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Abstract

During the 1998, 2000, 2001, 2008, and 2009 summer intensives of the Program for
Research on Oxidants: PHotochemistry, Emissions and Transport (PROPHET), ambi-
ent measurement of nitrogen oxides (NO + NO, = NO,) were conducted. NO and NO,
mole fractions displayed a diurnal pattern with NO, frequently highest in early morning.
This pattern has often been observed in other rural areas. In this paper, we discuss
the potential sources and contributing factors of the frequently observed morning pulse
of NO,. Of the possible potential contributing factors to the observed morning pulse
of NO and NO,, we find that surface-layer transport and slow upward mixing from
soil emissions, related to the thermodynamic stability in the nocturnal boundary layer
(NBL) before its morning breakup are the largest contributors. The morning NO, peak
can significantly impact boundary layer chemistry, e.g. through production of HONO on
surfaces, and by increasing the importance of NOz chemistry in the morning boundary
layer.

1 Introduction

A wide variety of environmental and health impacts result from the emission of NO,
(NO + NO,) into the atmosphere, including acidic deposition (Galloway et al., 2008),
stimulation of forest growth (Ollinger et al., 2002; Magnani et al., 2007; Lockwood et al.,
2008; Costa et al., 2011), including a potentially strong impact on the atmospheric CO,
“fertilization effect” (Norby et al., 2010), production of ozone, and altering (indirectly and
directly) atmospheric aerosol concentrations. Continental atmospheric boundary lay-
ers typically have NO, concentrations of 1-3ppb (Parrish et al., 1993; Thornberry et
al., 2001), while clean, remote locations have very low NO, concentrations ranging
between 4 and 50 ppt (Kondo et al., 1996). NO, regulates photochemical production
of tropospheric ozone, and hydroxyl and peroxy radical concentrations directly and in-
directly (Lin et al., 1988; Thompson, 1992). When nitric oxide (NO) is converted to
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nitrogen dioxide (NO,) by oxidants other than ozone, such as hydroperoxyl radicals
(HOy) or organic peroxy radicals (RO,), a net photochemical production of ozone re-
sults (Ridley et al., 1992). NO, chemistry, in the presence of other species such as
BVOCs (Rollins et al., 2010), NH; (Dentener and Crutzen, 1994) and humidity, pro-
duces nitric acid (HNO3) and aerosol. Thus, through connection to ozone and aerosol
production, and through impacts on the carbon cycle, nitrogen chemistry is linked to
changes in climate. Understanding the sources and fate of NO, and the distribution of
odd nitrogen species is important for quantifying human impacts on both atmospheric
composition and climate (Penner et al., 1991).

Since 1997 we have been conducting measurements of NO,, O3, VOCs, and rad-
icals as part of the Program for Research on Oxidants: PHotochemistry, Emissions
and Transport (PROPHET; Carroll et al., 2001) at the University of Michigan Biolog-
ical Station, situated near the tip of the Michigan lower peninsula in a mixed decidu-
ous/coniferous forest site. At this site, a morning NO, peak at the sampling location
above the forest canopy is routinely observed (Fig. 1). A morning NO, peak has been
observed at other surface sites that are removed from anthropogenic sources (Martin
et al., 1991; Parrish et al., 1993; Thornberry et al., 2001). Parrish et al. (1993) re-
ported that (NO)/(NO,) peaked in the early morning when NO, was photodissociated
rapidly. Thornberry et al. (2001) hypothesized that during the breakup of the nocturnal
boundary layer (NBL) in the morning, air aloft is mixed down to the surface, resulting in
an increase of NO, at the surface for sites such as PROPHET, where local emissions
are small. Day et al. (2009) observed and explained a morning NO, peak as resulting
from this process. However, this hypothesis does not always explain the PROPHET
observations, since the morning NO, peak often starts before sunrise (i.e. well before
the NBL breakup). In addition, there are some cases at PROPHET during which turbu-
lence data do not support interpretation of the morning NO, peak via downward mixing
of polluted air to the surface. There are a number of possible contributors to the ob-
served morning NO, peak, including: photolysis of highly photo-labile substances that
have deposited onto the canopy during nighttime; HONO photodissociation after its
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nighttime production at the surface (Zhou et al., 2011); downward mixing of polluted air
from the residual layer to the surface when the NBL breaks up; local scale combustion;
long-range transport of polluted air; and soil NO, emission. Here, we set out to evalu-
ate these possibilities to identify the underlying cause of this phenomenon and discuss
the supporting data and implications. This study leverages a range of observations
from the University of Michigan Biological Station PROPHET tower site (Carroll et al.,
2001) over a number of different growing seasons.

2 Experimental

Field studies with relevant and supporting data were conducted in the summers of
1998, 2000, 2001, 2008 and 2009 at the PROPHET measurement site (Carroll et al.,
2001). This site consists of a 31.5 m tall scaffolding tower located in a rural mixed decid-
uous/coniferous forested area near the northern tip of the lower peninsula of Michigan
(45.559° N, 84.715°W). The typical canopy height is ~22m and is dominated by as-
pen, with some maple, oak, birch, beech and a successional undergrowth of white pine
(Gough et al., 2007). A range of measurements of NO,, NOy, PAN, O3, aerosol, CO,
VOCs, radiation, temperature and wind speed/direction are available in the PROPHET
data archive. Most instrumentation was located in the PROPHET laboratory building at
the base of the tower. For most instruments air was sampled from a port on the lowest
segment of the common 5 cm ID Pyrex manifold that drew air from a height of 35 m into
the laboratory building at the base of the tower with a residence time of <2 s (Carroll et
al., 2001). NO, was measured using a custom-built NO chemiluminescence analyzer,
constructed as described by Ridley and Grahek (1990). For the instrument used in
2008, chemiluminescence photons were detected using a Burle Industries 8852 photo-
multiplier tube, cooled using dry ice, and using a Hamamatsu photon counting system.
The instrument incorporates a blue light LED NO, photolytic converter. Artifact tests
(reaction of ambient air with ozone in a pre-reaction chamber) were conducted to as-
sess the background from chemiluminescence generated by ozone reaction with other
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atmospheric compounds. The artifact test was done before each ambient air sample
measurement. The NO, converter, which has two blue light photodiodes on either
end of the converter, photolyzes NO, to NO. The wavelength output of the photodiodes
makes the converter very selective for NO, because interferents (e.g. HONO and NO;)
do not absorb energy in the photodiode output wavelength range. The average NO,
conversion efficiency for a flow rate of 1.2slpm was determined to be 28.6 £ 0.9 %.
The instrument was calibrated daily by dilution of a 5.0 ppm NO in nitrogen standard
(Praxair) with ultra-zero air. An independent calibration using a separate NO standard
(5 ppm; Praxair) was used to evaluate the accuracy of the standards. These two stan-
dards differed by 2 %. The 30, 1 min avgerage detection limit for the 2008 study for NO
and NO, was 7 ppt. In 2001, NO, and NOy were measured via a similar instrument, as
described by Thornberry et al. (2001).

In 2009 NO and NO, were measured simultaneously using a 2-channel chemilu-
minescence instrument (Air Quality Design) with a blue light LED converter for NO,.
Sensitivity calibrations were performed daily using standard addition of 10 sccm NO
calibration gas 101.4 ppmv £ 1 % NIST traceable from Scott-Marrin, Inc. The blue light
NO, converter was calibrated by gas phase titration of the NO calibration gas to NO,
using ozone, and the average conversion efficiency was ~60 %. The average sensitivity
was ~4 counts perpptv and 5 counts perpptv on the NO and NO, channels, respec-
tively. The background counts were 1300 for the NO channel and 1500 Hz for the NO,
channel. The minimum detection limits defined as 3 times the standard deviation of a
60 second zero air measurement were 25 pptv for NO and 33 pptv for NO,. Sampling
was done from 3 separate PFA Teflon inlets to measure the vertical gradients through
the canopy. The sampling heights were 6 m, 20m and 34m. The diameters of the
PFA tubes were1/2"” for the 6-m and 20-m tubes and 5/8" for the 34m tube. The flow
rates were approximately 80 slpm for the 1/2” tubes and 130 slpm for the 5/8" tube. An
automated valving system cycled a 10 min sampling duration sequentially from each
inlet for approximately 3 weeks.
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Benzene and toluene were measured by GC/MS, as described by Apel et al. (2002).
Aerosol size distributions were measured using a Scanning Mobility Particle Sizer
(SMPS), deployed on the tower at a height of 26 m, 4 m above the average canopy
height. The sampling inlet consisted of 7m of 1/4" Tygon tubing. A GAST pump was
used to create a fast flow rate, while the SMPS sampled from a tee connected to the
tubing that led to the pump. The flow rate of the pump was set to 1.5 L/min. using
a needle valve. Size distribution data were collected every 5 minutes, continuously,
except during periods of vertical profiling within the forest canopy.

A TECO 49C Ozone monitor was employed to determine ozone, with a precision of
~1ppb. CO concentrations in 2001 were determined using a TECO 48C. PAN was
determined using a GC-ECD instrument, as described in Pippin et al. (2001).

3 Results and discussion

Figure 1 presents the diurnal average (hourly) NO, and radiation observed at the
PROPHET site over the 24 June 2008 to 26 July 2008 measurement period. Fig-
ure 1S (see Supplement) shows four different daily observations. As shown in Fig. 1
there is, on average, an increase of ~1ppb of NO, at the tower sampling inlet (34 m,
approximately 12 m above canopy height) between 03:00 to 07:00 (all times reported in
EST unless noted) with a maximum around 07:00. We observe the average NO, mole
fraction to begin to increase before sunrise, as shown in individual cases below. A plot
of the frequency of the time of day for the maximum in NO, is shown in Fig. 2. While
the peak occurs at 0730, there are significant numbers of events that occur with earlier
maxima, when the atmosphere is still quite stable, prior to breakup of the NBL due
to solar heating. For the time period 04:00-08:00, the distribution (histogram) of NO,
observations (data not shown) is very broad, with a peak at 600—800 ppt, but extending
out to ~3000ppt; in contrast, the midday distribution is rather sharp, with a peak in
the 500—900 ppt range, with essentially no observations for [NO,]> 2000 ppt (data not
shown).
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The increase in NO in the morning can be readily explained by photolysis of NO,,
and the photostationary state relationship (Reactions R1-3 and Eq. 1).

NO, + hv — NO + O(®P) (R1)
O(P)+0, — 04 (R2)
O3+NO — NO, +0, (R3)
(NO)pss = JIno2(NO,)/k3(03) (1)

As an example, in Fig. 3 we show the observed (NO), along with the calculated [NO]s
from Eq. (1), for 1 July 2008. Figure 3 shows the calculated Jygo,, and observed O4
mole fraction for that day. [NO]¢ has the same shape and comparable magnitude as
the observed [NO] in the morning, and thus photolysis of NO, can explain the morning
NO peak. While NO, photolysis can explain the NO peak, it does not explain the
morning NO, peak that is often observed before sunrise. Below we discuss each of
the potential mechanisms that could explain a morning NO, peak.

3.1 HONO production and photolysis

As discussed by many in the past, HONO is produced on a variety of surfaces (Saka-
maki et al., 1987; Finlayson-Pitts et al., 2003; Zhou et al., 2002, 2011), e.g. as shown
in Reaction (R4). If sufficient HONO were produced on forest canopy surfaces and
released to the stable boundary layer, photolysis upon sunrise (Reaction R5) could
account for some of the NO,.

2NO, + H,0 — HNO, + HONO (R4)
HONO + hv — NO + OH (R5)

To test this, we calculated the total possible production of NO, from HONO photolysis
for the average data, using the HONO observations for 23 July 2008; J,,ono[HONO]
29258
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was integrated over the period 03:35 to 07:10, during which (HONO) was 20-25 ppt,
and during which NO, increased by 611 ppt, from about 1100 ppt. Integrated HONO
photolysis over this period yielded a total NO, production of ~84 ppt, only 14 % of the
observed 611 pptv increase in NO,. We note that we used clear sky Jyono Values
for this calculation, so our NO, production from HONO photolysis is an upper limit.
Interestingly, (HONO) increases through the morning with radiation at this site, and
thus photo-induced HONO production is much more important than the dark production
mechanism. Thus while HONO production and photolysis is significant (especially as
an OH source), it appears to represent only a minor source of NO, production at the
surface at this site.

3.2 Downward mixing of polluted air

As discussed by Hastie et al. (1993) and others, the NBL is thermodynamically sta-
ble, with a positive lapse rate that can be as much as 0.04Km™" (see Fig. 4, for 24
July 2008; this was a typical clear sky night, with a large NO, peak before sunrise,
see Fig. 8). The air near the surface is therefore isolated from that aloft, resulting in
exponential decay in concentrations of various pollutants at the surface, due to dry de-
positional loss. Downward mixing of polluted (i.e. high NO,) air from aloft (e.g. from
within the residual layer, or from nocturnal jets, Singh et al., 1993), may result in an
increase in [NO,] (or other species that are relatively surface-depleted) at the surface.
If this were the case, within the polluted layer aloft would be elevated concentrations
of CO (if the source is combustion) as well as of PAN and Og, relative to the surface
layer at tower height due to dry depositional loss of PAN and O3 from the surface layer
during the time prior to the occurrence of the peak (Hastie et al., 1993). A viable hy-
pothesis is that downward mixing of air either not subject to dry depositional losses, or
containing transported pollution, would cause an increase of these species observed at
the surface. However, we find that the data typically do not support this hypothesis. In
Figs. 5-7 we show example data sets. Figure 5 shows the diurnal average of CO, NO,
and radiation observed for the summer of 2001. As shown in the figure, CO is relatively
29259

constant at the time of the NO, maximum, and thus inconsistent with downward mixing
of polluted air. Futhermore, beginning at 08:00 (a time typically associated with the
start of the NBL breakup) NO, decreases, likely from dilution with relatively cleaner
air from aloft (see also Fig. 1). Figures 6 and 8 present radiation, [NO], [NO,], and
[CO] obtained on 20 and 24 July 2001, respectively, each of which shows the NO,
peak beginning in the 04:00-05:00 EST time frame. If combustion was the source of
the NO, in these cases, there would have been a simultaneous increase in CO of
~30-90 ppb, given the typical value for the CO emission factor of ACO/ANO, ~8 from
mobile sources (McGaughey et al., 2004), and ~25 in stationary source combustion
plumes (Neuman et al., 2009; Nicks et al., 2003), and the relatively longer lifetime for
CO. While this was not observed, the variability in the CO data is at the lower end of
this range, and it is thus difficult to rule that out. For the case shown in Fig. 8, the NO,
peak began roughly one hour before sunrise (clearly before the NO increase). Thus it
seems clear that NO, behaves not at all like O5 and PAN (species that mix downward
upon the breakup of the NBL), but in fact, much more like a species with a surface
source, that builds up under the NBL, and is diluted in the surface layer by downward
mixing of cleaner air upon breakup of the NBL.

The impact of vertical mixing can also be directly evaluated, using observations of
turbulence along with the chemical species. In Fig. 7 we present observations of radi-
ation, calculated friction velocity (a measure of turbulent mixing), NO,, PAN and ozone
concentration data for 20 July 2001. As shown in this figure, while there is a ~3 ppb
increase in NO, starting in the 04:00-05:00 EST time frame, neither PAN nor Oj in-
crease, as would be expected if the source were downward mixing (Hastie et al., 1993).
PAN and O do increase later in the morning as the mixed layer deepens, and PAN and
O3 mix downward (Hastie et al., 1993). The friction velocity is relatively low through the
morning NO, peak. This is further evidence that vertical mixing is not playing a major
role since clearly the morning NO, peak can often occur in very stable conditions.

Along with CO, a number of “markers” of combustion exist that are useful; among
them is aerosol. In the summer of 2008 aerosol measurements using an SMPS,
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mounted ~10 m above the canopy on the PROPHET tower were conducted. Figure 9
shows radiation, fine particle number density (15—40 nm diameter range), [NO,], and
O; observed on 1 July 2008. As shown in this figure, NO, begins increasing at ~04:00,
while O; is decreasing, presumably a result of dry deposition within the stable boundary
layer. At the time of the NO, peak at ~7 a.m., there is no significant change in small
particle number density, i.e. again no sign of an impact of local combustion-related
NO,. Thus there are numerous cases that clearly do not result from downward mixing
of polluted air from aloft, nor from transport of local scale combustion NO, .

3.3 Upward mixing from surface sources

An alternative possibility is that NO, from sources below the canopy or soil slowly
diffuses upward past the inlet, in the relatively stable night air, and passes the inlet
at semi-random times, but enhanced by sunrise-mediated turbulence. Soil NO flux
data obtained by Carleton and Carroll (unpublished data, 2003) indicates an upward
emission (or flux) in this forest of, on average, ~180 nmoles m~2-h. If that NO, mixes
into a 40 m layer (i.e. up to roughly the tower inlet height) over a 6 h period (i.e. from
sunset to the typical time of observation of the NO, increase), this is the equivalent
of ~0.7 ppb, within the range of observations. Of course it is more likely that the NO,
emitted would be more stratified and thus the peak concentrations observed as the
NO,-enriched air moves upward past the tower inlet could be greater than this. Thus
soil emissions followed by upward mixing could possibly explain a significant amount of
the observed NO, peak. Vertical profile measurements of NO, conducted in the below-
canopy environment in the summer of 2009 are shown in Fig. 10. This plot shows that
on average, there is more NO, at the 34-m height than below, during the early morning
hours. Such an average plot can, however, be impacted by occasional transport events
carrying large concentrations just above the canopy, as discussed below. Figure 11 is
a histogram of the gradients in NO, for 2009 early morning observations, defined here
as ([NO,Jzam-[NO,Jgm)- As shown in Fig. 11, while the mode of the distribution is not
significantly different from a no-gradient case, ~57 % of the time there is a gradient that
29261

would lead to an upward flux of NO, from the surface. Thus the available information
indicates that under stable NBL conditions sufficient NO, could accumulate under the
canopy. If a mixing event were to occur, e.g. a large-scale eddy, then this could account
for some of the observations.

3.4 Anthropogenic sources

A last remaining possibility is long-range transport of aged polluted air from anthro-
pogenic sources, e.g., for UMBS, from Detroit or Chicago. A good marker for anthro-
pogenic pollution is toluene, a significant mobile source pollutant. As shown in Fig. 12,
on 8 August 1998 there is an increase in NO, during the time that O3 is decreasing
in the NBL due to dry deposition. Toluene increases with NO,, in support of the pol-
lution transport hypothesis. In Fig. 13, we show the 24-h. isentropic back trajectory
(HYSPLIT) showing that the sampled air likely transported at or very near the surface
through the night, with an origin in the Detroit metropolitan area. This suggests that
long-range transport of polluted air at or near the surface of the stable NBL may occur.
We note that the data shown in Fig. 11 also show instances of gradients with signif-
icantly more NO, at tower height, compared to the surface level. To date, there has
been little study of long-range pollutant transport in near-surface stable air. While Banta
et al. (1998) discuss that nighttime transport of pollutants away from urban sources is
more important than previously thought, the transport is generally thought to occur in
the residual layer. In support of this interpretation, examination of the back trajectories
(see the Figs. 25-6S) indicates that all the air masses arriving at the site when the
high morning NO, maximum appeared traveled near the ground and mostly in dark-
ness during the previous 12 h., although the back trajectories are highly uncertain in
these cases. While some of the air masses originated or passed through an urban
region (Figs. 2S, 4S, 6S), some did not (e.g. Figs. 3S and 5S). The air mass arriving
at the site on 20 July 2001 (Figs. 6 and 3S) might have accumulated NO, from var-
ious sources when traveling at low altitude over small towns and highways (Fig. 3S).
In contrast, the case of 1 July 2008 (Fig. 9) is difficult to explain by emissions into a
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stratified NBL during low-altitude long-distance transport, since the air came from the
north over Lake Michigan where there are no significant NO, sources. It is conceivable
that for this case, the soil NO, flux discussed above was the major factor. It must be
that for all nights, transport from upwind sources within the NBL, and the local soil NO,
emissions both contribute, to varying degrees, depending on the source trajectory, and
local surface soil conditions (T, soil moisture, etc.).

4 Conclusions

While the morning NO peak is clearly explained by photolysis of NO,, photochemistry
cannot explain the morning peak in NO,. We showed that this peak is inconsistent
with downward mixing from the residual layer, nor can it be caused by photolysis of
nitrogen species on the canopy surface, as it often occurs before sunrise. We present
data showing that these events likely occur as a result of the lack of vertical mixing dur-
ing long-range transport of air to the site. During transport the air mass accumulates
combustion and/or soil NO, emissions into the stable NBL. From this work, a picture
emerges of a regional surface-bound air mass that “wallows” in the direction of the
mean surface wind while accumulating NO, from the variety of surface sources, both
anthropogenic (point and distributed) and natural (likely widely distributed soil emis-
sions), culminating in a peak in [NO,] just before the NBL breakup with associated
downward mixing from the typically lower-NO, residual layer. Such processes can
have a large impact on the composition of the atmosphere prior to and at the time
of sunrise, leading to relatively NO,-rich morning conditions at an otherwise relatively
clean-air site. High NO, levels can impact early morning chemistry involving the NO4
radical (Reactions R6—R9 below), conversion

NO, + 03 —NO; + 0, (R6)
N03 + NO2 nd N205 (R7)
29263
N,Os + aerosols — aerosol nitrate (R8)
NO, + BVOCs — RONO, (R9)

of NO, to HNOg, and organic nitrates (cf. Perring et al., 2009). Indeed, we find that
a very important source of daytime RONO, production results from NO; reaction with
isoprene, at the UMBS site (Pratt et al., 2011). There can also be significant impacts
on the morning photochemistry, since the enhanced [NO,] and relatively large relative
humidities present at that time can promote HONO production and thus larger OH
production rates at sunrise. As chemical transport at night has been little studied, such
processes should be investigated further, as part of organized field campaigns. Much
light could be shed on this through vertical profile NO, measurements at night across
a sufficient scale (e.g. the Michigan lower peninsula), and through the full boundary
layer, as well as high resolution numerical simulations that capture the aforementioned
dynamics. Such data, along with regional scale estimates of soil NO, emissions, can
then be used to evaluate and improve regional scale air quality models, such as CMAQ
(cf. Smith and Mueller, 2011), to better represent the sunrise to noon component
of regional photochemical oxidant evolution, which is clearly impacted by nighttime
surface-level NO, emission and transport. The proper treatment of the behavior of the
surface level NO, in the nighttime and morning periods will require better understanding
of mixing and transport in the stable nighttime boundary layer, which is a challenge that
may need to include processes such as canopy-atmosphere coupling, not normally
treated in models of boundary layer turbulence (Steiner et al., 2011).

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/11/29251/2011/
acpd-11-29251-2011-supplement.pdf.
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Fig. 1. Diurnal variation of NO, from 24 June through 26 July 2008 at the PROPHET site and
the morning NO,, peak observation.
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