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Nitric acid and ammonia at a rural northeastern U.S. site 
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Abstract. Hourly mixing ratios of HNO3, NH3 and various other trace gas and aerosol spe- 
cies were determined at Harvard Forest in central Massachusetts between 1991 and 1995 in 

order (1) to ascertain the representativehess of this composite data set, (2) to identify general 
seasonal and diurnal trends in the mixing ratios of HNO3 and NH3 at this site, (3) to establish 
how these mixing ratios depend on characteristic meteorological parameters such as wind di- 
rection and temperature, and (4) to examine HNO3 relative to the other reactive nitrogen spe- 
cies measured. Harvard Forest receives air masses from both urban and rural source regions 
resulting in mean midday HNO3 mixing ratios 4 times higher when surface winds were from 
the SW (~ 2000 parts per trillion by volume (pptv)) as opposed to the NW (~ 500 pptv) wind 
sector. The HNO3 diel cycle provides evidence of entrainment of HNO3 from aloft as the 
nocturnal inversion breaks down. Gaseous NH3 mixing ratios are typically 200-300 pptv and 
on average exhibit little diel variability. High levels of atmospheric sulfate consistently sup- 
press NH3 concentrations below the predicted NH3 compensation point of the canopy, even 
during periods when the sum of NH 3 and NH4 + (NHx) mixing ratios are quite high. The 
aerosol SO4 2- regulation of NHx partitioning changes as a function of temperature. At the 
same SO4 2- mixing ratio, colder ambient temperatures result in lower NH3/NHx. On average 
HNO3 makes up about 20% of NOr at midday. The sum of the measured NOr species (NO, 
NO2, HNO3, and particulate NO3-) typically account for 60-80% of NOr, suggesting that per- 
oxyacetylnitrate and other organic nitrates are a significant fraction of NOr at this predomi- 
nantly oak forested site. 

1. Introduction 

The family of odd nitrogen trace species known as NOr 
(NOr-- NO + NO2 + NO3 + N205 + nitric acid (HNO3) + 
aerosol nitrate (NO3-(p)) + peroxyacetylnitrate (PAN) + other 
organonitrates) is integral to the chemistry of the atmosphere. 
Besides regulating the rate of ozone (03) production and de- 
struction reaction sequences, NO and NO2 also affect tropo- 
spheric mixing ratios of hydroxyl (OH) and hydroperoxy 
(HO2) radicals. By controlling these critical atmospheric oxi- 
dants, NOx (NO + NO2) is effectively involved in most at- 
mospheric reaction cycles and the NOx mixing ratio controls 
oxidative removal rates of many trace gases. 

NOx is directly emitted from combustion processes as NO 
but rapidly reacts with various oxidants (e.g., 03, HO2, or- 
ganic peroxy radicals (RO2)) to form NO2. In the presence of 
sunlight, the photodissociation of NO2 can regenerate NO in a 
matter of minutes, while slower reactions, occurring over a 
period of hours to days, may further oxidize NO2 to nitric acid 
(HNO3) or peroxyacetylnitrate (PAN). At night, NO2 can be 
oxidized (via 03) to NO3 or subsequently react with NO3 to 
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form N205, that hydrolyses on aerosol surfaces to produce 
HNO3 [Richards, 1983; Dentenet and Crutzen, 1993]. 

The less reactive NOr reservoir species (PAN and HNO3) 
have different atmospheric fates. PAN is only stable at cold 
temperatures and essentially insoluble, and as such has the 
potential to be transported long distances in the cold upper 
troposphere. Thus delivered to remote regions, PAN can 
thermally decompose to NOx in subsiding air. Although 
HNO3 can react with various gases and particles (e.g., ammo- 
nia (NH3) and soil/dust particles) to form nitrate containing 
aerosols, it is also very water soluble and readily adsorbs onto 
surfaces. Due to the large deposition velocity of HNO3 it is 
efficiently removed from the atmosphere via both wet and dry 
deposition processes over short transport distances. Given the 
slow removal mechanisms of the other NOr components, the 
removal of HNO3 is the primary atmospheric NOr sink. 

Further interest in the fate of HNO3 has been linked to the 
"fertilization" of N-limited ecosystems by atmospheric depo- 
sition [Schindler and Bayley, 1993]. As anthropogenic emis- 
sions of NO have steadily increased over the past several dec- 
ades [Gschwandtner et al., 1986], so has the deposition of 
atmospheric nitrogen [Schell, 1987], thereby potentially in- 
ducing some systems to incorporate even more atmospheric 
CO2 [Peterson and Melillo, 1985]. These investigations have 
highlighted the shortage of information regarding boundary 
layer HNO3 mixing ratios and deposition fluxes, largely due 
to the difficulty in obtaining reliable ambient measurements. 
Even more scarce, and probably more difficult to acquire, are 
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accurate measurements of gaseous Nm 3 [Williams et al., 
1992], another potentially important source of N to the bio- 
sphere. 

In addition to being an important nutrient for plant growth, 
NH3 is the only gaseous base found in significant quantities in 
the atmosphere, and it is therefore fundamental in determin- 
ing the overall acidity of cloudwater, precipitation, and at- 
mospheric aerosols. Important sources of NH3 include the 
decay of domestic livestock wastes, volatilization losses from 
fertilizers, biomass burning, and senescing vegetation [Schle- 
singer and Hartley, 1992]. Several studies indicate that 
growing vegetation can passively absorb or emit NI-I 3 directly 
through leaf stomata [Denmead et al., 1976; Farquhar et al., 
1980; Langford and Fehsenfeld, 1992]. When ambient NH 3 
mixing ratios are below a certain "compensation point," de- 
termined by the partial pressure of NH 3 within leaf stomata 
and perhaps the physiological state of the plant, NH 3 can es- 
cape to the atmosphere. The stomatal uptake of NH 3 is es- 
sentially the reverse process. Farquhar et al. [1980] noted 
that the compensation point of snap beans (Phaseolus vul- 
garis) was temperature dependent and could be described as 
the equilibrium NI-I 3 vapor pressure above an ammonium so- 
lution at a fixed pH of 6.8 (estimated to be the pH of the sto- 
matal cell walls) and a NH4 + concentration of 46 pM. Lang- 
ford and Fehsenfeld [1992] observed a nearly identical rela- 
tionship for the regulation of background NI-I 3 mixing ratios 
for air passing over the Roosevelt National Forest in Colorado 
and suggested that the NH 3 compensation point was a non- 
species specific mechanism perhaps related to photorespira- 
tion and assimilation. 

Once NH 3 is released to the atmosphere, it has an average 
tropospheric lifetime of the order of hours to days before ei- 
ther (1) reacting with H2SO4 or HNO3 to form a fine aerosol, 
(2) being scavenged by wet deposition, or (3) direcfiy dry de- 
positing to the Earth's surface. While NH4 + may be involved 
in long-range transport if vertically advected into the free tro- 
posphere, NH 3 is typically deposited near its source. 

Automated instruments to continuously measure atmos- 
pheric levels of NH 3 [Wyers et al., 1993] and HNO3 [Buhr et 
al., 1995] have only recently been developed, consequently 
few long-term or high-resolution data sets exist for either spe- 
cies. The available longer term NI-I 3 measurements (weekly 
sample integration) indicate a seasonal cycle with summer- 
time maxima and wintertime minima for the Harvard Forest in 

Petersham, Massachusetts [Tjepkema et al., 1981]. Higher 
resolution (2 hour integration) summertime data show similar 
diurnal trends with nighttime minima and daytime maxima for 
NH 3 [LatlgfoFd et al., 1992]. It is thought the season and diel 
cycles of NH 3 arise from warmer temperatures leading to 
greater NH 3 emission rates. 

Several years of weekly HNO3 measurements reveal differ- 
ent trends for various regions of the United States. [Meyers et 
al., 1991]. Variable HNO3 seasonal trends may be a conse- 
quence of episodic HNO3 events occurring throughout the 
year [Edgerton et al., 1992]. The typical HNO3 diel signal of 
higher values midday and lower levels at night [Parrish et al., 
1986] is thought to be a result of photochemical HNO3 pro- 
duction and surface deposition [Kleinman et al., 1994]. 

In the present study hourly measurements of HNO3 and 
NH 3 have been obtained during 1991-1995 at a nonurban 
continental site for a wide range of meteorological conditions. 
Over the same period, NO, NOx, NO•, and other important 
trace gas species and meteorological parameters were con- 

tinuously measured [Munger et al., 1996, 1998]. The pur- 
poses of this study were (1) to ascertain the representativeness 
of this composite data set, (2) to identify general seasonal and 
diurnal trends in the mixing ratios of HNO3 and NH3 at this 
site, (3) to establish how these mixing ratios depend on char- 
acteristic meteorological parameters such as wind direction 
and temperature, and (4) to examine HNO3 relative to the 
other reactive nitrogen species measured. 

2. Methods 

2.1. Site Description and Ancillary Measurements 

The Harvard Forest in Petersham (42032 ' N, 72011 ' W; 
elevation 340 m) is located in a wooded, rural area of central 
Massachusetts. The nearest large cities are Boston and Hart- 
ford, 100 km to the east and southwest, respectively. This 50- 
70 year old predominantly oak forest (mixed with maple, 
beech, birch, cherry, spruce, and pine) has an average canopy 
height of 23 m near the sampling site. Since the middle of 
1990, the Harvard group has made continuous measurements 
of various atmospheric trace gases (NO, NO2, NO•,, CO, CO2, 
H20, 03, and a suite of nonmethane hydrocarbons) from the 
top of a 30 m tower [Goldstein et al., 1995; Goulden et al., 
1996; Munger et al., 1996]. In addition, numerous microme- 
teorological and radiative properties (including wind speed, 
wind direction, temperature, relative humidity, photosyntheti- 
cally active radiation, solar albedo, and net radiative flux) are 
continuously monitored by a variety instruments collabora- 
tively operated by both Harvard and the State University of 
New York at Albany [Moore et al., 1996]. The fast response 
nature of most of these sensors enables the eddy covariance 
determination of fluxes of heat, momentum, NO•,, CO2, and 
03 [Wofsy et al., 1993; Goulden et al., 1996; Moore et al., 
1996; Munger et al., 1996, 1998]. 

2.2. Gas Sampling Methods and Protocols 

Water soluble gases were sampled with a mist chamber, 
also known as a nebulizing-reflux chamber [Cofer et al., 
1985; Talbot et al., 1990]. A mist chamber concentrates the 
water soluble gases from a large volume (~ 1000 L) of air into 
a small volume (-- 15 mL) of stripping solution, in this case, 
ultrapure water was used. The dissolved ions in the stripping 
solution were quantified by ion chromatography. The mist 
chamber/ion chromatography (MCflC) method has been con- 
tinually developed and improved over the past 10 years and 
has proven in various intercomparison studies to be very ef- 
fective at sampling gaseous HNO3, HCOOH, CH3COOH, and 
SO2 [Keene et al., 1989; Talbot et al., 1990; Stecher et al., 
1997]. 

A Teflon membrane (Zefluor TM, Gelman Products Inc.) is 
used as an aerosol prefilter to prevent water soluble aerosols 
from being dissolved in the mist chamber stripping solution. 
A custom-made Teflon filter holder, designed to minimize 
internal surface area by omitting any backup filter support, 
attaches directly to the glass inlet of the mist chamber sampler 
[Klemm and Talbot, 1991]. Operating at a flow rate of 30 
standard liters per minute (slpm), this downward-facing pre- 
filter collects a bulk sample of aerosol particles with a di- 
ameter between -- 10 nm (J. Dibb and B. Anderson, personal 
communication, 1996) and at least 50 pm for wind speeds up 
to 5 m s -1 [Davies, 1968; Davies and Subari, 1982]. Aerosol 
filter samples were stored in a freezer and within a week of 
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Table 1. Mist Chamber HNO3 and NH3 Sampling Dates 

Year Julian Day 

1991 

1992 

1993 

1994 

1995 

165', 166', 168, 169', 223*, 225*, 226*, 227*, 

143, 144, 146, 147, 148, 192, 193, 194, 245,246, 248, 
249 

62, 79, 80, 81, 118, 119, 121,200',201',202',203', 
204* 

144', 153', 154', 155', 156', 161', 162', 167', 168', 
215', 216', 217', 202', 235', 236', 237', 238* 

116', 117', 120', 122', 159', 160', 161', 164', 165', 
166', 167', 168', 169', 213', 214', 215', 219', 220', 
221' 

HNO3 data collected on all days. 
* NH3 data only collected on these dates. 

their collection were treated with 200 gL of MeOH (to allow 
more complete wetting of Teflon) and then extracted with two 
10 mL aliquots of deionized water. Immediately after their 
generation, mist chamber samples and aerosol extracts were 
stored in 30 mL high density polyethylene amber bottles, pre- 
served with 100 [tL of CHC13 and kept on ice until their 
transfer to a refrigerator. All samples were analyzed within 2 
months of collection by ion chromatography for major ion 
species (including NO 3- and NH4+(aq)). Details of the ion 
chromatography chemical analysis of water soluble gas and 
aerosol samples are described by Talbot et al. [1992, 1997] 
and Lefer et al. [1994]. 

The hourly sampling protocol involved collecting 45-50 
min integrated mist chamber and aerosol prefilter samples si- 
multaneously from three levels (29, 24, and 11 m above 
ground) with the remaining 10-15 min available to rinse the 
mist chambers, to change the prefilters, and to periodically 
collect mist chamber blanks. Unless otherwise noted, this pa- 
per will discuss the gas and aerosol samples collected from 
the uppermost sampling height at 29 m, some 6-7 m above the 
canopy. Hourly mist chamber samples were continuously 
collected for 12-30 hour long periods on 70 dates between 
1991 and 1995 (Table 1). The majority of the sampling oc- 
curred during the growing season (May- August). The entire 
Harvard Forest data set, including the University of New 
Hampshire (UNH) gas and aerosol data, is available on-line 
via anonymous ftp at io.harvard.edu and the Web site www- 
as.harvard.edu. 

2.3. Potential Sampling Artifacts 

Any HNO3 or NH3 measurement technique that employs a 
prefilter is susceptible to certain positive and negative arti- 
facts [Appel and Tokiwa, 1981; Cadle et al., 1982]. The easi- 
est way to minimize prefilter reactions is to sample for a 
shorter period of time (smaller volume of air), thereby reduc- 
ing the aerosol loading on the Teflon prefilter. Our 45 min 
integrated samples (1.3 m 3) were relatively short considering 
that most studies which observed prefilter problems (see be- 
low) typically sampled for 6-24 hours integrating much larger 
volumes of air (5-20 m3). 

On a Teflon filter, particulate NH4NO 3 can volatilize into 
HNO3 and NH3 [Appel et al., 1981] resulting in significant 
positive HNO3 [Spicer et al., 1982; Appel et al., 1988] and 

NH3 [Appel et al., 1988] errors. While NH4NO 3 is volatile at 
typical tropospheric temperatures and relative humidities 
[Stelson and Seinfeld, 1982], the reactions producing ammo- 
nium (bi)sulfate are generally thought to be irreversible 
[Tang, 1980]. High levels of acidic sulfate in the eastern 
United States probably has the effect of reducing atmospheric 
NH3 concentrations, by forming involatile ammonium sulfate 
particles, to values below that required for solid NH4NO 3 to 
form. The studies that observed positive HNO3 and NH3 arti- 
facts occurred in the western United States where NH4NO 3 is 
more prevalent due to lower regional SO2 emissions [Hidy, 
1978; Wolff, 1984]. The substantial SO42- wet deposition flux 
to the northeastern United States [National Atmospheric 
Deposition Program, 1997] indicates that NH4NO 3 volatiliza- 
tion should be less of problem when sampling this generally 
sulfate rich acidic atmosphere. 

A potential negative HNO3 artifact can occur when HNO3 
reacts with basic soil [Forrest et al., 1982] or sea-salt parti- 
cles [Savoie and Prospero, 1982] on the prefilter. As sug- 
gested above, the northeastern United States aerosol is gener- 
ally acidic, although this acidity can be mitigated by high soil 
dust emissions occurring as a result of drought or agricultural 
practices. Aerosol Ca 2+ (an indicator of soil dust) and Na + 
levels on the prefilter were measured for each sample. During 
this study the mean (+_ standard deviation) mixing ratios of 
particulate Ca 2+ and Na + were measured to be 75+_89 (n=371) 
and 287+_370 (n=425) pptv, respectively [Lefer, 1997]. While 
there is no straightforward way to correct gaseous HNO3 
measurements for prefilter reactions with basic particles, 24 
HNO3 samples collected during periods with Na + mixing ra- 
tios more than three standard deviations from their mean (i.e., 
> 1395 pptv) were excluded from the data set. Nine of these 
24 high Na + samples were collected on the same day during a 
rare peroid of strong easterly winds. It was assumed that the 
measured loadings of aerosol Ca 2+ were insufficient to cause a 
sampling artifact. 

Finally, an acidic prefilter will not affect the sampling of 
acid gases (e.g., HNO3); however, acidic aerosols could react 
with NH3 in the sample airstream. Preliminary lab tests indi- 
cate that the relatively low aerosol loading in the 45-50 min 
sample is not sufficient to be a serious issue. Nevertheless, 
when trying to measure low levels of NH3, a prefilter can eas- 
ily cause problems. No correction to the NH3 data has been 
applied for this potential negative artifact. 

2.4. Mist Chamber Technical Specifications 

This MC/IC gas sampling system had average detection 
limits of 5 pptv for HNO3 and 12-40 pptv NH3, assuming an 
average solution volume of 15 mL, an average sampled air 
volume of 1350 L, analytical detection limits (in gmol/L) of 
0.02 (NO3') and 0.05 (NH4+), and/or a minimum NH4 + con- 
centration of 2 times the average blank of 0.09 gmol/L. 
While the mist chambers did not have a detectable NO3' 
blank, in some cases there was a slight NH4 + blank associated 
with the interior mist chamber glass surface that tended to de- 
crease over the course of both single and multiday sampling 
periods. Since blanks were collected several times a day, this 
was easily accounted for in the blank correction protocol. 

The mist chamber samplers have a shown on multiple oc- 
casions to have 100% collection efficiency for HNO3 [Talbot 
et al., 1990, 1997]. A single-stage NH3 dilution system was 
constructed to determine the mist chamber's collection effi- 
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Figure 1. (a) Hourly integrated mixing ratios of HNO3 and NH3 and average wind direction for August 3, 
1995 (J.D. 215). Error bars represent measurement uncertainty. [b] Same as Figure la, but for June 14, 1995 
(J.D. 165). 

ciency for NH3. This simple dilution system consisted of (1) 
a N-H3/N 2 cylinder (- 1 ppmv) as calibration source, (2) a 
high-pressure liquid N2 dewar as a source of diluent gas, (3) 
two Teledyne-Hastings flowmeters to measure N2 and NIt3 
flows, and (4) a 1.1 m long 2.0 cm ID Pyrex tube sampling 
manifold with 3.1 mm add port and a 6.35 mm sample port 
(near opposite ends). The flow rate of the N7t3 cylinder was 
not measured during an actual calibration run; however, this 
flow rate was measured before and after each calibration run 

and always found to be invariant. The concentrated NI-t 3 was 
transported via a 1 m length of 1/8" OD Silcosteel TM tubing 
(Restek Inc.) and added into the core of the N2 flow. The 
flow rate and volume of the dilution N2 was measured by an 
integrating mass flowmeter upstream from the glass manifold. 
Approximately 1 m downstream from the N-I-I 3 add port, the 
NXt3/N2 mixture was sampled directly from the core of the 
manifold with a mist chamber. 

The N7t3 mixing ratio delivered from the cylinder (821+40 
ppbv) was determined by sampling (n=12) directly from the 
Silcosteel TM tubing. The cylinder gas was bubbled through 2 
H20 bubblers in series followed by a mass flowmeter. No 
N-H4 + was ever detected in the second bubbler. For a typical 
ambient NIt3 mixing ratio (370 pptv), the mist chamber had a 
mean (+ standard deviation) collection efficiency of 99% 
(+9.2%) (n=9). Similar NH 3 collection efficiencies were ob- 
served for both higher and lower NH3 levels. A mist chamber 
collection efficiency of 100% was used for determining the 
mixing ratios of both HNO3 and NH3 in our ambient air 
measurements. 

The uncertainties assigned to the atmospheric mixing ratios 
reported for MC/IC samples were calculated using the error 
propagation formula [Knoll, 1979] and applying it to the un- 
certainties associated with the following measurements: air 
volume, water volume, ion concentration, blank subtraction, 
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Figure 2. (a) Mean (solid symbols) and median (open symbols) summertime diel cycles of HNO3 (dia- 
monds) and NH3 (triangles) for all wind sectors. Error bars represent standard error of mean. Numbers above 
or below bars are number of hourly samples averaged. (b) Median HNO3 diel cycles for the dominant wind 
sectors: 180ø-270 ø is southwest (SW) and 2700-45 ø is northwest (NW). Values above or below points are 
number of samples. 
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and collection efficiency. The reported mixing ratios of 
HNO3 and NH3 have overall uncertainties of _+11% and 
_+18%, respectively. The accuracy of the ion chromatographic 
determinations of NO3' and NH4 + in mist chamber samples 
were referenced to National Institute of Standards and Tech- 
nology certified aqueous standards; however, at this point 
there are no certified low-level (sub-ppbv) gaseous standards 
to directly determine the overall accuracy of any measurement 
of these and many other trace gases [Crosley, 1994]. 

3. Results 

3.1. Diel Cycles of HNO3 and NH3 

Changes in mixing ratios of both species were often related 
to changes in wind direction or the height of the mixed layer, 
day 215 of 1995 (Figure la) is a good example of "typical" 
diurnal behavior at this site because of consistent winds from 
the south-southeast throughout the day. Under these condi- 
tions, NI-I3 levels usually do not vary much while mixing ra- 

tios of HNO3 frequently increase from a morning low to peak 
at midday, and then decrease throughout the afternoon. Less 
common at this site is to have north-northeast winds (Figure 
lb) which resulted in a distinct NH3 diel cycle starting with 
representative NH3 mixing ratios in the morning, rapidly ris- 
ing to a midday maximum, which decline throughout the af- 
ternoon and evening. 

Previous studies have shown that the mixing of polluted 
and clean air masses commonly results in lognormal distribu- 
tions of atmospheric species for one specific site, particularly 
for primary pollutants [e.g., Georgopoulos and Seinfeld, 
1982; Parrish et al., 1991]. Both the HNO3 and NH3 data 
sets contained a wide range of lognormally distributed values. 
Consequently, the mean values may be strongly influenced by 
a few very high values, in such cases, both mean and median 
values are plotted. Consolidation and hourly binning of this 
1991-1995 summertime data set produced a composite mean 
diel cycle of HNO3 at this site that is bimodal with nighttime 
and daytime mixing ratios of 400 and 900 pptv, respectively 
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(Figure 2a). The composite median HNO3 diel cycle displays 
less variability (Figure 2a) on account of the low HNO3 mix- 
ing ratios in NW surface winds (Figure 2b), which occurred 
twice as often as SW winds during our sampling (see Figure 
2b and section 4.1). The same data processing procedure 
yielded composite average and median NH 3 diel cycles that 
show mixing ratios consistently in the 200-400 pptv range 
(Figure 2a). 

3.2. Wind Sector and Season 

Diel changes in the HNO3 mixing ratio for the southwest 
(SW) and northwest (NW) wind sectors are of the order of 
2000 and 500 pptv, respectively (Figure 2b). In addition to 
having a lower amplitude, the NW diel cycle also starts from 
lower baseline HNO3 mixing ratios. This pattern matches that 
previously noted by Munger et al. [1996], for NOr and NOx, 
who defined the primary surface-wind direction sectors at this 

Table 2. Summary Statistics of Mixing Ratios at UNH 
Sampling Times and Selected Surface Wind Direction 
Sectors 

Statistic All Samples NW E SW 

HNOs, ppw 
n 766 367 146 177 
25% 211 154 279 453 

Median 410 273 476 1239 
Mean 817 484 650 1700 
s.d. 1025 587 532 1533 
75% 984 539 854 2534 

NHs, ppw 
n 463 234 90 113 
25% 142 179 133 124 
Median 245 281 194 224 
Mean 231 353 309 292 
s.d. 254 260 229 266 
75% 452 471 467 436 

NOs ppw 
n 443 231 110 81 
25% 782 641 1406 1979 
Median 1458 910 3396 4078 
Mean 3647 1340 5214 8080 
s.d. 7011 1221 6737 12844 
75% 3794 1522 6091 7497 

NOn ppW 
n 662 359 135 156 
25% 1861 1485 3228 3616 
Median 3481 2290 4484 5592 
Mean 5191 3038 6871 8655 
s.d. 5947 2428 5875 9022 
75% 6099 3772 8557 10972 

{NOrNOx},ppW 
n 395 227 92 69 
25% 992 976 933 1015 
Median 1793 1629 2095 2457 
Mean 2466 1985 2952 3429 
s.d. 2266 1468 2963 2942 
75% 3017 2548 3412 5483 

site as the north-northwesterly (270ø-45ø), the southwesterly 
(180ø-270ø), and the easterly (45ø-180ø). The NH3 diel cycle 
did not change as a function of wind sector (not shown). 
However, mean and median mixing ratios of NH3 and HNO3 
are different for the NW and SW wind sectors (Table 2). On 
average, an air mass with surface winds from the SW wind 
sector contains 3-4 times more HNO3 and significantly less 
NH3 (p = 0.038) than one with winds from the NW wind 
sector (Table 2). 

Since a backwards trajectory analysis was not performed 
for these sample periods, it is difficult to ascribe a specific 
source region to a particular gas sample. However, it is pos- 
sible to observe that easterly winds form the general Boston 
metropolitan area were quite rare during our sampling and 
were commonly associated with low-pressure systems off the 
coast. A situation where "fresh" industrial emissions could 

have been rapidly transported to the site during overcast con- 
ditions consequently resulting in low HNO3 (Figure 3) and 
high NOx mixing ratios [Munger et al., 1996]. 

Over a 5 year period the majority (66%) of HNO3 samples 
were collected in the summer (June, July, August) while 23 % 
and 10% of the samples were collected in spring (March, 
April, May) and fall (September, October, November), re- 
spectively. No samples were collected in the winter (Decem- 
ber, January, February). The measured HNO3 mixing ratios 
were lowest in early spring (Figure 4a) and highest in late 
summer to early fall (days 210-240 of 1994). The NH3 levels 
peak in July and August (Figure 4b) with lower mixing ratios 
observed in the spring. An exponential relationship (r 2 = 
0.82) between NH3 levels and air temperature is evident for 
the summer of 1995 (Figure 5). At times the temperature de- 
pendence of the NH3 breaks down, as shown for August 1995 
(Figure 5). Data from other earlier years contain similar dual 
temperature relationships, but for purposes of clarity, only 
one year of summertime NH3 data is included in Figure 5. 

4. Discussion 

4.1. Representativeness of the Composite Data Set 

To extract meaning from a noncontinuous data set it is 
necessary to determine what time period the composite data 
set most closely represents. Certainly, the mean and median 
values reported in Table 2 are not necessarily comparable to 
overall annual values due to the lack of wintertime (December 
- February) data (Table 1). Due to the availability of a con- 
tinuous data set of many chemical species and meteorological 
parameters made by Harvard University (HU) from the same 
tower, [e.g., Munger et al., 1996, 1998) we can investigate 
how a parameter measured more or less continuously between 
1991 and 1995 compares to the same parameter analyzed only 
for the UNH composite sampling times. 

Measurements of wind direction reveal that NW winds oc- 

cur 49% and 52% of the time for continuous (HU) and com- 
posite (UNH) sampling, respectively. Similar good agree- 
ment is observed for the E and SW windsectors (Table 3). 
However, it appears that the SW sector is underrepresented (A 
-12%) and NW similarly over represented (A 8%) in the com- 
posite data set when compared to summer-only HU observa- 
tions (Table 3). On a diel basis, the median NOr measured Northwest (NW) is 270ø-45 ø, East (E) is 45 ø - 180 ø, and South- 

west (SW) is 1800-270 ø. Statistics include number of samples (n), during UNH sampling times conapares well with the median 
25 th percentile (25%), standard deviation (s.d.), and 75 th percentile summertime NOr diel (Figure 6), with the greatest differences 
(75%). occurring in the nighttime hours when UNH sample coverage 
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was the lightest (Figure 2a). Summer and winter NOr diel cy- 
cles vary considerably [Munger et al., 1996]; consequently, 
the UNH composite NOr diel cycle between 0900 and 1300 is 
significantly different (p < 0.05) from the 1991-1995 mean 
annual NOr diel. Overall, the composite data set is most rep- 
resentative of summer conditions between the hours of 0500 

and 2000 with a bias toward air masses with surface winds 

from the cleaner NW sector. 

4.2. HNO3 

4.2.1. Comparison to other measurements. Table 4 is a 
compilation of HNO3 measurements in rural North America, 
sorted in order of increasing sample integration time. This 
list, while not exhaustive, represents some of the more recent 
measurements. All the results, with the exception of this 
study, were obtained using Teflon/Nylasorb filterpacks which 
have previously been shown to compare reasonably well to 
the MC/IC technique [Talbot et al., 1990]. When comparing 
these values, note that all the subdaily measurement cam- 
paigns mainly occurred during the summer months. Many of 
these high-resolution projects do not include nighttime meas- 
urements (as noted in Table 4) which are generally lower 
[Edgerton et al., 1992] and may be biased by nonrepresenta- 
tive meteorological conditions. While the daily and weekly 
HNO3 sampling programs provide excellent seasonal and an- 
nual coverage, the long integration times may mask hourly 
and day/night variability that is useful in understanding the 
processes influencing the atmospheric chemistry of HNO3. 

The overall hourly mean and median HNO3 mixing ratio 
for Harvard Forest agrees quite well with other measurements 
in rural North America (Table 4). The large range of HNO3 
mixing ratios (26-7771 pptv) at Harvard Forest is indicative 

of the wide variety of air masses that influence this site. The 
smaller HNO3 variability reported in most other studies is to 
some degree a consequence of longer sample integration 
times, especially the weekly sampling of the National Dry 
Deposition Network [Edgerton et al., 1992] which has now 
been incorporated into the EPA Clean Air Status and Trends 
Network (CASTNet). Ollinger et al. [1993] noted that mean 
HNO3 levels for the CASTNet sites in the northeastern United 
States decreased linearly with increasing latitude. Interest- 
ingly, Harvard Forest at 42.5øN with a mean'hourly mixing 
ratio of 828 pptv fits this trend (Table 4). The gradient of de- 
creasing HNO3 values to the north of this site concurs with 
the calculations of Munger et al. [1998], who concluded that 
much of the NOx emitted in the northeastern United States is 
deposited as HNO3 within a few days. 

4.2.2. I-INO3 diel trends. HNO 3 mixing ratios are lower at 
night and higher during the day at Harvard Forest (Figure 2a) 
and at other sites as well [Edgerton et al., 1992; Parrish et 
al., 1986]. Previous attempts to define the diel cycle of HNO3 
have shown similar patterns, with the highest mixing levels 
occurring in the afternoon [Parrish et al., 1986; Aneja et al., 
1994a, Kleinman et al., 1994]. The distinctly different HNO3 
diel patterns for the SW and NW windsectors emphasize the 
respective urban and rural source regions for these air mass 
categories (Figure 2b). Earlier studies at Harvard Forest [e.g. 
Munger et al., 1996] labeled the SW and NW surface wind 
direction sectors as "polluted" and "clean" based on signifi- 
cantly higher midday NOx and NOr mixing ratios for the SW 
sector. Using a trajectory model, Moody et al. [1998] quan- 
titatively determined the same air masses source regions and 
described their divergent chemical climatologies. Instead of 
using a meteorological parameter, Kleinman et al. [1994] 
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subdivided HNO3 data from rural Georgia into groups based 
on 03 mixing ratios and in the process produced two HNO3 
diel patterns of similar shape and magnitude to those in Fig- 
ure 2b. 

The notable rise in early morning HNO3 mixing ratios 
0500 LT) (Figures 2a and 2b) is coincident with average time 
of summer sunrise as well as large increases in the heat flux, 
friction velocity, NOx and NOr mixing ratios, and NOr depo- 
sition rate [Munger et al., 1996]. Due to low photochemical 
activity at this time of day, it is likely that this increase in 
HNO3 could result from the entrainment of HNO3 in "fossil" 
mixed layer air from the previous day as the new mixed layer 
develops [Kleinman et al., 1994]. Large increases in early 
morning NOr deposition velocities [Munger et al., 1996] en- 
dorse this theory by demonstrating high concentrations of a 
readily depositing NOr species (e.g., HNO3) in these air 
masses. Trainer et al. [1991] predict that some of the HNO3 
mixed down as the nocturnal boundary layer erodes is pro- 
duced at night via heterogeneous reactions involving N205. 

4.2.3. Seasonal differences in HNO3. Munger et al. 
[1998] analyzed 7 years (1990-1996) of continuous hourly 
NOr flux measurements at this site and report the highest NOr 
deposition occurs during the months of May, July, and August 
and the lowest during December, January, and February. As 
the primary depositing species of NOr, the composite HNO3 
seasonal cycle (Figure 4a), while lacking wintertime data, is 
consistent with these findings. Parrish et al. [1986] also re- 
port their maximum and minimum HNO3 levels in late sum- 
mer and winter, respectively. However, other studies from 
other regions have observed the significantly different HNO3 
seasonal cycles. In Cedar Creek, Wyoming, the highest levels 
occur in the spring [Edgerton et al., 1992], while Bondville 
and Argonne, Illinois experience their peak HNO3 concentra- 
tions in the winter [Meyers et al., 1991 ]. Seasonal differences 
in HNO3 are believed to be a function of many interrelated 
physical and climatological factors which may also differ sea- 
sonally and geographically, including: homogeneous and het- 
erogeneous production, dry deposition, and wet removal, local 
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biogenic isoprene emissions, boundary layer dynamics, and 
regional NOx emission densities. 

While the weekly CASTNet samples will probably not be 
useful to determine the importance of some of these factors 
such as nighttime heterogeneous HNO3 production, it is a 
good data set to examine seasonal HNO3 levels across the 
eastern United States. The 1994 data from two northeastern 
United States CASTNet sites (Howland, Maine and Abington, 
New York) were selected to highlight the two extremes in the 
regional HNO3 latitudinal gradient. In 1994, both of these 
sites report the highest sustained HNO3 levels in July and 
August (- days 180-240) (Figure 7) and lower mixing ratios 
in the winter, which is consistent with the HNO3 and NOr 
deposition results at Harvard Forest [this study; Munger et al., 
1998]. Peak July and August HNO3 mixing ratios at Harvard 
Forest and other northeastern sites may be explained by addi- 
tional HNO3 production via organic nitrate pathways [Munger 
et al., 1998]. The coherence of the HNO3 signals from these 
two sites, for both the long- and short-term (episodic) events, 

suggests that similar factors control the HNO3 levels through- 
out the northeastern United States. The regional HNO3 con- 
centration gradient reported by Ollinger et al. [1993] is also 
evident in these two records and most likely represents the 
deposition of HNO3 as a large portion of the emitted NOx is 
oxidized to HNO3 and deposited within the region [Munger et 
al., 1998]. 

4.3. NH3 

4.3.1. Comparison to previous NH3 measurements. The 
mean NH3 mixing ratio of 321 pptv is equivalent to the 300 
and 420 pptv summertime mean observed for other forested 
sites in Oak Ridge, Tennessee and Niwot Ridge, Colorado 
[Langford et al., 1992]. At Harvard Forest, 10 years previous 
to this study, Tjepkema et al. [1981] observed summertime 
NH3 mixing ratios in the range of 200-330 pptv using 7 day 
oxalic acid denuder measurements. The greater variability 
displayed in our hourly measurements is due to the damping 
of high-frequency structure by the weekly integrated samples. 

Our composite NH3 diel cycle does not display the trend of 
Table 3. Frequency of Average Hourly Surface Winds by higher daytime mixing ratios peaking in the afternoon and 
Sector (1991-1995) then gradually declining throughout the night observed at sev- 

eral other sites [Langford et al., 1992]. Some of the individ- 
Frequency, % ual days that went into this composite do, however, demon- 

strate such a pattern, including day 165 of 1995 as shown in 
n NW E SW Figure lb. Interestingly, some days with a flat NH3 diel cycle 

display a more "typical" NHx (NH3 + NH4 +) diel signal (Fig- 
UNH a 720 52 20 27 ure 8a). 
1991-1995 b 33330 49 19 32 Our composite of summer NH3 levels generally fits in with 
Summer (1991-1995) c 8466 44 16 39 the complete year of NH3 concentrations measured by Tjep- 

Northwest (NW) is 2700-45 ø, East (E) is 45ø-180 ø, and Southwest kema et al. [1981] at Harvard Forest in 1980. They found the 
(SW) is !80ø-270 ø. highest NI-I3 levels to occur in the summer, peaking in early 

aUniversity of New Hampshire (UNH) HNO3 and NH3 sampling August and decreasing rapidly to fall and winter lows of less times. 

briaryard University continuous measurements. than 50 pptv. As suggested by the "typical" seasonal and diel 
CSummer is defined as June, July, and August. cycles of NH3, boundary layer NH3 levels are a general func- 
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tion of air temperature, with higher NH3 mixing ratios associ- 
ated with warmer temperatures [Langford et al., 1992]. Our 
observations of small, or no, diel variation of NH3 mixing ra- 
tios on many days suggests that other factors also play a sig- 
nificant role in regulating NH3 levels at the Harvard Forest. 

4.3.2. Controls on boundary layer NH 3 levels. It is clear 
that air temperature is a primary controller of NI-I3 in the 
boundary layer, as several other sites show a strong tempera- 
ture dependence on NI-I3 mixing ratios [Langford et al., 
1992]. Higher air temperatures lead to greater emissions of 
NI-I3 from its primary sources, cattle feedlots and fertilizer ap- 
plications. As ambient NI-I3 mixing ratios above vegetated 

systems approach the NI-I 3 compensation point, higher air 
temperatures increase the vapor pressure of NI-I3 above the 
NH4 + dissolved in the water film lining stomatal cavities, in- 
creasing the NI-I3 emitted by the canopy as predicted by 
Henry's Law [Langford and Fehsenfeld, 1992]. At Harvard 
Forest, due to the lack of nearby sources and high levels of 
SO42- in the atmosphere, the ambient mixing ratios of NH3 are 
more or less always below the NH3 compensation point re- 
ported by Farquhar et al. [1980], suggesting that the canopy 
(or ecosystem) at Harvard Forest may be continually losing 
NI-I3 to the atmosphere. Similarly, based on the low nature of 
the few NI-I3 mixing ratios reported for eastern forests, Lang- 
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ford et al. [1992] predicted these ecosystems could emit sig- 
nificant levels of NH3. 

For the months of May and June of 1995, the exponential 

relationshi• between averaged NH3 mixing ratios and tem- 
perature (r =0.85) may perhaps define the NH3 compensation 
point for this ecosystem. If so, this particular NH3 compensa- 
tion point is lower than that previously observed by Farquhar 
et al. [1980] for snap beans and confirmed by Langford and 
Fehsenfeld [1992] for a lodgepole-ponderosa pine/spruce-fir 
forest. The Farquhar et al. [1980] NH3 compensation point 
is plotted as a function of air temperature for comparison 
(Figure 5). 

Another fundamental determinant of NH3 levels at most 
sites is their proximity to NH3 sources. With mean and me- 
dian mixing ratios between 200 and 350 for all wind sectors, 

this suggests that there are few significant sources of NH3 
near Harvard Forest. While mean NH 3 levels from the 
"clean" NW sector are significantly greater than those from 
the "polluted" SW sector, total NHx levels, and therefore total 
NH3 emissions, are greater in the SW wind sector. Thus sig- 
nificant levels of NH3 are emitted from the SW sector; how- 
ever, a large fraction of the NH3 is soon converted to NH4+/pl, 
resulting in low ambient NH 3 mixing ratios. 

As described earlier in section 2.3, NH3 can rapidly react 
with H2SO4 to produce ammonium (bi)sulfate aerosols. In an 
acidic atmospheric environment dominated by SO42-, Tang 
[1980] predicted that a primary control on the gase- 
ous/particulate partitioning of ammonia is the level of atmos- 
pheric SO42-. This control is clearly demonstrated by com- 
paring two consecutive days (J.D. 159-160) in 1995. On day 
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159 (1995), north winds brought high levels of NHx (3-5 
ppbv) and high SO42- levels (-- 1-2 ppbv) to Harvard Forest 
(Figure 8a) and NH3 accounts for 9-25% of NHx. On day 
160, easterly winds advected moderate levels of NHx (-- 500- 
800 pptv) and very little aerosol SO42- (<500 pptv) resulting in 
the opposite situation with the majority of the NHx (67-91%) 
present as NH3 instead of aeros½l NH4 + (Figure 8a). 

Average aerosol SO42- mi>dng ratios for the "polluted" SW 
sector are 2.3 times higher than the NW sector, resulting in 
significantly different (p < 0.001) mean (+_ standard deviation) 
NH3/NHx ratios of 0.39 (+_0.22) and 0.23 (+_0.22) for the NW 
and SW wind sectors, respectively. Langford et al. [1992] 
collected available data from various studies which simulta- 
neously determined NH3, NH4 +, and SO42- mixing ratios. 
Breaking up the data into wintertime and summertime meas- 
urements, they observed negative exponential relationships 
between the fraction of NHx as NH3 and total atmospheric 
sulfate. The steeper slope of the wintertime data was attrib- 
uted to decreased wintertime NH3 emissions and the lower 
equilibrium vapor pressure of NH3 over ammonium sulfate 
aerosols at colder temperatures. 

Separating our May and June 1995 NH3 data into two 
groups based on the air temperature, _<15øC and >20 øC, we 
observed exponential relationships describing the partitioning 
of NH3 and NH4 + as a function of SO42-[p] (Figure 8b). The 
squared correlation coefficients are 0.85 and 0.90 for the 
_<15øC and >20øC groups, respectively. These relationships 
are quite similar to those reported by Langford et al. [1992], 
which, for comparison, have been included in Figure 8b 
(thicker lines). Not included in this analysis, but also shown 
in Figure 8b, are NH3 data from August 1995. All the data 
collected during August represent sampling periods in which 
the air temperature was 19øC or greater. With the exception 
of the samples with quite high SO42- mixing ratios (> 3500 
pptv), most of the remaining August samples fall somewhere 
between the <15øC and >20 øC ammonia-to-sulfate relation- 
ships described above. August 1995 is the same period for 

which the relationship between NH3 and temperature shown 
in Figure 5 does not apply. 

In addition to being a warmer time period (Figure 5), the 
August samples also contained on average significantly more 
8042- and less NH3 relative to NH4 + (Figure 8b). However, 
the majority of the August samples were collected within 
temperature and SO42- ranges observed during summer and 
still contained less NH3 (Figures 5 and 8b). Langford and 
Fehsenfeld [1992] also observed a deviation from the pre- 
dicted compensation point at higher temperatures and specu- 
lated that lower NH3 emissions were related to water stress. 
At Harvard Forest, 1995 was drier than average with a period 
of drought occurring from early August through mid- 
September as shown by cumulative daily rainfall (Figure 9). 
These data further suggest that for vegetation experiencing 
water (or other physiological) stress, which encourages re- 
duced stomate aperatures, the exchange of NH3 is also re- 
stricted, effectively suppressing a plant's NH3 compensation 
point. 

Alternatively, recent studies have investigated the equilib- 
rium vapor pressure of NH3, HNO3, or H2SO4 over ammo- 
nium nitrate and ammonium sulfate solutions [e.g., Clegg et 
al., 1998]. For our data set, the product (K) of [HNO3] and 
[NH3] is considerably lower than the calculated ammonium 
nitate dissociation constant (Kc) of'Stelson and Seinfeld 
[1982] at all relative humidities and temperatures. Studies by 
Marti et al. [1997] have shown that the vapor pressure of 
H2SO4 decreases dramatically when NH3 is added to the sul- 
furic acid solution, suggesting that the vapor pressure of NH3 
over ammonium (bi)sulfate could also be low. A proper 
analysis of this complex multiphase system is beyond the 
scope of this paper and will hopefully be thoroughly investi- 
gated in a future study. 

4.4. NOr and HNO3 

The NOr diel cycle at Harvard Forest, with lower mixing 
ratios at midday and higher levels at night, has been attributed 
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to changes in the height of the boundary layer and the vertical 
distribution of NOr [Munger et al., 1996]. At night, local 
anthropogenic NOx emissions accumulate below the stable 
nocturnal boundary layer. As the mixed layer grows the next 
morning, boundary layer NOr concentrations are diluted by 
the entrainment of air lower in NOr from aloft. For the UNH 
sampling periods this process resulted in median midday and 
midnight NO¾ mixing ratios of- 3000 and 4000 pptv, re- 
spectively (Figure 6). The range of NOr values and diel trend 
are similar to those observed at other flatland rural sites in 

North America [Parrish et al., 1993]. 
Four of the individual component species of NOr (NO, 

NO2, HNO3, and NO3-(p)) were simultaneously measured at 
Harvard Forest. NO and NO2 rapidly interconvert between 
each other as function of actinic flux, oxidant concentrations 
(03 and peroxy radicals), and temperature [Parrish et al., 
1993]. Thus when considering a composite data set collected 
under a variety of conditions, it is more meaningful to look at 
NOx, the sum of NO and NO2. NOx is, at all times, the larg- 
est fraction of NOr at Harvard Forest (Figure 10). 

At night NOx accounts for more than 60% of NOr while no 
other measured species contributes more than a 10% share of 
NOr (Figure 10). Nitric acid is the next most abundant meas- 
ured NOr species with a midday maxima of 20% of NOr oc- 
curring at the same time as the NOx minima, indicative of the 
photochemical oxidation of NO2 to HNO3. At night, all the 
NO in the surface layer is fitrated to NO2 by reaction with 03 
and other oxidants. As the Sun rises, NO2 photolysis begins 
and the NO contribution increases from essentially zero to a 
high of about 10% of NOr around 0800 LT (Figure 10). Aero- 
sol NO 3- is a minor fraction of NOr at this site accounting for 
3-7% of NOr at any time of the day. 

The sum of these four NOr species (ZNOr(i)) accounted for 
60-80% of NOr, with the median of the unmeasured residual 

remaining fairly constant (- 1500-2500 pptv) throughout the 
day (Figure 10). In air masses with winds from the urban SW 
wind sector, the mean (+ standard deviation) "unmeasured" 
NOr fraction (NOr- ,T_,NOx, )) was 23% (_+14%) of NOr. The 
"unmeasured" NO¾ fraction accounted for approximately 
40% _+ 20% of the NOr in surface winds from the rural areas 
to the NW and from the Boston metropolitan area to the east. 
Typically, NOx, HNO3, and PAN are the major reactive nitro- 
gen species at most sites [Parrish et al., 1993]. Recent stud- 
ies suggest that various other organic nitrates may also be an 
important component of NOr at forested sites [Trainer et al., 
1991]. The majority of the "unmeasured" NOr at Harvard 
Forest is most likely PAN and other organic nitrates. In con- 
trast to HNO3, PAN is only a temporary NOr reservoir since it 
thermally decomposes back to NOx. For a site in Scotia, 
Pennsylvania, situated in an oak forest, midday summertime 
PAN mixing ratios can get as high as 2000 pptv and can ac- 
count for as much as 30-40% of NOr [Trainer et al., 1991]. 
Oak forests like Harvard Focest emit large amounts of iso- 
prene in the summer months [Goldstein et al., 1998]. Since 
lhe oxidation products of isoprene are thought to be important 
precursors of PAN [Trainer et al., 1991], one would expect 
significant PAN levels at Hm yard Forest. Since it quickly de- 
grades at summertime surface temperatures, PAN tends to 
have a diel cycle similar to HNO3. The diel cycle of the NOr 
residual does appear to decrease in the evening (2200-0100) 
as expected (Figure 10). However, the larger variability in the 
nighttime values due to the lower sampling coverage make 
this a non-significant difference. 

The quantity {NOr-NOx.} describes the sum of HNO3, 
PAN, and other oxidized reactive N species. The linear rela- 
tionship between HNO3 and {NOr-NOx} (slope = 0.55, r 2 = 
0.86) indicates that HNO3 is typically about half of the oxi- 
dized NOr in air masses arriving from the SW wind sector 
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(Figure 11). While more variable, on average about 25% of 
{NOr-NOx} is HNO3 in the NW and E surface wind sectors. 
Trainer et al. [1991] modeled the photochemical production 
of organic nitrates, such as butyl and isoprene nitrates, and 
predicted that these reactive N compounds may contribute as 
much as 1000 pptv to NOr at night and 3000 pptv or more to 
NOr midday. These high levels appear possible in light of the 
unusual results observed for several early evening hours be- 
tween April 27 and 30, 1993. During these hours an air mass 
with easterly surface winds contained less than 1 ppbv of 
HNO3, 4-5 ppbv of NOx, and more than 8 ppbv of "unidenti- 
fied" oxidized NOr, presumably PAN and other organic ni- 
trates (Figure 11). 

5. Conclusions 

Mean summertime HNO3 mixing ratios at Harvard Forest 
agree well with results from other rural sites and fit in with 
the latitudinal HNO3 gradient for the northeastern United 
States. This site receives air masses from both urban and ru- 

ral source regions resulting in mean and median HNO3 levels 
4 times higher when surface winds were from the SW as op- 
posed to the NW wind sector. High early morning HNO3 and 
aerosol NO3- mixing ratios suggest of the entrainment of these 
species from aloft into the newly developing mixed layer. A 
behavior consistent with theories of nocturnal heterogeneous 
HNO3 production in the "fossil" mixed layer. 

The importance of acidic SO4 2- aerosols in regulating the 
gaseous NH3 levels at Harvard Forest is demonstrated by the 
low NH3 mixing ratios and the exponential relationships be- 
tween the NH3/NHx partitioning ratio and aerosol SO4 2- con- 
centrations. In the sulfate rich atmosphere above Harvard 
Forest, NH3 mixing ratios appear to be suppressed below the 
NH3 compensation point, suggesting that this N limited eco- 
system may be losing N to the atmosphere through canopy 
NH3 emissions. Air temperature is another factor controlling 
the NH3 levels at this site. However, it is difficult to appor- 

tion the controls on Nm 3 between the temperature response of 
the NH3 compensation point and the temperature sensitivity of 
NH3/H2SO 4 production. The temperature response of these 
two controls may have similar results with warmer tempera- 
tures perhaps resulting in both greater NH3 canopy emissions 
and a larger NH3/NHx ratios for a given SO4 2- concentration. 

On average HNO3 makes up about 20% of NOr at midday. 
PAN and perhaps other organic nitrates are believed to make 
up a significant fraction of NOr at Harvard Forest since the 
sum of the measured NOr species (NO, NO2, HNO3, and 
aerosol NO3') typically account for between 60-80% of the 
summertime NOr over the course of a day. HNO3 makes up 
about half of the oxidized NOr in polluted SW winds. How- 
ever, unmeasured oxidized NO¾ species comprise - 75% of 
the {NOr-NOx} in surface winds from the NW and E sectors, 
suggesting significant production of organic nitrates in these 
air masses. 
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