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Nighttime chemistry at a high altitude site
above Hong Kong
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Zhe Wang®, Donald R. Blake®, Wilson Tsui®, David D. Parrish'3, and Tao Wang”

'Chemical Sciences Division, NOAA Earth System Research Laboratory, Boulder, Colorado, USA, 2Department of Chemistry
and Biochemistry, University of Colorado Boulder, Boulder, Colorado, USA, 3Cooperative Institute for Research in
Environmental Sciences, University of Colorado Boulder, Boulder, Colorado, USA, “Department of Civil and Environmental
Engineering, Hong Kong Polytechnic University, Hong Kong, China, Department of Chemistry, University of California,
Irvine, California, USA, °PTC International Limited, Hong Kong, China

Abstract Nighttime reactions of nitrogen oxides influence ozone, volatile organic compounds, and aerosol
and are thus important to the understanding of regional air quality. Despite large emissions and rapid recent
growth of nitrogen oxide concentrations, there are few studies of nighttime chemistry in China. Here we
present measurements of nighttime nitrogen oxides, NO3 and N,Os, from a coastal mountaintop site in Hong
Kong adjacent to the megacities of the Pearl River Delta region. This is the first study of nighttime chemistry
from a site within the residual layer in China. Key findings include the following. First, highly concentrated urban
NO, outflow from the Pearl River Delta region was sampled infrequently at night, with N;Os mixing ratios up to
8 ppbv (1 min average) or 12 ppbv (1 s average) in nighttime aged air masses. Second, the average N,Os uptake
coefficient was determined from a best fit to the available steady state lifetime data as y(N,Os) = 0.014 + 0.007.
Although this determination is uncertain due to the difficulty of separating N,Os losses from those of NOs, this
value is in the range of previous residual layer determinations of N,Os uptake coefficients in polluted air in
North America. Third, there was a significant contribution of biogenic hydrocarbons to NO;s loss inferred from
canister samples taken during daytime. Finally, daytime N,Os mixing ratios were in accord with their predicted
photochemical steady state. Heterogeneous uptake of N,Os in fog is determined to be an important
production mechanism for soluble nitrate, even during daytime.

1. Introduction

The emissions and atmospheric chemistry of nitrogen oxides (NO,=NO + NO,) influence air quality and
climate through their regulation of secondary pollutants such as ozone and aerosols. Nitrogen oxides
undergo both photochemical (sunlight driven) and dark (requiring the absence of sunlight) chemical cycles.
During daytime, they act as catalysts in the well-known mechanism for the production of tropospheric ozone.
At night, they participate in a separate set of reactions that removes both ozone and nitrogen oxides from the
atmosphere, initiates the oxidation of volatile organic compounds, serves as a source of secondary aerosol,
and activates halogen species [Brown and Stutz, 2012]. The oxidation of NO, by Os, which produces the
nitrate radical, NOs, initiates these chemical cycles.

NO, + O3—NOs3 + O, (
NO3; + NO,N,05 (

NO;z + VOC—Products (3)
N,0s + H,0(het)—2HNO; (
N,0s + CI~(het)—CINO, + NO;~ (

The nitrate radical is short lived during daytime due to its rapid photolysis and reaction with NO, both of
which serve to regenerate NO, and effectively reverse reaction (1). The NOs concentration increases during
nighttime, together with that of dinitrogen pentoxide, N,Os, with which it is in thermal equilibrium via
reaction (2). The nitrate radical is a strong oxidant of unsaturated hydrocarbons and reduced sulfur
compounds. It is therefore highly reactive with biogenic hydrocarbons such as isoprene and monoterpenes
in terrestrial environments [Winer et al., 1984] and dimethyl sulfide in marine environments [Platt et al., 1990].
Nighttime reactions of NO3 with isoprene and monoterpenes may be an important mechanism for
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production of secondary organic aerosol [Pye et al.,, 2010]. Dinitrogen pentoxide reacts via heterogeneous
uptake to aerosol to yield soluble nitrate (HNO3 or NOs™) or nitryl chloride, CINO,. The latter undergoes
morning photolysis subsequent to its nighttime production and acts as a source of atomic chlorine radicals
and NO,. This mechanism recycles NO, that would otherwise be converted to soluble nitrate if all N,Os
uptake proceeded through reaction (4). The availability of aerosol phase chloride determines the competition
between reactions (4) and (5) [Bertram and Thornton, 2009; Roberts et al., 2009]. Recent field studies have
shown that CINO, production is widespread and represents a large source of reactive halogens to the
troposphere [Thornton et al., 2010].

Production of NO3 via reaction (1) depends linearly on the mixing ratios of both O3 and NO,. Emissions of
nitrogen oxides have been declining steadily in North America and Europe but increasing rapidly in Asia
[Hilboll et al., 2013; Russell et al., 2012]. The recent trend in satellite-derived NO, column over large cities
in China shows an increase of +5-10%yr~' [Hilboll et al., 2013]. Surface ozone concentrations have been
declining across broad areas of the United States in response to declining NO, emissions [Cooper et al.,
2012; Simon et al., 2014]. Reported O3 data in China are not as extensive as those in the U.S. and Europe,
but reports of surface ozone in China suggest large ozone production downwind of Beijing [Wang et al.,
2006] but only modest trends within the city itself [Tang et al., 2009]. In southern China, there is a positive
trend (0.6-0.9 ppbvyr™) in surface ozone during the winter season at a coastal site in Hong Kong asso-
ciated with outflow from mainland China during that season [Wang et al., 2009]. These trends in NO,
and O3 suggest generally decreasing rates of NO3 and N,Os production in North America and Europe
but a rapidly increasing rate of nighttime chemical reactions in China, with the potential to drive the asso-
ciated chemical cycles.

Despite its importance to regional air quality and despite the likely rapid increase in the rate of nighttime
chemistry, investigations of nighttime nitrogen oxides in China remain relatively sparse. Several studies
have identified the role of N,Os uptake in production of aerosol nitrate, a significant component of
secondary inorganic aerosol. Pathak et al. [2009, 2011] found that heterogeneous N,Os uptake led to
accumulation of fine aerosol nitrate downwind of Beijing and Shanghai megacities even under conditions
of high aerosol acidity. Recent studies of aerosol loading and composition across China have identified
nitrate as an important component (7-14% on average) and have noted the contribution of multiphase
chemistry initiated by NOs [Guo et al., 2014; Huang et al., 2014]. A model study of a severe winter haze
episode in Beijing showed that inclusion of heterogeneous nitrogen oxide reactions was essential to
reproduce observations [Zheng et al., 2015]. Similarly, analysis of a winter haze event in Hong Kong with
high nitrate loadings showed that N,Os uptake contributed significantly to the nitrate aerosol accumula-
tion rate even during daytime [Xue et al., 2014]. Although N,Os production and uptake is a major process
underlying aerosol pollution in China, these field studies lack direct measurements of this key intermediate.
Wang et al. [2013] presented measurements of NOs by differential optical absorption spectroscopy, together
with NO, and N,Os calculated via the equilibrium in reaction (2), within the urban area of Shanghai during
August-October 2011. These surface level measurements found NO3 production rates via reaction (1) of several
parts per billion per hour and evidence that sinks for NO3 and N,Os were dominated by heterogeneous
reactions of the latter.

Nighttime reactions of nitrogen oxides are often difficult to characterize in field studies due to the lack of
mixing within the planetary boundary layer at night [Stutz et al., 2004]. Surface level measurements are repre-
sentative of either a nocturnal boundary layer, with a depth on the order of 100 m, or a surface layer that may
be only tens of meters deep [Stull, 1988]. Measurements at the surface do not characterize the composition or
chemistry of the much deeper residual layer, where the largest mass from the previous day’s emission resides.
Strategies for probing the residual layer include measurements from aircraft [Brown et al., 2007; Kennedy et al.,
2011], tall towers [Benton et al., 2010; Wagner et al., 2013], or terrain features that lie within the residual layer
[Crowley et al., 2010].

Here we present measurements of nighttime nitrogen oxides and related species from Tai Mo Shan, a coastal
mountaintop site in Hong Kong, China, with an elevation of 957 m. Measurements took place during
November and December 2013, during the latter part of the season with high ozone pollution in Hong
Kong [Wang et al., 2009]. The Tai Mo Shan campaign included measurements of NOs, N,Os, CINO,, HONO,
03, VOCs, particle size distributions, and aerosol ionic composition. The study provides a comprehensive
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Figure 1. Map of the Pearl River Delta area of southeast China showing the location of the Tai Mo Shan mountaintop
observatory. The left inset shows a wind rose (top) and the diurnal average wind direction and wind speed during the
study period (bottom). Winds were exclusively from the east and northeast and most commonly between 5 and 10 m s
Nighttime and early morning winds were strong, while late afternoon winds were slack. The average direction rotated
slightly to the northeast in the afternoon during the period of slower average wind speed.

analysis of nighttime chemistry in an Asian megacity and the first observations of nighttime chemistry within
the residual layer in Asia. This paper examines the nighttime chemistry of NOs and N,Os, while a companion
paper [Wang et al., 2016] describes observations and analysis of nitryl chloride, CINO,.

2. Field Site and Instruments

The Tai Mo Shan observatory is located north of major population centers of Hong Kong (Kowloon and Hong
Kong) and to the south of Shenzhen in mainland China (Figure 1). It is the highest point in Hong Kong at
957 m. This altitude is near the top of the average daytime mixed layer height in Hong Kong during autumn
(1.2 km) and winter (1.0 km)[Yang et al., 2013]. Thus, during the November-December study period, the site
would lie near the top of the residual layer at night, with the potential to sample from the free troposphere at
times. Although the site was high enough to encounter clouds and was thus frequently impacted by fog
during the study period (see below), measured levels of pollutants were nearly always characteristic of at
least a moderately polluted boundary layer. Median (average) total reactive nitrogen, NO,, was 6.15 ppbv
(7.88 ppbv), with an interquartile range (25th-75th percentiles) of 4.51-9.13 ppbv and a 10th-90th percentile
range of 3.14-13.98 ppbv. Thus, regardless of whether the sampled air was influenced more by the boundary
layer or free troposphere, it was always impacted by regional pollution. All instruments were housed in a
small, custom-built shelter with inlets affixed to a scaffold above the shelter roof at a height of 6 m above
ground level at the mountaintop site.

A companion paper on CINO, observations during this campaign [Wang et al., 2016] gives a detailed descrip-
tion of the instrumentation for trace gas, aerosol, radiation, and meteorological measurements. The focus of
the current paper is on the analysis of NOs and N,Os. Briefly, these species were measured using diode laser
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cavity ring-down spectroscopy (CRDS) at 662 nm [Wagner et al., 2011]. The instrument measures NO3 directly
by optical extinction on its strong, 662 nm absorption band. It measures the sum of NO3 and N,Os simulta-
neously in a separate channel through a heated inlet that thermally dissociates N,Os to NOs. Precision and
accuracy for N,Os are <3 parts per thousand by volume (pptv) (20, 15) [Wagner et al, 2011] and £12%
[Fuchs et al., 2008], respectively. The stated precision and accuracy for NOs is normally approximately equiva-
lent to that of N,Os. However, for the data from this campaign, NO3 was observed to be substantially lower
(60%) than the mixing ratio predicted by the NO3-N,Os5 equilibrium in reaction (2), contrary to experience
with previous airborne and ground-based measurements with this technique [Brown et al., 2003b; Osthoff
et al., 2007], indicating a large loss for this species in the instrument inlet during this campaign. The reported
NOs was corrected for this loss factor based on its predicted ratio to N,Os. Because of the much larger asso-
ciated uncertainty in NOs for this campaign, and because the resulting NO3 measurement is not independent
of N,Os, the analysis reported in this paper relies on the N,Os measurement only. The inlet was constructed
of 6m of 1/4inch (6.35 mm) OD, 5/32inch (4.0 mm) ID fluorinated ethylene propylene Teflon tubing, with a
restriction at the end of the inlet that dropped the pressure below 300 mbar. The total volumetric flow in the
inlet was approximately 20 L/min, for a residence time of 0.2s. It is not clear whether the NOs loss
occurred in this inlet, the filter housing (residence time 0.06 s), or the tubing used to construct the sample
cells around the optical detection axis (residence time 0.25s). Periodic exchanges of the external inlet
tubing did not change the apparent NOs transmission. Transmission of N,Os is generally much greater
than that of NOs [Fuchs et al., 2008], and comparison between the CRDS N,Os and a measurement based
on chemical ionization mass spectrometry showed excellent agreement [Wang et al., 2016]. Thus, the
N,Os measurement is taken here as correct, while the NO; measurement is assumed to suffer from inlet
losses during this campaign. Transmission of N,Os has been found independent of relative humidity (RH)
up to 95% [Fuchs et al., 2008]. However, potential inlet N,Os loss at 100% RH (i.e., fog) is unknown.
Section 5 discusses N,Os measurement in polluted, daytime fog, where small but nonzero N,Os was
observed and taken to be accurate.

The same instrument also measures NO, NO,, NO,, and O3 by diode laser CRDS at 405 nm. In this case, NO,
is measured directly by optical extinction, and NO, O3, and NO, are converted quantitatively to NO, in
three additional, separate measurement channels. Measurement precision is equal to or better than 60 pptv
(20, 15), and the accuracy is 3% for NO, and O3, 5% for NO, and 12% for NO,,. Linear fits using orthogonal dis-
tance regressions of NO,, NO, and NO, measured by CRDS against measurements from a chemiluminescence
analyzer showed slopes of 0.97+0.01, 0.91+0.01, and 1.11+0.01, respectively (errors are 2¢ fit errors).
Comparison of CRDS O3 to a commercial 254 nm UV absorption instrument showed a slope of 1.00. The
CRDS measurements operated from 15 November to 6 December 2013, while the chemiluminescence
NO,, NO,, and UV absorption O3 operated through 14 December. Data analyzed in this manuscript use
CRDS NO,, NO,, and O3 but use the other instruments to fill in data gaps in the CRDS instrument, including
the entire period after 6 December.

As described in the companion paper [Wang et al., 2016], CINO, was measured by iodide ion chemical ionization
mass spectrometry with a precision of 4 pptv (2, 1 min) and an accuracy of 20%.

3. Measurement Overview

The local airflow at Tai Mo Shan was exclusively from the east and northeast as the wind rose in Figure 1
shows. This direction was mainly onshore from the South China Sea and occasionally parallel to the coast-
line or slightly offshore from mainland China. During the night and early morning, winds were consistently
stronger and more easterly (onshore), with an average wind speed of 8 ms™". During late morning through
late afternoon the average wind speed gradually slackened to 3ms™ by 15:00. A slight rotation of the
average wind direction toward the northeast, and slightly more from mainland China, accompanied the
afternoon wind slackening. Most individual days had slower afternoon wind speeds, but fewer days exhib-
ited the local wind direction shift. Despite a local wind direction from the South China Sea, air masses were
never observed to be free of pollution, indicating the importance of mixing between continental outflow
and the prevailing easterly flow, as described in more detail in the companion paper [Wang et al., 2016].
Figure 2 shows a series of backward trajectory calculations using the Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) model [Draxler and Rolph, 2003] and covering the majority of the study
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Figure 2. Backward trajectory calculations using the HYSPLIT model during the study period. Trajectories are 48 h in duration,
initialized every hour at observatory location and 1 km altitude. Trajectories begin at 0Z (8 A.M. local) on the date shown.

period, from 14 November to 7 December 2013. The trajectories are consistent with arrival of air masses
from the north and east of the site, but they also clearly show the passage of most air masses over mainland
China or Taiwan throughout much of the 48 h of transport on many of the measurement days. The only
exceptions are 24-25 November and part of 27 November, when the longer range airflow was distinctly
from the east. On these occasions, air at the site had lower Os, higher NO,, and a higher NO, to NO, ratio
(see below), consistent with entrainment of strong local NO, emissions from the city of Hong Kong into air
with lower O3 transported inward from the South China Sea.
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Figure 3. Time series of (a) NO, NO,, NOy, and Og; (b) NO3 and N,Os; (c) temperature; and (d) relative humidity. The bottom plot
shows solar elevation angle to reference night and day. Data are at 1 min time resolution. The inset in Figure 3b shows 1 min
and 1 s data for the time period from midnight to 7 A.M. on 4 December, when N,Os reached its maximum concentration.

The time series of nitrogen oxides and ozone in Figure 3 is consistent with the picture of regionally polluted air
at the mountaintop site. Nitrogen oxides (NO,) and total reactive nitrogen (NO,) were variable, as noted above,
with a wide range of NO,/NO, ratio, indicating a wide range of air mass age sampled at the site. Ozone
exhibited characteristic afternoon photochemical peaks, exceeding 80 ppbv in the afternoon on 15 out of
31 days and exceeding 100 ppbv on three days. The nighttime nitrogen oxides, NO3 and N,Os, were similarly
variable. Nightly maximum N,Os was in excess of 0.5 ppbv on every night that was not impacted by fog.
However, fog was a persistent feature of the site, as shown by the relative humidity time series in Figure 3.
Relative humidity (RH) reached 100% for part or all of 16 nights during the entire 31 day study and on 9 of
the 21 nights during which N,Os was measured with the CRDS instrument. Measured N,Os was much lower
on foggy nights, especially the period from 22 to 28 November when nightly N,Os was nearly always below
0.2 ppbv and frequently below 10 pptv. Levels of NO, were similar on foggy and nonfoggy nights, suggesting
that the lower N,O5 was due to its rapid loss to heterogeneous uptake in fog droplets.

3.1. Diel Averages

Figure 4 shows diel average data for NO,, NO,, and O3. Total reactive nitrogen (NO,) was at its lowest average
value between midnight and sunrise (6:47 AM. campaign average) at 5.8 ppbv but increased steadily
throughout the day to a maximum average value of 13.2 ppbv between 16:00 and 17:00. In terms of nitrogen
oxidation, air was also most aged between midnight and sunrise, with average NO,/NO, of 0.29+0.03 (10).
The average NO,/NO, ratio decreased continuously through the night at a rate of 0.014h~". The NO,/NO,
ratio increased during daytime, with the maximum NO,/NO, occurring between noon and sunset and an
average NO,/NO,, of 0.41 +0.03 during daylight hours. The steady rise in NO, and NO, throughout the day,
together with the increase in the NO,/NO, ratio, indicates less aged air sampled at the mountaintop site
during daytime, when the boundary layer is presumably well mixed relative to nighttime. At night, the site
is likely more isolated from surface emissions.

At the average late night Oz (58 ppbv) and temperature (285 K), the lifetime of NO, with respect to oxidation
via reaction (1) is 4.5-9.0h, with the longer lifetime corresponding to 1xk;[03] (where k; is the rate
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coefficient for reaction (1)) and repre-
senting the case where NO3 and N,Os
react mainly through NOs. The shorter
lifetime corresponds to 2xk;[Os] and
represents reactions mainly through
N,Os5 [Brown et al., 2004]. These calcula-
tions presume reaction of NOs with NO
to be negligible, which is reasonable
for chemistry occurring in the residual
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Figure 4. Diel average data. (a) NO,, NO, (left axis), and their ratio, NO,/NO, R X
(right axis); (b) O3, with shaded area showing 2o variation. Grey and yellow which were not measured or easily
shading on the background indicates the average period of darkness and constrained by other measurements at
sunlight, respectively. this site. For an average daytime OH of

2-5%10°% the photochemical lifetime
of NO, would be in the range 5.5-14 h if OH radical reaction with NO, were the dominant NO, sink and shorter
if other sinks (NO + RO,, PAN formation) were significant [e.g., Day et al.,, 2003]. The estimated photochemical
NO, lifetime range is comparable to the nocturnal lifetime range.

The diurnal pattern of Os; was typical of that for urban-influenced environments, with a late afternoon
maximum of 68.5 ppbv and daily average rise of 12 ppbv. Average O3 did not begin to increase until late
morning, with the entire average increase occurring between 11:00 and 15:00. The apparently late onset of
05 photochemistry may indicate that the boundary layer growth containing emissions from the surrounding
urban areas does not reach the site until approximately 11 A.M. at this time of year.

3.2. High-Concentration, Variable Urban Plumes Sampled at Night

As discussed above, Tai Mo Shan is generally influenced by polluted onshore flow that periodically mixes with
continental outflow. A few high-concentration urban plumes whose likely origin was the megacities of the
Pearl River Delta region impacted the site at night during discrete events. During these periods, nitrate radical
production rates varied from a few tenths to a few ppbvh™', and N,Os exhibited periodic large variability
(see next paragraph) that was apparent only in data recorded at high time resolution. These characteristics
appear to be consistent with infrequent nighttime intercepts of intense pollution plumes at Tai Mo Shan,
which is adjacent to but generally not directly downwind of the large megacities of the Pearl River Delta area.
High concentrations and large variability may also arise from sampling from a residual layer air mass that has
vertically stratified plumes with large spatial gradients [e.g., Brown et al., 2007].

All data in Figure 3 are shown at a time resolution of 1 min except for the inset, which shows the period from
midnight to 7 A.M. on 4 December at 1 s resolution. This event had by far the largest N,Os concentrations
observed during the campaign as well as the largest variability in N,Os. This maximum N,Os is the largest
directly measured concentration reported in the literature to date and comparable to N,Os levels inferred
from measurements of NOs radicals in the Los Angeles Basin in the late 1970s [Atkinson et al., 1986].
One-minute average N,Os5 exhibited three distinct maxima of 7.7, 7.8, and 5.2 ppbv. During the first two
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Figure 5. Expanded view from 1:30 to 7:30 on 4 December of the time series for (a) N;Os at 1 s and 1 min resolution; (b) O3,
NO,, and NOy in ppbv at 1 s resolution; (c, d) NO,/NO,, and nitrate radical production rate, P(NOs) in ppbv h71, respectively,
at 1s; and (e) temperature and relative humidity at 1 min.

maxima, 1s N,Os had a standard deviation of 1.5 and 2.7 ppbyv, respectively, with relative standard deviations
(standard deviation divided by the average) of 19% and 35%. The N,Os in the 1s data reached a maximum
mixing ratio of 11.7 ppbv (The CRDS instrument’s dynamic range is estimated to be linear up to
approximately 100 ppbv).

Variability in the N,Os concentrations at the Tai Mo Shan station was accompanied by large variability in NO,
and in air mass age. Figure 5 shows an expanded view of N;Os, NO,, NO,, O3, the NO, to NO, ratio, and the
nitrate radical production rate at 1s time resolution for 1:30-7:30 A.M. on 4 December. Also shown is RH and
temperature at 1 min, the best available time resolution for these data. Although the wind was steady from
the east (97 + 3°) with a relatively high wind speed (12.9+ 0.7 ms™") during the entire period, NO3, N5Os, NO,,
and NO, varied considerably. Prior to 1:30 AM. and for a short period just after 5 A.M., temperature was
slightly higher and relative humidity considerably lower. The NO, was low and the air was relatively more
aged, with NO,/NO, ~0.1; the production rate of nitrate radicals from reaction (1), P(NO3) = k;[O3][NO,],
was well under 0.1 ppbvh~', approaching 0.01 ppbvh™". These characteristics are consistent with highly
aged, polluted air, in which NO, had been nearly completely oxidized, sampled from above the residual layer.
Slightly lower temperature and increased RH after 1:45 AM. brought NO,/NO, ~0.2 and P(NOs) of several
hundred pptvh™', consistent with a moderately polluted residual layer and moderate nighttime chemistry.
Higher NO,/NO,, increased P(NO3), and much higher variability in N,Os characterized the three large maxima
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Figure 6. Expanded view of the second large N,O5 plume near 5:45 A.M. from Figure 4 showing (a) N2Os; (b) NO,/NO,; (c) P
(NOs); and (d, e) correlations of N;O5 with NO,/NO, and P(NO3).

in N,Os near 4:30, 5:45, and 6:30 A.M. The large increase in NO,/NO, and P(NO3) near 6:15 A.M. did not follow
the same pattern and was not accompanied by large N,Os but also had NO,/NO,, near 1, indicative of much
more recently emitted NO, pollution.

Figure 6 illustrates the characteristics of the 5:45 A.M. plume that showed the highest concentrations and the
greatest variability in N,Os. Variabilities in NO,/NO,, (0.1-0.5) and P(NO3) (0.5-2.0 ppbv h™") were large and
well correlated with variability in N,Os, indicating that variability in the latter was the result of a rapid shift
between NO,-rich and NO,-poor air masses. The correlation of N,Os with NO,/NO,, was slightly better than
with P(NOs), though both were comparable. Sampling of different air masses on a rapid time scale from a
mountaintop site could occur if the air pollution plume were confined to a maximum altitude range just equal
to the site elevation or if it were transported in a narrow vertical layer. Narrow, vertically layered plumes
have been observed, for example, from aircraft measurements of emissions from coal-fired electric power
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(a) Time series of O3, O, =03+ NO,, and nighttime O, = O3 + NO,
+2xNO3 + 3 x N,Os; (b) plots of O3 against NO, and NO, +2 x NO3 sual mixing that brings such plumes to
+3xN50s. The slope of the first plot is a measure of plume age (5.4-7.4h),  this site. Sites situated farther to the
while the slope of the second plot is a measure of nighttime O, conservation  west of Tai Mo Shan may encounter
(slope near —1 indicates conservation of nighttime O in the N,Os reservoir). large urban plumes during nighttime
with greater frequency. Although they
are infrequent occurrences at Tai Mo Shan, these intense urban plumes may in fact be characteristic of the

nighttime outflow from the Pearl River Delta megacities.

3.3. Nocturnal Odd Oxygen

The observation of a large pollution plume exhibiting rapid variability between background and polluted air
provides an opportunity to analyze its nocturnal odd oxygen budget. The conventional definition of tropo-
spheric odd oxygen, O,, is the sum of NO, and Os, since these species rapidly interconvert photochemically.
Nocturnal odd oxygen also includes NOs and N,Os in their stoichiometric ratio with the number of O3
molecules required to form each compound through reactions (1) and (2) [Brown et al., 2006a].

Ox =NO; + 03 (6)
Nocturnal Oy = NO; + O3 + 2NO3; + 3N,0s 7)

Figure 7a shows O3, O,, and nocturnal O, for the 4 December 5:45 A.M. plume. Whereas O3 and O, show large
variability, similar to that seen in N,Os, NO,/NO,, and P(NO3), nocturnal O, is approximately constant across
the entire plume intercept. This behavior indicates a nighttime emitted plume that did not undergo photo-
chemical O3 production but rather only O3 consuming reactions during darkness. Figure 7b shows a plot of
05 against NO, and against the sum of nitrogen oxides in their stoichiometric ratio to O3, i.e, NO, +2NO3
+3N,0s. Ozone and NO, are tightly anticorrelated. If the majority of the NO, emissions had occurred in
the form of NO (i.e,, little primary NO,), a fit of O3 against NO, should yield a slope close to —1 if no nighttime
NO, oxidation had occurred. Slopes steeper than this value indicate the further nighttime oxidation of NO,.
This nocturnal relationship between O3 and NO, is a chemical clock defined by the rate coefficient for
reaction (1) with an analytically simple, linear expression that is accurate as long as Os is in excess of NO,
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speed and direction indicated steady
transport from the east or northeast,
Figure 8. Time series of (a) NO3 production rate, with heavier purple over-  the high-resolution transport analysis
lay indicating nighttime data and (b) N,Os and NO3 lifetimes. in the companion paper [Wang et al.,

2016] indicates that the urban pollution
in this plume originated in the Pearl River Delta area of mainland China. Because the prevailing wind at this
site normally did not pass over the urban areas of this region, intercepts of pollution from this region were
infrequent. However, it is likely that the urban plumes from the Pearl River Delta undergo significant night-
time chemistry within the residual layer with substantial mixing ratios of both N,Os and CINO,.

11/16/13 11/21/13 11/26/13 12/1/13  12/6/13 12/11/13

The constant Oy in Figure 7a and the slope near —1 for O3 versus NO, + 2NOs + 3N,05 in Figure 7b indicates
that most of the odd oxygen consumed through reactions (1) and (2) is conserved in the form of a stable
reservoir of N,Os, assuming that there is no influence of surface level NO emissions during transport within
the residual layer at the sampled altitude during the night. Uptake of N,O5 evidently was relatively slow in
this plume, whose relative humidity was 42%.

4. Reactivity and Lifetimes of NO; and N,O5

Both NOs and N,Os are reactive intermediates that undergo reactions with volatile organic compounds and
heterogeneous uptake to aerosol, respectively. The relative rates of these sink reactions are important to
understanding the principal reaction products from nighttime chemistry and their influence on reactive
nitrogen, ozone, and aerosols. The steady state lifetimes of NO3 and N,Os, 7(NOs), and 7(N,Os), are the ratio
of their observed mixing ratios to the nitrate radical production rate, P(NOs), and are commonly used
measures of their reactivity [Brown et al., 2003a; Platt et al., 1984].

~ NO3
7k103N02’

N20s

N __NaOs
#(NOs) k,05NO,

7(N0s) (8)
Figure 8 shows the time series of P(NO3) (log scale), ©(NOs), and z(N,Os). Nitrate radical production rates
(1 min averages) varied over more than 3 orders of magnitude, from less than 0.01 ppbvh ™' to 10 ppbvh ",
with an average value of 0.32 ppbvh™". Nitrate radical production rates tended to peak in late afternoon,
concurrently with the maximum in NO, and Os, and then decrease slowly during the night. Thus, the most
active period for nighttime chemistry, at least in terms of radical production rates, was during early evening
just after sunset. Nighttime average P(NOs) was slightly lower, at 0.26 ppbv h™". Lifetimes of NO5 and N,Os
varied from <0.1 to 13 h, although the very long lifetime events corresponded to low production rates and
small denominators in equation (8) rather than large mixing ratios of NO3 and N,Os. Under more polluted
conditions typical of the majority of the data, nightly maximum N,Os lifetimes varied over the range 1-2h
during the first half of the campaign (15-26 November) and 2-5h in the second half (28 November to
6 December). Relative humidity was higher during the first period (73 +22%) than during the second
(45 £ 19%). The N,Os lifetime showed a clear dependence on relative humidity (Figure 9), consistent with
its heterogeneous uptake in reactions (4) and (5) playing a large role as a sink reaction. Its lifetime varied
from a median above 2 h at 25% RH to 0.3 h at 95% RH. A part of this difference may be due to increased
aerosol surface area due to hygroscopic aerosol growth at higher RH, and a part may be due to an RH
dependence of the N,O5 uptake coefficient [Brown and Stutz, 2012]. Figure 9b shows the dependence
of 7(N,05) on aerosol surface area, which includes hygroscopic growth. The lifetime decreases with
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Figure 9. N,Os lifetime from 3 h past sunset until sunrise versus (a) relative
humidity, binned in increments of 10% and (b) aerosol surface area, binned sampling within the residual layer dur-
in increments of 100 um2 cm’>. Data are shown as medians, 25-75th ing transects of individual NO, plumes
percentile ranges, and 10-90th percentile ranges, as shown in the legend. sampled aloft from aircraft [Brown

et al., 2006b; Brown et al., 2009]. A linear
form of this relationship that gives the N,Os uptake coefficient, y(N,Os) as the slope, and the first-order loss
rate coefficient for NOs, k(NO3) as the intercept, is as follows [Brown et al., 2009].

1
7(N205) ' Keq[NO3] = k(NO3) + 2 €5nKeq[NO2y(N>05) 9)

Here K.q is the temperature-dependent equilibrium coefficient for the NO3-N,Os5 equilibrium in reaction (2), ¢
is the mean molecular speed of N,Os, and S, is the aerosol surface area. Figure 10 shows an example plot of
r(NZO_r,)’]Keq[NOz] versus }tcSAKeq[NOZ] for 20-21 November. Although an equation similar to (9) can be writ-
ten for 7(NOs), the NO3 measurement was not independent of N,Os for this data set, and only the N,Os plot is
shown. Equation (9) is approximately valid if NOs and N,Os have achieved steady state, i.e., if dNOs/dt and
dN,Os/dt are both approximately 0. Steady state lifetimes increased continuously on many nights during
approximately the first 3 h after sunset, indicating an approach to steady state of approximately this duration.
Data in Figure 10 and for determinations from other nights therefore exclude the first 3 h of data. Previous
analysis of aircraft measurements in other locations has shown that S, exhibits a positive, linear correlation
with NO, and that this covariance can be accounted for by explicit inclusion of S, in equation (9) [Brown
et al., 2009]. Covariance may also occur between NO, and k(NOs). A positive covariance between these quan-
tities would increase the slope and decrease the intercept of the linear fit, leading to an overestimate of
y(N,Os) and an underestimate of k(NOs). Indeed, fits to the data on several nights produced negative values
for k(NOs), potentially as a result of this covariance. Table 1 shows y(N,Os) and k(NOs) derived from similar fits
to 10 nights of the campaign. Nights with negative k(NOs) were excluded. Data were also filtered for
RH < 90% due to the uncertainty in the aerosol surface area at high RH [Wang et al., 2016]. Averaged across
all nights on which the determination was possible, y(N,0s) =0.014+0.007 and k(NO3)=56+25x10"* s,
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[Brown et al., 2006b, 2009; Wagner
et al., 2013]. The k(NOs) are low, corre-
sponding to a nighttime NOs lifetime in excess of 30 min. Low average NOs reactivity is consistent with mea-
surement in relatively aged air within the residual layer depleted in reactive VOCs.

Figure 10. Example fit of N,O5 lifetime according to equation (9) for data
from the night of 20-21 November.

Figure 11 shows a diel average of 7(N,Os) from equation (8) (black line) for all data with RH < 90%. (The large
plumes of N,Os do not exhibit lifetimes that are as much larger as the N,Os mixing ratios themselves and
thus do not bias the diel averaged lifetime.) Also shown on the plot is the calculated N,Os lifetime for three
cases. Calculated lifetimes are derived from equation (9) as follows.
-1

#(N205) ey = % £ eS(NO0s) (10)
Calculated lifetimes are shown continuously throughout the diel cycle but are only comparable to the observa-
tions at night. Case 1 (green line) represents all reactivity of NO3 and N,Os attributed to N,Os uptake. In this
case, the uptake coefficient that best matches the data from 3 h past sunset until sunrise (average lifetime of
1.6 h) is y(N,05) = 0.023. Conversely, case 2 (blue line) shows the predicted lifetime if all reactivity were attribu-
table to NO;, i.e., for (N,0s) =0. In this case k(NOs) is 1.4x 107> s or a lifetime of approximately 12 min. The
large peak in 7(N;Os)caic just before sunset for this case is due to the peak in NO, at that time (see Figure 4),
which leads to a maximum in Kq[NO,] and in 7(N2Os)caic for y(N;Os) =0 using equation (10) (i.e., 7(N2Os)calc
proportional to NO,). Case 3 (red line) shows 7(N,Os) 4 for the parameters derived from the average of the
nightly fits to the steady state lifetime dependences, y(N,Os)=0.014 and k(NOs)=5.6 x 10™* This case is
intermediate between the extremes and fits the nighttime average 7(N,Os) equally well. Average 7(N,Os)
between 4:00 and 6:30 A.M. is somewhat greater. An uptake coefficient y(N,Os) =0.005 approximately fits the
data during this time period using k(NO3)=5.6x10"*s™.

Figure 11b shows the average magnitude of loss via NO3 (blue) and N,Os (red), i.e., the two terms on the
right-hand side of equation (10), using the average uptake coefficients and NOjs loss rate coefficient. The

Table 1. N,0s5 Uptake Coefficients and NO3 Loss Rate Coefficients From a Nightly Steady State Analysis
4

Date 7(N,Os) k(NO3) (10" "s )
16-17 November 0.022 5.6
17-18 November 0.014 5.8
18-19 November 0.0075 46
19-20 November 0.015 8.1
20-21 November 0.011 54
21-22 November 0.029 43
30 November 30 to 1 December 0.0075 49
1-2 December 0.021 1.7
2-3 December 0.010 1
3-4 December 0.004 41
BROWN ET AL. NIGHTTIME CHEMISTRY ABOVE HONG KONG 2469
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Figure 11. (a) Diel average N,Os lifetime for RH < 90% (black). Also shown are calculated N,Os lifetimes that best match the
average for the case of sinks of N,Os only (green), sinks of NO3 only (blue), and the average of the nightly determinations of
7(N2O5) and k(NOs) (red). The legend gives corresponding uptake coefficients and k(NO3). Calculated values show both
daytime and nighttime data, although photochemical reactions of NO3 dominate the daytime sinks. (b) Average nighttime
loss rate coefficients for NO3 and NOs using the average nightly y(N;Os) and k(NO3). The k(NOs) is divided by Koq[NO>] for
direct comparison to k(N,Os) (see text). Pie chart in the center shows relative contribution of N,Os and NOs sinks.

pie chart in the center of the figure gives the relative contribution of each. They are nearly equal, although
N,Os loss accounts for slightly more than half of the total.

4.2. NO3 Reactivity From Daytime Canister Samples

The first-order loss rate coefficient for NO3 determined from the nighttime N,Os lifetime analysis can be
compared with that determined from measurements of reactive VOCs at the Tai Mo Shan observatory during
daytime. The VOC canister measurements were not automated, and nighttime site access restrictions pre-
vented their collection during darkness. A total of 38 canister samples were collected from 27 November
to 13 December. Figure 12 shows the average NOjs first-order loss rate coefficients, k(NOs), sorted by
anthropogenic and biogenic hydrocarbons. The k(NOs) were calculated from the sum of the products of
the bimolecular rate coefficients for reactions of VOCs with NO3 and the VOC concentrations.

k(NO3) = 3~ k(NO3 + VOG;)[VOC;] + Keq[NO,]k(N,Os) (11)

The second term on the right-hand side of equation (11) is the NOs first-order loss rate coefficient through
uptake of N,Os [Brown et al., 2003a], shown as the black bar at the bottom of Figure 12 for reference.
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- i‘;omaﬁcs 2.5min and more than 10 times the
N 1% average k(NOs) derived from the night-
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12% . .
layer. The pie charts on the right-hand
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0.0 Monoterpenes

gories that made up the reactivity.

Anthropogenic NO3-VOC reactivity was
Figure 12. NOj reactivity measured from canister samples acquired during pog 3 Y

-3 1 .
daytime. (left) Bar graph shows the average NO3 summed first-order loss 1.1+£1.9%10 s, twice the total
rate coefficient with biogenic and anthropogenic VOCs together with its nighttime NOj reactivity, and was domi-

loss through N,Os uptake using an uptake coefficient of y(N,Os) = 0.014. nated by anthropogenic alkenes, such
(right) Pie charts show the contributions of different categories of VOC to as propene and butenes. Aromatics

the anth iic (t d bi ic (bott ts. The k(NO . i

e anthropogenic (top) and biogenic (bottom) components. The KNOs) -, 4'o e made a minor contribution
from daytime canister samples is approximately 10 times larger than that ST
inferred from nighttime N,Os lifetimes. (5%) total. This distribution of NOs reac-

tivity with anthropogenic VOCs is similar
to that from urban areas in the U.S. [Brown et al., 2011]. Monoterpenes were the dominant component of
NOs-biogenic VOC reactivity, with a- and B-pinene being the only two reported compounds.

Daytime VOC measurements clearly did not reflect the NOs reactivity that occurred during the majority of the
night but may be indicative of the chemistry occurring during the early hours of the evening during the
approximately 3 h time period required for the approach to steady state described above.

5. Daytime N,Os5

Although NOs and N,Os normally occur in large concentrations only at night in the lower troposphere, they
are present at small but nonzero levels during daytime. Several studies have reported measurements of
daytime NOs or N,Os from ground sites [Geyer et al., 2003], ships [Osthoff et al., 2006], and aircraft [Brown
et al, 2005] in the US,, as well as from a lower altitude site in Hong Kong [Wang et al., 2014]. During the
2013 Tai Mo Shan study, the largest NO, and least aged urban emissions occurred during late afternoon
(Figure 4) and early evening, such that the largest P(NO3) and potentially most active NO3 and N,Os
chemistry occurred during this time of day. Figure 13 shows the diel average N,Os plotted on a
logarithmic scale to illustrate the small but nonzero daytime mixing ratio, which varied between 1 and 2 pptv
between 9:00 and 14:00. From 14:00 to 19:00, N,Os mixing ratios rose continuously to an average maximum
of ~350 pptv near 19:00, with an average sunset mixing ratio of ~60 pptv. Also shown in Figure 13 is the
calculated daytime N,Os predicted from a steady state between production through reactions (1) and (2)
and loss through NO3 photolysis and reaction with NO (reactions (12) and (13) below).

NO3 + hv—products(NO; + O or NO + O,) (12)
NO3; + NO—2NO, (13)

The rate coefficient for reaction (13) is rapid (k=2.6x 10" cm®molecule™ s at 298 K [Sander et al., 2011]),
such that reaction (13) is more rapid than NO3 photolysis in determining daytime levels of NOs and N,Os for
NO above approximately 0.3 ppbv. If other loss processes for NOs; and N,Os are small compared to reactions
(12) and (13), equation (14) gives the predicted daytime steady state in N,Os [Brown et al., 2005].

P(NOs)

N20s(Day) = KealNO2] 705 == "]

(14)
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Here j(NOs) is the first-order photolysis
rate coefficient for reaction (12), for which
there were no direct measurements.

—— Observed
—— Calculated
Daytime

100 £

pA
E&/ Photolysis rate coefficients for NO, were
c()f 10 £ 34 measured, and j(NO3) was calculated
= : 1 based on its correlation with j(NO,) from
aircraft data during the TexAQS 2006 cam-
! 3 1 | 3 paign [Parrish et al, 2008]. The estimated
0 6 12 18 24 error in deriving j(NOs) from this correlation

Hour of Day is +£30%. The black line in Figure 13 shows

the average calculated daytime N,Os
Figure 13. Diel average N,Os on a logarithmic scale (red) together with a (arbitrarily defined here as solar elevation
calculation of daytime (solar elevation angle > 5°) average N;Os

according to equation (14). angle >5° to avoid periods near dawn

and dusk) for comparison to observation.
The calculation has the same pattern as the observations and is of the same magnitude (1-2 pptv) through
the morning and early afternoon hours. During the late day rise in N,Os, the calculation overpredicts the obser-
vation, possibly indicating that sinks other than reactions (12) and (13) are important during late afternoon,
when NO; production rates are largest.

Figure 14 shows the same comparison for two individual days, 27 November and 30 November, to illustrate the
influence of daytime N,Os heterogeneous uptake. Both days had large afternoon P(NOs). On 30 November there
was sustained P(NO;) of 2-3 ppbvh™', while 27 November had P(NO3) of 1-2 ppbv h™" with a sharp maximum
above 3.5 ppbvh~". On 30 November, the observed and calculated late afternoon N,Os values agree well, with
the observations on average 80% of the calculation (i.e, observations 20% lower than the calculation) between
14:00 and sunset. On 27 November, by contrast, observations are much smaller, adding up to only 5% of the
calculation during the same period of the day, suggesting that 95% of the NO3 and N,Os sinks were other than
reactions (12) and (13). Relative humidity was saturated at 100% on 27 November, indicating that the site was
impacted by fog at that time. Uptake of N,Os to fog droplets is thus a likely candidate for the discrepancy
[Lelieveld and Crutzen, 1990]. If the dominant (95%) loss process for N,Os during this late afternoon event were

A. November 27 B. November 30
T T T T T T T T T

=100 Daytime N,Os 1L Daytime N,Og |
2 —— Observed —— Observed
E)Z —— Calculated — Calculated

10 4L |
Z
(&) —— CINO,
o 1r 4+ i
E0 Wb —ao

0.1%- JL |

0 =
100 e - -
5ol — RH L A e A
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_ - _—
| 1 | I | | 1 | 1 |
6:00 AM 12:00 PM 6:00 PM  6:00 AM 12:00 PM 6:00 PM

ni27ns Local Time 1H7e0HS Local Time

SEA  RH (%) P(NOs)(ppbvhr")

Figure 14. Observed and calculated daytime N,Os and observed CINO, (for the time period when these data were
available), nitrate radical production rate, and relative humidity for (a) 27 November and (b) 30 November. Bottom plots
show solar elevation angle (SEA) for reference of day and night.
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through heterogeneous uptake, the resulting conversion of NO, to soluble nitrate and/or CINO, would proceed at
twice the nitrate radical production rate, or 2.7 ppbv h ™. For reference, reaction of OH with NO, at the observed
concentration would proceed at approximately 1ppbvh™', assuming a late afternoon OH concentration of
2x10%cm™. Thus, daytime production of soluble nitrate via N,Os can be substantially faster than photochemical
conversion through OH + NO, in the polluted clouds that impact this mountaintop observatory.

Figure 14 also shows the CINO, product from N,Os uptake during daylight hours for both days. On the high
RH/fog day, CINO, follows calculated N,Os production and significantly exceeds N,Os itself. The apparent
agreement between CINO, and calculated N,Os is fortuitous, however, since there is no daytime steady state
in CINO, that is analogous to N,Os. Rather, CINO, more nearly represents its integrated production. At an
average afternoon mixing ratio of 50 pptv, CINO, is likely much smaller than soluble nitrate, which would be
produced rapidly at the rate given above. The observation of a small CINO, mixing ratio under conditions of
rapid nitrate production via N,Os is consistent with a small CINO, yield in fog droplets that consist mainly of
water [Bertram and Thornton, 2009; Roberts et al., 2009]. On the low-RH day, CINO; is present at a mixing ratio
approximately equal to or smaller than that of N,Os, likely as the result of much less rapid N,O5 heterogeneous
uptake but potentially larger CINO, yield. Daytime heterogeneous chemistry of N,Os may therefore be a small
source of photolabile chlorine under both dry and wet conditions, although it would provide a large source of
soluble nitrate in wet but not dry conditions. The companion paper presents a much more extensive analysis of
the nighttime characteristics of CINO, and its influence on next-day photochemistry [Wang et al., 2016].

6. Conclusions

We report the first observations of the nighttime nitrogen oxides, NO3; and N,Os, from a site in the residual
layer in China. Observations took place at Tai Mo Shan, a mountaintop observatory in Hong Kong and within
the Pearl River Delta region. Although the site was high enough (957 m) to periodically sample from above
the daytime mixed boundary layer, it was always influenced by at least moderate NO, pollution. Maximum
nightly mixing ratios of N,Os were generally in the range of 0.5-4 ppbv on nights without significant influ-
ence of fog but were observed at 7.8 ppbv (1 min average) and 11.8 ppbv (1s average) during one large
event. The event exhibited large variability observable in measurements with 1 s time resolution and possibly
driven by sampling from a poorly mixed air pollution plume advecting over the mountaintop site. Although
intense urban pollution events were infrequent at Tai Mo Shan due to the prevailing easterly air flow at this
site, the large nighttime plume intercepts were likely indicative of the typical characteristics of nighttime
urban outflow from the megacities of the Pearl River Delta.

Analysis of the NO, and aerosol dependence of the N,Os steady state lifetime yielded an average uptake
coefficient to aerosol of y(N,Os) =0.014+0.007, although the uncertainty does not likely represent the full
range of potential variability in this uptake coefficient. This number is likely an upper limit due to potential
artifacts in the determination method. Nighttime average NOs loss rate coefficients were determined to be
slow, equivalent to an NOjs lifetime longer than 30 min in aged air sampled at the mountaintop site. Even with
the slower loss rate coefficient for NOs, sinks of NO3 and N,O5 each contributed approximately equally to the
total loss rate of the pair of compounds. Analysis of NO3 reactivity (approximately 2.5 min average lifetime) in
canister samples collected during daytime showed a much larger loss rate for NO3 to VOCs present in less
aged air measured during daylight hours, indicating considerable potential for NO3 oxidation chemistry
within plumes closer to large emission sources at night. Finally, observations of small daytime N,Os mixing
ratios were consistent with its predicted photochemical steady state in an average sense. Observations
during daytime polluted fog suggested a large discrepancy between observed and calculated N,O5 and an
important role for heterogeneous uptake of N,Os in cloud as a source of soluble nitrate during daytime.
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