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Abstract. Observations of speciated nitrogen oxides, namelyport of NG, from the boundary layer. Nocturnal observations
NO,, total peroxy nitrates XPNs), total alkyl nitrates of airmasses characteristic of the free troposphere showed
(XANs), and HNQ by thermal dissociation laser induced lower NG, concentrations, which were dominated by HNO
fluorescence (TD-LIF), and supporting chemical and mete-with a relatively small contribution from the organic nitrates.
orological measurements at Big Hill (1860 m), a high ele-
vation site in California’s Sierra Nevada Mountains, are de-
scribed. From May through October, terrain-driven winds
in the region routinely bring air from Sacramento, 100km 1 Introduction
southwest of the site, upslope over oak and pine forests to
Big Hill during the day, while at night, the site often samples Anthropogenic activity increases the abundance of nitrogen
clean, dry air characteristic of the free troposphere. Win-oxides (NQ) in an urban atmosphere by orders of mag-
ter differs mainly in that the meteorology does not favour nitude above global and regional background levels. Af-
the buildup of Sacramento’s pollution over the Sierra Nevadater entering the atmosphere, nitrogen oxides are diluted and
range, and the urban-influenced air that is seen has been lesbemically processed on timescales of minutes to hours.
affected by biogenic VOC emissions, resulting in longer life- In daylight, NQ, is quickly interconverted between its two
time for NO; and a predominance of the inorganic forms of forms, NO and N@, and in the presence of OH and
nitrogen oxides. volatile organic compounds (VOC), catalytic ozone pro-
Summertime observations at Big Hill can be comparedduction ensues. When the cycle is terminated by asso-
with those from Granite Bay, a Sacramento suburb, and fronfiation reactions between NGand odd hydrogen radicals
the University of California’s Blodgett Forest Research Sta-(HOx=OH+HO,+R0,), higher oxides of nitrogen (Nfpare
tion to examine the evolution of nitrogen oxides and ozoneformed. The more oxidized NCspecies may act as reser-
within the urban plume. Nitrogen oxide radicals (NO and voirs or sinks for the N@Qradicals, and in some instances gas
NO,), which dominate total nitrogen oxides ()at Gran- to aerosol conversion results in the formation of nitrate par-
ite Bay, are rapidly converted into HNQE PNs, and= AN, ticles. Because of the timescale of this photochemistry, rural
such that these compounds contribute 29, 30, and 21% reand remote regions downwind of major N®ources are of-
spectively to the NQ budget in the plume at Big Hill. Nev- ten more severely affected by secondary pollutants, such as
ertheless, the decreasing concentrations o Bi$the plume ~ 0zone or particulate matter, than the source area (e.g. White
is advected to Big Hill lead to decreases in the productionetal., 1976; Blumenthal et al., 1978; Trainer et al., 1995; Ry-
rate of HNQ and ozone. The data also demonstrate the roleerson et al., 2001; Dillon et al., 2002; Neuman et al., 2003;
that temperature plays in sequestering,N@o peroxy ni-  Zaverietal., 2003).
trates, effectively decreasing the rate of ozone production. Observations at many remote continental locations show
The important contribution oE£ANs to NQ, in the region  that the concentration and speciation of total reactive ni-
suggests that they should be considered with regards to exrogen oxides (NQ=NOx+NO,) are strongly influenced by
meteorological conditions. At many sites in eastern North
Correspondence to: R. C. Cohen America concentrations of primary and secondary pollutants
(cohen@cchem.berkeley.edu) depend strongly on wind direction and season (Fahey et al.,

Published by Copernicus GmbH on behalf of the European Geosciences Union.



5322 J. G. Murphy et al.: Diurnal and seasonal trends in nitrogen oxides

1986; Munger et al., 1998; Hayden et al., 2003). During2 Measurement sites
summer months there is a strong correlation observed be-
tween ozone and NQTrainer et al., 1993; Thornberry et al., The Big Hill monitoring site (38.84N, 120.42 W, 1860 m)
2001; Zaveri et al., 2003). Measurements from a high elevais located in Eldorado National Forest in Placer County, Cal-
tion site in the Swiss Alps show concentrations are governedfornia and was continuously maintained from March 2003
by the relative contributions from polluted airmasses origi- to February 2004. The site is located within a 24 000 acre
nating over continental Europe and cleaner airmasses frorforest fire scar from the Cleveland Fire of 1992 and there re-
the free troposphere (Zellweger et al., 2003). As the transimains minimal vegetation within 1 km of Big Hill. The site
boundary nature of air pollution becomes better appreciatedis approximately 5 km north of Highway 50 and 30 km south
there is an increasing impetus to quantify the export of reacwest of Lake Tahoe. A climate-controlled 9 m long trailer
tive nitrogen oxides between continents (Liang et al., 1998was used to house the trace gas instruments and was posi-
Li et al., 2004; Parrish et al., 2004), and the role it may playtioned on the west side of the hill, upwind of nearby struc-
in affecting downwind air quality (Li et al., 2002; Hudman et tures (fire lookout tower, heliport) during the daytime hours.
al., 2004). This requires a complete understanding of the facSampling inlets were mounted using a tower on the trailer
tors that govern the chemistry, mixing and losses of nitrogerroof, approximately 5 m above ground level.
oxides over the appropriate timescales. The details of the thermal dissociation laser-induced flu-
orescence (TD-LIF) instrument used to measure reactive ni-
This paper describes speciated Nffaita obtained at three trogen species and its performance characteristics during the
sites located along an east-west transect between Sacrameriig Hill measurement campaign are described below. In
and Lake Tahoe, California. The measurement sites are loaddition to the measurements of lNGpecies carried out
cated downwind of Sacramento during daylight hours, in theby TD-LIF, California Air Resources Board (CARB) main-
outflow of its urban plume. The goals of our analysis aretained a meteorological station (Met One Instruments) to
to examine the seasonal and diurnal cycles in nitrogen oxideneasure temperature, humidity and wind speed and direc-
compounds at the most remote site, Big Hill, and to com-tion. Inside the trailer, CARB had two beta-attenuation mon-
pare the summertime measurements made at all three siteors (BAMs, Met One Instruments) to measure particulate
This comparison allows us to investigate the role that nitro-matter with diameters less than 2.5 andutd (PM; s and
gen oxides play in regional ozone formation and to quantify PM1g), and commercial instrumentation to measurg/@d
the distribution of NQ available for export from the region. NOy (Teco 42CY), CO (API 300), and4XAPI 400). Unfor-
In Sect. 2 we provide details about the location, charactertunately, the CO instrument did not have sufficient sensitiv-
istics, and instrumentation of the three measurement sitedty, and the CARB NG, data were not recorded with suffi-
Section 3 explains the thermal dissociation laser-induced flucient precision to yield useful values at this remote site.
orescence technique used to make measurements of speci-Twenty kilometers northwest of the Big Hill site, the Uni-
ated nitrogen oxides at each of the sites. The regional meteversity of California operates a research site at Blodgett For-
orology is described in Sect. 4, both in terms of its seasonalest (UC-BFRS) within a managed ponderosa pine planta-
ity, and the orographically driven diurnal cycle that drives air tion located at 38.88N, 120.62 W. Instruments are housed
from the urban area towards the remote, high elevation Sierravithin a climate-controlled trailer and inlets are positioned
Nevada during the day. Section 5 begins with a descriptiomat the top of a 10 m tower nearby. Measurements of reac-
of the annual cycle (March 2003—February 2004) of nitrogentive nitrogen have been made at the site using TD-LIF semi-
oxide measurements made at Big Hill. In Sects. 5.3-5.5, wecontinuously between October 2000 and October 2005. Ad-
include measurements from two other sites: the nearby Uniditionally, long-term records exist for meteorological vari-
versity of California Blodgett Forest Research Station (UC-ables, CQ, CO, ozone and several VOC. The main differ-
BFRS) and from Granite Bay, a Sacramento suburb. Sumences between the two sites are that UC-BFRS is at a sig-
mertime data from 2001 for the latter sites are compared witmificantly lower elevation, 1315 m, is 20 km closer to Sacra-
Big Hill data from the summer of 2003. Long term measure- mento, and is surrounded by dense vegetation. These factors
ments of climate variables and ozone at UC-BFRS show thahave a dramatic influence on the meteorology and chemistry
there is relatively little interannual variability between sum- at the sites, and consequently on the partitioning of reactive
mers, and these two years in particular are very similar. Furnitrogen.
thermore, routine monitoring of ozone and &t Folsom, a During the summer of 2001, observations were made from
site close to Granite Bay, shows that the chemical charactera site at the northeastern edge of the Sacramento area in
istics of the airmasses advecting east from Sacramento wer@ranite Bay (38.74N, 121.20 W, 277 m). This site was
very similar in both years also. Therefore we are able to usddeally positioned to allow characterization of the initial con-
data from the three sites to examine the physical and chemditions of the urban plume as it left the populated region and
ical variables that determine the processing and distributiormoved upslope. Figure 1 shows the location of all three mon-
of nitrogen oxides in an airmass as it moves away from anitoring sites. The instruments at Granite Bay were housed in
urban area. the same mobile laboratory trailer that was later used at Big
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Fig. 1. Map of western Sierra Nevada region between Sacramento and Lake Tahoe, CA. Monitoring sites used in this paper include Granite
Bay, a northeastern suburb of Sacramento, and Blodgett Forest (UC-BFRS) and Big Hill, located in the mid-elevation Sierra Nevada. Arrows
depict the general daytime upslope, nighttime downslope flow pattern which dominates in the region.

Hill. A prototype LIF instrument measured NQontinu- long, 10cmx 10 cm steel box mounted vertically to a tower
ously (Cleary et al., 2002), while a second TD-LIF instru- on the trailer roof. The individual nitrogen oxide compounds
ment obtained measurements of Nahd the individual N@ (NOyi) are converted to N@immediately after entering the
species (Cleary et al., 2005). In this analysis, we also makénlet to minimize sampling losses. Aside from the oven sec-
use of ozone measurements (Dasibi, 1008) from that site. tions, which are made of quartz, all the tubing in the inlet

system is made of PFA, including the 10 m long lines that

delivered the air from the rooftop inlet to the instrument in-
3 TD-LIF instrument for NOy side the trailer.

o Laser-induced fluorescence is a highly sensitive and se-
tlective method for detecting NCOn the atmosphere (Thorn-
ton et al., 2000, 2003). In the configuration used here, a
Nd:YAG-pumped dye laser operating at 585 nm is used to

cite a particular rovibronic feature in the MNGpectrum.

he resulting fluorescence in each of two cells is collected
by photomultiplier tubes with laser scatter and background
light reduced by bandpass filters and time-gated detection.
The sensitivity was also enhanced by use of a supersonic ex-

Thermal dissociation laser-induced fluorescence was used
make specific, rapid, cross-calibrated measurements ef NO
the sum of peroxy nitrate specieEPNs=RO,NO»), the
sum of alkyl nitrate specieSYANs=RONO®,), and HNG.
Heated ovens thermally decompose the organic nitrates an
nitric acid to NG at temperatures characteristic of the com-
pounds XO-NQ bond energy (Day et al., 2002). At am-
bient temperatures, only NQOs responsible for the instru-
ment signal. When the sample stream is heated t6Q80r

approximately 100 ms, the peroxy nitrates thermally decomPanSion in which the gas st_r_eam iS. _expanded into_ low pres-
pose to yield N@. By subtracting the ambient NCfrom sure 0.3 Torr) through a critical orifice. The resulting ther-

the total NQ measured after heating, the concentration ofmaI cooling of the gas forces a greater fraction of the;NO

peroxy nitrates can be calculated. In a similar fashion, them°|eCUIeS being sampled to absorb at the wavelength of light

air stream is heated to 330 to dissociate alkyl nitrates and provided_ by the dye laser and results in a stronger fiuores-
550°C for HNOz. The TD-LIF instrument at Big Hill had ~ ©€"°€ signal Measurements were made at a rate (.)f 1Hz
two ovens. The ovens were cycled through temperature pair ith an avera_ge detection limit throughout the campaign of

to make measurements of each class ofyNfor example 5ppu's (SIN=2).

one oven at 550C and the second at 330 to make a mea- Careful effort was made to ensure the accuracy and pre-
surement of HN@. The inlet system was housed in a 1.7 m cision of the measurements made by TD-LIF. A zero air

www.atmos-chem-phys.net/6/5321/2006/ Atmos. Chem. Phys., 6, 5321-5338, 2006
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0.8 ‘ ‘ a supersonic expansion (Thornton et al., 2000; Day et al.,
0.6 ]Oven 2 held at 340 °C L 2003) and in subsequent deployments with different pump-
0.4 ] ing and detection schemes, the correction is less than 10%
0.2 for every percent of water vapour.
—~ 0.0 ] The conversion of peroxy nitrates, alkyl nitrates and
e 0.2 . — . . , ) HNOs to NO, enables us to calibrate using only Métan-
e 10ven 2 held at 180 fCL'__',. 0.6 dards, however permeation tubes of n-propyl nitrate and
N N koo i) 0.4 HNO3; were also used to check instrument response and,
8 ] 0:2 most importantly, to confirm oven temperature settings. As
. 0.0 a result of these diagnostic procedures, the concentrations
~ 08 . i . . . 0.2 measured by TD-LIF are accurate to better than 10% fo NO
D 06 10Oven 2held at 40 °C and 15% forzPNs,XANs, and HNQ. Because it was nec-
O 04 é_‘.‘i"“': essary to cycle through oven pairs, measurement intervals for
02 1. s | SPNs any compound were roughly 30 min, during which time data
0.0 ] # were collected at 1 Hz.
02 - Figure 2 shows data acquired while sampling the atmo-
0 100 200 300 400 500 600 sphere and slowly ramping the hotter oven (Oven 1) from a

setting above the cool oven (Oven 2) to the same temperature.
The y-axis shows that the concentrations in both cells are on

Fig. 2. The y-axis shows how the difference between concentrationVerage the sgme When the"_ oven temperature_s are th? same.
ghe S-shape is consistent with the sample residence time in

of NOsbeing measured in cells 1 and 2 changes as oven 1 is rampe
from a temperature well above oven 2 down to the same temperathe oven and the known bond energies and unimolecular dis-
ture. For example, the lower panel shows that when cells 1 and Bociation kinetics of the reactive nitrogen species being mea-
have their ovens set to 180 and°@) respectively, the concentra- sured. The shapes of these atmospheric scans are consis-
tion difference between them can be attributed to peroxy nitratestent with those observed using a diffusion tube PAN standard
When the temperature of oven 1 is slowly reduced to be the same agnd permeation tube standards of n-propyl nitrate and §INO
oven 2 the two cells agree on average. Each datapoint representsgided to both dry zero air and to ambient air, confirming that
3-s average during a scan of the ambient atmosphere at Big Hill. - atmospheric constituents do not influence the decomposition
behaviour of the nitrogen oxide species.
generator (Sabio 1000) was used to provide clean air free Because there is no particle filter on the inlets, aerosol
of nitrogen oxides for zeros and calibrations. Zeros werethat comprises volatile nitrates (i.e. YNO3) thermally de-
performed approximately every two hours and were pro-composes in the ovens yielding HNGurther decomposed
grammed to occur at every temperature setting. A NIST-to NO, only in the 550C oven. Therefore the values re-
traceable cylinder of 5.17 ppm NQBOC gases) was used ported for the concentration of HNQepresent the sum of
for calibration of the instrument every three hours. Massgas phase and semi-volatile aerosol nitrate. Laboratory stud-
flow controllers (MKS) were used to dilute the NGtan-  jes have confirmed that the measurement does not capture
dard in zero air and deliver four known concentrations in thenon-volatile aerosol nitrate salts (Bertram and Cohen, 2003).
range of atmospheric concentrations. Zeros and calibrationsimilarly, we would expect any particulate organic nitrate to
were carried out by delivering the gas mix to the top of the contribute to the measurements made following the°@30
inlet housing so that the gases would interact with the inletoven. Very little is known about the abundance of particle

in exactly the same manner as during routine sampling an(i)hase organic nitrates in the atmosphere.
with sufficient flow to overflow the inlet during these diag-

nostics. Furthermore, standard additions were carried out by

adding a small flow of the N@standard during sampling 4 Regional transport

of the atmosphere to compare the instrument response and

check for potential interferences resulting from atmosphericDue to its position on the western slope of the Sierra Nevada,
constituents. Due to the influence of water vapour on theBig Hill is subjected to extremely regular wind patterns, es-
fluorescence lifetime on N£a humidity correction was ap- pecially during the summer. Daytime heating causes upslope
plied to the data. Based on laboratory tests, for every percerftow that draws air from California’s Central Valley east-
water vapour mixing ratio in the atmosphere, the data werewvard into the higher elevations of the Sierra Nevada range.
corrected upward by 18%. The magnitude of the correctionWhen the sun sets, the flow reverses and the air drains from
was determined empirically for this specific instrument con- higher elevations back toward the valley floor (Fig. 1). This
figuration and confirmed by standard additions because it deflow regime persists along much of the western slope of the
pends on the details of the detection scheme and the use &ierra Nevada (Zhong et al., 2004) and strongly influences
a supersonic expansion. In previous configurations withouthe seasonal and diurnal patterns observed in primary and

Temperature of Oven 1 (°C)
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secondary pollutants seen in the region (van Ooy and Carroll, 1000 . .

1995; Bytnerowicz et al., 2000; Carroll and Dixon, 2002). from the East
wind speed and direction measurements made at the UC 750 1=

BFRS, Big Hill, and other sites maintained by the California ] n

Air Resources Board in the vicinity show that the general E 500 -

wind direction in the region is from the WSW during the ~— u ¥ n

day and the east at night. The UC-BFRS tends to experi- g 2501 = %1 o -

ence winds from the NE at night while flow at Big Hill is " . Tl

from the SE, likely due to topographical differences between = 0 U =

the two sites. During upslope advection, the concentration of < ] " a " u "

constituents within the urban plume may be altered by dilu- <" -250 - . .W.

tion, deposition, photochemical transformations and further 8 ] n®

emissions. Examining the measurements made at sites alon < -500 =

the Sacramento — Lake Tahoe transect allows us to separat + ]

out these parameters and identify the variables controlling % -750

nitrogen oxide concentrations in the Sierra Nevada foothills ] from the West

downwind of Sacramento. -1000 T . . —t——
Observations made at these ground sites reflect the pro Jan Mar May Jul Sep Nov

cessing of boundary layer airmasses downwind of Sacra- Time of Year (2001-2003)

mento during the daytime. Evidence that is described later

shows that a.lt 1860 m elevation, Big Hill frequently experi- Fig. 3. Depiction of regional weekly net east-west airflow using
ences nighttime downslope flow from the free tI’Opc’Spheremeteorologi(:al data from UC-BFRS for the years 2001-2003. Be-

The boundary layer is expected to be surface-tracking, akyeen March and October, net flow in the region is from west to
least to elevations of 2000 m in the daytime, and is signifi- east, however this trend is reversed during the winter months.

cantly shallower at night. Figure 3 shows a calculation of the
net weekly east-west airflow averaged for the years 2001—
2003, based on wind speed and direction measurements 8t Resultsand analyses
UC-BFRS. The data suggest the while net airflow between
March and October is from west to east, during the winterMeasurements of N§ total peroxy nitrates, total alkyl ni-
months long periods of downslope flow result in the net di- trates and HN@were made between March 2003 and Febru-
rection of flow at the surface being from Lake Tahoe towardary 2004 at Big Hill. Meteorological variables, ozone, and
Sacramento. During the winter, daytime upslope flow is gen-PM; o were also measured and are incorporated into the anal-
erally too short-lived to transport anthropogenic pollutantsysis. The corresponding measurements made at UC-BFRS
from the Central Valley significantly further east than Big are included to develop a more complete picture of the fac-
Hill. Meteorological measurements made at the surface canors controlling the distribution of reactive nitrogen within
not capture the effect of flow aloft, which may be particularly the region. The annual cycle of measurements are discussed
different during winter months when storm systems tend towith reference to seasonal differences and their causes. Then
move rapidly from west to east. the summertime data (June through October) are analyzed
On an average midsummer day, an airmass moves roughlghore fully to examine correlations between trace gas con-
100 km from east to west while the sun is up and then maystituents and climate variables. Diurnal cycles from Big Hill,
backtrack 50 km to the west overnight when the flow is re-UC-BFRS, and Granite Bay are compared to derive an un-
versed. This pattern results in air sloshing back and forthderstanding about the relative roles of chemical production
along the western slopes of the Sierra and contributes to aand loss, dilution and deposition in the urban plume.
increase in the regional background of reactive nitrogen. At
lower elevation sites, like UC-BFRS, airmasses measured &.1 Seasonal cycles in nitrogen oxide species at Big Hill
night were likely also sampled several hours earlier when
they passed by in the opposite direction. At Big Hill, mete- Data were obtained at Big Hill from March 2003-
orological and chemical observations during the early morn-February 2004. Because of electrical power failures virtually
ing hours suggests that the site is experiencing descending aio data were collected during May 2003. The nearly com-
characteristic of the free troposphere. Because of the charaglete annual cycle allow us to compare meteorology and re-
teristic transport times in the region, derived from local wind active nitrogen throughout most of the year. Figure 4 presents
speeds and directions, airmasses passing over Granite Bannual observations of temperature, absolute water vapour,
between 06:00 and 12:00 PST represent the initial conditiongind total reactive nitrogen. For measurements at this re-
of airmasses that reach the UC-BFRS and Big Hill betweenmote site, we define NOas the sum of all compounds mea-
roughly 11:00 and 20:00. sured by TD-LIF ENO;+XPNs+2ANs+HNQOgz), as the

www.atmos-chem-phys.net/6/5321/2006/ Atmos. Chem. Phys., 6, 5321-5338, 2006



5326 J. G. Murphy et al.: Diurnal and seasonal trends in nitrogen oxides

— 4 3
Ko [a]
Q 3 O - 1
= < : I!
> 2 I 1 i i
2 i byl WM
=z 1 o4 'h‘“ “ ‘
)
—_ ° 1 E 2
g " g .
o 10 3 , T ‘(: |
~ Q_ 0 IUL e T .
O, 5 o
— 2
I 0 'I
O 20 ] Z 1 bl !
0(_) 20j o ' i u u %
- 10 4 Il 0 A sk - L oa - A
a i ' '
S ° 2 P . Lo
] ~ 1 . ‘ : .‘--. .
=0l ———— Q iy ‘h A T .!I:?
0 60 120 180 240 300 360 Zz F: o Ll P
0 AL LLl . .

60 120 180 240 300 360
<-2004 | 2003->  Julian Day

o

<-2004 | 2003->  Julian Day

Fig. 4. Full dataset obtained at the Big Hill monitoring site for
NOy,.a.b.squte water in parts per thousand, and temperature. Datgig_ 5. Annual record of individual N§} species, N@, TPNs,
acquisition began 5 March 2003 (day 64) and ended on 23 Februar&ANs and HNG measured at Big Hill. Data points represent a 3-

2004 (day 54). min average and all concentrations are reported in parts per billion
by volume.

contribution from other species is expected to be less than

10% based on comparisons with a total N@strument ~ sources to a similar extent throughout the year. During win-
made at UC-BFRS (Dillon, 2002). The water vapour valueter, lower rates of oxidation reduce the conversion of,NO
is reported as a mole fraction in parts per thousand (ppth)to HNO;z, the ultimate sink of NG, and therefore maximum
Based on the temperature data, it seems reasonable to coNOy values are measured during the winter months (Moody
sider two different sets of conditions: summer (June throughet al., 1998; Munger et al., 1998). The shallower planetary
October) and winter (November through April). While the boundary layer during the winter months also favors the ac-
relative humidity was quite low during the summer months, cumulation of higher concentrations of pollutants. Another
the absolute water vapour content is actually higher on avfeature of the sites on the western slope of the Sierras that
erage during summer compared to winter. Reactive nitrogerlistinguish them from other locations with annual records is
is higher during the summer months at the site though theréhat because precipitation is rare in the western Sierra during
is substantial day-to-day variability. Most notable perhapsthe summer, wet deposition only acts as an important sink of
is that the lower values, generally measured during the earlfNOy during the winter.

morning, reach down almost to zero during the winter but Figure 5 displays the full annual record for all the indi-
generally not below 0.5ppb in the summer. This seasonalidual NQ, compounds at Big Hill. The organic nitrate
cycle is consistent with corresponding measurements carriedpecies,XANs and XPNs maximize during the summer
out at the UC-BFRS from 2001-2005. While emissions of months, when higher temperatures and photochemical ac-
precursor NQ are not known to change substantially in the tivity result in increased precursor VOC emissions, more
region by season, what does change is the extent to whichapid photochemistry and more persistent transport. This pat-
these urban emissions are processed and transported to thern contrasts with seasonal observations of PAN at more re-
western slope of the Sierra. As discussed above, net sumote locations such as northern Japan (Tanimoto et al., 2002)
face flow during the winter months is actually from east to and northern Europe (Beine and Krognes, 2000), which ex-
west, so reactive nitrogen does not have the same opporturibit springtime maxima and summertime minima. HNO
nity to build up in the foothills and mountains that it does in is also generally higher during the summer months, averag-
the summer. The seasonal cycle in N& Big Hill and the  ing around 0.5 ppb, but higher excursions tend to occur dur-
UC-BFRS is very different than that observed at sites thating the winter months. N®has the weakest seasonal cycle,
do not have a seasonal cycle in transport patterns. For eXikely because of compensatory effects between transport and
ample, Harvard Forest continues to sample air from urbarchemistry. During the hot summer months, strong transport

Atmos. Chem. Phys., 6, 5321-5338, 2006 www.atmos-chem-phys.net/6/5321/2006/
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at Big Hill. . .
Figures 7 and 8 show the observations of ozone, totgl,NO

PMzo and the individual NQ species for the same time pe-
of urban emissions to remote high-elevation sites is offset byriod. The late afternoon maximum observed for most species
rapid photochemical oxidation of N@o NOy. Inthe winter,  is consistent with transport of urban pollutants by daytime
the plume has barely reached the site before downslope flowpslope flow along the western Sierra slopes. Interestingly,
carries the urban influence away but a much greater fractiomhile NO, and XPNs exhibit the characteristic afternoon
of the total NG remains as N@due to reduced photochem- peak on day 230, it is noticeably absent in botp &hd
istry. in ©ANs, which are a co-product of ozone (Darnall et al.,

Many of the winter season high N@vents, especially in  1976). In general, the patterns of N@nd G track each
November 2003, occurred during prescribed burning event®ther during the summer months. However, an exception is
carried out by the U.S. Forest Service or Sierra Pacific Industhat total NG values do not decrease significantly at the end
tries, who own much of the nearby forests. Smoke plumef the week, yet ozone is close to 30 ppb, and there is little
could also be seen from upwind apple orchards and vineapparent photochemical production.
yards. During these nearby burning events ,N@d HNG Figure 9 shows the same meteorological variables as
were the most substantial contributions to N&hd particu-  Fig. 6, but for a week in late November. Winter condi-
late nitrate was likely an important constituent based on dataions are less consistent than during the summer, but this
from the BAM and two week samplers. Some of the low data demonstrate some widespread features of winter ob-
values of reactive nitrogen measured during the winter areervations at Big Hill. The weather is cooler and the rela-
the result of precipitation events that scrub soluble forms oftive humidity is higher during this time period than in the
NOy, such as HN@, from the atmosphere. summer. Several days of strong flow from the southwest
are interrupted on day 324 with a return to the more com-
mon upslope—downslope pattern but with weaker winds. Fig-
ure 10 shows that the diurnal variability of ozone has dimin-
In this section a summer week and a winter week are examished significantly compared to summer and values for the
ined in more detail. Figure 6 shows meteorological data fromweek all lie between 45 and 65 ppb. Ozone during this period
a typical summer week that starts with hot dry conditions, is not correlated with NQ) likely because NQis influenced
with a cooler wetter weather pattern moving in on day 232.by burning events during days 322-324. Figure 11 shows
The pattern of upslope—downslope flow is dominant on allthat strong flow from the west delivered high concentrations
days except the day of the weather shift. Daytime winds areof NO,, HNOs (and likely particulate nitrate) to the Big Hill
close to 4 m/s, while at night wind speeds average aroundgite, probably due to plumes from upwind burning events.
1 m/s and are more variable in direction. At the end of the weeklong period, a diurnal cycle in NO

5.2 Summer and winter timelines at Big Hill
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Fig. 8. Observations of N@ XPNs, XANs and HNQ from a from a typical winter week at Big Hill.

typical summer week at Big Hill.

5.3 Summer diurnal profiles of meteorology, trace gases

100 and particles

Figure 12 demonstrates the remarkably consistent meteo-
rology experienced by the Big Hill site during the summer
months (defined as June through October in this analysis).
Temperatures were between 10 and@0with an average
swing of approximately 7TC between night and day. Rain
was extremely rare and the relative humidity was generally
between 25 and 50%. With the exception of very few days,
between roughly 09:00 and 20:00, the wind blows from the
west. Wind direction during the night is more variable but
is generally from the east or southeast. Wind speed maxi-
mizes during the afternoon at about 4 m/s, and is slowest in
the early evening when the predominant flow is changing di-
rection from upslope to downslope. Wind speeds during the
night are more variable but are generally slower than during
the day. We exploit the consistency of the transport and cli-
o 1LY mate variables to analyze the data statistically without any
321 322 323 324 325 326 327 328 prior meteorological filtering and to develop our understand-
November 17-23, 2003 ing of the important parameters involved in determining,NO
distribution in the region.
Fig. 9. Observations of relative humidity (%), temperature (°C), ~ Figure 13 depicts the diurnal cycles of ozone, particulate

wind direction, and wind speed (m/s) from a typical winter week at matter, and total reactive nitrogen at Big Hill. As a result
Big Hill. of daytime flow from the Sacramento Valley toward the site,

and the photochemical processing that occurs along the way,

all three of these variables maximize around 18:00-20:00,
and especiall2PNs can be seen with the return to the usualjust before downslope flow begins. The minimum values in
flow pattern. Just as ozone concentrations have ceased to rigach of the variables occur around 10:00 just after upslope
significantly above background values in the regi#\Ns flow begins. The summertime diurnal cycles in the individ-
remains very low throughout most of the winter. ual reactive nitrogen species are shown in Fig. 14. To gain

80 ]
60
b1 e W A ¥, W

Relative Humidity

Temperature (C)

Wind Direction

Wind Speed (m/s)
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. . Fig. 12. Observations of relative humidity (%), temperatut€y,
Flg.' 11 _Observaﬂons Qf N@’ ZPNS’.EANS and HNGQ from a Wigd direction, and wind speed (m/s) byt);u()ur)of das for the éntire
typical winter week at Big Hill. Note different axes on h@anel. summer (June through October) at Big Hill. Individual hourly data
points for each day (open symbols) are overlaid by the averages
(mode for wind direction and mean for other variables) for each
further perspective on the factors controlling the distribution hour (solid symbols).
of reactive nitrogen and ozone along the western slope of the
Sierras, a comparison can be made between observations at
Granite Bay, UC-BFRS, and Big Hill. The diurnal profiles in left Sacramento. Emissions during the evening rush hour do
Fig. 15 are restricted to data acquired during the months ohot have time to travel far upslope before the sun sets and
July through September at all sites, because of the more limthe flow reverses, preventing these emissions from moving
ited temporal coverage of the Granite Bay data set. Fof,NO upslope. The small early morning rise in f@nd its con-
HNOgz, and NG, measurements from Granite Bay have beenstituent species at UC-BFRS has been interpreted to result
divided by three to put them on the same scale as the remottom the break up of the morning boundary layer, allowing
sites. In contrast concentrations of organic nitrates at all threair that has not been subjected to surface losses mix down
sites are approximately in the same range. While the sum ofrom above (Day, 2003).
species measured by TD-LIF adequately represents O | contrast to NG, which is a tracer both of primary urban
remote sites like Big Hill and UC-BFRS, NO is a signifi- emjssion and their secondary photochemical products, ozone
cant fraction of daytime reactive nitrogen at Granite Bay andjs solely a secondary pollutant. For Granite Bay, odd oxygen
has been estimated using chemical and meteorological fago, =05+ NO,) is plotted to account for the effect of recent
tors (Cleary et al., 2005) for Fig. 15. NOx emissions on the conversion of ozone (Fig. 15b). At
Mobile emissions are the main source of nitrogen oxidesthe remote sites, recent N@missions are not important and
in the Sacramento Valley, thus concentrations of,N® NO, accounts for less than 3% of odd oxygen and ozone is
crease substantially during morning rush hour, often exceedplotted alone. At Granite Bay, thex@rofile reflects rapid
ing 10 ppb at Granite Bay (Fig. 15a). The increase inyNO photochemical production of ozone in the urban and subur-
shortly before noon at the remote sites is consistent with a 5-ban environment. Ozone produced in Sacramento is advected
6 h upslope transit time of the urban emissions . N&better  upslope, and ozone production also continues during transit.
conserved than any of the individual constituent species an@®zone is lost through deposition and dilution, though the re-
is mainly lost to deposition and dilution. At UC-BFRS, WO gional background is not sufficiently low to make dilution
peaks between 15:00 and 18:00 with concentrations roughly rapid sink. The dip in ozone between 06:00 and 09:00 at
one quarter of the NPleaving Granite Bay five hours ear- UC-BFRS is associated with the opening of plant stomata
lier. At Big Hill, peak NG, concentrations occur between coincident with sunrise (Kurpius and Goldstein, 2003). This
16:00 and 19:00 and have been reduced further to roughlyeature is not observable at Big Hill, likely due to the lack of
one fifth of the initial concentrations in the plume when it local vegetation. During upslope flow, Big Hill consistently

www.atmos-chem-phys.net/6/5321/2006/ Atmos. Chem. Phys., 6, 5321-5338, 2006



5330 J. G. Murphy et al.: Diurnal and seasonal trends in nitrogen oxides

1.5
[s2]
O 1.0
THT =
H I 05
g‘ 0.0
: —~ 2
T T T ) 1.0
1 E <
g_) 0.5
glasanasan,, iaananastttan] °© _8_0-0
= o
— o — 1.0
o) T T T T T T T EE
(72}
2 80 2 0.5
© 60 '. . ] : '..‘i-'l'.:. " aim - i 0.0
c iE & S L EC TR T LT iod g
§ 40 - N1.0
20 T T T T T T T T T T T O 0.5
0 4 8 12 16 20 24 = FRRRRERREE AL
Hour 0.0 e L
0 4 8 12 16 20 24
Fig. 13. Diurnal profile of summertime observations of j@nd Hour
O3 (ppb) and PMg (ug/m3) at Big Hill. Individual measurements . . . ' '
(open shapes) of £and PM o were made every hour at Big Hill, Fig. 14. Diurnal profile of summertime observations of MO

and the NQ data have been averaged to half hour points. The aver-XPNs, ZANs and HNQ at Big Hill. Individual half hour data

age value for every hour or half hour is overlaid in the solid points. points for each day (open symbols) are overlaid by the averages for
each half hour (solid symbols).

has less ozone than UC-BFRS, however during periods of o . . _ _
downslope flow, @ concentrations are higher at Big Hill. more efficient at night than reactions with OH during the day
This may reflect the fact that nighttime chemical and depo-(Wood et al., 2005). The plateau in H§@oncentrations

sition losses for @are less efficient at the higher elevation, overnight at Granite Bay suggest that nighttime production
exposed site. may be occurring, but this could only be quantified with fur-

HNOs has a remarkably flat diurnal profile at the Big Hill ther information about aerosol surface area and VOC reactiv-

site, in contrast to measurements made by TD-LIF at both thdly toward NGs. At the remote sites, significantly lower con-
UC-BFRS and Granite Bay, a Sacramento suburb (Fig. 15¢c)°€ntrations of N@ discourage MOs production, but again

At those sites, the profile of HNgYollowed that of the sun aerosol surface area and VOC reactivity need to be known to
peaking in the middle of the day and staying relatively flat atduantify possible production rates.

low concentrations during the night. During the day, HNO  An alternative explanation for the non-zero concentrations
at Big Hill is lower because the site is further from the NO 0Of HNOs at these remote surface sites is the mixing down of
source and the HN§produced during plume transit has had airmasses that have not been recently near the surface. At
more time to deposit. The continuing loss of Nid the day- ~ Big Hill, the water vapour mixing ratio frequently decreases
time plume as it moves eastward likely results in lower OH in @bruptly shortly after midnight, suggesting that the site is ex-
remote regions, reducing the local production rate of HNO Periencing mixing from above of drier airmasses that have
considerably near Big Hill. The deposition rate of HN®  ess total NQ but of which HNG; is a relatively important
rapid (~hours), so in the absence of production, HNI® constituent. Because of the high elevation at Big Hill, the
an airmass in constant contact with the surface would be exSite appears to sample descending air characteristic of the
pected to go to zero during the night. The photochemicalfree troposphere, in which the HN@rmed has not had the
production of nitric acid does not occur at night, however opportunity to deposit. An illustration of this effect can be
NO;z chemistry and heterogeneous®§ chemistry can act found in Fig. 16, atime series of absolute water concentration
as a nighttime source (Geyer et al., 2001; Brown et al., 2006)and the ratio of HN@/NOy observed at Big Hill. Observa-
The heterogeneous production of HAI® quadratic in NG, tions of relatively high nlghttlme_HNQat remote sites likely _
is favoured by high aerosol surface area, and competes witfeflect the presence of descending airmasses rather than a sig-
NO; reactions with VOC. Wintertime measurements in the nificant heterogeneous source.

San Francisco Bay Area suggested that under cool, humid Alkyl nitrates are formed photochemically through the as-
conditions the conversion of NQo HNOs can be equally or  sociation of peroxy radicals with nitric oxide. During the
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Fig. 15. Diurnal trends in reactive nitrogen species and ozone at three sites along the Sacramento urban plume. Because Granite Bay
measurements were made in the months of July—September, observations from Big Hill and the UC-BFRS are limited to those months also.

night they may also be produced by the oxidation of unsatu-also been observed to be correlated with carbon monoxide at
rated VOC by the N@radical. The R@G+NO reaction also  remote sites (Flocke et al., 1991; Shepson et al., 1993) how-
forms ozone, hence alkyl nitrate concentrations are generallgver the CO monitor at Big Hill did not have sufficient sensi-

a good indication of ozone production. Alkyl nitrates have tivity to make measurements during the campaign. In Granite
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Fig. 16. Time series of absolute water vapour (upper panel) and thenificant fraction of NQ and that they tend to be long-lived,
fraction of total reactive nitrogen that is nitric acid (lower panel). suggesting that they contribute substantially to the reactive
Arrows indicate two of the periods when sharp decreases in watenitrogen that is exported from the region and mixed into the
are associated with an increasing importance of nitric acid in thefree troposphere. The ability of alkyl nitrates to deposit to
reactive nitrogen budget. surfaces and contribute to nitrogen deposition is poorly un-
derstood.

Y PNs are formed through the association of a peroxy rad-
Bay, ZANs rise quickly in the morning and then remain rela- ical and nitrogen dioxide, but only those derived from acyl
tively constant throughout the afternoon (Fig. 15d). At the re-peroxy radicals are stable enough to survive in the lower at-
mote sites, alkyl nitrates are at a minimum in the early morn-mosphere. The most common peroxy nitrate, peroxy acetyl
ing and exhibit peak values in the late afterno@”ANs are nitrate (PAN), is the result of the photochemical oxidation of
a significant constituent of NOin the Sacramento plume at Oxygenates in the presence of NG\cyl peroxy nitrates act
these downwind locations, while nighttime measurements a@s a thermally labile reservoir for both R@nd NG rad-
Big Hill suggest that the airmasses characteristic of the fredcals and therefore on cooler days can sequester these rad-
troposphere contain relatively low concentrations#®Ns.  icals and reduce photochemical ozone production. Peroxy
TD-LIF observations o&ANs at these sites are substantially hitrates can also transport reactive nitrogen far from its orig-
larger than those reported by researchers measuring individnal source, and act as radical sources upon subsequent de-
ual alkyl nitrates by GC-MS (Day et al., 2003; Cleary et al., composition (Singh, 1987). Organic nitrates have relatively
2005). Because the TD-LIF technique takes advantage ofow water solubility and their contribution to reactive nitro-
the characteristic bond energies of organic nitrates, it doegen deposition is not well understood. In Granite Bay, the
not require prior identification of specific organic groups and diurnal profile of XPNs reflects rapid production and an ap-
the measurement represents the sum of alfNRQ» com- proach to the photostationary state between these reservoir
pounds in the atmosphere. The speciation of the alkyl ni-species and their radical precursors (Fig. 15e). The diurnal
trates observed at Big Hill is unclear, though the dominanceprofiles at UC-BFRS and Big Hill are very similar, broadly
of VOC reactivity by isoprene between Sacramento and BigPeaking between 14:00 and 22:00 at values more than double
Hill suggests that alkyl nitrates derived from isoprene prod-those observed during early morning hours. While absolute
ucts are likely important. The sinks of complex alkyl nitrates concentrations o&PNs are consistently lower at Big Hill
are poorly understood, though their thermal decompositiorthan at UC-BFRS, there is mo®PNs per unit of precur-
and photolysis lifetimes exceed several days. The presencgor NQ; at the more remote site. The equilibrium between
of hydroxy-groups or unsaturated bonds in the organic chairfadicals and=PNs is extremely temperature dependent and
may reduce the lifetime of a specific compound (e.g. Gia-likely the temperatures experienced by the average airmass
copelli et al., 2005, and references therein), though if it reactg€aching Big Hill are colder, pushing a greater fraction of the
to form a different alkyl nitrate, it will not register as a loss of precursor into the reservoir form.
> ANs as seen by the TD-LIF measurements. Measurements Figure 15f shows that nitrogen dioxide is strongly influ-
in the western Sierra region suggest thsANs are a sig- enced by local traffic patterns at Granite Bay. At the remote
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sites, NQ has a strong diurnal cycle and has the latest peak The correlation between total reactive nitrogen and the
of all of the reactive nitrogen compounds. The delayed tim-mole fraction of water is strong at Big Hill, as suggested by
ing of the peak concentrations can be explained by a comFig. 16. The relationship betweernp@ and NQ is not as
bination of transport and photochemistry. The Néitted  clear at the UC-BFRS, where it is likely that the transpira-
into the plume takes around 6 h to arrive at the UC-BFRStion of nearby vegetation has a strong influence on the water
and Big Hill sites. Air masses leaving Sacramento in the latebudget at the site. In contrast, water vapour appears to be
morning are advected up the Sierra when photochemical aca good indicator of transport of polluted airmasses at a high
tivity is peaking, and the conversion of N@o higher NG elevation site such as Big Hill. This is consistent with nu-
species is maximized. Air leaving Sacramento in the after-merical simulations (Kimura and Kuwagata, 1995) and ob-
noon and arriving at the remote sites in the early evening exservations (Ohtani, 2001) in other areas that show thermally
periences lower levels of actinic radiation and therefore theinduced local circulations that transport water vapour from

later part of the plume has a larger fraction of N@@main-  low elevations to mountainous areas. The absolute humidity
ing. Peak concentrations in the plume are roughly double thef the airmass records the degree of mixing that the relatively
early morning minimum values. moist, polluted urban plume has undergone in transit to the

_ o _ _ high elevation site. Observations during the night at Big Hill
5.4 Summertime distribution of reactive nitrogen and cor- show that the air descending from the free troposphere tends
relation with other variables to be much drier and have reduced total reactive nitrogen.

L . . . The implication is that nighttime observations at Big Hill
Changes in climate can be expected to drive differences inyo,y ys to occasionally sample airmasses that have not

both transport and chemistry, affecting the geographical ang,5q recent contact with the surface. These airmasses may
temporal extent to which the urban plume influences remot§, e traveled above the boundary layer during the daytime
sites, and the chemical partitioning with the plume. One of n have subsequently descended to the surface to undergo
the most important climate variables that governs the d'sm'downslope transport at night. These airmasses have lower
bution of reactive nitrogen oxides is temperature. The Big,ncentrations of bD and NQ than those that are observed
Hill summertime data were divided into two sets of days, half 4,ring upsiope flow and their concentrations likely reflect the
of which had a maximum daytime temperature aboVe21  jeqree to which earlier surface emissions have mixed with
and half of which did not. The average amount of N®  (jeaner ajr from the free troposphere. While the fractional
the plume (13:00-20:00) was 1#0.04 ppb (twice the stan- o ntribution of HNG to NOy was higher in these night-
dard deviation of the mean) on cold days and £0D4ppb  {ine airmasses, the absolute concentration of HM@s no

on hot days, suggesting that higher local temperatures MaYigher than in the daytime plumes.

indicate a slightly stronger transport efficiency of the plume, Figure 18 depicts the strong correlation between reactive

a longer photochemical lifetime of NOn the plume, orin- irqgen and ozone at the Big Hill monitoring site throughout
creas_ed emissions, pos§|bly from soil. Th(_e pgrt'“onlng thhe summer. Observations made during afternoon upslope
reactive nitrogen among its constituent species is strongly Ny are highlighted, however the urban plume still appears
fluenced by temperature as shown in Fig. 17. The left panel, jnfuence the site with higher values for ozone andyNO
shows the partitioning among N@pecies arriving at the site during the night. Many of these high nighttime values are
between 13:00-20:00 on days when the maximum tempermeasyred shortly after the wind has shifted direction and the
ature exceeded 2C. Comparison with cooler temperature i nassing back by the site is still characteristic of plume
data displayed in the right panel shows that while2N@s 5 The relationship between N@nd ozone is expected be-
undergone similar amounts of photochemical processing Ung,se hoth are derived from precursor emissions of nitrogen
der both sets of conditions, lower temperatures favour theoxides. While in urban areas with high N@oncentrations
accumulation of peroxy nitrates over the production of alkyl o416 can be negatively correlated with )@ remote areas

nitratgs. Eeroxy nitrates account for over one third of .the"ke Big Hill we expected ozone production to be limited by
reactive nitrogen at the cooler temperatures, sequestering e availability of nitrogen oxides. Minimum values of NO
substantial amount of reactive nitrogen in this reservoir. The

naad : (<1 ppb), which occur in the early morning hours, are asso-
_reduceq contrlputlon of alkyl nitrates at _Iower temperaturesciated with ozone levels between 35 and 60 ppb, while maxi-
is consistent with fewer ROQand NQ, radicals available to

X mum values of NQ (>2.5 ppb) are associated with ozone be-

react to form ozone. Indeed, the mean ozone in the plum&een 65 and 95 ppb. Clearly the chemistry and transport pat-
on the hot days is 64 ppb, while on cool days it is 58 ppb. (grns responsible for transforming nitrogen oxides and trans-
Another facet of the temperature effect may be the mcreasegorting them along the western slope of the Sierra Nevada

emissions of many biogenic VOC at higher temperatures. Anaye similar effects for ozone and total reactive nitrogen.
shift in the hydrocarbon composition toward longer chain

compounds as opposed to carbonyl compounds could favour
the production of alkyl nitrates over peroxy nitrates.
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10— species. At night, the ratio dEPNs/NGQ becomes higher
Night (21:00-12:00) at UC-BFRS. More detailed modeling is required to explain
go{P Plume (13:00-20:00) 6 oo % . these diurnal patterns quantitatively.
o - The probability distributions of alkyl nitrates are ex-
80 . tremely similar at the two sites, but for different reasons. The
breadth in the distribution at Big Hill derives from a stronger
= 70+ o diurnal cycle whereas at the UC-BFRS, it results from greater
% day-to-day variability. Nevertheless, detailed comparison of
— 60 1 the observations of alkyl nitrates at the two sites suggests
a,:’ that as a group these compounds are lost very slowly to de-
‘,3] 20 T position but are diluted when mixed with air from the free
@] troposphere. Correlations between alkyl nitrates and both
404 1 CO and @ at UC-BFRS show that they are associated with
polluted, upslope air, which also carries substantial biogenic
301 1 emissions, and are formed in conjunction with ozone dur-
ing photochemical activity. The deposition of most alkyl ni-
20 ' ' ' ' ' ' ' trates appears to be slow enough that a substantial fraction of
00 05 10 15 20 25 30 35 40

what is produced in the plume stays in the atmosphere. From
the perspective of nitrogen deposition, not enough is known
about the behaviour of these compounds at the surface.

Fig. 18. Relationship between ozone (ppb) and reactive nitrogen HNO3 concentrations are lower and less variable at Big
(ppb) during summer months at Big Hill. Observations made duringHill compared to the UC-BFRS. The flat diurnal profile for

NO, (ppb)

upslope flow in the plume are highlighted with open squares. HNOs at Big Hill suggests that this site is far enough from
fresh NG sources during the day that much of the HNO
5.5 Probability distributions of N@ and ozone produced during oxidation has already had the chance to

deposit before reaching the surface at high elevation sites,
A great deal of insight can be gained by comparing obser-and that at night the site is strongly influenced by mixing
vations made at Big Hill to corresponding measurements afrom above. The UC-BFRS has higher daytime Nén-
the UC-BFRS site. Table 1 compiles data from the proba-centrations capable of generating strong local production
bility distributions shown in Fig. 19 for the two remote sites. of HNO3. The substantial reduction in daytime concentra-
As mentioned above, both sites lie along the Sacramento tions of HNG; as the plume moves from Granite Bay ups-
Lake Tahoe transect, but Big Hill is at a higher elevation, lope toward UC-BFRS and eventually Big Hill, require that
a greater distance from the city, and has less vegetation ansignificant amounts of HN®are lost from the boundary
cooler temperatures. Our analyses of the diurnal cycles at thiayer, either through deposition to the surface or export to
two sites suggest that they sample similar airmasses durinthe free troposphere.
upslope flow and we restrict the comparison to times between The distribution of total NQ (Fig. 19e) at the two sites re-
13:00-20:00 when both sites are strongly influenced by thdlects the proximity of the UC-BFRS to Sacramento in both
Sacramento urban plume. Panels (a—f) of Fig. 19 show the¢he higher average and the greater variability in concentra-
normalized probability distributions for 30 min averages of tions. At the UC-BFRS, the total NGin the plume varies
the individual reactive nitrogen species, total N@nd G between 1.0-5.5 ppb, whereas at Big Hill it ranges from 0.5—
for both the Big Hill and the UC-BFRS sites. In the case of 3.5 ppb. The data used in this analysis were not limited to
NOg, Big Hill values (median 0.33 ppb) are on average half days on which there was persistent upslope flow, thus some
those at the UC-BFRS with significantly fewer observations of the lower numbers likely result from days on which the ur-
of more than 1 ppb. This means that the dilution and photo-ban plume did not influence the site. The greater variability
oxidation of NG in the plume is quickly reducing its con- intotal NO, compared to any of its constituent species shows
centration several hours downwind of Sacramento. In thisthat the variability in NQj is governed by the extent to which
region, ozone production is expected to be,Nithited so  the total urban emissions are influencing these remote sites
it can also be inferred that instantaneous ozone productiomather than by differences in partitioning among the available
rates drop off quickly between the UC-BFRS and Big Hill. reactive nitrogen. For example, days with higher than aver-

Peroxy nitrates have a wider probability distribution at the age XPNs tend to have highétANs and HNQ also. It is

UC-BFRS than at Big Hill and higher median observations. not clear from the local meteorological observations, which
While absoluteXPNs concentrations are higher on averageconditions, aside from wind direction and to a much lesser
at UC-BFRS, the ratio of peroxy nitrates to W@ actu-  degree temperature, result in higher concentrations of reac-
ally higher at Big Hill during the influence of the plume, tive nitrogen being transported in the boundary layer along
likely due to the lower temperatures, stabilizing the reservoirthe western slope of the Sierra.
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Table 1. Data for June—October, 13:00-20:00 at the UC-BFRS and Big Hill. For each species listed the median, and 5th and 95th percentile

values have been calculated in ppb.

UC-BFRS Big Hill
Species Median 5th 95th Median  5th 95th
(ppb) percentile percentile (ppb) percentile  percentile
NO> 0.63 0.30 1.70 0.33 0.16 0.78
2PN 0.79 0.27 1.75 0.55 0.21 1.07
AN 0.41 0.15 0.77 0.39 0.16 0.78
HNO3  0.79 0.33 1.48 0.53 0.25 0.85
NOy 2.68 1.57 4.92 1.84 1.05 2.99
O3 61.5 40.7 88.4 60 45 82

Finally, the distribution of ozone within the urban plume fluenced winter measurements and resulted in elevated NO
is shown for each site in Fig. 19f. The median ozone concenNOy, and PMg concentrations.
tration at each site is very similar, but the UC-BFRS shows This analysis also synthesizes the summertime observa-
both more low values and more high values. The similar-tions of reactive nitrogen and ozone made at Big Hill with
ity between the two sites results partly from the fact thattwo other sites in the outflow of the Sacramento urban plume.
daytime ozone values are generally not more than a facComparison of the diurnal trends at the three sites shows
tor of two higher than the regional background, so mixing that the distribution of reactive nitrogen in the region is a
with the background drives concentrations toward a commorcomplicated function of emissions, photochemistry, mixing,
value. From a regulatory standpoint, the UC-BFRS site istransport and deposition. During daylight hours, the sites are
much more likely to exceed the federal 8-h ozone standardonnected by the prevailing westerly upslope flow. When
because of the significantly higher number of observationghe plume reaches Big Hill it has lower concentrations of
above 84 ppb. Comparison of ozone at the two sites suggest§O,, *PNs, and HNQ@ than at UC-BFRS. While the ab-
that the efficiency of ozone production has slowed considersolute amounts o&2PNs and HNQ@ are lower at Big Hill
ably by the time the plume has reached the UC-BFRS, andind Blodgett, the concentrations normalized to the -
it can no longer match the decreases in ozone due to dilutiomursor are higher, showing that the plume has been further
and deposition as the air moves toward Big Hill. This infor- oxidized by the time it gets to Big Hill.
mation can be used to ascertain the extent of influence of the The strong diurnal cycles in HNgat Granite Bay and the
urban plume on ozone in the region. UC-BFRS suggest that a large sink to deposition competes
with rapid production in the boundary layer. As the plume
reaches Big Hill, a significant fraction of the HN@roduced
_ along the way has been lost to deposition and dilution and de-
6 Conclusions creasing concentrations of N@esult in relatively low local
production. During the night, descending air from the free
This paper describes the annual cycle of reactive nitrogerroposphere contains nearly as much HN&3 that found in
measurements made at Big Hill, a high elevation site on thehe shallow urban boundary layer at Granite Bay. Because
western slope of the Sierra Nevada mountains in Californiaperoxy nitrates are in thermal equilibrium with NQ~1 h),
Throughout the year, terrain-driven winds bring air from the changes in concentrations &fPNs between the UC-BFRS
Central Valley upslope into the Sierra Nevada foothills, re- and Big Hill are a balance between increased sequestration
sulting in increased concentrations of primary and secondarylue to lower temperatures and release of,N® compen-
pollutants in the region. The upslope transport is more persate for the rapid loss of NOin the plume. Temperature
sistent during summer months, resulting in net westerly flowplays a large role in determining the fraction of nitrogen
at the surface. The increased radiation and emissions of bicexide radicals that are stored &$Ns in the plume. Low
genic VOC inthe summer resultin more rapid photochemicaltemperatures decrease the rate of ozone production in the re-
oxidation within the plume. During winter, anthropogenic gional boundary layer, but may result in the export of more
emissions still influence the Big Hill site, but for a smaller NOy in a reservoir form capable of leading to ozone pro-
portion of the day. In the winter, a more significant fraction duction further downwind. A recent analysis of the effect of
of the NG, in the urban plume remains as N@flecting the  mountain venting on photochemistry in the free troposphere
longer chemical lifetime. Intermittent burning events also in- shows that subsequent production and loss of ozone depends
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critically on the concentration of nitrogen oxides and peroxy
acyl nitrates injected from the boundary layer (Henne et al.,plume at Big Hill are comparable to those at UC-BFRS,
2005). Our observations show that at Big Hill, the site fur- perhaps offset by an hour. This can be rationalized by a com-
parison of sources and sinks of these compounds, and those
been sequestered MPNSs, suggesting these species are anof HNO3 and ZPNs. While the production rate of HNO
important constituent of the reactive nitrogen that may be ul-falls off sharply as the plume advects and dilutes, the opti-
mal range for the production of ozone and organic nitrates

ther downwind and upslope, a greater fraction of N@s

timately injected into the free troposphere.
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is likely found further downwind, both due to a decrease in alkyl nitrates within the Sacramento urban plume, Atmos. Chem.
y .

nitrogen oxides (to a more optimal value), and an increase in  Phys. Discuss., 5, 4801-4843, 2005,

biogenic VOC. The deposition rates of ozone ah&iNs are http://www.atmos-chem-phys-discuss.net/5/4801/2005/.

believed to be significantly lower than that of Hy®o they ~ Damall, K. R., Carter, W. P. L., Winer, A. M., Lloyd, A. C., and

persist for longer in the plume once they have been produced. Pitts: J- N.: Importance of RGNO in alkyl nitrate forma-

Unlike SPNs, they have no rapid decomposition pathway tion frpm C4-_C_:6 alkane photooxidations under simulated atmo-

back to NQ and therefore, once produced, cannot respondD spheric conditions, J. Phys. Chem., 80, 19481950, 1976.
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