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Abstract Nitric oxide (NO) is emitted in large quantities from coal-burning power plants. During the day,
the plumes from these sources are efficiently mixed into the boundary layer, while at night, they may remain
concentrated due to limited vertical mixing during which they undergo horizontal fanning. At night, the
degree to which NO is converted to HNOs and therefore unable to participate in next-day ozone (O3)
formation depends on the mixing rate of the plume, the composition of power plant emissions, and the
composition of the background atmosphere. In this study, we use observed plume intercepts from the
Wintertime INvestigation of Transport, Emissions and Reactivity campaign to test sensitivity of overnight NO,
removal to the N,Os loss rate constant, plume mixing rate, background Oz, and background levels of
volatile organic compounds using a 2-D box model of power plant plume transport and chemistry. The factor
that exerted the greatest control over NO, removal was the loss rate constant of N,Os. At the lowest
observed N,Os loss rate constant, no other combination of conditions converts more than 10% of the initial
NO, to HNOs. The other factors did not influence NO, removal to the same degree.

1. Introduction

Nitric oxide (NO) and nitrogen dioxide (NO,), together known as NO,, play a key role in ozone (O3) production.
O3 is a major component of photochemical smog and can be hazardous to human health and vegetation.
During the day, NO and NO, are rapidly interconverted, and in the presence of oxidation of volatile organic com-
pounds (VOCs), this interconversion gives a net production of Os. At night, NO, chemistry becomes an O3 sink
and NO, can be removed from the atmosphere by conversion to HNO; through the reaction sequence below.

Electricity generation from power plants is a major source of NO, to the atmosphere. In the United States in
2015, power plants emitted 1.61 Tg of NO, (all referenced in this paper measured as NO,), accounting for 14%
of nationwide NO, emissions, down from a maximum of 26% in 1993 (https://www.epa.gov/air-emissions-
inventories/air-pollutant-emissions-trends-data). Trends in other regions differ substantially from the U.S. In
China, for example, power plant NO, emissions are significantly higher. In 2010, 8.29 Tg of NO, were emitted
from Chinese power plants (a 335% increase from 1990) (Liu et al., 2015), while in the U.S,, it was 2.23 Tg. Thus,
understanding the fate of power plant NO, emissions is important on both a regional and global basis.

Emissions from power plants are rapidly mixed into convective boundary layers during the day, resulting in
rapid dilution (Ryerson et al., 1998). At night, the buoyant emissions from power plant stacks can reach
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altitudes within the residual layer (i.e., several hundred meters above ground level). Under stable conditions
within the residual layer (increasing potential temperature with altitude), vertical mixing can be restricted
(Brown et al., 2007, 2012; Luria et al., 2008; Zaveri et al., 2010). Rather, the plumes mix primarily in the hori-
zontal, resulting in shallow “fanning” plumes (Turner, 1994) up to several km in width, but vertically only tens
to a few hundreds of meters deep. The combination of large NO, emissions and inefficient mixing can rapidly
lead to complete removal of O3 within nighttime plumes from (R1), limiting further oxidative chemistry
((R2)—(R5)). If NO,, emissions are low enough and/or mixing background O3 into the plume during transport
is efficient, then nighttime NO, chemistry proceeds according to (R1)-(R5).

(R1) NO + 0;—NO,
(R2) NO, + 03 —NO;

(R3) NO; + NO,SN,0s

(R4) N,Os 23 2HNO;

(R5) N,0s + HCl 23 CINO, + HNO;

If, overnight, NO, is converted to HNOs ((R4) and (R5)), usually a terminal product of NO, oxidation, it
cannot participate in O3 chemistry the following day through (R1) and (R6)—(R8). The degree to which
NO, is converted to HNO3 overnight in a power plant plume depends on several factors including the
mixing rate of the plume with background air, the NO emissions from the plant, and the Os concentra-
tion in the background. If, in contrast, NO, remains unreacted or is converted to N,Os or CINO,, it is not
removed from the system, rejoins the NO/NO, cycle, and participates in O3 formation and/or longer-
range transport. After sunrise, N;Os thermally decomposes to form two NO, molecules ((R3) backward
reaction, followed by (R11a) or (R11b)), while CINO, undergoes photolysis to form NO, and a Cl radical
(R9). During the day, NO, can be converted to HNO3 through hydroxyl radical (OH) chemistry (R10), but
N,Os chemistry is unimportant because N,Os thermally decomposes to NO, and NOs ((R3) backward
reaction) and the NO3z produced is quickly photolyzed back to NO, (R11a), NO (R11b) or reacts rapidly
with NO (R12).

(R6) NO, + hv B3 NO + 05
(R7) NO -+ HO,—NO; + OH
(R8) NO -+ RO,—RO + NO,
(R9) CINO; + hv—Cl 4+ NO,
(R10) NO, + OH—HNO;
(R11a) NO; + hy—NO, + O
(R11b) NO; + hy—NO + 0,
(R12) NO; + NO—2NO,

Nighttime chemistry is more important to understanding NO,, budgets in the winter than in summer due to
longer duration of night and reduced daytime photochemical activity. Wintertime atmospheric chemistry,
however, is generally less well studied than summertime. While nighttime NO, chemistry has been studied
in warm conditions (Atkinson et al., 1986; Brown et al., 2004; Brown & Stutz, 2012; McLaren et al., 2004),
wintertime observations are far more limited (Brown et al., 2013; Riedel et al., 2013; Wagner et al., 2013).
There has been significant work on nitrogen chemistry in power plant plumes in the summer both during
the day (Hegg et al., 1977; Hewitt, 2001; Ryerson et al., 2001) and at night (Brown & Stutz, 2012; Luria et al.,
2008; Zaveri et al., 2010), but lower temperatures and longer nights will affect the chemistry of power plant
plumes in winter.

In this study, we use observations of the plume from the Harllee Branch power plant in Putnam County, GA,
during the Wintertime INvestigation of Transport, Emissions, and Reactivity (WINTER) campaign to constrain
parameters related to overnight chemistry. These parameters are included in a 2-D box model to examine
overnight conversion of NO to HNO3 and organic nitrates.
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2. Methods

The WINTER campaign was conducted in February and March 2015 on the National Science
Foundation/National Center for Atmospheric Research (NSF/NCAR) C-130. Based out of NASA Langley in
Hampton, VA, the campaign consisted of 13 research flights over the eastern United States and the
Atlantic Ocean. We primarily present data from a flight on 7 March over Georgia, downwind of the Atlanta
metro area.

2.1. Instrumentation

The aircraft was instrumented with a comprehensive set of trace gas and aerosol measurements for the cam-
paign. Aerosol surface area was calculated from a passive cavity aerosol spectrometer (Strapp et al., 1992),
with an uncertainty of 34%. There were several instruments measuring various NO, species: a six-channel cav-
ity ring-down spectroscopy (CRDS) instrument from NOAA measured NO, NO,, O3 (stated uncertainty of 4%
(Fuchs et al., 2009; Wagner et al,, 2011; Washenfelder et al., 2011; Wild et al,, 2014)), NO, via thermal dissocia-
tion-CRDS (stated uncertainty 12% (Wild et al., 2014)), and N,Os (stated uncertainty 12% (Dubé et al., 2006;
Fuchs et al., 2008; Wagner et al,, 2011)). NO3 from this instrument was not reported for WINTER due to low
mixing ratios and uncertainties in inlet transmission efficiency for this species (Brown et al., 2016, 2017) with
the configuration used on the C-130. A thermal dissociation laser-induced fluorescence (TD LIF) instrument
from University of California Berkeley measured NO, with a stated uncertainty of 10% and HNO3 with 25%
uncertainty (Day et al., 2002). Measurements of peroxy and alkyl nitrates, also by the TD LIF, were influenced
by large mixing ratios of other wintertime nitrogen species (CINO,, N,Os) and are not used in this analysis. A
chemiluminescence detector from the National Center for Atmospheric Research (NCAR) measured NO, Os,
and NO,, (uncertainties 10, 5 and 20%, respectively) (Ridley et al., 1994) but was unavailable on the Atlanta
flight. An I~ CIMS from University of Washington measured HNOs, N,Os, and CINO, with stated uncertainties
of 15% (Kercher et al., 2009; Lee et al., 2014). In addition, a pulsed UV fluorescence instrument from NOAA
measured SO, (Ryerson et al., 1998), and a laser-induced fluorescence instrument measured formaldehyde
(Cazorla et al., 2015). The trace organic gas analyzer (Apel et al., 2015) on the airplane was not available for
this flight, but acetaldehyde (uncertainty of 20%) data from other flights were scaled with formaldehyde
(Figure ST in the supporting information; further discussion below). Performance characteristics are given
in the individual references listed above, and intercomparison papers between different reactive nitrogen
instruments are currently in preparation. Instruments for NO, (CRDS and LIF), NO, and Os (CRDS and chemi-
luminescence) agreed to within stated uncertainties. Agreement between the CRDS and chemiluminescence
NO instruments was within 25% for eight of nine flights with concurrent data, and 38% on an additional
flight, with a high bias (average 21%) for CRDS. Agreement between CRDS and CIMS N,Os was within 40%
for 10 research flights with nighttime data and within 5% on average.

2.2, Dispersion Modeling

Dispersion modeling was done using a two-dimensional box model of horizontal mixing and nitrogen oxide
chemistry, adapted from the model used by Brown et al. (2012). The model was initialized with a plume
containing only NO (i.e., no direct NO, emission (Peischl et al., 2010)) and a width of 0.1 km (the width of a
single grid box in the model.) The background was set to contain Oz and representative organic compounds
that drive organic nitrate formation through reaction with NOs (see reaction scheme below). Background O3
values were varied at 30, 40, and 50 ppbv. The 30 and 40 ppbv constrain the observed backgrounds in differ-
ent portions outside the plume, while 50 ppbv was included to investigate the effect of a higher O3 back-
ground, characteristic of other regions of the U.S. (Brown et al, 2013), and potentially increasing
wintertime Oz in the southern U.S. (Bloomer et al., 2010). Propene, acetaldehyde, and monoterpenes were
the organic compounds included to represent NOj3 reactions. Although not a comprehensive list, these three
compounds were chosen to represent reactivity with anthropogenic, oxygenated, and biogenic VOCs,
respectively. Fast response gas chromatography-mass spectrometry VOC measurements were part of the
WINTER payload but were unavailable on this flight, so background organic concentrations were taken from
literature data for the southeast U.S. Isoprene was not included in this analysis, as wintertime concentrations
should be close to 0 (Hagerman et al., 1997). Monoterpene concentrations of 0.05 to 0.5 ppbv were used as
lower and upper limits to bracket wintertime concentrations observed in the greater Atlanta area based on
previous, surface level measurements in the southeast US. (Hagerman et al, 1997). Alkenes were
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Figure 1. The mixing ratios of SO, and NOy, species in three plume intercepts at two downwind distances from the Harllee Branch Power Plant. Intercept (a) was
5 km from the plant, while (b) and (c) were 40 km from the plant and two different altitudes. The closer-in intercept was taken while ascending, so it covers
80 m of vertical depth over the 1.5 km of horizontal that contained the plume. Of the farther out intercepts, (b) was taken at 472 m agl and (c) at 621 m agl. The
pink bars on (b) indicate the portions of the plume width used to determine effective dispersion of the plume. In all intercepts, NOy, NO, and N;Os shown
are from the CRDS instrument. In intercept (b), the NO, measurement is from the TD LIF, as the CRDS was zeroing during the plume. CINO, and HNOs3 in all
plumes were from the I CIMS.

represented by propene and a range of 0.2 to 1.0 ppbv was used, spanning the wintertime range measured
by Hagerman et al. (1997) in Yorkville, GA. Data from 1997 may represent an upper limit for alkene
concentrations in 2015, as analyses of urban VOC emissions trends from Los Angeles, CA, have shown
steep declines in nearly every VOC class (Warneke et al, 2012). In other studies in the eastern US.,
however, propene, specifically, has shown no discernable interannual trends from 2004 through 2010
(Russo et al., 2010), so 0.5 ppbv is a reasonable upper limit. Acetaldehyde was measured on other flights in
the series and showed a reasonably strong relationship with formaldehyde (Figure S1). Therefore, a
relationship of acetaldehyde in pptv equal to 0.82 * HCHO + 160 was used to calculate acetaldehyde
concentrations on this flight. The range of 0.5 to 1 ppbv was used to represent the span of values calculated.

NO in the plume model was initialized at 40, 59, and 100 ppbv to represent that ambient concentration imme-
diately after mixing of the plume with ambient air into the smallest horizontal plume grid cell. The 40 ppbv
value is approximately equal to the peak value measured in the closest plume intercept (Figure 1a). The 59
and 100 ppbv values are based on Continuous Emissions Monitoring System (CEMS) data (https://ampd.epa.
gov/ampd/) showing that historical NO, emissions were 1.5 times higher from 2003 to 2008 and 2.5 times
higher than 2015 from 1995 to 2002. The change in 2002 is due to implementation of a low NO, cell burner.
There is no indication in the CEMS inventory of what induced the change in 2008. All mixing ratio values used
are somewhat arbitrary and not intended to reproduce emissions inventories in an absolute comparison. The
higher values are therefore calculated in relative ratios to the observed mixing ratio of 40 ppbv.

The total first-order N,Os5 loss rate coefficient ((R4) and (R5)) was varied over three values, 531 x 1076,
1.80 x 107>, and 1.10 x 10~* s™". The lowest value is derived from the net increase of HNO3 and CINO,
observed between the plant emissions and downwind intercept, based on the wind speed and assuming
no depositional loss. Assumption of a constant wind speed, as measured on the C-130, between intercepts
results in a transport time estimate of 5.8 h, yielding a very low loss rate constant. The middle value uses the time
from a Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) back trajectory, which shows 3.0 h of
transport time between the plant and the downwind intercept. The N,Os loss rate coefficient of
1.1x 10~*s7 " is the value used in Brown et al. (2012) for a similar analysis. This value was included to allow more
direct comparison with previous results and to provide contrast to the anomalously low N,Os uptake and aerosol
surface area during this flight. The aerosol surface area, corrected for relative humidity, varied between 100 and
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Table 1 200 um?/cm?, with no enhancement above the variation of one stan-
Parameters Used in Box Model dard deviation, 14 pm%/cm?®, in the power plant plumes. Background
Parameter B c near the plume was 114 pmz/cm3, so that value was used to calculate
Mixing rate (m%/s) 08 > 30 N,Os uptake from the N,Os loss rate coefficient. The aerosol composi-
N,Os loss rate (s ) 53x10°° 1.8x107° 1.1x10°% tion within the plume showed no variation from background

Initial NO (ppbv)

O3 background (ppbv)

Monoterpenes/alkenes/
aldehydes (ppbv)

CINO, yield

59 100 composition, including a lack of sulfate or nitrate enhancement. The
e =0 rate of oxidation of sulfur is slow in the absence of OH sources, so as

long as the source does not directly emit sulfate aerosol or a sulfate
1 precursor more reactive than SO, (e.g., SO3), little sulfate oxidation is

0.05/0.2/0.5 0.5/11

expected at night (Brown et al.,, 2007). The lack of NO3~ enhance-
ment is consistent with the low N,Os loss rate coefficient.

CINO, yields (@) of 0 and 1 were used to bracket partitioning of N,Os loss between solely HNOs (R4) and
CINO, + HNOs (R5). The following reaction scheme was included in the plume model in addition to (R1)-(R5).
R13) NO;3 + monoterpenes—NO3Mon0O2

NO3Mon0O2—MonNO3 + RO,

(

(R14)

(R15) NOs + alkene—NO3AIkO2

(R16) NO3AIkO,—AIkNO3 + RO,

(R17) NO; + RO,—NO;,

(R18) NO; + CH3CHO—HNO; + CH3C(0)0,
(R19) CH;30CO0; + NO,*=CH30CO,NO;
(R20) CH30CO; + NO3—NO; + O, + CH3CO,
(R21) RO, + RO,—ROOR + O,

Here MonNOs and AIkNOs indicate nitrates formed from reactions of NOs with monoterpenes and anthropo-
genic alkenes, respectively. For simplicity, nitrate yields from these reactions are assumed to be unity and
serve as an upper limit for organic NOs~ production. The assumption of unit yield of organic nitrates in
the reaction of NO5 with organic compounds potentially overestimates the production of these compounds.
Nonunit organic nitrate yields lead to regeneration of NO, as NO, (Hallquist et al., 1999). To the extent that
reactions of NO3 with BVOC are a significant loss for NO3 within plumes at night, the analysis will overesti-
mate the rate of NO, loss. Such effects are more likely to be important in the summer, when BVOC emissions
are high (Edwards et al., 2017), than in the winter plumes modeled here.

All RO, are assumed equivalent with a single RO, + HO, rate coefficient for (R17) equivalent to NO3 + HO, and
for (R20) an average of HO, + HO,, HO, + CH30,, and CH30, + CH30.. International Union of Pure and Applied
Chemistry recommendations were used for all reaction rate constants (Atkinson et al.,, 2004; Atkinson et al.,
2006). For the monoterpene reaction, the value for NOs + a-pinene was used both because a-pinene is the most
abundant of the monoterpenes, and the reaction rate is intermediate between that of the fastest (limonene)
and slowest (B-pinene) reacting species. For the anthropogenic alkene reaction, the propene rate constant
was used as propene is much faster reacting than ethene (~5x) but much greater in abundance than higher
alkenes and thus should have the greatest effect on NOs reactivity of the alkenes (Brown et al., 2011).

At each time step, the horizontal dispersion constant (k= 0.8, 2 or 30 m?2 s~ see derivation of these values in
results) was applied across the plume width, horizontally mixing the concentrated emissions with the back-
ground Oz and organic compounds. The horizontal dispersion constant describes mixing that is proportional
to a concentration gradient, formally equivalent to a molecular diffusion constant even though the dispersion
is based on empirical observation of downwind plume widths and is much more rapid than molecular diffu-
sion. Numerical integration to calculate the concentration, C; of a species in the ith box follows equation (1).

dC; - k C[Chem

— (ACH+ ACF) + ——

dt - Ax? ot M

Here k is a constant, representing the horizontal dispersion, with units of Iength2 time™"; Ax is the length of
the horizontal box used in the integration; ACHand ACF are the concentration differences between the ith
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Figure 2. Flight path for research flight on 7 March 2015. Flight track is colored

and sized by SO, mixing ratio. The grey squares are power plants, sized by
annual SO, emissions. The Atlanta metro area is outlined in purple. The inset is

where the plume from Harllee Branch was encountered. The path farther from the

plant has two plume intercepts directly on top of one another.

Chem
box and the adjacent box to the left or right; and ac,.at

tration change due to chemistry during the time step.

is the concen-

All parameters determined above were run symmetrically in the box
model (Table 1). That is, every combination of all parameters was
run, giving a total of 324 unique model scenarios.

Nighttime horizontal plume transects were either non-Gaussian or
made up of a series of Gaussian plumes of different widths and
heights. Application of a horizontal Gaussian plume dispersion model
therefore does not represent their evolution quantitatively, although
the use of a variety of dispersion constants does capture the range
in variability that can be attributed to different dispersion rates.

3. Results

Multiple passes were made of the plume from the Harllee Branch
power plant on 7 March 2015 (Figure 2). The plant, located in
Putnam County, GA, has since been closed, but the observations of
the plume can inform our understanding of plume behavior from
other plants. Throughout the flight, the ambient temperature was
4°C with very little variation.

While the first pass, 5.6 km from the plant and 19 min downwind,
based on onboard wind speed measurement, was close to Gaussian

in shape when plotted against the horizontal transect, as a simple plume dispersion model would predict,
it was taken while changing altitude and, therefore, a part of the observed width may have been due to
the variation of the plume in the vertical dimension. Several species had significantly different backgrounds
on the upper and lower sides of the plume. O3 was not fully reacted away in the plume center, but NO was

40 —pessensanannennn,,, . JSTIEE M‘J
Maa~— s
30
>
3 —— observed NO,
Z ~—— observed O3
2 - = = modeled NO, + 1.3 1
8204 modeled 05 k
:§ =+ = NO, baseline
€

distance from plume center (km)

Figure 3. Comparison of observed and modeled NO, and Os. The model results

are taken at 5.8 h from the initial conditions. The run includes a mixing rate of
30 mz/s, a N,Os loss rate coefficient of 5.6 x 10_6, initial NO mixing ratio of

59 ppby, initial O3 mixing ratio of 40 ppbv, low organic concentration, and ®cino2

of 1. The modeled NO, is offset by 1.3 to better compare to the observations.

The lighter green dotted line is the interpolated baseline that was subtracted from

the NO, observations to produce peak areas.

still present, indicating that the plume intercept was close enough to
the plant that conversion of NO to NO, via (R1) had not gone fully to
completion. Odd oxygen (O, = O3 + NO,) was approximately con-
served in the near-field intercept, increasing by about 5% within the
plume, compared with the regions immediately outside of it. This
increase is consistent with direct emissions of NO, from power plants
(Peischl et al., 2010). The O3 and NO concentrations were nearly equal
at the plume center, so the degree of downwind O3 removal at plume
center will depend critically on the rate of mixing compared to the
reaction rate of (R1).

The downwind transects of the plume indicate some vertical mixing
of the plume and varied amounts of horizontal mixing, depending
on how they are interpreted (Figure 1). The plume width can also vary,
dependent on where, vertically within the plume, the plume is trans-
ected. There are two passes of the plume, 39 km downwind from the
plant. The transects are at 603 and 752 m above sea level (asl) (472
and 621 m above ground level (agl)), one directly on top of the other,
putting a lower bound on plume depth of 149 m. Both plume inter-
cepts show agreement between the NO, measurement and the sum
of measured NO, species (NO + NO, + 2*N,05 + CINO, + HNOs3).
Other forms of NO,, such as peroxyacetyl nitrates or organic nitrates,
are expected to be small in these nighttime plume intercepts. In the
lower intercept, the sum of NO, versus the measured NO, has a slope
of 1.05 and R? of 0.99. Here NO, (NO, — NO,) is 12% of the NO,, so the
agreement is well within the measurement errors noted in section 2.1.
In the higher-altitude intercept, the slope is 1.09 and R? is 0.99. Both
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Knzos = 1.1e-4 slopes are unity to within the combined measurement uncertainties of the
reported species. For further analysis, NO, NO,, and N,Os measurement
were used from the CRDS and HNOs and CINO, measurements were from
the I” CIMS instrument. NO, in the first intercept was from the CRDS, while

‘ in the second (at 603 m asl) was from the TD LIF, as the CRDS was zeroing
during that intercept. During the first intercept, the CRDS versus TD LIF

c
£
< Voo 1.8 _ NO, measurements show a slope of 1.04 and R? of 0.97, while throughout
7 n2o0s = 1.8e-5 Knzos = 1.8e-5 . . . > . .
c 08 - the entire flight the slope is 0.99 and R” 0.98, so the choice between instru-
3 06 B ments should not affect this analysis.
°
g 04 The upper intercept has much lower concentrations and seems to be near
° o0z the vertical apex of the plume extent. The downwind plumes also have
-.g 0.0 significantly different background concentrations on the two sides of the
I_‘I_x‘-’ 1.0 plume due to the presence of the Atlanta urban plume on the west side
Knzos = 5.3e-6 Knzos = 5.3e-6
0.8 of the Harlee Branch power plant plume. In these transects, NO was no
0.6 longer present and the minimum Oz was 18 ppbyv, indicating that even if
0.4 Os; was completely reacted away during a portion of the transport
0.2 between the two intercept distances, mixing incorporated excess Os.
B Modeling dispersion to match the plume as observed is difficult, as it is
0- 110-T20-30-T40-T50-T60-1 To- T10-120-130-T40-150-T60- not Gaussian. We can, however, match various peak widths, modeled as
10 20 30 40 50 60 70 10 20 30 40 50 60 70 . . .
% HNO, % HNO, + OrgNO, Gaussian fits. The non-Gaussian nature of the plume, however, indicates
other mixing processes in play, beyond simple horizontal dispersion. This
Figure 4. Distribution from all 324 model simulations of percent of NO,, raises the question of which portion(s) of the plume should be assumed

converted to HNO3 and HNO3 and organic nitrates at 12 h downwind of the {0 pe exclusively the result of dispersion of the plume. A model of just

plant with three N,Os loss rate constants (knoos)- The organic nitrates
represent an upper limit based on the assumption of unit yield from

NOs3 + VOC reactions (see text). The lowest knoos (5.3 % 10%s7 ") value is
calculated from the amount of HNO3 formed in the downwind plume stant of 0.8 m” s~

the easternmost part of the plume, the portion with the highest concentra-
tions of all species and the most Gaussian shape, gives a dispersion con-

! starting from a plume of 0.1 km, 5.8 h away. The
=5 -1

intercept and a transit time of 5.8 h, based on wind speed. The 1.8 x 10" ”s same dispersion constant does not match the plume observed 19 min

was calculated the same way, but with a

HYSPLIT. The highest kn20s is from Brown et al. (2012) and included for

comparison with other studies.

transit time of 3.0 h, derived from  from the source, but the difference could be due to transects of different
vertical portions of the plume or from variations of the dispersion with
time. If the middle portion of the plume is modeled, a dispersion constant
of 2m? s~ " is required, and to model the entire western portion of the plume, 30 m?s™" is needed (Figure 1).
These dispersion constants encompass the value of 5 m? s~ used by Brown et al. (2012) to model nighttime
horizontal dispersion of power plant plumes in Texas.

The chemical evolution of the plume is highly dependent on the value for N,Os uptake (yn20s) and aerosol
surface area (Sa). Together, these values give the first-order N,Os loss rate coefficient, knyos, according
to equation (2).

1
kn,o0, = 2% *SA%YN, 0 )

Using wind speed and direction as observed in the plume, and applying a simple iterative box model to fit
enhanced N,Os present in the downwind plume intercept (with linearly interpolated background N,Os
subtracted out), both yn20s and the kyaos loss rate constant are small, with ynaos = 6.97 x 107* and
knaos = 5.3 x 1078 57" (equivalent to an N,Os lifetime >50 h), respectively. With knzos = 5.3 x 1075 s~
and a traveltime of 5.8 h, the model and observations match well in NO, conversion (Figure 3). With starting
conditions of 40 ppbv NO, 30 ppbv background Os, an effective dispersion constant of 0.8, and a CINO, yield
of 1, the model shows much less than 1% conversion of NO, to HNO5 and the only significant NO, contribu-
tion from N,Os.

Current parameterizations of yn,0s (Bertram & Thornton, 2009; Davis et al.,, 2008; Evans & Jacob, 2005; Gaston
etal, 2014) do not reproduce such low values. In comparison, Brown et al. (2012) used knzos = 1.1x 10 s~
in summertime power plant plumes in the Houston area based on the average of prior determinations of
uptake coefficients from that region that had an average value of 3 x 10™> (Brown et al., 2009). Low relative
humidity (50-55%) in the region area on this flight may be partially responsible for low yn205 values. It is also
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Figure 5. Transects of modeled plumes at 12 h downwind from the model run with kn205 of 1.1 x 1074 5_1, high organic backgrounds, mixing rate of 30 m? 5_1,03
background of 30 ppbv, CINO, yield of 0, and initial NO of (left) 40 ppbv and (right) 100 ppbv. There is greater relative HNO3 production in the plume with
higher initial NO,, but lower production of organic nitrates.

possible that the organic content of the aerosols acted to suppress N,Os uptake as has been observed in
previous laboratory studies, though those studies generally show extremely high organic fractions required
to suppress yn205 to this degree (Anttila et al., 2006). In the plumes, the organic content of the aerosol
was 35-40% of the aerosol mass (as determined by aerosol mass spectrometer). Anttila et al. (2006)
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Figure 6. The evolution of the modeled plume for two different knoos values. All panels have a dispersion rate of 2 m? s~ initial NO of 59 ppbv, background O of
40 ppbyv, low background organic mixing ratios, and CINO, yield of 0. On the left are (a) NO,, (b) N5Os, and (c) HNO3 for kn205 of 1.1 x 1074 5_1, while on the

right (d) NO,, (e) N,Os, and (f) HNOg, all have kyoos of 5.3 x 10

6571, Both the left and right plots use the same mixing ratio color scale.
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Fraction of model runs in bin
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Figure 7. Distribution of percent of NO,, converted to HNO3 and HNOs + organic
nitrates (upper limit as in Figure 4) in all 324 model simulations at 12 h
downwind of the plant with three initial NO concentrations. The 40 ppbv NO was
determined by the NO, mixing ratio in the intercept closest to the plant. The
higher mixing ratios scale the observed initial mixing ratio to relative changes in
historical emissions from the continuous emission monitoring system, which
were 1.5 and 2.6 times higher with different NO, emission controls.

found that a coating of greater than 200 nm was required on a
600 nm diameter particle (greater than 90% organic content required)
to give a yna05 ON the order of 1074,

The yield of CINO, (@) observed in the plume was 1 (all N,Os followed
(R5), none (R4)), based on the ratio of CINO, to HNOs in the plume,
with the linearly interpolated background values subtracted out. It is
possible that this is influenced by direct emissions of halogen from
the power plant (Riedel et al.,, 2013) or simply a result of the very
low yn20s and therefore the small amount of Cl required for
CINO, production.

4. Discussion

NO, can be removed from the atmosphere via two pathways. The first
pathway, formation of HNOs, is normally a terminal product of NO,
chemistry in the lower atmosphere (e.g., (R4) and (R10)). The second
is formation of organic nitrates ((R13)-(R19)), but the degree to which
these compounds represent a terminal NO, sink depends on what
fraction of organic nitrates are removed (via conversion to HNOs,
another terminal product, or deposition) or further processed back
into NO, via oxidation reactions or photolysis. Monoterpene nitrates
dominate organic nitrate formation in this model (see further
discussion, below); therefore, the branching between monoterpene
nitrates that recycle back to NO, via oxidation and those that form
HNOs or another terminal NO, product will be most important.
Monoterpenes can form a mixture of primary and tertiary nitrates
(Rindelaub et al., 2016). Laboratory studies have found that primary
organic nitrates hydrolyze, resulting in HNOs formation, on a time-
scale of months, while the tertiary nitrates hydrolyze on the order of

minutes (Darer et al., 2011). These reactions, however, can be acid-catalyzed, and the rate of hydrolysis of pri-
mary nitrates can approach that of tertiary nitrates if the aerosol pH is less than 0 (Rindelaub et al., 2016). In
the Atlanta area, the aerosol pH was frequently less than 0 and always less than 2 (Guo et al., 2016), so both
primary and tertiary nitrates taken up on aerosol should be expected to hydrolyze quickly and result in HNO;
formation, though the very low aerosol surface area may reduce HNO3 formation from all organic nitrates. If
the NO, forms a terminal product overnight (via direct production of HNO3 or through organic reactions), the
next day it cannot participate in further Oz chemistry, it will not be transported as far downwind, and it can
control patterns of acid deposition downwind (Dentener & Crutzen, 1993).

All model simulations shown here were run at 4°C, the observed ambient temperature. If the temperature
were higher, as in summer, all reactions will proceed faster and more HNO3 and organic nitrates would be
generated, all else remaining the same. We, however, expect many of the modeled factors, especially organic
compound background mixing ratios, to also change with temperature, further altering the NO, removal. The
factors that control on how much NO, is removed from a power plant plume at 4°C overnight that will be
discussed individually in the sections below.

4.1. N,O5 Loss Rate Constant (ky205)

The factor that independently exerts the most control over the range of conditions surveyed in this model is
the N,Os loss rate constant (knaos). When kyaos is very low, whether driven by low N,Os uptake or low
aerosol surface area, no other conditions can yield NO, conversion to HNO3 greater than 10% (Figure 4).
The percent of HNOs is calculated as the integrated area for HNO3 across the modeled plume transect
(Figure 5) compared with the integrated area of NO, across the transect, since model NO, is conserved
throughout the plume. As expected, the plume evolution shows that N,Os persists and less HNOs is formed
when ky»0s is lower (Figure 6). This is true throughout the plume, with little N,Os buildup at the highest
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Figure 8. Model distribution for all 324 simulations of percent of NO,, converted to

HNO3 and HNOs + organic nitrates (upper limit) at 12 h downwind of plant

with three O3 backgrounds. The three backgrounds come from the range of O3

observed on the 7 March research flight.
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Figure 9. Distribution of percent of NO,, converted to HNO3 and HNOs + organic

nitrates in all 324 model simulations at 12 h downwind of the plant with three

dispersion constants (DC). The mixing rates were calculated to match the width of

different portions of the downwind intercept.

kn20s, Which corresponds to greater HNO3 concentrations. In contrast,
at low knzos values, N,Os builds up throughout the plume’s lifetime,
while little HNOs is produced.

The N,Os5 loss rate constant decreases in importance when including
organic nitrates in the total NO, removed. Even at the lowest ky»05
value, up to 31% of NO, can be converted to HNOs and organic
nitrates combined. At the lowest N,Os loss rate, the highest fraction
of NO, removal (production of HNO3 + organic nitrates) occurs when
VOC concentrations are high and the initial NO, mixing ratio is low.

The lowest calculated N,Os loss rate constant, 5.3 x 10™% s, is some-
what lower than what has been previously reported in the literature.
This is driven in part by the moderately low observed aerosol surface
area of 120 umz/cm3, but still requires a low 205 Of 7.0 X 10~ % This is
slightly lower than the low end (yn205 = 1 X 1073) of reported values
from analysis of field data (Brown & Stutz, 2012), but within the range
of reported laboratory values. A laboratory study of pure organic and
organic coated aerosols found yna0s of 4.5-5.9 x 10~* (Anttila et al,,
2006). The middle loss rate constant, 1.8 X 10 > s~ ', has a correspond-
ing uptake coefficient, yn205 = 2.37 X 1073, which falls on the low end
of the range of previously reported values from field studies. As in
prior analysis of aircraft data (Brown et al., 2009), the reason for these
low yn205 Values is not clear and remains an active area of study.

The low N,Os uptake observed in the plume is broadly consistent
with high levels of observed N,Os, and thus low N,Os reactivity,
within the Atlanta plume during the same research flight, so it is not
likely a consequence of chemistry specific to this particular power
plant plume. Steady state lifetimes of N,Os, derived from the steady
state approximation (Brown et al, 2003), ranged between 9 and
14 h (equivalent to knxos = 2-3 x 107> s™') (Figure S2). The low
kn2os values were, again, partially driven by low aerosol surface area
(72 um?*/cm?), and the corresponding ynzos values were 4-6 x 107>,
Whether the low uptake is more typical of wintertime chemistry in
this area or particular to the conditions of this flight is not currently
known, though Wagner et al. (Wagner et al, 2013) found mostly
higher values of yn205, 0.002-0.04, in wintertime at a ground site in
Colorado near power plant emissions.

4.2, Initial NO and O3 Background

While prior studies have demonstrated that reductions in NO, emis-
sions stemming from recently implemented NO, control technology
are a primary controlling factor in the amount of NO, removed by
nighttime chemistry (Brown et al., 2012), the degree to which this is
true depends on a variety of other factors, including those listed
above. Brown et al. (2012) showed that as NO emissions were
decreased for two power plant plumes sampled in Texas in October
2006, the percentage of NO, converted to HNOs increased, as plumes
no longer had all O3 reacted away, and chemistry could progress to
(R2) and beyond. Figure 7 shows that this effect is generally true for
the conditions modeled here, in that smaller fractions of NO, to
HNOs or HNOs + organic nitrates occur for increasing initial NO in
the simulations, consistent with generally slower nighttime chemistry
at decreased plume Oz mixing ratio. There are, however, some
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Figure 10. Distribution of percent of NO,, converted to HNO3 and HNO3 + organic

nitrates at 12 h downwind for all model simulations of the plant with two

CINO, yields (®). While the observed CINO, yield in the plume is close to 1 (0.96),

we can capture the full range of potential CINO, yields between 0 and 1.

conditions under which a larger percentage of NO, is converted to
HNOs when the initial NO is higher. This happens when both the mix-
ing rate and background VOC concentrations are high. This is due to
competition with HNOs and organic nitrate formation, where at
higher background VOC levels, (R12)-(R13) and (R14)-(R15) are
favored over (R3)-(R5). Under those conditions, the percent of NO
converted to HNO3 and organic nitrate decreases with increasing
NO, emissions. For instance, with an N,Os loss rate constant of
1.1 x 107* s, mixing rate of 30 m? s~', O3 background of 30 ppbv,
CINO, yield of 0, and a high monoterpene background of 0.5 ppbv,
the percent of NO, converted to HNOs increases from 10.4 to 17.7
as the initial NO increases from 40 to 100 ppbv. Over the same
conditions, the HNO3 and organic nitrates combined decrease from
33 to 29% (Figure 5 and Table S1).

The effect of NO emissions on NO, removal is also intimately tied to
the background Os level. When background Os is higher, complete
O removal, due to (R1), is less likely. In fact, the only model conditions
under which NO is still present after 12 h involve the smallest mixing
rate, initial NO of 100 ppbv and O3 background levels of 30 or 40 ppbv.
The 30 ppbv O3 background leaves NO as 15% of NO, after 12 h, while

the 40 ppbv background leaves 3% as NO. Under no other conditions is NO even 1% of NO, after 12 h. If a
small portion of NO, emitted is NO,, rather than NO (Peischl et al., 2010), the NO to NO, step (R1) would
go to completion faster, and the plume would have a slight excess of odd oxygen (O, = O3z + NO,) early in
its overnight evolution (Brown et al., 2006). The potential 2% difference in O, is much smaller than other
variations observed and modeled. Overall, within the range of conditions used, O3 background has a larger
influence on NO, than the initial NO mixing ratio. At the lowest O3 background, 30 ppbv, no other conditions
resultin HNOj3 greater than 40% of NO, after 12 h (Figure 8). In contrast, even with an initial NO mixing ratio of
100 ppby, it is possible to convert over 50% to HNOs after 12 h (Figure 7). While summertime Os levels are
decreasing throughout the eastern U.S., wintertime levels are increasing (Bloomer et al., 2010), which will

Mon/Alk/Ald = .5/1/1

Mon/Alk/Ald = .5/1/1

Mon/Alk/Ald = .05/.2/.5 Mon/Alk/Ald = .05/.2/.5

Fraction of model runs in bin
5

0- "10-"20-'30-"'40-"50-"60- 0- "10- "20-'30- ' 40-'50- '60-

10 20 30 40 50 60 70
% HNO;

10 20 30 40 50 60 70
% HNO3+0rgNO3

Figure 11. Model distribution for all simulations of percent of NO,, converted
to HNO3 and HNOs3 + organic nitrates at 12 h downwind of the plant with
two levels of background VOCs. The ranges of monoterpenes (0.05-0.5 ppbv)
and alkenes (0.2-1 ppbv) were from observation in Yorkville, GA (Hagerman
et al.,, 1997). The range of acetaldehyde (0.5-1 ppbv) is calculated from

the ratio of acetaldehyde to formaldehyde on other flights during WINTER
and the formaldehyde measurements on this flight.

result in greater NO, removal from plumes with decreased NO, emissions
from power plants.

4.3. Horizontal Mixing

The rate at which the plume mixes with background air also exerts signifi-
cant control over NO, removal (Figure 9). Higher mixing rates result in
more O3z entrainment in the plume and increase the rates of (R1) and
(R2), resulting in greater conversion to HNO3; and organic nitrates. With
the highest dispersion constant (30 m? s~ '), there are no scenarios in
which the plume still has complete O3 removal after 12 h (Table S1).

4.4. CINO, Yield

The yield of CINO, (®)depends on competition between reactions (R4) and
(R5) that together give a net reaction, (R22) where H,0 and HCl are present
in the aerosol phase.

(R22) N,Os + H,O + HCl— ®CINO; + (2 — ®)HNO;

This direct competition between reactions means that when @ is higher,
less HNOs is produced and less NO, is removed overnight. The degree of
influence of ® in HNO3 formation is highly dependent on the other condi-
tions in the plume and background air. The percent of NO, as CINO, after
12 h when the yield is unity ranges from 0.05% to 28%. When the kyy0s is
1.1x10~*s™", the mixing rate 3m? s, the initial NO mixing ratio 59 ppbyv,
the O3 background 50 ppbv, and the organic backgrounds low, 28% of

FIBIGER ET AL.

1422



@AG U Journal of Geophysical Research: Atmospheres

10.1002/2017JD027768

Acknowledgments

The authors would like to thank the
NSF-NCAR Research Aircraft Facility
staff. Data are available from NCAR at
http://data.eol.ucar.edu/master_list/?
project=WINTER. The model algorithm
used was developed in IGOR Pro and is
available at https://esrl.noaa.gov/csd/
groups/csd7/measurements/2015win-
ter/pubs/. Funding for Fibiger was sup-
ported by NSF award 1433358.

NO, is CINO, and another 28% is HNO; after 12 h with a CINO, yield of 1. Overall, at a CINO, yield of 0, more
conditions allow for formation of higher levels of HNO3 (Figure 10), though this condition may be unrealistic
in power plant plumes. Riedel et al. (2013) found that in a power plant plume measured from a tall tower in
Colorado, ® ranged from 0.3 to 1, significantly higher than the background yields. Ambient conditions influ-
encing ® include the amount of aerosol nitrate and chloride, relative humidity, and aerosol hygroscopicity,
which in turn may be driven by sulfate (Bertram & Thornton, 2009; Guo et al., 2016; Roberts et al., 2008;
Roberts et al., 2009).

4.5. Background VOC Concentrations

The influence of background VOC concentrations has the least straightforward effect on NO, removal in the
model. Increasing VOC background concentrations result in less HNO3 production because (R13)-(R14) and
(R15)-(R16) outcompete (R3)-(R5) when the organic concentrations are high. At the same time, when VOC
backgrounds are high, more organic nitrate is produced, and the total HNOs + organic nitrate is higher
(Figure 11; using an organic nitrate yield of unity as a tracer for NOs reactions). In this model, monoterpenes
dominate the VOC reactivity with NO3z and monoterpene nitrates are always 67% or greater of the organic
compounds formed. Peroxyacetyl nitrate (PAN) is always under 20% of the organic compounds formed, with
the highest percentages falling when total organic production is low, so the overall PAN produced remains
very low. All the organic compounds were varied simultaneously (e.g., high values for all starting compounds
or low values for all starting compounds), so it is likely there are atmospheric conditions where acetaldehyde
is high and monoterpenes are lower, resulting in relatively greater PAN production than in these model runs.
In the southeast U.S. where monoterpene concentrations remain important throughout the winter
(Hagerman et al.,, 1997; Xu et al,, 2015), it is possible that organic nitrate formation will dominate over
N,Os chemistry and HNO3 production throughout the area. Due to the lack of VOC measurements on this
flight, we are unable to constrain this effect well for these conditions; the degree to which monoterpene
chemistry is influenced by nitrate, radical oxidation in the southeastern U.S. in winter is an important current
topic that may influence seasonal budgets for organic aerosol (Xu et al, 2015) and further wintertime
research flights would address these topics.

5. Conclusions

Overnight removal of NO, from power plant plumes is dependent on a number of conditions. The prominent
controlling factor is N,Os loss rate constant (and, relatedly, N,Os uptake). With a low N,Os loss rate constant,
there is minimal conversion to HNOs, regardless of other factors. Mixing rate and O3 background are also
important factors; when the O3z background is low, the chemistry of N,Os formation does not progress as
quickly. Additionally, when there is little mixing of the plume with background O3, the same occurs. In the
plume from the Harlee Branch power plant, evaluated here, the low N,Os uptake, coupled with low aerosol
surface area, results in slow loss of N,Os. This causes very little NO, conversion to HNO3, and therefore, most
NO, will be reformed the next day. Finally, the fate of organic nitrates is an important factor. If organic nitrates
are converted rapidly to a terminal product or directly deposited, their fate can be considered the same as
HNO; formation, whereas if they reform NO,, they cannot participate in NO, removal.
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