Responses to Comments by the Referees and Readers

C. Ye (c.ye@pku.edu.cn) and X. Zhou (xianliang.zhou@health.ny.gov)

1) Response to the Interactive comment by Anonymous Referee #1 on “Tropospheric
HONO Distribution and Chemistry in the Southeast U.S.”

The manuscript “Tropospheric HONO distribution and chemistry in the Southeast U.S.”

by Ye et al. presents HONO measurements made during the NOMADSS campaign. The two
main claims presented here are: (1) there is more HONO observed than can be explained by
known chemistry, and (2) photolysis of particle nitrate accounts for this so-called missing
HONO source. The analysis used to make both claims are weak, therefore, unconvincing.
Moreover, the analysis on nighttime chemistry and production in power plant exhaust were
hastily done and written. This work can be considered for publication only after significant
improvements.

Response: We thank the Anonymous Referee #1 for pointing out the shortcomings in our
analysis and presentation of the data. We have significantly revised the manuscript
accordingly to address the referee’s comments and concerns. Here are our responses to the
referee’s specific comments.

As for (1), the authors claim that because HONO photo-lifetime is 8 minutes, that direct
emission of HONO can be disregarded. This is a misinterpretation of the concept of lifetime.
Lifetime represents an e-folding time, meaning that ~36% of the original amount still remains
after 8 minutes since time zero, or time since emission. If HONO at the emission source is 10
ppb, approximately 50 to 60 minutes is required for HONO to reach 11 ppt, the median
HONO level reported. Judging by figure 2, the median HONO value of 11 ppt (what the
authors claim is anthropogenic-free HONO) is observed in close proximity to urban plumes
(20 to 30 ppt, identified in figure 2). This 50 to 60 minute period is an underestimate since it
does not account for re-formation of HONO by OH + NO, both of which are likely to be
elevated in urban plumes. Bottom line is that the authors need to demonstrate convincingly
that the 11 ppt HONO is not derived from anthropogenic sources (by quantitatively
accounting for mixing, emissions, and chemistry), because the case for this so-called ’extra’
HONO is the difference between 11 ppt and 2 ppt (amount of HONO expected assuming PSS
without this ’extra’ source). The analysis as it currently stands in inadequate.

Response: The referee is correct that ~36% of the original HONO remains after one
photolysis lifetime. However, we did not “disregard” the contribution from ground HONO
source simply because HONO photo-lifetime is 8 minutes. We would first like to point out
that there has not been any report in literature for 10 ppbv daytime HONO on the ground
level, as the referee assumed. The daytime HONO/NOx ratio is in the range of 0.05-0.1 in the
low-NOx rural atmosphere (Zhou et al., 2002) and ~ 0.02 in high-NOx urban environment
(Villena et al., 2011). The direct emission HONO/NOy ratios are even lower, <0.01 in
automobile exhausts (Kirchstetter et al., 1996; Li et al., 2008) and ~0.002 in power plant
plumes (Neuman et al., 2016). The NOx levels that we observed in the Southeast U.S. was
mostly under 0.5 ppbv in the background area and even in the urban plumes; the initial
HONO concentration associated with the observed levels of NOx would be < 50 pptv even if



an upper limit HONO/NOx ratio of 0.1 is assumed. With a transport time of ~1 h from the
source, i.e., ~ 5 times of the HONO photolysis lifetime, the contribution from the source
would be well below the detection limit of 1 pptv of our HONO instrument. Therefore, we
argued that the measured HONO was mostly produced in situ from precursors such as NOx
and pNOs within the air masses during the transport, not from the ground HONO sources.

Our conclusion of no significant contribution from the ground HONO source was also
based on the vertical profile of HONO. We examined the vertical profiles of HONO, its
precursor, isoprene and potential temperature (Figure 4) in section “3.2 HONO contribution
from ground-level sources”. Isoprene is a biogenic VOC emitted from ground vegetations
(trees) and has a lifetime of ~1 hr. Based on isoprene vertical distribution information, a TBL
mixing time can be estimated. The photolysis lifetime of HONO was much shorter than that
of isoprene during the daytime NOMADSS flights. If the ground source contributed
significant to the TBL HONO budget, a much steeper vertical concentration gradient than that
of isoprene should be expected. However, we observed relatively uniform vertical
concentration profiles (Figs. 3 and 4), suggesting that contribution from ground HONO source
was not important.

We did not randomly assign an air mass as “background” or “urban” just based on
HONO concentrations. In the four daytime research flights (RFs #4, #5, #11 and #17)
reported in this manuscript, we conducted our airborne HONO measurements mostly over the
rural regions in Southeast U.S., and only sampled urban and power plumes sometimes in RF
#11 (Figure 2). A large suite of chemical and metrological parameters were measured
onboard the C-130. The identifications of plumes and background air masses were done with
the help of plumes tracers like NOx, and benzene (Figure 7) in original manuscript, further
with SO, CO, and acetonitrile (Figure S1) in the revised manuscript. And in RF #18, we
performed back trajectory calculations to examine the impact of urban plume from Nashville
metropolitan area. Indeed, HONO was being produced from its precursors (including the OH-
NO reaction the referee mentioned) in the air mass during the transport. The HONO is
considered in situ produced, not directly emitted. When an air mass was influenced by the
urban emission, concentrations of HONO precursors and urban tracers (NOx, CO, benzene)
were higher, and in situ HONO production would be higher.

We have significantly revised the discussion in the manuscript in both “3.2 HONO
contribution from ground-level sources” and “3.4 HONO chemistry in plumes”, to address
referee’s concerns and to make our argument more clearly.

As for (2), the authors conclude a causal relationship between photolysis of particulate nitrate
and HONO based on rather weak correlation (figure 5). That is less than convincing.
Moreover, a photolysis rate of 2e-4 sec-1 means a photo-lifetime less than 1.5 hours for
particulate nitrates. What are these nitrates? inorganic or organic? Has there been any
reports of particle-phase nitrates exhibiting photo-lifetimes on the order of 1.5 hours? Is there
a mechanism proposed? What remains in the particle-phase as the nitrate is released as
HONO? Is all of the nitrate turn into HONO, or NO or NO2 or HNO3? | am concerned the
photolysis conducted in the laboratory is not atmospherically relevant. More information on
this lab photolysis experiment may help. How do the nitrate abundances measured with this
filter method compare to what other instruments (AMS? PILS?) have measured for particle
nitrates? And as for the power plant analysis, the same concerns | have for claim (1) applies
here. You cannot assume just because the plume has been transported over 1 hour that none
of the HONO observed is anthropogenic in origin. You need to know what the mixing ratio
was near the emission point to know whether the HONO measured downwind was or was not
directly emitted because the photo-lifetime is an e-folding time, it does not just disappear after



8 minutes. Lastly, citing previous work on the subject could be useful. Recent work by
Neuman et al. 2016 comes to mind
(https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2016JD025197).

Response: We disagree with the referee that our conclusion was based on weak correlation.
The conclusion that inorganic particulate nitrate (pbNO3) photolysis is a major HONO source
in the air column in Southeast U.S. was first based on directly field observation and HONO
budget analysis. With comprehensive parameters related to HONO chemistry were directly
measured in our study, we were able to conduct HONO budget analysis. The analysis
suggested that known NOx-related reactions can only sustain a minor fraction of the observed
HONO source and there was a major fraction of HONO source strength unaccounted in the air
column. If particulate nitrate behaves similarly to surface HNO3 photochemically, i.e., with a
photolysis rate constant 2-3 order of magnitude higher than that in the gas phase (e.g.,
Baergen and Donaldson, 2013; Reed et al., 2017; Ye et al., 2016b, 2017a; Zhou et al., 2003,
2011; Zhu et al, 2010, 2015), it could be a potentially important HONO precursor. To
examine the potential role of pNO3z as a HONO precursor, we collected aerosol samples on
Teflon filters on the C-130 during the NOMADSS field study and determined the photolysis
rate constants of particulate nitrate leading to the productions of HONO (a major product) and
NO; (a minor product). High and highly variable JN;nos values were obtained, from 8.3 x 107
s1t03.1 x 10 s, with a median of 2.0 x 10 s and a mean (+ 1 standard deviation) of 1.9
(= 1.2) x 10* s, when normalized to tropical noontime conditions at ground level (solar
zenith angle = 0 °) (Ye et al.,, 2017b). The laboratory measurement of Jonos has been
described and discussed in detail in our previous paper (Ye et al., 2017b). HONO budget
analysis using the median J,y,, value of 2.0 x 10* s™ suggests that pNOs photolysis can

account for most of the remaining HONO source strength (the original Figures 6b and 7b, and
now the revised Figures 5b and 6).

The correlation between HONO and its potential precursor pNOs (the original Figure
5, and now the revised Figure S1) is quite weak (r?~0.17), as pointed out by the referee. The
correlation between the required HONO source and the contribution from particulate nitrate
photolysis ([pNOs]xJpnos) improved somewhat (r? = 0.34) (the original Figures 6b, now the
revised Figure 5b), but is still not as strong as to be expected from pNO3z photolysis being the
major HONO source. As we explained in the manuscript (lines 338-343), “It may be in part
due to the use of a single median J,yo3value of ~ 2.0 x 10 s™ in the calculations of the
ambient J,yo, and the production rates of HONO in Figure 5b; the actual Jyo3Vvalues are
highly variable, ranging from 8.3 x 10° s to 3.1 x 10 s (Ye et al., 2017). HONO source
contribution from particulate nitrate photolysis in Figure 5b are thus estimates of the in situ
HONO production rates from pNO3z photolysis in different air masses.”

The photolysis lifetime of pNOs was short using the median value of laboratory
determined Jpnos, as the referee pointed out. Many laboratory and field studies have shown
the high photolysis rate constant of surface HNOz (Baergen and Donaldson, 2013; Ye et al.,
2016a; Zhou et al., 2003, 2011; Zhu et al, 2010, 2015) and pNOz (Reed et al.; Ye et al.,
2017a, 2017b), lending support to our argument that pNO3z photolysis can be an effective
renoxification pathway to recycle nitric acid to photochemically reactive NOx and HONO.
However, we would like to point out that particulate nitrate is in a dynamic equilibrium with
gas-phase HNOs, and that the later accounts for a larger (or even dominant) fraction of total
nitrate (PNO3+HNO3) and is photochemically inert. The overall photolysis of total nitrate
(pPNO3+HNO3) would be much slower than indicated by Jonos. In addition, oxidation of NOx
via several pathways will replenish the pNO3+HNOs3 reservoir. The results reported in this
manuscript and in earlier papers (Reed et al., 2017; Ye et al., 2016a) suggest that there is an


https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2016JD025197

effective cycling in reactive nitrogen species in the low-NOyx atmosphere, sustaining the
observed levels of HONO and pNOsa.

Some mechanisms have been proposed to explain the large enhancement of photolysis
rate constant for surface HNOs and pNOs, by 2-3 orders of magnitude compared to that of
gas-phase HNOs. The light absorption by HNOgz in the UV range has been found to be 1-4
orders of magnitude higher on surfaces of silicon and ice than in the gas phase, with a
significant red shift to long wavelength (Du et al., 2011; Zhu et al., 2008, 2015), probably
resulting from bond stretching and/or bond deformation (Svoboda et al., 2013). Since the
photolysis yield stays relatively high, 0.8-0.9 (Zhu et al, 2010), the resulting effect of the
catalytic surface is the enhancement of photolysis rate constant over that in gas phase. In
addition, organic and inorganic chromophores on ambient surfaces and in aerosol particles
can enhance the photolysis of the associated HNO3 and nitrate through photosensitization (Ye
et al., 2016b, 2017b). We also hypothesized that NO> is the dominant primary product of the
photolysis of surface HNOz and pNOs, and the produced NO- (adsorbed) may react quickly
with organics and water molecules on the surface and in aerosol particles to produce HONO
as the secondary product. The proposed mechanism explains the laboratory results showing
NO- as the dominant product from HNO3s photolysis on clean and dry laboratory surfaces
(Zhou et al., 2003; Zhu et al., 2010), while HONO as the major product on natural surfaces
and in ambient aerosols (Ye et al., 2016a, 2017b).

We have not got the chance to compare our LPAS pNOs method with other
instruments. We would like to do that as soon as we have the opportunity.

As to the issue of power plant plumes raised by the referee, the answer is similar to
what we just provided for urban plumes. That is, the power plant plumes we encountered
were small and relatively diluted with NOx levels up to 1.8 ppbv (Figures 2 and 7), and the
directly emitted HONO would be < 18 pptv ppbv even if a high HONO/NOx emission ratio of
0.01 is assumed (Neuman et al., 2016). During the 1-h transport time, the remaining HONO
concentration from the direct emission would be well below our detection limit of 1 pptv.
Therefore, the HONO concentrations in the power plant plumes were mostly produced within
the air mass during the transportation, from elevated HONO precursors from anthropogenic
sources. In fact, the HONO measured in fresh power plant plumes has been found to be
mostly secondarily produced (Neuman et al., 2016).

Lastly, we regret the omission to reference the recent paper by Neuman et al. (2016).
We finished our first draft of this manuscript over two years ago, before the publication of the
mentioned paper. Although we have made significant changes to the draft during the
subsequent revisions, we failed to update the references. The paper by Neuman et al. (2016)
has been referenced and discussed in the revised manuscript.
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2 Response to the Interactive comment by Anonymous Referee #2 on “Tropospheric
HONO Distribution and Chemistry in the Southeast U.S.”

General Comments

This manuscript explores the generation and fate of HONO above and within the planetary
boundary layer over the southeastern United States during NOMADSS 2013 from several
research flights aboard the NCAR C-130 aircraft. The vertical distribution of HONO
throughout this layer is clearly demonstrated to be derived from volume sources, with a
robust testing of the known mechanisms of HONO formation against parameterizations of
particulate nitrate photolysis, which is emerging as an important source of tropospheric
HONO. The Author’s find that previously established volume-based mechanisms of HONO
formation cannot account for the observed quantities and that the photolysis nitrate in the
condensed phase can possibly explain the majority of the observed quantities. The Authors
demonstrate that HONO is a minor OH source at these altitudes when its production is driven
solely from volume production and also that it is an important intermediate in the
renoxification pathways of tropospheric trans- port of nitrogen oxides. Overall, this
manuscript is well written with a solid analysis of the dataset. There are minor modifications
necessary to make the manuscript more clear and concise in its purpose and findings. The
removal of some figures and text by the production of a supporting information document
would easily facilitate this.

Response: We thank Anonymous Referee #2 for the positive and encouraging comments. The
detailed and insightful comments and suggestions have greatly helped us in revising and
improving the manuscript. A supplement document has been generated to include supporting
content as suggested.

Specific Comments

Page 2, Lines 7-10: The detailed analysis of the isoprene transport and subsequent lifetime
calculations for HONO are a quantitative assessment of the decoupling of surface emissions
from the observed HONO. The Authors should consider using their quantitative assessment as
the basis for their statement here instead of the more qualitative observation of no vertical
gradient.

Response: The abstract has been revised and reorganized, as the referee suggested.

Page 2, Lines 14-15: Please provide the average +/- SD of the actual fraction of the observed
HONO that was generated by pNO3 photolysis from the presented calculations instead of
‘appeared to be the major daytime HONO source’.

Response: The abstract has been revised and reorganized, as the referee suggested.

Page 2, Lines 20-25: Provide the quantitative findings from each section of the detailed
analysis here over the general statements of relative importance. This will generate greater
impact for this work.

Response: The abstract has been revised and reorganized, as the referee suggested.

Page 3, Line 39: Remove °, as an important OH precursor,” as it is redundant.
Response: The phrase has been removed as suggested.

Page 3, Lines 51-57: | would suggest removing this length section and replacing it with a
single sentence following the statements on combustion HONO sources (Line 48). This level



of detail in the introduction is not really relevant to the tropospheric chemistry discussed in
this work.
Response: Revision has made as the referee suggested.

Page 4, Lines 75-84: The last two sentences demonstrate that R4 is unnecessary and it should
likely be removed from here and from the presented data analysis, since it has been show to
be a two-photon process. It should be removed here and the section on the hydroperoxyl-
water complex mechanisms should be replaced with one sentence on its existence and low
yield of HONO.

Response: As the referee pointed out, both reactions (R4) and (R5) are not important as
HONO sources. Since we intend to conduct HONO budget analyses in the later sections, to
include all NOx-related reactions. We feel that a brief discussion of reactions (R4) and (R5)
here is justified.

Page 5, Lines 104-107: It would be useful to guide the readers through the major explorations
of this dataset here. Consider listing the major sections of this work here in the order that they
are presented in the abstract, manuscript, and conclusions, to improve clarity.

Response: We did provide some field campaign and measurement information in the first
paragraph in section “2 Experimental”, right after the paragraph.

Page 5, Line 108: The experimental section could use subsections to improve clarity.
Response: Revision has made as the referee suggested.

Page 5, Line 126: The baseline subtraction of interferences from particulate nitrite here does
not acknowledge that there is a size-dependent collection efficiency in these style of
instruments. For example, fog droplets would be effectively captured in the primary channel
to appear as HONO and not be corrected for in the secondary channel. This has been
demonstrated in other works with this analytical approach (e.g. (Sorgel et al., 2011) and
references therein). Is there any potential for droplet nitrite interferences in these
measurements where clouds may have been encountered?

Response: As pointed out by the referee, cloud droplets may be collected at significant
efficiency and be an interference in our measurement. We have excluded the in-cloud
measurement data from our data analysis, due to lack of valid way to correct the data. The
following sentences have been added in the revised manuscript (lines 163-166): “Noisy
baselines were observed when the C-130 was flying in the clouds, due to the sampling of
cloud droplets by our sampling systems. Because of the lack of a valid way to correct for this
interference, all in-cloud measurement data of HONO and pNO3 have been excluded from the
data analysis.”

Page 6, Lines 138-139: It is confusing to follow the logic of this estimation. Was the maximum
possible interference determined in some sections of the dataset to set the limit at 0.27 If
possible, add the quantitative approach used to a section in a Supporting Information
document. If not, please improve the clarity here.

Response: We have not determined the collection efficiency for HO2NO. experimentally.
The upper limit HO2NO,-to-HONO conversion efficiency of 0.2 was estimated from the ratio
of the observed [HONO] to the calculated [HO2NO-]ss in cold, high altitude air masses under
our measurement conditions, assuming ambient HONO concentration approaching zero. We
found that the correction was not necessary in the TBL. The discussion has been revised to:



“Potential interference from peroxynitric acid (HO2NO-) was suppressed by heating the PFA
sampling line to 50 °C. The HO2NO: steady state concentration ([HO2NO:]ss) was estimated
to be less than 1 pptv at temperatures of 20 - 30 °C in the background PBL (Gierczak et al.,
2005), and thus interference from HO2NO: was negligible. Whereas in power plant and urban
plumes in the PBL or biomass burning plumes in the upper free troposphere (FT), HO2NO:
interference was not negligible and thus a correction for HONO measurement was made. An
upper-limit HO2NO: response efficiency was estimated to be 0.2 for our HONO measurement
systems. The estimation was made from the lowest ratio of the measured HONO to the
corresponding [HO2NO:]ss in cold air masses at high altitude, assuming no HONO existed.
HONO concentration were then corrected by subtracting a term of “0.2 x [HO2NOz]ss”. The
correction was below 10% of the measured HONO concentrations in the PBL plumes.
However, there may be over-corrections in the cold free troposphere.” (lines 13-143)

Page 6, Lines 142-144: Provide the correlation coefficient, slope, and intercept here to
improve clarity and validity of analytical approach.

Response: The intercomparison of HONO measurements from the two instruments (the
DOAS and the LPAP) was made by overlaying the concentration time-series on each other
(Extended Data Fig. S3 in Ye et al., 2016). The measured concentrations closely tracked each
other, and the agreements were within the assessed uncertainties. The readers are encouraged
to read the paper for more information.

Page 6, Line 149: The order of the used apparatus is not clear. Presumably the denuder
followed the filter? Please clarify.

Response: As the referee suggested, the sentence has been revised as suggested to ““Zero-
pNO3” air was generated to establish measurement baselines for pNOs by passing the ambient
air through a Teflon filter to remove aerosol particles and then a NaCl-coated denuder to
remove HNOs before reaching the sampling unit of LPAP.” (lines 155-158).

Page 6, Line 160: Delete ‘NCAR's’
Response: Revision has made as the referee suggested.

Page 7, Line 161: What are ‘state parameter measurements’?

Response: The NSF/NCAR C-130 aircraft comes equipped with a package of standard
instrumentation that flies on all C-130 research missions. The measurements made by these
sensors form the core of any research program and provide the information necessary to place
the aircraft in space and time while characterizing the basic “state” of the local environment.
The parameters include aircraft longitude, latitude, altitude, flight speed, pressure,
temperature, dew point, and many more.

Page 7, Lines 183-184: Remove this from here. It is discussed in sufficient detail later and
distracts from the results.
Response: Indeed, the vertical HONO distribution is discussed in the following section in
more details. However, we feel that in the “General data description” section, this sentence
provides some contrast to the horizontal inhomogeneity of HONO distribution, and thus we
keep the sentence as it is.

Page 7, Lines 186-188: Remove these statements. The information is already presented in the
Table and does not need repeating.



Response: The readers can obtain the information directly from these statements without
going the tables and Figures. We feel that some degree of redundancy may be needed. Thus
we keep the sentence as it is.

Page 7, Lines 191-192: Delete the sentence on the future paper.
Response: Revision has made as referee #2 suggested.

Page 8, Lines 194-196: Delete these and direct the reader to the relevant section at the end of
the preceding sentence by adding ‘(Section 3.4)’
Response: Revision has made as the referee suggested.

Page 8, Lines 201-203: Remove these statements. The information is already presented in the
Table and does not need repeating.
Response: Again, the readers can obtain the information directly from these statements
without going the tables and Figures. We feel that some degree of redundancy may be needed.
Thus we keep the sentence as it is.

Page 8, Lines 210-212: Remove these statements. The information is already presented in the
Table and does not need repeating.
Response: Again, the readers can obtain the information directly from these statements
without going the tables and Figures. We feel that some degree of redundancy may be needed.
Thus we keep the sentence as it is.

Page 9, Line 236: Here is the first definition of the altitudes considered to by the PBL versus
the FT. The Authors should add their criteria for distinguishing between the PBL and FT to
the methods section. If it would be a lengthy addition, then a condensed description with
supporting details could be placed in the Supporting Information document.

Response: The discussion in this section was focused on the transport and contribution of
HONO from ground level to the overlying PBL, based on the vertical distributions of HONO
and other species in the PBL (300 -1200 m). Transport into the FT would be much slower and
was not discussed in the section. The PBL height can be estimated by the temperature
inversion in the vertical potential temperature profile.

Page 9, Lines 238-250: This is a fantastic analysis of the vertical mixing and transport of
surface-emitted species, but it is outside the focus of this work. Consider relocating this
detailed analysis to the Supporting Information document.

Response: The main discussion of this manuscript is on HONO daytime budget and
chemistry. HONO is a unique species mainly produced by heterogeneous processes on
surfaces. Ground surfaces provide the sites for the heterogeneous processes to produce
HONO. We feel that it is important to examine the input from ground HONO source to the
HONO budget in the PBL. Therefore, we keep the equation (Eqg. 1), vertical profiles in Figure
4, and discussion of vertical transport in the main section.

Page 9, Lines 250-254: Distinguish between ground-emitted and volume-produced HONO
here to improve clarity.

Response: We have significantly modified the discussion in that paragraph. The two
sentences have been changed to “With a photolytic lifetime of ~ 11 min for HONO, about
11% of the HONO originated from the ground level is expected to reach the altitude of 300 m,



the lowest flight altitude of the C-130 aircraft between 11:00 — 12:15 LT in RF #4.” (lines
266-268).

Page 9, Line 256: ‘of its precursors’ should be ‘of its potential precursors’ since this work is
yet to demonstrate this quantitatively (although it is shown quite well later).
Response: Revision has made as the referee suggested.

Page 10, Lines 286-287: This was stated in the introduction as insignificant (and potentially
invalid), so why have the authors chosen to include this in their analysis? Suggest removing
throughout.

Response: We intended to include in our calculation all the NOx-related reactions reported in
literature. While the importance of R4 and R5 are still under debate in literature, our HONO
budget analysis does suggest they were insignificant under the conditions we encountered in
the Southeast U.S., as stated in the Introduction.

Pages 10-11, Lines 289-291: Consider providing a justification for selecting all upper limits
in these calculations to improve clarity.

Response: As suggested by the referee, the following sentence has been added after equation
(Eq. 2): “It should be noted that the upper limit values of rate constants were used in the
calculation to avoid the underestimation of [HONO]pss value.” (line 307-309)

Page 11, Line 302: Remove *, such as pNO3.’ As it is redundant for the transition between
paragraphs.
Response: The phrase has been removed as suggested.

Page 11, Lines 309-310: Remove ‘over the terrestrial areas’, ‘on Teflon filters. . . summer
field study’. This information is already presented in the methods.
Response: The redundant information has been removed as suggested.

Page 12, Lines 326-330: This is a single sentence and is difficult to follow. Consider breaking
into 2-3 sentences to improve clarity.

Response: The long sentence has been changed to “However, the r? of 0.34 is not as strong as
expected from pNOs photolysis being the major volume HONO source. It may be in part due
to the use of a single median /}y3value of ~ 2.0 x 10 s™ in the calculations of the ambient

Jpno, @and the production rates of HONO in Figure 5b; the actual ]{,\’Nogvalues are highly
variable, ranging from 8.3 x 10° s t0 3.1 x 10 s (Ye et al., 2017).” (line 337-341)

Page 12, Line 331: Delete ‘only rough’. Redundant. Also see comments on Figure 6
regarding weighted error analysis.
Response: The redundant phrase has been deleted as suggested.

Page 13, Line 357: What is the error on this ratio of 0.027 Is it statistically different from the
fresh power plant emissions?

Response: Standard deviations of the HONO/NOx ratio have been added in the revised
manuscript. The sentence has been revised and expanded to “The observed HONO/NOx ratio
was 0.019 £ 0.004 in the power plant plumes (e.g., P4) and 0.057+ 0.0019 in urban plumes,
significantly higher than the typical HONO/NOx emission ratio of ~0.002 in the fresh power
plant plumes (Neuman et al., 2016) and <0.01 in automobile exhaust (Kurtenbach et al., 2001;
Li et al., 2008b).” (lines 380-383)



Page 13, Line 370: Since plume G is the only case study from these labels, consider a uniform
label for the urban emissions (A) and the remainder of the power plant plumes (B). The
increasing lettered format makes it seem that each instance will be discussed.

Response: We have revised Figures 2 and the text, as the referee suggested, and have labeled
the plumes according to their sources.

Page 15, Line 439: The conclusions section of this manuscript is similarly qualitative, as the
abstract is, despite the excellent quantitative analysis presented throughout the results and
discussion. Suggest revisiting this section with more quantitative information to improve
clarity and impact.

Response: We have followed the referee’s suggestion, and have revised the conclusions.

Page 25, Table 2: The +/- SD is in brackets in one part of the table and not the other. Please
correct this. The terms PBL and FT are not defined anywhere in the manuscript and should be
given at least an operational definition somewhere in the methods section. Lastly, the number
of data points being used in each of these calculations should be provided in a column or in
the caption.

Response: Revision has made as the referee suggested.

Page 27, Figure 2: Consider moving this figure to the supporting information or removing it
entirely from the manuscript. The only specific features necessary here are the plumes which
are presented again in Figure 7. With respect to the urban and power plant plumes, it could
be simpler to assign the urban plumes a single letter (such as A), and similarly assign all the
power plant plumes with a single letter excepting the one plume discussed in detail, which
could be assigned a third letter. With each plume having a different letter, the figure suggests
that there is something different between these, when there is nothing in the discussion that
suggests this is the case. It would improve the clarity to simplify this.

Response: The figure has been referred 8 times in the main text. We feel that it is important
to keep this figure in the main manuscript so that the reader can get to it quickly. The plumes
have been re-labels according to their sources, as the referee suggested.

Page 28, Figure 3: This figure does not seem necessary for inclusion in the main manuscript
and should be considered to be moved to the supporting information. Figure 4 and Table 2
provide redundant and better insight into the measurements.

Response: Again we feel that it is important to keep Figure 3 in the main manuscript; it was
referred three times in the discussion. Only a few vertical HONO concentration profiles have
been reported so far in literature. They provide important information to understand the
budget, the chemistry and the transport of HONO in the troposphere. Figure 3 contains far
more data points from 5 research flights over different environments in the southeast U.S.,
while Figure 4 shows many more parameters from only one race-track over one area, and
Table 2 only summarizes the statistics of the measurements. Therefore, they are not really
redundant, but rather complementary.

Page 29, Figure 4: It could be useful to add the typical PBL to FT height as a shaded area (if
it has some variability) or horizontal line in each panel to facilitate clarity be- tween the
figure data and the discussion.

Response: As stated in the figure caption, Figure 4 shows the vertical distributions of
concentrations of HONO, NOy, pNOs, isoprene and potential temperature in the PBL during



the first race-track of RF#4. According to the potential temperature and isoprene profiles, the
PBL height was around 1200 m.

Page 30, Figure 5: The two sentences in the paper communicate all the information contained
in this figure. Suggest removing this figure altogether or relocating to the supporting
information. Further, the correlation analysis undertaken here is unclear and may be subject
to some error if an error-weighted analysis is not being used (Wu and Zhen Yu, 2018). Is the
error in both datasets being taken into account when calculating the regression coefficient?
Please update the analysis and discussion to reflect the approach and ensure it is robust for
the presented data.

Response: The figure has been moved to the supporting information, as the referee suggested.
And more robust Deming least-squares regression (Wu and Yu, 2018) has been used in the
data analysis, as suggested.

Page 31, Figure 6: The same regression questions from Figure 5 also apply here. Please
clarify the approach utilized and ensure that the appropriate regression analysis and statistics
have been used when interpreting the data.

Response: As the reviewer suggested, more robust Deming least-squares regression (Wu and
Yu, 2018) has been used in the data analysis.

Page 32, Figure 7: Panel (a) here can be move to the supporting information or re- moved
altogether.

Response: We have moved the panel (a) to the supporting information as the referee
suggested, and have also added SO> as power plant plume tracer and acetonitrile as a biomass
burning tracer to the revised Figure S1, as Andy Neuman suggested in his Short Comments.

Page 33, Figure 8: This information in this figure is presented concisely in the discussion and
the figure does not add anything further. Consider removing this figure from the manuscript.
Response: The figure has been moved to the supporting information as suggested.

Page 34, Figure 9: The lines are very hard to see on this figure and the green line does not
print well. Suggest using two black lines that are thicker than those currently used, with
different dashing to distinguish them. The markers are also defined by very thin lines that
could be made thicker for clarity.

Response: The figure has been revised as suggested.
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3) Response to interactive comment on manuscript on “Tropospheric HONO Distribution
and Chemistry in the Southeast U.S.” by A. Neuman

General comments: The manuscript "Tropospheric HONO Distribution and Chemistry in the
Southeast U.S" by Ye et al. presents airborne measurements of reactive nitrogen compounds
in the troposphere. They measure HONO to be larger than can be explained by known
formation processes and find that known mechanisms explain only 20% of the daytime HONO
source in background air masses. Understanding HONO formation and loss is important to
understanding the photochemistry of the atmosphere, but the results here require further
support to be useful in constraining reactions that produce HONO. Some specific concerns
are detailed below.

Response: We would like to thank Andy Neuman for his time and efforts in preparing this
detailed and comprehensive comment. We have revised the manuscript accordingly to address
his questions and concerns. Specific concerns and questions are addressed below in this
Response .

Major concerns:

Q1: The discussion of the measurements and their uncertainties are insufficient, and many of
the experimental descriptions are qualitative. Substantially greater quantitation is required to
support the stated 1 ppt detection limit. For example, zeros were performed "periodically™
(line 125), and the baselines were subtracted from the total signal. How frequently were these
backgrounds performed, and how was the back- ground determined outside of the zero
periods? Was a single value used for a flight, or was the background determined by
interpolating between zeroes?

Response: HONO measurement technique has been described in detail in the previous
method paper (Zhang et al., 2012), therefore only brief description of the instrument was
given in the manuscript to provide the key pieces of information (lines 117 — 144 in the
original manuscript). We have added significant amount of information to the revised
manuscript as suggested. To answer the reviewer’s questions, more details are provided
below; please refer to the method paper (Zhang et al., 2012) for instrumental details, such as
HONO sampling, baseline substation and interference correction, nitrite derivatization, and
absorbance measurement of azo dye derivative by LPAP technique.

HONO was measured by two separate LPAP (long-path absorbance photometer)
systems. Each system ran a 30-min measurement and zero cycle, with 20 min sampling
ambient air and 10 min sampling “zero-HONO” air for baseline correction, and with a 15-min
time offset between the two sampling cycles (Figure 1a). The “zero-HONO” air was
generated by directing the ambient air stream through a Na,COs-coated denuder to remove
HONO while allowing most of interfering species (NOx, PAN, and particulate nitrite) to pass
through. The combination of overlapping ambient signals from the two systems provide a
continuous HONO concentration measurement (Figure 1b, solid black circles). The
absorbance signals were sampled at a rate of 1 Hz (Figure 1a, blue and red circles), and were
averaged into 1-min or 3-min data (Figure 1b, blue and red circles, 1-min averaging). The
averaged signals were converted into concentrations based on calibration slope and air
sampling and liquid flow rate information. The baseline correction was made by subtracting
the ambient signals by the extrapolated line between the two adjacent stable “zero-HONO” air
signals (Figure Sb, blue and red lines). The “zero-HONQO” air signals were stable most of the
time, and the slow drift in the baseline can be easily corrected for. The baseline was
sometimes found to change rapidly in two circumstances: when the aircraft was transacting
through a high NOx plume, and when the ambient pressure changed rapidly and significantly



during the rapid ascending to or descending from high altitudes. For the first case, the
interference from other reactive nitrogen species in high NOx plumes can be corrected by
subtracting from the ambient air signals the increases in the “zero-HONO” air signals
measured by the other HONO system. However, this correction was rarely needed, since the
increases in the “zero-HONO” air signals were usually quite small even in the urban and
power plant plumes (Figure 2). In the second circumstance, large baseline drifts were
observed when the flow state of the scrubbing solution was disturbed by rapid pressure
fluctuations. The up-shifting or down shifting of the baseline may result in over-correction or
under-correction; the over-correction could then result in negative concentration numbers, as
Andy Neuman pointed out. Fortunately, altitude changes in the PBL during the race-track
profiling did not disrupt the liquid flow pattern enough to cause rapid baseline shift (Figure
1a). If the baseline shift was found to be caused by rapid pressure fluctuations and if
reasonable baseline correction could not be made, the data points were excluded from
analysis, regardless of the sign or magnitude of the data.
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Figure 1. Time series of 1-Hz raw absorbance signals (blue and red circles) and flight altitude

(black circles) (a) and of 1-min averaged absorbance signals ((blue and red circles) and calculated

HONO concentrations (black solid circles) (b), during NOMADSS RF#4 on June 12, 2013. The blue

and red lines in panel (b) are the baselines extrapolated from the two adjacent “zero-HONO” air

measurements.
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Figure 2. One-hour time series of 1-Hz absorbance signals from two HONO systems (blue and red
lines), 1-min averaged HONO (black circles) and NO (green triangles with line) during NOMADSS

RF11 onJune 29, 2013. The blue and red arrows indicate the slight increases in the “zero-HONO”
air signals due to potential interferences from NOy, particulate nitrite and PAN in the power plant
plumes.

The time resolution is defined as the 90% response time based on the signal transition
from “zero-HONO” air to ambient air. The lowering of the flow rates of scrubbing and
reagent solutions and increase in the length of liquid plumbing tubing resulted in a longer
response time (200 s) compared to that reported for the ground-based system (110 s) (Zhang
et al., 2012). The lower detection limit of the method was estimated to be <1 pptv, based on 3
times the standard deviation of the zero air signal (N >10). An overall uncertainty of +(1 +
0.2 [HONQJ]) pptv was estimated, combining the uncertainties in signal acquisition and
processing, air and liquid flow rates, standard preparation, and baseline correction. Again, the
estimated overall uncertainty of (1 + 0.2 [HONQ]) pptv is significantly higher for the
aircraft HONO measurements than that of +(1 + 0.05 [HONOY]) pptv for the ground HONO
measurements (Zhang et al., 2012), in part due to pressure fluctuation and baseline drifting on
the aircraft.

Q2: The inlet residence time of 0.8 s is very large. What happens in a NOx plume? Wouldn 't
there be a contribution from NO2 conversion to HONO on the inlet? A description of the inlet
length and flow would be helpful.

Response: Andy Neuman has made some fair comments regarding the long inlet deployed on
the C-130 for HONO measurement. It was only during the instrument integration when we
learned that there were exhaust vents next the inlet ports near our instrument location. The
vented aircraft cabin air might significantly contaminate our HONO measurement. To avoid
the potential contamination artifacts, the inlet port on the other side of the aircraft was used.
A heated 7-m long 3/8”-1D PFA inlet line was thus needed and used, and a high flow rate
(210 L min't) ambient air was drawn by an auxiliary blower to reduce the air sample
residence time in the inlet line. The resulting residence time in the inlet line is 0.14 s, not 0.8 s
stated in the original manuscript. We regret the error and have made the correction in the
revised manuscript.

Our group has examined the potential interference from heterogeneous NO> reactions
on the inlet wall surface on HONO measurements many times and in different environments,
and have found it not to be significant. Figure 3 shows the result of such an experiment
conducted recently in downtown Albany. HONO in the ambient air was measured by two
HONO systems, one with a regular inlet, and the other with or without adding long piece of



heated PFA tubing (10 m long, 1/4-OD and 1/8”-DI). At a sampling flow rate of 2 L min™,
the residence time of air sample in the PFA tubing was ~2.4 s, about 17 times longer than
0.14 s for the aircraft systems. The ambient NO> concentration varied from ~1 to ~6 ppbv
during the measurement period. The comparison of the two time series by measured the two
HONO systems shows no discernible difference within the estimated uncertainty, regardless
if the extra long tubing was added or removed (Figure 3).
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Figure 3. Ambient HONO concentrations measured by two HONO systems in Downtown Albany
during April 19-20, 2016. A 10-m PFA tubing (1/8”-DI) was added to the inlet of system 2 (red
circles) from at 17:00 on April 19, and was removed at 7:53 on April 20, as indicated by the black
arrow. The three black bars at 19:31 and 22:02 on April 19 and at 4:25 on April 20 indicate
estimated measurement uncertainties at the measured concentrations. The insert is the scatter
plot of the measured HONO concentrations by the two systems. The red symbols represent the
measurements by the two systems with the same short inlets (10-cm long, 1/16”-ID), and the
blue symbols represent the measurements when an additional 10-m tubing (1/8”-ID) was added
to system 2. The line is the linear best fit for the data.

The accuracy of HONO measurements was also confirmed by comparison with a
limb-scanning differential optical absorption spectroscopy (DOAS) (Ye et al., 2016a). When
measuring in wide power plant plumes where HONO mixing ratios exceeded the lower
detection limits of both instruments, the agreement between these two instruments was very
good, within the assessed uncertainties (Extended Data Fig. 3 in Ye et al., 2016a).

Q3: If the HONO measurement is a difference between total signal and background, I am
surprised that there are no values below zero in Figures 2 and 3. Are there really never any
instances when HONO falls to zero? Perhaps the interferences are underestimated.
Response: The signals for the “zero-HONO” air were quite stable, and ambient signals were
well above the baselines, even at the data sampling rate of 1 Hz (Figure 1a). As explained in
the response to Q1, ambient signals are always higher than the baseline signals extrapolated
from the adjacent “zero-HONO” signals, except during the rapid ascending to and descending
from high altitudes; large baseline drifts were observed when the flow state of the scrubbing
solution was disturbed by rapid pressure fluctuations. Overcorrection of the upward-shifting
baseline may sometimes result in negative values in HONO concentration. However, the data
were excluded from analysis if the baseline shifts caused by rapid pressure fluctuations could
not be reasonably corrected, regardless of the sign or magnitude of the data.

Q4: Please mention briefly how surface area density was determined from SMPS data.
Wouldn’t SMPS also provide a constraint on aerosol mass that could be useful for verifying



the pNO3 measurements? Some of values of pNO3 in remote regions are very large - up to
0.5 and Have similarly large nitrate values been measured outside of urban plumes over the
SE US in other studies?
Response: The surface area density was calculated by the following equation:

S/V = Y (41r;?) X n;
where ri and nj represent the radius and number density of aerosol particles. A perfect sphere
was assumed for aerosol particle in the calculation.

The mean (x1std) and median of pNOs in the Southwest US were 76 (£45) pptv and 66
pptv in the PBL, and 35 (x39) pptv and 15 pptv in the free troposphere, within the range of
reported particulate nitrate in rural atmosphere (Heald et al., 2012 and paper therein). The
high pNOz concentrations were observed in the PBL during the first racetracks of the RFs #4
and #5 west of Centreville, AL, and during the RF 11 around Auburn, AL (Figures 1 and 2).
Agricultural activities in this region may release enough NHs to convert some of the gaseous
HNO:s into pNOg, as observed by Neuman et al. (2003). We have calculated the aerosol mass
using the SMPS data as suggested. However, no robust relationship was found between
aerosol mass and the concentration of pNOs. We were not able to do the same analysis as that
in Neuman et al. (2003) due to poor resolution and missing data points of HNO3z and the lack
of NH3 data.

Q5: | cannot find the mentioned UHSAS data or DOAS data in the project archive. What does
a "very good" agreement mean (line 142)? Again, quantifying the agreement and showing
data would strengthen the paper.

Why is OH estimated using a prior study (line 246), when the OH measurements listed in
Table 1 could be used?

Response: No HONO data from DOAS is available in the project archive, because the
ambient HONO concentrations (11.2 + 4.3 pptv in the PBL and 5.6 £ 3.4 in the FT as
measured by LPAP) were mostly below the lower detection limits of the DOAS instrument
(30 pptv) during the NOMADSS study. Good HONO measurements were made by both the
DOAS ant the LPAP in wide power plant plumes during RF 7 over Ohio River Valley, and
results have been intercompared (Extended Data Fig. 3 in Ye et al., 2016a). We found the
HONO concentrations from the two instruments closely tracks each other, and the agreements
were within the assessed uncertainties. The readers are encouraged to read the paper for more
information.

Both this manuscript and the “prior” paper by Kaser et al. (2015) were based on
results from the NOMADSS study, and the same OH measurement dataset was shared and
used by the two papers. Since the information on OH levels during the flight had been
published, it is appropriate to reference the paper.

Q6: A very large photolysis rate for pNO3 is used to explain HONO formation, but this rate
isn’t consistent with the data shown. It is difficult for me to understand the difference between
"determined photolysis rate” and "ambient photolysis rate” (section 3.3), but both are
extremely large and comparable to the loss rate for isoprene. The nitrate photolysis rates give
a nitrate lifetime of approx. one hour, which is less than the lifetime of NOx. How can nitrate
ever accumulate in the atmosphere if its lifetime is so short? Are there any other studies that
find a very short lifetime for nitrate? The large nitrate photolysis rate is inconsistent with the
nitrate abundance and distribution reported here and cannot explain the HONO abundance.
Response: Indeed, a very large photolysis rate constant was used for pNOs in our calculation.
The pNOs photolysis rate constant was determined in the laboratory using the aerosol samples
collected on board the C130 during the NOMADSS field study (Ye et al., 2017a). Several



recent laboratory studies have demonstrated that surface nitric acid and particulate nitrate can
be photolyzed at much higher rates than gaseous nitric acid, by 2-3 orders of magnitudes
(Baergen and Donaldson, 2013; Du and Zhu, 2011; Ye et al., 2016b, 2017a; Zhou et al., 2003;
Zhu et al., 2010, 2015). While NO: has been found to be the dominant product from HNO3
photolysis on clean and dry laboratory surfaces (Ye et al., 2016b; Zhou et al., 2003; Zhu et
al., 2010, 2015), HONO is the major product on natural surfaces and in ambient aerosols (Ye
etal., 2016b, 2017a).

The “determined photolysis rate constant” (]{,"NOB) is the laboratory determined

photolysis rate constant using the ambient aerosol samples. It has been normalized to tropical
noontime conditions at ground level (solar zenith angle = 0°), so that it can be compared with
results in other studies. The /}y,, value varies over a wide range, from 8.3 x 10°stt03.1 x
10 st among the samples, with a median of 2.0 x 10* s and a mean (+ 1 standard
deviation) of 1.9 (+ 1.2) x 10 s™. A median Jjyo, value of 2.0 x 10 s™* was used in the
calculation.

The “ambient photolysis rate constant” is the pNO3 photolysis rate constant (Jpnos)
under the ambient conditions. It varies with the time of the day, the location, and the cloud
coverage. Jpnos was calculated by scaling Jyyo, (~2.0 x 10 s™) to ambient light conditions

using the measurement-derived Junos (EQ. 3).

Yes, some recent studies also showed the short lifetime of particulate nitrate in low-
NOx environments (Reed et al., 2017; Ye et al., 2016a, 2017b). Many laboratory studies have
also shown fast photolysis rate constant for surface HNO3z and pNOs (Baergen and
Donaldson, 2013, Ye et al., 2016b, 2017a; Zhou et al., 2003; Zhu et al, 2010; Zhu et al.,
2015), lending support to our argument that pNO3 photolysis can be an effective
renoxification pathway. However, particulate nitrate is in a dynamic equilibrium with gas-
phase HNOs3, the later accounts for a larger (or even dominant) fraction of total nitrate
(pPNO3+HNO:3) and is photochemically inert. The overall photolysis of pNO3s+HNO3 would be
much slower than indicated by Jpnos. In addition, oxidation of NOy via several reactions will
replenish the pNO3z+HNO3 reservoir. Our results reported in this manuscript and in an earlier
paper (Ye et al., 2016a) suggest that there is a rapid cycling in reactive nitrogen species in the
low-NOx atmosphere, sustaining the observed levels of HONO and pNOs.

Q7: The different air mass types are not explained, and it isn’t clear if or how they were
separated. Benzene is used to identify urban plumes, but how are power plant plumes and
biomass burning plumes identified? Could there be a large biomass burning plume
contribution to the observations? Were some plumes a combination of sources? CO or
acetonitrile measurements could be used to identify air mass influences. Similarly, SO2 was
measured and could be used to identify power plant plumes. I could find no mention of any
meteorological conditions. Without a more thorough description of the ambient conditions
and ancillary measurements, it is very difficult to compare these results with other studies.
Response: As suggested, we have added CO, acetonitrile and SO as tracers to identify
plumes in the revised manuscript (Figure S1). Based on the low levels of acetonitrile during
the reported flights in this manuscript, we did not observe any significant contribution from
biomass burning (Figure S1). The original assignments of plumes are further confirmed by
these tracers: The CO peaks in plumes U1,U2 and U3 (A, B, C in the original Figures 2 and
7) suggest that they were under influenced by urban activities, and the lack of CO peaks in
plumes P1-P4 (D, E, F, G in the original Figures 2 and 7) suggest that they were power plant
plumes. A high SO- peak also accompanied a high NOy peak in the power plant plume P4 (G
in the original Figures 2 and 7).



We did employ the meteorological information in our discussions, for examples, using
the wind speed and wind direction to calculate the transport time of plumes from a power
plant (original lines 358-362) and back trajectories in explaining horizontal HONO variations
(original lines 401-409). Ancillary measurements, including OH, NO, NO», aerosol number
and size distribution, isoprene, J values, ..., were used in calculations and discussion
throughout the manuscript.

Q8: The large reduction in PBL mixing time (line 262) between noon and afternoon is very
surprising and differs from previous studies. By noon in the summer, the mixing time should
be much less than 1.5 h.

Response: The mixing time can be influenced by several factors, such as the surface albedo
and cloud coverage. The longer than expected mixing time was calculated using the vertical
isoprene profile and may be due to the combined effect of these factors. We have also found
significant variations in mixing time in RF #4, #5 and #17. Nevertheless, HONO photolytic
lifetime was still much shorter than the mixing time even if the later was reduced by half; the
conclusion of this section remains unchanged, i.e., the contribution of ground HONO source
was not important to the overall HONO budget in the PBL, due to low ground source strength
and/or slower transport than its photolysis loss.

Q9: Relevant literature is not referenced, and the differences with previous measurements are
not discussed. We published a very similar paper, using aircraft HONO measurements at the
same time and location and under the same SAS umbrella (Neuman at al., HONO emission
and production determined from airborne measurements over the Southeast U.S., JGR, 2016),
but oddly, that paper is not referenced. We found that known HONO production mechanisms
explained the HONO abundance, and we did not need to invoke unknown sources. In
contrast, the studies referenced in the introduction (lines 29-30, line 103) report much larger
values ranging from 100s of pptv to ppb levels. Why do the HONO values reported here differ
from previous measurements, which range from indistinguishable from zero to ppbv levels?
Meaningful comparisons to previous studies (some conducted at the same time and location)
are essential for understanding the findings reported here.

Response: We finished our first draft of this manuscript over two years ago, before the
publication of the mentioned paper (Neuman et al., 2016). Although we have made
significant changes to the draft during the subsequent revisions, we failed to update the
references. We regret the omission. The paper by Neuman et al. (2016) has been referenced
and discussed in the revised manuscript (lines 64, 95, 211, 215, 239, 282, 403).

We agree that meaningful comparisons to previous studies are essential for
understanding the reported data. We compared our results with those from other two airborne
studies (Zhang et al., 2009; Li et al., 2014) in the original manuscript, and have added more
discussions and comparisons with Neuman et al. (2016) in the revised manuscript.

Although the two aircraft studies, SENEX on NOAA’s WP-3D and NOMADSS on
NSF/NCAR’s C-130, were conducted at the same time and location and under the same SAS
umbrella, they had been focused on somewhat different objectives. The main objective of
TROPHONO project (one of the three projects in NOMADSS) was to investigate daytime
HONO formation mechanisms and the role of nitrate photolysis in aerosol particles in the
cycling of reactive nitrogen species in the troposphere. All the C-130 flights were conducted
in the daytime during NOMADSS except the RF#18 (from late-afternoon to midnight). And
the results reported in this manuscript were mostly from rural background air masses, with
only a few small urban and power plant plumes in RE#11. On the other hand, the WP-3D
spent far more time in various plumes and at nights during the SENEX (Neuman et al., 2016).



We would like to point out that there are actually no major disagreements between the two
aircraft-based studies when the overlapped measurements are compared. Similar to what
reported by Neuman et al. (2016), we found that the NOx-related reactions (mainly the
NO+OH reaction) accounted for nearly all the required HONO source in the large fresh
power plant plume (NOx ~ 20 ppbv) encountered during the RF #7 to Ohio River Valley
(lines 375-378 in the original manuscript). In the low-NOy background air masses, the mean
HONO concentration was 11.2 + 4.3 pptv in the PBL and 5.6 + 3.4 in the free troposphere
(Table 2), which is within the range from -15 pptv to 10 pptv ( £15 pptv uncertainty)
(Neuman et al., 2016).

As pointed out by Andy Neuman, the studies referenced in Section “1. Introduction”
reported significantly higher HONO concentrations, up to hundreds of pptv in the rural
environments and several ppbv in the urban environments. The reported values include lower
daytime and higher nighttime HONO concentrations. Most of these measurements were made
on ground stations, and thus under direct influence of the ground HONO sources, including
direct emissions (combustion sources and soil emission sources), heterogeneous and
photochemical reactions of precursors (e.g., NO2, PAN and HNO3) on ground surfaces, and
gaseous reactions with elevated reactant concentrations. The measurements on aircrafts, on
the other hand, minimized the influence of the ground HONO sources, as we discussed on
section 3.2. Therefore, the airborne measurement data would provide a better insight into the
HONO chemistry within an air parcel.

Q10: Line 85 states that nearly all HONO measurements have been made at ground sites, but
that dismisses the many studies of HONO vertical gradients using DOAS and from towers
(e.g. Young et al, Vertically Resolved Measurements of Nighttime Radical Reservoirs in Los
Angeles and Their Contribution to the Urban Radical Budget, ES&T, 2012; Stutz et al.,
Simultaneous DOAS and mist-chamber IC measurements of HONO in Houston, TX,
Atmospheric Environment, 2010; Vandenboer 2013 in the references). And the authors
themselves have many papers that detail airborne measurements.

Response: We would like to point out that the HONO gradient measurements using DOAS
and from towers are still ground-based, and that we did reference many of the related
literatures (Kleffmann et al., 2003; Li et al., 2014; Stutz et al., 2002; Villena et al., 2011;
Wong et al., 2011, 2012, 2013; Ye et al., 2015; Zhang et al., 2009) when discussing HONO
vertical measurements and airborne measurements in the introduction (the paragraph starting
line 85 in the original manuscript).

Q11: smaller points I don’t know what an N(V) level is (line 216)

Response: We have much few data points of HNOs, due to poor time resolution and more
technical difficulties with the system (bubble formation/baseline shift, especially at high
altitudes). The HNOg levels in the PBL were 305 + 87 pptv in RF4, 291 + 81 pptv in RF 5,
342 £+ 108 pptv in RF11, 105 £ 38 pptv in RF 17, and 206 + 73 pptv in RF18, accounting for
70% - 85% of (N(V).

Q12: Data averaging is not explained. The time resolution of HONO and pNO3 are listed as
3 min and 6 min, yet 1 min data are shown. How are the data averaged in figure 3? The
values do not match those shown in Figure 2, but the binning and averaging are never
described.

Response: The absorbance signals were sampled at 1 Hz, much higher rate than the time
resolutions of HONO and pNOs (see Figure 1 in this Response). The 1-min or 3-min averages
were used to convert absorbance signals to concentrations, based on flow rate and calibration



information (please see our responses to Q1 and Q2 for more details on method and data
processing). We have added the above information to the revised manuscript and have used
3-min HONO data and 6-min pNOs data for the revised figures, as suggested.

Q14: Figure 2 shows pNO3 in ppbv, which is in error.
Response: Thank you for pointing out the error; the error has been corrected.
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4) Response to interactive comment on manuscript on “Tropospheric HONO Distribution
and Chemistry in the Southeast U.S.” by D. Parrish

General comments

"Extraordinary claims require extraordinary evidence" is a phrase made popular by Carl
Sagan [Rational Wiki]. This is particularly relevant to the Ye et al. [2018] paper. The authors
make the extraordinary claim that “. . .the sum of all known NOx-related HONO formation
mechanisms was found to account for less 20% of the daytime HONO source in the
background terrestrial air masses, . . .. . If this claim were true, it would possibly force a
reassessment of our understanding of HOx and NOx budgets of the troposphere, depending on
the details of the other 80% of the (unknown) sources. However, the evidence presented Ye et
al., [2018] does not justify that claim. In fact, Neuman et al. [2016] conclude: “Outside of
recently emitted plumes from known combustion sources, HONO mixing ratios measured
several hundred meters above ground level were indistinguishable from zero within the 15
parts per trillion by volume measurement uncertainty. The results reported here do not
support the existence of a ubiquitous unknown HONO source that produces significant HONO
concentrations in the lower troposphere.” The conclusion of these two studies disagree
strongly, yet the reported measurements were made from different aircraft with different
instrumentation, but in the same region of the country over the same time period, summer
2013. Unfortunately, Ye et al., [2018] do not discuss or even cite Neuman et al. [2016]. The
differences in the results reported in these two papers point to clear experimental problems in
the measurements. Until these problems are resolved, the extraordinary claim of Ye et al.
[2018] should not be published.
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Response: We completely agree with David Parrish that “Extraordinary claims require
extraordinary evidence.” However, we disagree that our finding that . . .the sum of all
known NOx-related HONO formation mechanisms was found to account for less 20% of the
daytime HONO source in the background terrestrial air masses, . . ..” is an extraordinary
claim. In high NOx environments, such as urban atmosphere and power plant and biomass
burning plumes, NOy is known to be the dominant precursor to HONO. However, in low NOx
environments, such as the rural regions in the Southeast US, other precursors become more
important. In fact, there have been many reports in literature, based on both field and
laboratory results, demonstrating that several processes other than reactions involving ambient
NOx can lead to the production of HONO. Nitrate photolysis in snowpack has been found to
be a major source for HONO and NOy during the polar spring and summer in the polar
regions (Beine et al., 2002, 2008; Honrath et al., 2000, 2002; Zhou et al., 2001). In low-NOx
rural and forested regions, photolysis of nitric acid on the forest canopy surface has been
found to be the major daytime HONO source (Ye et al., 2016a; Zhou et al., 2002, 2003,
2011). Photolysis of particulate nitrate has been found to be the major HONO source in the
low-NOx marine boundary layer (Reed et al, 2017; Ye et al., 2016b). And in agricultural
regions, biochemical process in the soils (denitrification or nitrification) has been found to
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account for the majority of HONO budget (Oswald et al., 2013; Su et al., 2012; Meusel et al.,
2018).

We estimated the HONO formation rates from known homogeneous and
heterogeneous NOx reactions, with a suit of parameters measured on board the C-130, and
found the sum of these mechanisms to contribute less than 20% of the total HONO source
strength in the background air masses. Most of the remaining so-called “unknown” 80% can
actually be accounted for by the photolysis of particulate nitrate (lines 302 - 331 in the
original manuscript). This finding is consistent with several reported laboratory studies that
the photolysis of surface nitric acid and particulate nitrate is 2 - 3 orders faster than that of
gaseous nitric acid (Baergen and Donaldson, 2013, Ye et al., 2016a, 2017a; Zhou et al., 2003;
Zhu et al, 2010, 2015), producing mostly NO, on clean dry surface (Ye et al., 2016a; Zhou et
al., 2003; Zhu et al, 2010) and mainly HONO on natural surfaces and ambient aerosols (Ye et
al., 2016a, 2017a).

We would also like to point out that while HONO photolysis can be a significant or
even a major HOx source on the ground level in both rural and urban atmosphere (Acker et al.,
2006a,b; Elshorbany et al., 2010; Kleffmann et al., 2003, 2005; Villena et al., 2011), it was
found unimportant compared to photolyses of Oz and HCHO in the background air masses
aloft over the Southeast US. At the observed levels of 5-11 pptv, the answer to the HONO
source question is unlikely to significantly affect our understanding of HOx chemistry in the
rural troposphere. On the other hand, since HONO was found to be mainly produced from
photolysis of particulate nitrate, it is an important intermediate product of a photochemical
renoxification process recycling nitric acid and nitrate back to NOx.

We regret that we did not reference the recent paper by Neuman et al. (2016). We
prepared and finished our first draft of this manuscript over two years ago, before the
publication of the mentioned paper. Although we have made significant changes to the first
draft during the subsequent revisions, we failed to update the references. We have referenced
and discussed the paper in the revised manuscript (lines 64, 95, 211, 215, 239, 282, 403).

It is important to point out that there is no major disagreement in the results between the
two aircraft-based studies. Similar to what reported by Neuman et al. (2016), we found that
the NOx-related reactions (mainly NO+OH reaction) accounted for nearly all the required
HONO source in the large fresh power plant plume (NOx ~ 20 ppbv) encountered during the
RF #7 to Ohio River Valley (lines 375-378 in the original manuscript). In the smaller and
more diluted power plant plume G in the original Figures 2c and 7b (NOx ~1.8 ppb), NOx-
related reactions contribute to a major fraction (52%) of the total required HONO source (the
original Figure 7b). In the low-NOx background air masses, the mean HONO concentration
was 11.2 + 4.3 pptv in the PBL and 5.6 £ 3.4 in the free troposphere (Table 2), which is again
in agreement the value reported by Neuman et al (2016) “indistinguishable from zero within
the 15 parts per trillion by volume measurement uncertainty.”

We would further argue that while the CIMS instrument, with detection limits of 40 pptv
for 1-s data and 15 pptv for 30-min averaging, is capable of producing high quality data in the
plumes, it does not have the sensitivity to measure low levels of HONO in the low-NOx
background atmosphere. The conclusion based on its below-detection-limit measurements and
on the extrapolations from combustion plumes to low-NOy background atmosphere is not
reliable and thus should not be used to rule out the findings based on our measurement in the
low-NOxy rural atmosphere. The relative contribution of NOx-related reactions is in the order
of power plant plume (NOx ~ 1- 20 ppb) > urban plume (NOx ~ 1 ppb) > background
terrestrial air masses (NOx ~100-300 pptv). That is, the relative contribution from NOx-related
reactions to the required HONO source is highly dependent on the NOx regimes. While the
conclusion we draw in the high NOx regime in large power plant plumes is not different from



that by Neuman et al. (2016), our measurements have added new and valuable HONO budget
information in low NOx regime to the literature.

We appreciate the question regarding potential problems with experimental
design/measurement technique. More detailed descriptions and discussions on HONO
measurement technique and set up have been provided in our response to Andy Neuman’s
comment (#1 and #2). The wet chemistry-based techniques, including the LPAP used in this
study, can provide exceptionally high sensitivity for HONO. However, the measurements by
these techniques have been treated with caution and suspicion due to potential interferences
from ambient constituents. We have made major and continued efforts in the past two decades
to minimize and correct for the potential interferences. For examples, we found that shielding
the inlet line from sunlight could prevent photochemical formation of HONO on the inlet wall
surface (Zhou et al., 2002b). Results from many field and laboratory tests we conducted so
far have indicated that heating the inlet line can effectively minimize the HONO loss to and/or
HONO formation from heterogeneous NO- reactions on inlet wall surface (see Figure 3 in the
response to Andy Neuman’s comment). We have used Na,COz-coated denuder to generate
“zero-HONO?” air by selectively removing HONO (and acidic species) from ambient air to
established measurement baselines. The subtraction of “zero-HONO” air baselines from
ambient signals effectively eliminate the potential interference from HONO precursors, such
as NOx, PAN and particulate nitrite (Zhang et al., 2012; Figures 1 and 2 in the Response to
A.Neuman’s Comment). To check the effectiveness of our background correction procedure
and to validate the LPAS technique, we have compared the HONO concentrations measured
by the LPAS and by a limb-scanning differential optical absorption spectroscopy (DOAS)
instruments on board the C-130 in large power plant plumes during the NOMADSS
campaign, and found very good agreement between the two measurements (Ye et al., 2016b).
Therefore, we have high confident with our HONO data measured on the C-130 during the
NOMADSS field study, and we stand by our findings that the photolysis of particulate nitrate
is the major daytime HONO source and NOx-related reactions is an only minor HONO
contributor in the low-NOx TBL over Southeast U.S.
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Here we report the measurement results of nitrous acid (HONO) and a suite of relevant
parameters on the NCAR C-130 research aircraft in the Southeast U.S. during the NOMADSS
2013 summer field study. Baytime-The daytime HONO concentrations ranged from low parts
per trillion by volume (pptv) in the free troposphere (FT) to mostly within 5 - 15 pptv in the

background planetary boundary layer (PBL),-and-to-up-to-34-4-pphv-in-the power plant plumes

Southeast U.S.There-tThere was no discernible vertical HONO distribution-trendgradient
above the lower flight altitude of 300 m in the PBL-n-the-PBL, and t—Fhe transport of ground
surface HONO seuree-was found not a significant contributor to the in-siutropospheric

HONO budgetsoureebudget-ir-the-me
of300-m-and-4-7-km. -The total in situ HONO source-, mean (+ 1 SD) was calculated 48-53 (+

29-21) pptv h'tinthe-background-Seutheast- U-S- during the day. ~verse-anThe upper limit
contribution from NOx-related reactions was 10 (+ 5) pptv h'tef 1110 (=9 5) pptv-h™, and
andthe contribution from photolysis of particulate nitrate (pNO3) was 38 (+ 23) pptv h?, ef31
38+ 25 23) pptv-h™*-based on estimated-from-the measured pNO3 concentrations and the
median pNOs photolysis rate constant value-of 2.0x10** s for-determined in laboratory pNOs;

phoetolysisrate-constant-determined-in-thelaberatery-using ambient aerosol samples-coHected

depending-on-NOy-coneentration. Whte-The photolysis of HONO snly-contributed to less
than 10% te-of the primary OH budgesource-. ; whileHowever, Theregenerating
raterenoxification of NO,of about 52 pptv-h™* via HONOan recycling NOx source via pNOs
photolysis phetelysisiswas equivalent to an-aircolumnNO, source of ~ 32.3x10° mol m? h?
inthe 1.5~ kmPBL; in the air column within the PBL, a considerable supplementary NOx

source in the low-NOy background area. Up to several tens pptv of HONO were observed in

power plant and urban plumes during the day, mostly produced in situ from precursors

including NOx and pNOs. -t-was-an-tmpertant-intermediate-product-of-a-photochemical
renoxification process recyching nitric actd and nitrate back to NO.. Finally, there was no

observable accumulation of HONO in the nocturnal residual layer and the nocturnal FT in the
background Southeast U.S., with an increase in HONO/NOx ratio of <less-than-3x10* hr!

after sunset.
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1 Introduction

Extensive field studies at ground sites have shown that gas-phase nitrous acid (HONO)
exists at much higher levels than expected during the day, with a mixing ratio of HONO up to
several parts per billion by volume (ppbv) in the urban atmosphere (Acker et al., 2006;
Villena et al., 2011) and up to several hundred parts per trillion by volume (pptv) in rural
environments (Acker et al., 2006; Kleffmann et al., 2003; Zhang et al., 2009; Zhou et al.,
2002, 2011). At the observed concentrations, HONO photolysis (R1) becomes an important or
even a major OH primary source in both urban (Elshorbany et al., 2010; Villena et al., 2011)
and rural environments near the ground surface (Acker et al., 2006; He et al., 2006;
Kleffmann et al., 2003; Zhou et al., 2002, 2011).

HONO + hv = OH + NO (R1, R-1).
The OH radical is responsible for the removal of primary pollutants, and plays a crucial role in
the formation of secondary pollutants, such as Oz and aerosol (Finlayson-Pitts and Pitts,
2000), and thus HONO;-as-an-impertant-OH-precursor; plays an important role in atmospheric
chemistry.

The removal processes of HONO from the troposphere are relatively well understood,
including mainly photolysis, reaction with the OH radical and surface deposition. Photolysis
is the dominant sink for HONO during the day (Kleffmann et al., 2003; Oswald et al., 2015;
Zhang et al., 2009, 2012), and dry deposition is the major HONO loss pathway at night,
especially over wet surfaces (He et al., 2006;VandenBoer et al., 2015). However, HONO
sources in the planetary boundary layer (PBL) are numerous. HONO is directly emitted from
combustion processes, such as automobile emissions (Li et al., 2008b) and biomass burning
(Burling et al., 2010; Trentmann et al., 2003). Soil emission via nitrification or denitrification
is another source of HONO, which might be important in agriculture region (-Maljanen et al.
2013; Oswald et al., 2013; Su et al., 2011). Due to the relatively short photolytic lifetime of
HONO, in the order of 10 min around summer noontime, the impacts of the direct emission

on HONO distribution and chemistry is highly localized and limited to the source region
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HONO is a unique species that is produced through heterogeneous reactions of

different precursors, such as NO2 and HNO3, on surfaces (R2 - R3):

surface

NO, + H,0 (or organics) —— HONO (R2)

organics,H,0

HNO;(s) + hv ——— HONO + NO, (R3)
Heterogeneous reactions of NO> with organics (R2) on the surfaces have been found to be
greatly accelerated by sunlight through photosensitization (George et al., 2005; Kleffmann,
2007; Stemmler et al., 2006, 2007) and these reactions on ground surfaces are likely the major
daytime HONO source in urban environments (Acker et al., 2006; Villena et al., 2011; Wong

et al., 2011). Laboratory studies have confirmed that HNO3s undergoes photolysis in sunlight
at rates 2 - 3 orders of magnitude greater on the surface than in the gas phase (Baergen and
Donaldson, 2013; Du and Zhu, 2011; Ye et al., 2016a, b; Zhou et al., 2003; Zhu et al., 2008),
producing NOx and HONO. In low-NOx environments, photolysis of nitric acid/nitrate
deposited on the surface has been proposed to be the major daytime HONO source near the
ground surface (Ye et al., 2016b; Zhou et al., 2003, 2011).

Several processes within an air mass may lead to volume, or in situ, production of
HONO. The OH+NO reaction (R-1) in the gas phase may be a significant HONO source in
high NOx and photochemically reactive atmospheres (Kleffmann, 2007; Neuman et al., 2016;

Villena et al., 2011), but becomes negligible in low-NOx environments(Li et al., 2014; Ye et
al., 2016b). Two additional gas-phase reactions have been alse-proposed to produce HONO
within the air column: between excited NO2 (NO2") and water vapor (R4) (Li et al., 2008a),
and between NO- and the hydroperoxyl-water complex (HO2-H20) (R5z) (Li et al., 2014):

NO," + H,0 — HONO + OH (R4)

HO, - H,0 + NO, — HONO + 0, + H,0 (R53)
F—e

HO,~H,0+NO;—>produets (R5b)

However, further laboratory evidence suggests that reaction (R4) is too slow to be important
(Carr et al., 2009; Wong et al., 2011). And recent airborne observations have demonstrated
that the HONO yield (a) from reaction (R5) is less than 0.03 (Ye et al., 2015). Heterogeneous

reactions of NO2 (R2) on aerosol surfaces and photolysis of particulate nitrate (0NO3)

associated with aerosol particles similar to (R3) also contribute in situ HONO production in

the air column.
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Most Almest-al-HONO measurements te-date-have been made at ground stations. The
observed HONO concentrations reported in the literature represent the HONO levels in the
lower PBL under the significant but varying influence of ground surface processes. Thus, it is
difficult to distinguish the ground surface HONO sources from the in situ HONO sources.
Measurements of the-vertical prefile-6FHONO concentrations profiles and/er HONO fluxes
have suggested that ground surfaces can be major HONO sources for the overlying
atmosphere in many cases (He et al., 2006; Kleffmann et al., 2003 Stutz et al., 2002; Zhou et
al., 2011; VandenBoer et al., 2013; Young et al., 2012), but not in some other cases (Villena

etal., 2011). A recent HONO flux measurement has suggested that the HONO source from
the forest canopy contributed ~ 60% of the measured HONO budget at the measurement
height of 11 m above the forest canopy, and the in situ HONO production contributed the
remaining ~ 40% (Zhou et al., 2011). Similarly, observational and modeling studies implied a
presence of a volume HONO source at 130-m altitude above Houston, TX (Wong et al., 2012,
2013). The relative importance of in situ HONO production would be expected to increase
with altitude due to decreasing influence of the ground surface, at least during the day.
Airborne measurements in the air mass above the altitude influenced directly by ground
HONO sources should provide more direct and quantitative evidence for in situ HONO
production in the troposphere. Indeed, the limited number of airborne measurements available

have shown that HONO exists_not only in substantial amounts in combustion and urban

plumes (Neuman et al., 2016) but also throughout the troposphere ( Li et al., 2014; Ye et al.,
2015; Zhang et al., 2009).

Here we report airborne HONO measurement results and findings from five research
flights in the Southeast U.S. during the NOMADSS (Nitrogen, Oxidants, Mercury and

Aerosol Distributions, Sources and Sinks) 2013 summer field campaign aboard the
NSF/NCAR C-130 research aircraft.

2 Experimental

NOMADSS was an airborne field study under the “umbrella” of SAS (Southeast
Atmosphere Study). It consisted of nineteen research flights on board the NSF/NCAR C-130
aircraft from June 1, 2013 to July 15, 2013. Parameters observed included HONO, HNO3,
particulate nitrate, NOx, Os, BrO, OH radicals, HO> radicals, RO radicals, aerosol surface
area densities (size <1 um), VOCs, photolysis frequencies, and other meteorology parameters.

Table 1 summarizes the instrumentation, time resolution, detection limit, accuracy, and
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references for the measurements. The results from five out of nineteen flights are presented

here to discuss vertical HONO distribution and HONO chemistry in the Southeast U.S. The
flight tracks are shown in Figure 1.

21-2.1 LPAP measurements of HONO and pNOs

HONO was measured by two long-path absorption photometric (LPAP) systems;
whteh-tale-bornsto-runa-30-miin-meastrementandzers-cyele -based on the Griess-Saltzman
reaction (Zhang et al., 2012; Ye et al., 2016b). Briefly, ambient air was first brought into the
aircraft through a heated PFA# inlet, with a residence time of 0.14 s. and-thenr-HONO was
scrubbed using de-ionized (DI) water in a-two 10-turn glass coil samplers te-ensure-high
efficieney- HONO-samphing-and —Fthe serubbed-collected nitrite was then derivatized with 5
mM sulfanilamide (SA) and 0.5 mM N-(1-Naphthyl)-ethylene-diamine (NED) in 40 mM HCI,
to form an azo dye-within-5-min. The azo dye was then detected by light abserbance
absorption at 540 nm using an 4-channel optic fiber spectrometer (LEDSpec, WPI) with two a
1-m liquid waveguide capillary flow cells (WPI). Each LPAP system takes-turas-to-ran a 30-

min measurement and zero cycle, with 20 min sampling ambient air and 10 min sampling

“zero-HONO?” air for baseline correction, and with a 15-min time offset between the two

sampling cycles._The combination of the data from the two systems provides continues

HONO concentration measurement. The “Zzero-HONO” air was generated by directing the

sample stream through a Na2COz-coated denuder to remove HONO while allowing most of
interfering species (NOy, PAN, and particulate nitrite) to pass through and-was-sampled-by-the
systems-pertodically-to-establish-measurement-basehnes. -The absorbance signals were

sampled at a rate of 1 Hz, and wereas averaged into 1-min or 3-min data for analysis.

Interference from NOy, PAN, and particulate nitrite-i-any; was corrected by
subtracting the baseline from the ambient air signal. Due to the low collecting efficiency of
these interfering species in the sampling coil and their low concentrations, the combined
interference was estimated to be less than 10% of the total signal. Potential interference from
peroxynitric acid (HO2NO>) was suppressed by heating the PFA sampling line to 50 °C-with-a
restdence-thme-0f0.8-14-s. The HO2NO; steady state concentration ([HO2NO>]ss) was
estimated to be less than 1 pptv at temperatures of 20 - 30 °C in the background PBL
(Gierczak et al., 2005), and thus interference from HO2NO- was negligible. Whereas in power
plant glemes-and urban plumes in the PBL or biomass burning plumes in the upper free
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troposphere (FT), HO2NO: interference was not negligible_and thus a correction for HONO

measurement was made. An upper--limit HO>NO,-to-HONO conversionresponse efficiency

-EPAP-was estimated to be 0.2 for our HONO measurement systems. -The estimation was
made from-frem the lowest ratio of thethe -ebservedmeasured fHONOIHONO to the
corresponding [HO2NO>]ss in cold air masses at high altitude-te-the-caleulated THO.NO,]ss,
assuming no HONO existed-r-the-air-mass. fHONO.]ssrefers-to-the steady state
ceneentration 6f HO.NO.-HONO measurements-concentration were_then corrected by
subtracting a term of “0.2 x [HO2NO2]ss -to-ensure-that HO.NO, interference did-notlead to
e e o e Ly e e
conversion efficiency of 0.2 in our system. [HO2NOs]ss refers to the steady state
Wﬁm%gmg%m%m%gmg%%mwmm
O2NO2)ssh
The correction
iwas below 10% of the tetal-sighalmeasured HONO concentrations in the PBL plumes.
However, there may be over-corrections in the cold free troposphere. —due-to-the-temperature
of 20 - 30-°C and low levels 6f [HO.NO,]ss inthe PBL.

The lower detection limit of LPAP-HONO measurement was estimated to be <1 pptv,

based on 3 times the standard deviation of the zero air signal (N >10). An overall uncertainty

of +(1 + 0.2 [HONOY]) pptv was estimated, combining the uncertainties in signal acquisition

and processing, air and liquid flow rates, standard preparation, and baseline correction. The

accuracy of HONO measurements was confirmed by comparison with a limb-scanning
Differential Optical Absorption Spectroscopy (DOAS) (Platt and Stutz, 2008). The agreement
between these two instruments was very good in wide power plant plumes where HONO
mixing ratios significantly exceeded the detection limits of both instruments (Ye et al.,
2016b).

Particulate nitrate (pNO3) was quantitatively collected with a frit disc sampler after a
NaCl-coated denuder to remove HNO3 (Huang et al., 2002). The collected nitrate was reduced
to nitrite by a Cd column, and determined using a LPAP systems (Zhang et al., 2012). “Zero-
pNO3” air was generated to establish measurement baselines for pNO3z by passing the ambient
air through a Teflon filter to remove aerosol particles and then a NaCl-coated denuder to
remove aeroselparticles-and-HNO3 before reaching the sampling unit of LPAP. Potential
interferences from HONO, NOx and PAN were corrected by subtracting the baselines from

the ambient air signals._The lower detection limit of pNO3 was estimated to be 2 pptv, based
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on 3 times the standard deviation of the zero air signal (N >10). An overall uncertainty of +(2

+ 0.3 [pNOs]) pptv was estimated.

Noisy baselines were observed when the C-130 was flying in the clouds, due to the

sampling of cloud droplets by our sampling systems. Because of the lack of a valid way to

correct for this interference, all in-cloud measurement data of HONO and pNOs have been

excluded from the data analysis.

2.2- Supporting measurements

The mixing ratios of a large number of non-methane organic compounds (NMOCs)
were measured by Trace Organic Gas Analyzer (TOGA) (Hornbrook et al., 2011a) and
Proton-transfer-reaction mass spectrometry (PTR-MS) ( Karl et al., 2003; de Gouw and
Warneke, 2007). The surface area density of fine particles was obtained by the measurement
measured-byof a Scanning Mobility Particle Sizer (SMPS), under the assumption of preface
sphere of aerosol particle. The photolysis frequencies were determined by a Charged-coupled

device Actinic Flux Spectroradiometer instrument (CAFS) (Shetter et al., 2002). The mixing
ratios of HOx and RO radicals were measured by a method based on selected-ion chemical-
ionization mass spectrometry (SICIMS) (Hornbrook et al., 2011b; Mauldin et al., 2010). The
mixing ratios of ozone and NOx were measured by NCAR s-chemiluminescence instruments

(Ridley et al., 2004). Meteorology parameters were provided by state parameter

measurements on board the C-130.

3 Results and Discussion

3.1 General data description

Figure 2 shows the time series of HONO, NOx, pNOz concentrations and the measurement
altitude for five selected research flights in the Southeast U.S. during the NOMADSS 2013
summer field study. Research flight (RF) #4, RF #5 and RF #17 are race track flights in the
background terrestrial areas designed to establish HONO distribution and explore HONO
chemistry in background air masses. RF #11 is a race track flight designed to intercept plumes
from local power plants and urban areas and explore HONO chemistry therein. All four flights
were conducted in the daytime, roughly from 14:00 to 22:00 UTC (10:00 to 18:00 EDT). RF



227
Fzs
229
230
231
232
233
234
D35
D36
D37
238
D39

40
P41
P42
P43
P44
P45
P46
4T
P48
P49
250
P51
252
P53
P54
P55
P56
P57
P58
259

#18 is a race track flight conducted from 20:30 on July 12" to 03:30 on July 13" UTC (16:30
on-July-12%t0 0023:30 on July 12"13% 2013 EDT), aiming to study the potential night-time
HONO accumulation both in the PBL and the FT.

Table 2 summarizes the data statistics for HONO, NOyx and pNO3z measurements in the
PBL and the FT, and Figure 3 shows composite vertical distributions of HONO, NOy and
pNO3 concentrations from the five flights in the Southeast U.S. during the NOMADSS 2013
summer field study. HONO, NOx and pNOgz concentrations show horizontal gradients in every
race track flight and vary in different race track flights, reflecting the inhomogeneity of air
masses in the region. However, there was no significant vertical gradient in HONO, NOy and
pNOs concentrations-is-apparent, which will be further discussed below. Except in a few
power plant plumes and urban plumes mostly encountered in RF #11-(labelled-as-A-G), most
of the data is representative of background terrestrial air masses. The range of the mixing ratio
of HONO is 43.1 — 3534.9-4 pptv. The mean (+1SD) and median values of HONO

concentration are 5.4-6 (£33.44) pptv and 4.2 pptv in the FT, and 11.2-2 (£4.33) pptv and
10.6-3 pptv in the PBL. HONO levels at ~ 4 pptv are typically found in the background FT,

but high HONO concentrations up to 1815.2 pptv are also observed in the elevated biomass

burning plumes. Many-bie

diseussed-n-a-future paper-HONO levels at ~ 11 pptv are representative of background
conditions in the PBL. High HONO levels up to 3534.9-4 pptv are observed in the power
plant plumes and urban plumes in RF #11 (see section 3.4). and RF # 17. The HONO

4#5apa-#17)-These measured HONO values are consistent with the range of 4 — 74 pptv in
the troposphere over Northern Michigan (Zhang et al., 2009), but are significantly lower than

other-100 -airberne-cbservations{up-to 150 pptvy in the morning residual layer over an
industrial region of Northern Italy (Li et al., 2014), where the levels of HONO precursors,

such as NOx and pNOs, were much higher. The HONO concentrations were also consistent

with the levels reported for the same region during the Southeast Nexus Experiment on the
NOAA WP-3D aircraft (Neuman et al., 2016), that is, “indistinquishable from zero within the

15 parts per trillion by volume measurement uncertainty” in the background air and up to 150

pptv in the power plant plumes during the day. -The lower HONO concentrations measured in

the power plant plumes in edrthis study than the daytime values reported by Neuman et al

(2016) probably reflects greater dilution of smaller plumes encountered by the C-130 than by
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the WP-3D, as indicated by much lower NOy levels observed, up to 1.8 ppbv vs up to 60
ppbv.

The range of the mixing ratio of NOx is from several pptv to around 1.8 ppbv. The
mean (% 1SD) and median values of NOx concentration are 96-94 (+5253) pptv and 92 pptv
in the FT, and 313-316 (*=174182) pptv and 278-279 pptv in the PBL. The mixing ratios of
NOy are mostly between 50 - 150 pptv in the background conditions in the FT and between
200 - 500 pptv in the background conditions in the PBL. Similar to HONO, high values of
NOx also occur in the urban and power plant plumes in the PBL (up to 1.6-8 ppbv) and in the
biomass burning plumes in the FT (up to 0.6 ppbv).

Fewer measurement data points are available for pNOs, compared to those for NOx
and HONO, due to air bubble formation in the flow cell of the pNO3 system, especially at
high altitudes. The range of the mixing ratio of pNOz is from 2-3 pptv to 216-186 pptv, with
the mean (== 1SD) and median values of 28-35 (+2539) pptv and 21-15 pptv in the FT, and
78-76 (+4745) pptv and 76-66 pptv in the PBL. The pNOz levels were highly variable in both
the FT and the PBL. In the FT, the pNOs levels were often under 10 pptv, but high
concentrations up to 215-179 pptv were also observed in elevated biomass burning plumes. In
the PBL, high pNOzs levels were sometimes observed in relative clean conditions; whereas,
low pNOs levels were observed in high HONO and NOx power plant plumes. Both the N(V)
level (= [HNO3] + [pNOs]) and the partitioning between HNO3 and pNO3 seem to play roles

in determining the pNOs level.

3.2 HONO contribution from ground-level sources

There are several ground-level HONO sources that may contribute to the HONO
budget in the overlying atmosphere. They include anthropogenic sources, such as power plant

and automobile emissions (Li et al., 2008b; Neuman et al., 2016), and natural processes, such

as soil emission (Maljanen et al., 2013; Oswald et al., 2013; Su et al., 2011), heterogeneous
reactions of NO> (Acker et al., 2006; George et al., 2005; Ndour et al., 2008, 2009; Ramazan
et al., 2006) and surface HNO3z photolysis (Ye et al., 2016b; Zhou et al., 2003,2011). Since
HONO photolytic lifetime is relatively short, e.g. 8 - 16 min in RF #4, RF #5, RF #11 and RF
#17, a steep negative vertical gradient of HONO concentration would be expected if a
significant contribution originated from the ground. The lack of a significant vertical gradient
in the measured HONO concentrations (Fig. 3a) thus suggests that the ground contribution is

either limited to the shallow layer of the boundary layer near the ground, below the C-130

10
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lowest flight altitude of 300 m, or small relative to the in situ production of HONO in the air
column (Ye etal., 2017).

To further examine the potential HONO contribution from the ground sources, vertical
profiles of HONO, NOy, and pNOg, are compared with those of potential temperature (K) and
isoprene measured, for example, in the first race-track of RF#4 from 11:00 — 12:15 LT (Fig.
4). Indeed;-the-measurementsconductedintThe PBL height (H) was from-300-m-te~ 1200 m
were-above-the-unstable surface-layer-as indicated by the constant potential temperature (Fig.

4e). The vertical distribution of isoprene originating from the ground can be expressed with

the following equation (Eq.1):

ln(c%)z—%hz—% (Eq. 1)

where; Coand C are its concentrations near the ground and at the altitude h, k is the pseudo-
first order degradation rate constant, H-is-the-boundary-layer-heightt is the average mixing
time in the PBL, and h* (= H/(kz)) is its characteristic transport height within one degradation
lifetime of isoprene. According to the best fit of (Eg.1) to the observed isoprene data (Fig. 4d),
its characteristic transport height h* is estimated 692 m for isoprene. Assuming isoprene is
mainly oxidized by the OH radical whose average concentration is estimated at 3 x10° mole
cm2in the PBL (Kaser et al., 2015), the pseudo-first order degradation rate constant of ~
3.0x10* s (or the degradation rate of ~ 0.93 h?) is determined for isoprene. Based on a
boundary layer height of ~1.2 km (Fig. 4e), an average PBL mixing time t is estimated to be
~1.6 h between 11:00 — 12:15 LT of RF #4. With a photolytic lifetime of ~ 11 min for HONO,
aAbout 11% of the HONO originated from the ground level is expected to reach the altitude
of 300 m, the lowest flight altitude of the C-130 aircraft between 11:00 — 12:15 LT in RF

} ~The vertical mixing of the PBL is

enhanced from the morning to the afternoon, as the ground surface is heated by solar radiation

11
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gradually during the day. The average mixing time in the PBL is reduced from ~ 3 h in the
morning, to ~ 1.5 h around noontime, and to ~ 30 min in the afternoon, determined from
isoprene gradients from RF #4, #5 and #17. Fhe-characteristic-transport-height oF HONO
would-be~500-m-in-the-afterneon,-esomeAbout 50% of the ground emitted HONO could
survive and be transported to lower measurement altitudes;-and. -tAgain, if this ground source
contribution was significant, the HONO concentration profile should exhibit thus-may-be
detected-by-ourprofile-measurementsa significant gradient, probably more pronounced than

that of isoprene due to its shorter lifetime. The lack of such a vertical HONO gradient in the

measured HONO concentration profiles (Fig. 3a) suggests that Hewever-the contribution

from ground HONO sources to the observed HONO concentrations in the PBL above 300 m
appearto-bels Hmitedinsignificant..as-thdicated-by-the lack-of consistentvertical HONG
The NOy level was < 0.5 ppbv in the PBL over the Southeast U.S. (Figure 2),

excluding the power plant plumes. Based on an upper limit HONO/NOx ratio of 0.05 for

urban atmosphere at ground level (Villena et al., 2011), the initial HONO concentration would

be < 25 pptv in the source air mass on the ground level. With a transport time of = 0.5 h,

e., = 3 times of the HONO photolysis lifetime, the contribution from the ground HONO

source would be < 1 pptv. This analysis supports the conclusion that contribution of surface
HONO source to the PBL HONO budget is insignificant.

3.3 Daytime HONO chemistry in low NOx areas

After removing the data measured in the urban and power plant plumes, the daytime HONO
concentrations are mesthywithin the range of 5 - 15 pptv throughout the PBL in the
background terrestrial areas in the five race-track research flights. Photolysis et HONO-is s
the dominant sink for HONO, with a photolysis lifetime of 8 - 16 min during these four
daytime flights (RF #4, RF #5, RF #11, and RF #17). Therefore, there must be a significant
volume HONO source, up to 200-173 pptv h, within the air mass to sustain the observed
HONO concentrations.

Both NOx and pNO3 are potential HONO precursors in the air column. Figure-551
masses-duringthe-five flights: While HONO correlates relatively-wellmoderately with NOx (r?
= 0.5245, Fig S1)-with-a-fitted HONO/NOratio-areund-0-04, it only weakly correlates with
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PNOs (R? = 0.147)-(Fig-5). It may-appears at first that NOx is a more important HONO
precursor than pNOz. However, the detailed analysis below suggests that NOx is only a minor
precursor to the observed HONO, and photolysis of pNO3 is the major in situ HONO source.

The upper limit of photo-stationary state HONO concentration ([HONO]pss) was
calculated using Equation 2 that takes into account all the known HONO source contributions
from NOx-related reactions, including gaseous reactions of OH and NO (R-1), excited NO>
(NO2*) and water vapor (R4) (Carr et al., 2009; Li et al., 2008a), NO and the hydroperoxyl-
water complex (HO2-H20) with an upper limit HONO vyield of 3% (R5a)(Li et al., 2014; Ye et
al., 2015), and heterogeneous reaction of NO2 on aerosol surfaces (R2) using an upper limit
uptake coefficient of 10 reported in the literature (George et al., 2005; Monge et al., 2010;
Ndour et al., 2008, 2009; Stemmler et al., 2006, 2007):

k_1[NOJ[OH]+k4[NO,*][H,O0]+aks[NO, N0 |[HO2eHz 01+k2Sgerosot[NO2]
JHONO+koH-HONO[OH]

[HONO]pss = (Eq.
2)

where Saerosol IS the aerosol surface area density. It should be noted that the upper limit values

of rated constants were used in the calculation to avoid the underestimation of [HONO]pss

value. Under typical daytime conditions in the PBL with the median measured values of
reactants, the upper limit [HONO]ss value is less than 2 pptv, much lower than the median
measured HONO concentration of ~ 11 pptv. Figure 65a shows the relationship (r* =
0.443840) between the photolytic HONO loss rate with the sum of HONO production rates
from all the NOx-related reactions calculated with upper-limit reaction rate constants. A slope
of about 0.19 indicates that the contribution from these NOx-related reactions to the volume
HONO source is minor in the background troposphere, despite the good correlation between

HONO and NOy. Fhe-high-HONO/NO+atios-up-to-0-24-in-the low-NO,-alr-masses-are

Photolysis of HNO3z on surfaces has been found to proceed at a much higher rate than
in the gas phase (Baergen and Donaldson, 2013; Du and Zhu, 2011; Ramazan et al., 2004; Ye
et al., 2016b; Zhou et al., 2003; Zhu et al., 2008), with HONO as the major product on
environmental surfaces (Ye et al., 2016a, 2017). Furthermore, photolysis of particulate nitrate
has been found to be the major daytime HONO source in the marine boundary layer (Ye et al.,
2016b). To examine the role of particulate nitrate as a potential HONO source in the
troposphere, aerosol samples-overthe-terrestrial-areaswere were collected and en-Teflon

a) aYallata A the A a Nna-tha NNOMAD 0 mmae 1ald a No\A
o004 Y v/ \/— vaY
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used in the light-exposure experiments to determine the photolysis rate constants for
particulate nitrate in the laboratory. The determined pNO3 photolysis rate constant U{,VN03)
varies over a wide range, from 8.3-x-10° s to 3.1-x-10"* s, with a median of 2.0-x-10* s
and a mean (+ 1 standard-deviationSD) of 1.9 (+ 1.2)-x-10"* st, when normalized to tropical
noontime conditions at ground level (solar zenith angle = 0°), and the average HONO to NO>
relative yield is 2.0 (Ye et al., 2017). Figure 6b shows the relationship between the photolytic
HONO loss rate (Jyono-%-[HONO]) and the volume HONO production rates from pNO3
photolysis (2/3% /4y 0, Jpnoz-%-[pNOs]). The median /o, 0f ~ 2.0-x-10" s was used to

calculate the ambient /o, by scaling to J o, JHnos:

__ N JHNOS
Jonos = Jpnoz X 55 007 1 (Eq.3),

where Jyyo, is the photolysis rate constant of gas-phase HNOjs calculated from light intensity
measurement on the C-130 aircraft, and 7.0 x 107 s! is the photolysis rate constant of gas-
phase HNOs under the tropical noontime condition at ground level (solar zenith angle = 0°). A
slope of 0.697 can be derived from Figure 56b, suggesting that pNOs photolysis is the major
volume HONO source. However, the r? of 0.3941 is not as strong as expected from pNO3
photolysis being the major volume HONO source. It may be in part due to the use of a single

median J))yosVvalue of ~ 2.0 x 10 s in the calculations of the ambient /,,y,, and the

production rates of HONO in Figure 5b; the actual /;,VN03vaIues are highly variable, ranging

from 8.3 x 10°s1t03.1 x 10 s (Ye et al., 2017). HONO source contribution from

particulate nitrate photolysis—the-fact-that-orby-a-single-median Sz vatue of ~2.0-x- 105

2017 TFhe production-rates-oF HONO in Figure 56b are thus enby-reugh-estimates of the in

situ HONO production rates from pNOz photolysis in different air masses.

HONO photolysis has been found to be an important or even a major OH primary
source in the atmosphere near the ground surface (-Elshorbany et al., 2010; He et al., 2006;
Kleffmann et al., 2003; Villena et al., 2011; Zhou et al., 2011). However, HONO is not a
significant daytime OH precursor in the background troposphere away from the ground
surface. Based on the measurement results in this study, the mean (+ SD) contribution of
HONO photolysis to the OH source budget {mean=SDb)-is 52-53 (+ 22-21) pptv h't in the
PBL and 28-44 (+ 20-26) pptv ht in the FT (Table S1), respectively, less than 10% of the OH
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production contributed by Oz photolysis.-However-s Since HONO is mainly produced from
photolysis of particulate nitrate, it becomes an important intermediate product of a
photochemical renoxification process recycling nitric acid and nitrate back to NOx. The
regenerating rate of NOy of about 38 (+ 23)52 pptv h! via HONO-pNOs photolysis (Table S1)
is equivalent to an air column NOy source of ~ 232.3x10°® mol m2 h! in the 1.5- km PBL, a
considerable supplementary NOx source in the low-NOx background area.

It should be pointed out that particulate nitrate is in a dynamic equilibrium with gas-

phase HNOs3, the later accounts for a larger (or even dominant) fraction of total nitrate

(bNO3+HNO3) and is photochemically inert. The overall photolysis of pNO3+HNO3 would be

much slower than indicated by Jonos. In addition, oxidation of NOx via several reactions will

replenish the pPNO3+HNO3 reservoir. The results reported here and in earlier papers (Reed et

al., 2017: Ye et al., 2016a) suggest that there is a rapid cycling in reactive nitrogen species in

the low-NOx atmosphere, sustaining the observed levels of HONO and pNOs.

3.4 HONO chemistry in plumes

One of the objectives of RF #11 was to study the chemistry of HONO in urban and coal fired
power plant plumes. The arrows and corresponding labels in Figures 2 and-7-indicate the
urban plumes (AU1-U3-—C) and power plant plumes (B—-GP1-P4). CO and benzene were

used to identify influence from urban plumes, SO» to identify influence from power plant

plumes, and acetonitrile to identify the influence of biomass burning plumes (Fig. S2).
~The
Benzene-peaks-were-observed-n-at-urban-plumes (AU1-U3 —and-C)Bwere identified as
urban plumes fer-benzeneand CO-butnet-in-thepeaksfrom cities of Birmingham (U1, U3)
and Montgomery (U23) in Alabama, respectively, and pewerplant-plumes (B—=GEP1-P4

ahd-B) were identified as power plant plumes from power plants in Monroe county (P1-P3)

and Putman county(P4) in Georaqia, respectively. The influence of biomass burning plumes

was negligible as acetonitrile concentration was low and stable. The power plant plumes were

generated from high-intensity point sources, and thus had features of narrow but high peaks of
both HONO and NOy concentrations in the time-series plots (Figss. 2, 6 & S22.-S1-and-7). In

contrast, the urban plumes were generated from area sources and thus were shown as broad

peaks of HONO and NOx in the time-series plot with low levels of NOx (mostly below 500
pptv) (Figs. 2, 6 & S12). There were a few sharp but small NOyx peaks within the broad urban

plumes, reflecting the contributions of some point sources in the urban areas. The observed

15



A53
A54
A55
A56

AS7
A58
459
460
461
462
463
464
A65
466
A67
468
469
470
A71
472
A73
A74
475
A76
ATT7
478
A79
480
481
482
483
484

HONO/NOx ratio was areund-0:020.019 ({£ 0.004)%) in the power plant plumes_(e.q., BP4)

{P4); and lewer-than-that-6(0.057 (x 13.9%)~0-650.0019) in urban plumes-and-ir-background
terrestrial-abrmasses—, significantly higher than the typical HONO/NOx emission ratio of

~0.002 in the fresh power plant plumes (Neuman et al., 2016) and <0.01 in automobhile

exhaust (Kurtenbach et al., 2001; Li et al., 2008b). The- elevated HONO/NOx ratios observed

in the plumes suggest that the observed HONO was mostly produced from precursors within

the air mass during the transport. Based on the distances between measurement locations from

the power plants or the centcentresre of urban areas and the-ebserved-wind speed, the
transport times of these power-plant-plumes were estimated to be =1 h, ever~ 5 times longer
than HONO photolysis lifetime of 8 - 16 min, again suggesting —Fherefere;that most of the
observed HONO in the pewerplant-plumes was produced in situ within the air masses. Siace

Figure 67b shows the time-series plot of HONO budgets within the air masses sampled

by the C-130 aircraft during flight RF# 11, comparing its photolysis loss rate with its
production rates from pNOgz photolysis and from all the NOx-related reactions combined.
Photolysis of particulate nitrate appears to be the major volume HONO source in all urban
plumes and in most of the power plant plumes except for plume G-DP4 observed here-(Fig-
7b}. NOx was generally more important as a HONO precursor in the power plant plumes than
in the urban plumes and in low-NOx background terrestrial-air masses, due to higher levels of
NOx (up to 1.6-8 ppb in Figs. 7a2c and £S2), OH radical and aerosol surface density. -For
example, all the NOx-related reactions combined contributed up to 52% of the total volume
HONO source required to sustain the observed HONO concentration in plume &-P4 (Fig.
7b6). In fresh and larger power plant plumes encountered during the RF #7 to Ohio River
Valley (X. Zhou, unpublished data), over 20 ppb NOx was detected, and the NOx-related

reactions, mainly the NO+OH reaction, were found to account for almost all the required

HONO source strength to sustain the observed HONO, in agreement with- Neuman et al.

(2016).. -The power plant plumes undergo rapid physical and photochemical evolution during
the day, such as dilution and NOx-inteto-HNO3z conversion. Thus, the relative contributions
from NOx-related reactions and particulate nitrate photolysis as HONO sources change rapidly
as the plumes age.
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3.5 Night-time HONO chemistry

Nighttime HONO accumulation nearthe-ground-surface-guring-the-nighttime-has been widely
observed at the ground level (Kleffmann et al., 2003; Oswald et al., 2015; 2008; Stutz et al.,

2002, 2010; VandenBoer et al., 2013, 2014, 2015), contributed by various anthropogenic and
natural HONO sources on the ground. The main objective of RF #18 was to study the night-

time HONO evolution in both the nocturnal residual layer and the nocturnal FT. After sunset,
the surface cooling promotes the formations of a inversion layer near the ground surface and a
nocturnal residual layer above; the contribution from ground HONO sources then becomes
negligible to the air masses beyond the surface inversion layer. Meanwhile, no effective
HONO sinks, such as photolysis, oxidation by OH and dry deposition, exist in the nocturnal
residual layer. Thus the HONO accumulation, if any, is a net contribution from dark

heterogeneous NO> reaction on aerosol surfaces (R2).

The C-130 flew in an elongated race track pattern along a north-south direction, about
140 km from Nashville, TN (Fig. 1), alternating between the PBL (1200 m) and the FT (2500
m), from late afternoon to midnight local time (Fig. 2). In the FT, HONO and NOx
concentrations were relatively stable throughout the afternoon and the night, staying around 4
ppt and 90 pptv respectively. The lack of night-time HONO accumulation is expected from
the low levels of HONO precursors, mostly NOz, and surface area of aerosol particles in the
FT (Fig. 2).

The conditions in the PBL were far more variable and complicated. There were strong
horizontal gradients of NOx, pNO3z and HONO in the PBL, with higher concentrations at the
southern end and lower concentrations at the northern end of the flight track. Back-trajectory
analysis using NOAA’s HYSPLIT model (Stein et al., 2015) indicates that the encountered air
masses in the PBL at the southern end passed over Nashville, about 140 km northeast of the
sample area, with a transport time of about 6 h (Fig. 8a5233a), while the air masses at the
northern end stayed to north of Nashville (Fig. 86S323b). Therefore, the anthropogenic
emissions from the metropolitan area of Nashville contributed to the higher concentrations of
pollutants observed at the southern end of the flight track. There were also trends of
increasing concentrations of NOx, pNO3z and HONO with time after the sunset (Fig. 2). This
was probably a result of less dispersion and dilution of anthropogenic pollutants, including
NOy, as the PBL became more stable after sunset. Furthermore, as time progressed from late
afternoon into evening and night, the air masses were less photochemically aged during the
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transport from the source areas, due to the decreasing solar light intensity and shorter solar
light exposure time.

Because of the large spatial and temporal variations in the concentrations of HONO and
its precursors in the PLB (Fig. 2), it is difficult to directly evaluate the nighttime HONO
accumulation from HONO measurements alone. The concentration ratio of HONO and its
dominant nighttime precursor, NO2, can be used as an indicator of nighttime HONO
accumulation. As the air masses at measurement altitude of 1200 m decoupled from the
ground-level processes after sunset, the HONO production (P(HONO)) from heterogeneous
NO: reaction (R2) on aerosol surface becomes the only HONO source, and can be expressed

by the following equations (Eg. 4 and Eqg. 5):

1 8RT
P(HONO) = = x [¥] /W X 1 X [NO,] (Eq.4)
P(HONO) _ 1 s 8RT
[NO,] 4 X [v] X XY (Eq.5)

where E] is the specific aerosol surface area density, R is the gas constant, K the absolute

temperature, M the molecular weight of NO., and y is the dark uptake coefficient of NO>

[HONO]
[NO,] '’

leading to HONO production. The NO2-normalized HONO accumulation over time, A

can then be calculated by equation (Eqg. 6):

[HONO] 1 _ [s ,BRT
A T ~Z XI:;:IX WX’}/XAt (Eq 6)

Assuming a dark uptake coefficient y of 1x10~° of NO2 on aerosol (George et al., 2005;

Monge et al., 2010; Ndour et al., 2008; Stemmler et al., 2006, 2007) with a E] value of ~10*

[HONO
[NO3]

m?, a relative HONO accumulation rate, A /At of ~0.0003 h'! is estimated using the

equation (Eqg. 6), equivalent to a HONO accumulation of 0.13 pptv hr! at a constant NO
concentration of 400 pptv. Such a low HONO accumulation rate is below our measurement
detection limit. Indeed, the calculated HONO to the NOy ratio using the measurement data
stayed almost unchanged with time (Fig. 97), well within the observational variability after
the sunset, suggesting no significant volume production of HONO in the nocturnal boundary

layer.

4 Conclusions
Substantial levels of HONO existed during the day in both the PBL (median ~ 11 pptv) and
the FT (median ~ 4 pptv) over the Southeast U.S. during the NOMADSS 2013 summer field
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b46  study. H-appears-that The ground HONO sources did not significantly contribute to the

547  HONO budget in the PBL above the minimum measurement heights of 300 m._HONO
548  budget analysis suggests that photolysis of particulate nitrate was the major volume HONO
649 source (~69%)in-thelow-NOy-background-air-masses, while the sum of known NOx-related
650  reactions a minor HONO source (~19%<=206%) in the low-NOx background air masses.

b51  HONO was not a significant daytime OH precursor in the rural-trepespherePBL away from
b52  the ground surface; however, HONO mainly-produced-fromwas an important intermediate
b53  product of photolysis of particulate nitrate ceuld-significant-previdein a-the renoxification
bo4  pathwayprocess. Up to several tens pptv of HONO were observed in coal-fired-power plant
b55  plumes and urban plumes during the day;-the-major HONO-precursorcould-be-either, mostly
b56  produced in situ from precursors including NOx er-and pNOs-depending-en-the-chemical
bo7  characteristics-and-phetochemical-age-ef-the-plumes—Nna. No significant night-time HONO
558 accumulation was observed in the nocturnal residual layer and the free troposphere,

b59  suggesting-ho-significant-night-time-velume - HONO-source-due to low levels of NOx and
b60  specific aerosol surface area.
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800 Table 1. Measurements from the NOMADSS 2013 summer study used in this analysis.

Parameters Instrument Time Detection Accuracy References
Resolution Limit

HONO LPAP 200 s 1 pptv 20% 1,2)
pPNOs3 LPAP 360 s 2 pptv 30% (1,2,3)
HNO, LPAP 20 min 2 pptv 30% (1,2,3)
NO Cl 1s 20 pptv 10% (4)
NO, Cl 1s 40 pptv 15% 4
o, Cl 1s 100 pptv 5% 4)
OH SICIMS 30s *5x10" 30% (5, 6)
HONO DOAS 60 s ~ 30 pptv 20% (7
Photolysis Frequencies CAFS 6s 10-15% (8)
Surface area density SMPS/UHSAS 655/1s 20% 9
VOCs PTRMS 15s 20% (10, 112)
VOCs/organic nitrates TOGA 20s 20% (12)

801  *in molecules cm™

802 LPAP: long-path absorption photometric (LPAP) systems

803  CI: 4-channel chemiluminescence instrument

804  SICIMS: selected-ion chemical-ionization mass spectrometer

805 DOAS: Differential Optical Absorption Spectroscopy

806 CAFS: Charged-coupled device Actinic Flux Spectroradiometer

807  SMPS: Scanning Mobility Particle Sizer

808 UHSAS: Ultra-High Sensitivity Aerosol Spectrometer

809 PTRMS: Proton Transfer Reaction Mass Spectrometry

810 TOGA: Trace Organic Gas Analyzer

811 References: (1) Zhangetal., 2012; (2) Ye et al., 2016b; (3) Huang et al., 2002; (4) Ridley et
812 al., 2004; (5) Hornbrook et al., 2011b; (6) Mauldin et al., 2010; (7) Platt and Stutz, 2008;
813 (8) Shetter et al., 2002; (9) Flagan, 2011; (10) Karl et al., 2003; (11) de Gouw and

814 Warneke, 2007; (12) Hornbrook et al., 2011a.
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815 Table 2. Data statistics for HONO, NOx and pNOz measurements both in the PBL and the FT
16  from the five Southeast U.S. research flights during the NOMADSS 2013 summer field study.
17  The statistics analysis is based on 1-min NOy data, 3-min HONO data and 6-min pNO3 data.

818

HONO, pptv NO,, pptv PNO,, pptv
3.1-344 81-1774 9-186
Range
PBL (n=356) l=toen IN=121)
Mean £ {SD} 11.2+43 316 £ 182 76 + 45
Median 10.3 279 66
Meditan-N 103356 279-904 66121
1.3-15.2 <10-582 3-179
Range
FT (N=157) (N=655) (N=46)
Mean_{+ SD} 5634 94 +53 35+ 39
Median 4.2 92 15
MedianN 42157 92655 1546
819
320
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822  Figure 1. Flight tracks in the Southeast US during the NOMADSS 2013 summer study. The

F23 flight start time and end time in UTC (= EDT+4)} are: RF#4 (blue): 15:12 and 22:30, June 12,

824  2013; RF#5 (light blue): 15:04 and 21:52, June 14, 2013; RF#11 (yellow): 15:20 and 21:02,

825  June 29, 2013; RF#17 (green): 15:07 and 21:57, July 11, 2013; RF#18 (red): 20:32, July 12,
26 2013, and 03:37, July 13, 2013.
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832  Figure 2. Time series of altitude, HONO, NOx and pNOs in five flights (RF #4, RF #5, RF
833  #11, RF #17 and #18) in the Southeast US during the NOMADSS 2013 summer study. In RF
834  #11, the plumes U1 and U3 were from Birmingham, AL; the plume U2 was from

835 Montgomery, AL: the plumes P1-P3 were from a power plant in Monroe County, GA; and the

B36  plume P4 was from a power plant in Putnam country, GA. -A-C-indicate-urban-plumesand
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841  Figure 3. Vertical distributions of concentrations of HONO (a), NOx (b), and pNOs (c) in the

842  five selected flights in the Southeast US during the NOMADSS 2013 summer study.
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Figure 4. Vertical distributions of concentrations of HONO (a), NOx (b), pNOz (c), isoprene
(d) and potential temperature (e) in the PBL during the first race-track of RF#4 from 11:00 —
12:15 LT (16:00 — 17:15 UTC), June 12, 2013. The small open circles represent the 1-min

data points, the large solid circles the mean values for each race-track measurement altitude.
The line in (d) is the best fit of (Eq. 1) to the isoprene data: C =4700e 8%k =597 0.692
Ing, r> = 0.93.
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Figure 65. Correlation analysis of main HONO sink (“HONOxJnono™) with contribution from

NOy related reactions (a) and with contribution from particulate nitrate photolysis,
PNOz3xJpno3 (ab)-and with-contributionfrom-NO,—relatedreactions—{b)-in the southeast US
during the NOMADSS 2013 summer study. The line represents the Deming least-squares
fitting-regression (Wu and Yu, 2018) (R?r?=0.4440, intercept = -0-57-0.51 and slope = 0.29-19
for Figure 6a; R?r’>=0.3134, intercept = 0-05--5.0 and slope = 0.67-69 for Figure 6b).
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B73  Figure 76. HONO budget analysis in RF #11 in the Southeast US during the NOMADSS 2013

874  summer study. “HONO sink” is the HONO loss rate contributed by photolysis and the
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reaction of HONO with OH radicals, “NOx related reactions” is the sum of HONO production
ratess by-from all known NOy reactions, and “pNO3 photolysis” is the HONO seuree
production rate from eentributed-by-photolysis of pNOs. The calculations are based on 1-min
NOxy data, 3-min HONO data and 6-min pNOs3 data.
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Figure 97. The evolution of HONO/NOx ratio in the nocturnal boundary layer during the

RF#18. The red circles and blue squares are the median HONO/NOy values under the

conditions of NOx < 400 pptv and NOy > 400 pptv, respectively. The horizontal bars indicate

the averaging time periods and the vertical bars the one standard deviation of HONO/NOx
ratios. The black-dashed-solid line is the least squared fit to the data, and the green-_dashed

line indicates a slope of 3x10™* hrl. The sunset time at the sampling location was 0:40 UTC.
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