative hypothesis is that the RHparticles did not include a direct measurement of the aerosol
with respect to ice is an indicator of dynamic contact of air- surface area density; therefore, other aerosol measurements
masses with the snowpack. In this hypothesis, we wouldvere used to constrain estimates of the aerosol surface area
expect that saturated airmasses had recent contact with tHensity and to consider losses ob® on aerosol parti-
snowpack, and short 205 lifetimes may then indicate de- cles. The aerosol particle measurements were carried out in
position of NboOs to the ice surfaces in the snowpack. The a heated shelter, and thus, any ice particles that may have
longer lifetimes representative of drier airmasses may therbeen sampled would have evaporated, and we would mea-
be indicative of losses on other surfaces or less dynamigure only their non-volatile nuclei. Volatilization can also re-
contact with the surface. We know of no measurementssult in under-determination of semi-volatile compounds (e.g.
of the deposition velocity of pDs to snow surfaces, but hitric acid) in ice particle nuclei or aerosol particulate mat-
measurements of deposition of HyYGndicate deposition ter. Therefore, the following analysis is focused solely on the
velocities on the order of 1-2.5 cm’ (Levy and Moxim data derived from collection of non-volatile sulfate aerosol
1989. The boundary layer is generally very stable dur- particles.
ing nighttime in these data due to strong radiative cooling If N2Os losses on aerosol dominate, the expected result
from the snow surface and low wind speeds, so it is notwould be an anticorrelation betweetiN>Os) and aerosol
easy to define a well-mixed surface layer from whickOy surface area, where lifetimes would be shorter in the pres-
would deposit. However, if we take the lowest 5m of the ence of higher surface areas. Figuteshows a time se-
atmosphere to be well mixed and a deposition velocity ofries of the NOs mixing ratio with two directly measured
1cmst, the NbOs lifetime would be 500s or about 8 min. aerosol properties, particle number density and total submi-
This timescale is similar to the observed lifetime ofQ¢ cron sulfate mass concentration. The aerosol data start later
for ice-saturated airmasses, so it appears feasible that depthan the NOs measurements, and are sometimes missing
sition to the ice in the snowpack is responsible for the rapiddue to equipment operations or malfunctions. The sulfate
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oot ' ' ! * * ] log-lifetime distribution in each of these four bins, while the
: dashed lines show: one standard deviation of log-lifetime.
No significant trending of the lifetime is observed in these
data, again indicating that aerosol surface area does not ap-
pear to be controlling the D5 lifetime. It is possible that
high variability in the reactive uptake coefficient on aerosol
particles would act to mask a direct relationship with aerosol
surface area. In facBrown et al.(2006h) observed a large
variability in (N2Os) when changing between Ohio River
vl Ll . Valley acidic sulfate aerosol and maritime aerosols. How-
" o . : 3 ever, in our study, there is one dominant source of aerosol,
o e : Fairbanks pollution, which would be expected to have more
40 50 constant aerosol properties than the aircraft-sampled data re-
ported by Brown et al, 20068.
Fig. 8. The relationship between aerosol surface area ag@sN The report byDi Genova and Dullg2007) indicates that
lifetime. The red points correspond to individual “selectesOy less than 10% of the total aerosol mass in Fairbanks is from
steady-state lifetimes as a function of aerosol surface area derivetiitrate. TheDi Genova and Dull§2007) methods were based
from the modified drum data. The black line shows the mean ofupon filter sampling, which could under-sample nitrate due
the log-lifetime distribution within each of four bins covering the to revolatalization, and thus there could be more nitrate in the
observed range of aerosol surface areas, and the dashed lines regetual aerosol. However, it is difficult to attribute the short
resent1-sigma of the distribution of log-lifetimes. The data fail N,Qs lifetimes observed during our study to suppression of
tp s_how an anticorrelatior_l between aerosol surface area a@¢d N the nitrate effectilentel et al, 1999 at high RH. Given the
lifetime. See text for details. cold conditions of our study (typically-10 to —30°C) and
RH with respect to ice (Fig. 4), it is likely that the majority of
the water associated with the aerosol particle was frozen, and
. - . similarly to the discussion above for sulfate and ice particles,
data are derived from the modified drum instrument and gengerosol particles are likely to have surfaces coated with con-
erally have 2-h time resolution, leading to a discontinuouscentrated nitrate solutions, potentially increasing the nitrate
appearance. On 12 November, the aerosol instrument makffect on NOs hydrolysis.
functioned leading to a single 24-h sample. While Fg. To estimate the PDs reactive uptake coefficients on
showed a visible anticorrelation betweep®$ and ice sat-  zerosol particles, we again refer to Eq. (3). Estimates for
uration, these data (Fig) fail to show clear anticorrelation zerosol surface area density, were arrived at using two
with aerosol abundance. independent methods. First, we used the average surface
The size-resolved sulfate mass concentration data werarea, 24:m?/cm?, calculated from the modified drum im-
converted to aerosol surface area estimates as described gactor data. Alternatively, as a check of these calculations,
low. Sulfate was only present in the two smaller size bins,we converted the condensation particle counter number den-
which measure particles 0.12 to 0,3t diameters (geomet- sity data to an inferred surface area using published tri-modal
ric mean diameter 0.19m) and 0.30 to 0.84m diameters log-normal particle size distributions. Parameters for this
(geometric mean diameter 0.5@). The majority, 60%, of  conversion were taken frof8einfeld and Pandi€L998 for
the mass was in the smaller size range, with the remainingurban” and “rural” pollution. The urban and rural distri-
40% in the larger submicron size bin. The raw measuremenbutions give differing estimates of surface area of 31 and
is the sulfate aerosol concentratigng{m?), which is con- 54 um?/cm?, respectively, and while the estimation is clearly
verted to an estimated total particulate concentration in eaclerude, it indicates that dry aerosol surface areas are rela-
size bin by dividing by the ratio of sulfate to total particulate tively small. While these various estimates of aerosol surface
mass. The total aerosol concentration, for each of the sizarea are only semi-quantitative, because of the necessity to
bins, is then converted to a surface area based upon sphericalake assumptions regarding the aerosol properties, each es-
particles with a density of 1 g/ctrat the mean geometric di- timate gives surface area densities that are maximally around
ameter of the size bin. The surface area is dominated by th80m?/cm®. The resultant estimates fp(N20Os), assuming
smallest bin, which contains 80% of the surface area, with aall losses occur on aerosol particles, would be approximately
small contribution by the middle bin (20%). The campaign equal to unity, more than an order of magnitude higher than
average aerosol surface area ig@#?/cm®. Figure8 shows  other observed valueslianson and Ravishankaf991; Hal-
the relationship between the;8s steady-state lifetime and Iquist et al, 200Q Mentel et al, 1999 Leu, 2003 Brown
the aerosol surface area. No obvious anticorrelation is seeat al, 20068. Therefore, the large losses 0p® observed
in these data, so we attempted to bin the data into four levelén our study are not readily explained by particulate pollu-
of aerosol surface area. The black line shows the mean of thgon in the cold Fairbanks pollution plume. Instead, the lack

N, SS lifetime / minutes

0 10 20 0
Dry Surface Area / (umz/cmz)

Atmos. Chem. Phys., 8, 7457463 2008 www.atmos-chem-phys.net/8/7451/2008/



R. L. Apodaca et al.: Ice and high-latitude R€hemistry 7461

of anticorrelation of NOs lifetime with particle counts and  from increasing fossil fuel consumption or ship traffic in the
sulfate mass, in addition to estimates of surface area indiNorthwest Passage, the ecological impacts of &dation
cating that aerosol particles are insufficient to explain lossesnd the subsequent nitrogen deposition becomes more im-
of N2Os using laboratory values of (N2Os), supports the  portant to understand.

idea that other surfaces are important foQy losses in cold
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