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Authors’ response to reviewer 1
Itallic font is quoted from reviewer.
Author responses begin with [CW].

Anonymous Referee 1 Received and published: 26 March 2018 General comments:
This discussion paper addresses the high-spatial resolution modelling of PAHs, which
is relevant within the scope of GMD and important for the estimation of air quality.
The presented model improves upon existing PAH prediction capabilities, making novel
improvements to an existing tool’s performance. The methods and assumptions are
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generally clearly outlined and valid with the conclusions supported by the results, with
the exception of some specifics discussed below. The specific model improvements
discussed are precisely and clearly presented, and therefore should be reproducible.
To the best of my knowledge, the authors give proper credit to related work and clearly
indicate their own contribution. The title clearly reflects the contents of the paper and
the abstract provides a complete and relatively concise summary. Overall, the paper is
very well structured and clear, and the language is completely fluent and precise. The
number and quality of the references is appropriate, as is the supplementary material.

The authors provide a link to model source code, but do not include a user manual
or compilation/run instructions and dependencies. This paper represents an advance
in PAH modelling, where the model appears to be limited by the availability of inputs,
particularly emissions; the inability of such a highresolution model to capture daily vari-
ability appears to be likely due to unresolved variability in emissions. However, the abil-
ity to make even seasonal-scale PAH estimates comparable to highly local measure-
ments given emissions scenarios is an important asset for air-quality science. While
the abstract, conclusion, and body of the paper include ambiguous use of “statistically
indistinguishable” which overstates the performance of model, the actual performance
of the model represents a sufficient advance for PAH modelling.

[CW] Thank you for your thorough review of our paper. We have taken all of your
comments into account in our revised manuscript. Please see below for more details.
Regarding the overstatement of the model’s performance: please our responses to the
specific comments below.

Regarding the source code: while the code is in the public domain (the Zenodo site),
unfortunately ECCC does not have the resources to support a community model, and
therefore does not have instructions available for the compilation of the code and its un-
derlying subroutine libraries on various platforms. However, I had added the following
information to our Zenodo record:
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“GEM-MACH is an extension of the standard GEM model which is available from
https://github.com/mfvalin?tab=repositories. The executable for GEM-MACH is ob-
tained by providing this chemistry library to GEM when generating its executable.”

In addition, I’ve added a figure of the calling sequence for the model to the revised
supplemental material. The “Data and code availability” section of the revised paper
has been updated with this additional information. I hope this is sufficient.

Specific comments:

Adjusting Ksw to measurements taken in 2002 is a good way to navigate their high
uncertainty, but some of the adjustments are incredibly large. E.g. PHEN and PYR Ksw
increases by almost 2 orders of magnitude. The authors should discuss the justification
of such a large change in the context of the prior uncertainty and/or possible missing
mechanisms.

[CW] Firstly, your comment helped us to notice that the Ksw values we had in Table 1
of the manuscript were actually values that we initially calculated before we followed
through with the method described in the supplemental material, starting at the bottom
of p9, continuing top of p.10 (related to selecting samples that contained BaP rather
than all of the samples, many of which were missing BaP measurements). Table 1 in
the revised manuscript is now updated to the correct values used, but these are not
much different from those in the original manuscript – thus your comment still applies.
However, the Ksw values we calculated in this study – while they are different from
the Galarneau et al (2014) values – are still in line with Ksw values found in published
sources. See Table R.1. below, and note that the Dachs Eisenreich (2000) values
for phenanthrene are of the same order of magnitude as our empirically-derived Ksw.
There is also a range from Jonker and Koelmans (2002), which for anthracene reach
close to our value. Our value for pyrene is not too much greater than the top end found
in Bucheli Gustafsson (2000, EST), and so on. We have added the quoted literature
sources of Ksw to the Table 1 in the revised manuscript.
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Table R.1: KSW from the literature, and this study.

Putting in context of the prior uncertainty and/or possible missing mechanisms: We
use Ksw combined with Kaw to estimate Ksa. This estimation may be inaccurate if
equilibrium is not achieved. There is also no temperature dependence in published
Ksw (but there is in Kaw) which can make a large difference at some temperatures
and will be noticeable for compounds whose partitioning varies a lot across the gas-
to-particle spectrum depending on temperature. The large correction and large range
of published Ksw values lends further support for the need to measure Ksa directly on
soots of atmospheric relevance. We have added this extra information into the revised
manuscript.

Equation 6 holds only if migas is equal to the total mass of PAH in the parcel of air
considered; i.e. prior to partitioning, all of the PAH is gas-phase. Does this mean that
once the PAH partitions to water it is considered lost? Is partitioning to cloud-water
irreversible? A clarification of the fate of PAH that undergoes water uptake but not
precipitative loss from the atmosphere is warranted.

[CW] In GEM-MACH we have separate tracers for particulate PAHs and gas-phase
PAHs which are passed into the scavenging subroutines. There could be particle-
phase PAHs in the same parcel, which would undergo scavenging via the particle-
scavenging mechanism. However, if we understand the reviewer’s comment correctly,
we think they are talking about the gas-water partitioning of Equation 6, which applies
only to the gas-phase mass of PAHs in the parcel. Yes, at the start of each chemistry
time step, all of the gaseous PAHs are considered to be in the gas phase (none start
out in the aqueous phase, and the within-cloud aqueous fraction is calculated at every
time step when cloud is present). To further clarify the cloud-water scavenging process:
Once the gaseous PAHs partition to cloud-water in GEM-MACH (which is re-calculated
at each time step) they are subject to rain-out (cloud-to-rain conversion) process; the
relative amount of PAH mass within the cloud water which is transferred to precipita-
tion is thus lost from the amount within the cloud. At the end of each chemistry step,
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the fraction of the dissolved PAH tracers contained within cloud water which are not
removed by this rain-out process will be returned to gas phase. For the fraction that
go into rain water, there is also a parameterization in the rain scavenging code for pos-
sible evaporation of rain before it reaches the ground. That fraction of PAHs released
via evaporation of precipitation would also return to the atmosphere, albeit in the col-
umn below the cloud. The remaining fraction that isn’t evaporated is counted towards
the wet deposition in the model, which is treated as irreversible (i.e., no re-emission
of PAHs from the ground after they are deposited). The revised manuscript has been
updated with these further clarifications, and we hope they satisfy the reviewer’s ques-
tion.

L460 Biases of BaA and BaP indicate NO3 reactions that are noted in the literature.
Here a few more lines of discussion of this point would be helpful. A back-of-the enve-
lope estimate of the effect of these reactions would increase confidence that these are
the reason (or not) for the remaining bias.

[CW] According to Keyte et al (2013), the PAH-NO3 reaction is actually more important
for gas-phase PAHs. Since BaA and BaP have a relatively small fraction in the gas-
phase, a gaseous NO3 loss mechanism would have a relatively small impact on total
(gas+particle) BaA and BaP. That said, Liu et al (2012, EST) determined kNO3 second
order rate coefficients for heterogenous (on-particle) reactions with pyrene, chrysene,
and benz(a)anthracene. The BaA reaction rate was kNO3 = 4.3E-12 cm3/molec/s.
When we do a back-of-the-envellope calculation of BaA lifetime (the time required for
BaA concentrations to drop to 1/e of its initial concentration) with respect to heteroge-
nous reaction with NO3, using typical night-time concentrations of NO3 from the model
( 3.2pptv or 6.67E7 molecules/cm3), we get a lifetime of about 1 hour for particulate
BaA. Thus, at moderate to high concentrations of NO3, gas-phase reactions of PAHs
with NO3 may be a significant loss, and thus a probable cause for the remaining bias.
However, this calculation assumes that the one Liu et al (2012) study is correct and
applies to all atmospheric conditions (temperatures, etc). More research should be
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done to determine whether this reaction should go into PAH CTMs. We have added
this discussion to the revised manuscript at the end of that paragraph.

L560 The R-values in these site-by-site comparisons are fairly low even after the
anomalous sites are removed. Discussion of the causes of this low correlation is war-
ranted. At the considered time and spatial scales, is unresolved time-variability in
emissions too large? The conclusions should highlight further the reliance on accurate
emissions and their time and spatial distributions for daily and small-scale predictions.
The inability of the model to reproduce short-timescale PAH concentrations is a weak-
ness considering its high resolution.

[CW] We agree that accurate emissions at finer time and spatial resolutions would
greatly improve model results. Ideally, increasing model resolution would increase
R at shorter timescales, however, given the large dynamic range and sharp spatial
gradients that PAH concentrations have and the difficulty in modelling plume locations
accurately, in reality we end up with lower R values at higher resolution than those
reported in other studies*. Thus, the errors in modelled transport are likely another
cause for the low correlation coefficients at high time and spatial resolution (in addition
to the unresolved time-variability in emissions). We have added this to the text of the
revised manuscript.

It was not our intention to dwell on the R values in the model-measurement comparison
because of the high uncertainties in PAH modelling and emissions. For example, we
did not report on the R values we obtained for the NAPS network analysis (which were
much better than those for the NATTS network, at about R=0.6-0.7 depending on the
PAH species). However, we mentioned them in this part of the text to emphasize the
improvement when gridpoints with known point-source emission errors are removed.

*Note many other PAH modelling studies do not report correlation coefficients (e.g.,
Aulinger et al, 2011 reported index of agreement instead of R; Zhang et al, 2016,
reported mean fractional bias and mean fraction error), and those that do report R
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values have model-measurement pairs that have been averaged over larger spatial
scales or larger timescales (or both). For example, Aulinger et al (2007) achieved
better R values of 0.75 for weekly averages, and 0.58 for 2-day averages, however,
they only had 6 measurement sites in their study, and coarser grid (18-km) resolution,
which may have smoothed over some of the variability we see at higher resolution. Also
Friedman et al (2012) achieved good R values of 0.64 or higher, however, these were
for their 5-year mean data over 15-16 sites globally (most sites in Europe, NE-North
America, and China), at 4ox5o resolution – both spatial and time scales that smooth
out variability. Matthias et al (2009) report good correlation coefficients of 0.3 to 0.8,
but these were for the times series at each site, rather than for all sites together. Also
their model was at coarser (1ox1o) resolution than ours.

The number of aspects of the simulation that are compared to observations is a major
asset for this work. The comparison to Kp, particulate fraction, wet deposition, and
concentrations across many sites and PAHs allows a very detailed and transparent
assessment of the model.

[CW] Thank you!

The winter/summer differences in wet deposition show that snow-initiated wet deposi-
tion is a definite weakness of the model. In the conclusions, while the authors mention
that snow scavenging is new to the model, it should be acknowledged that it requires
improvements going forward, along with possibilities of what these improvements might
be.

[CW] We added this text to the conclusion (at the end of the first paragraph): “However,
the modelled wet deposition was biased high - particularly in the wintertime - thus
further improvements to these parametrizations are required if the model is to be used
for deposition studies.” and we added some additional text to the first paragraph of
section 4.4: “. . .removing PAHs in the model. This may be due to our simplification of
a constant snow surface area, which may be set too high, or due to inaccuracies in the
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modelled or measured precipitation.”

The simplification of a constant snow surface area may have introduced a high bias
in snow scavenging if actual surface area of snow was smaller. Ranges of 0.01 m2/g
to 15 m2/g have been reported in the literature for snow surface area (e.g., Hoff et al,
1998; Hanot et al, 1999; Legagneux et al, 2002; Domine et al, 2007; and Hachikubu et
al, 2014), but these are based usually on measurements from fallen snow (rather than
falling snow). Fresh snow surface area was usually on the higher end, which is why we
chose a value of 1 m2/g, which was at the high end of the reported values. The interfa-
cial adsorption coefficient was dependent on modelled saturation vapour pressure for
PAHs, which also may have introduced errors. The modelled gas-particle partitioning
is likely not to blame, because the modelled particulate fraction was underestimated
compared to IADN measurements (Fig.10) and snow scavenging of particles is more
efficient than that of the gas-phase.

L675 “but it is at least promising to see that there are no particular sites where the
model is consistently too high or too low, rather the errors in spatial distribution are
haphazard and may be due to propagation of error, rather than any major error with
the PAH scavenging scheme itself” I think that this paragraph should be re-written. The
difference in the model compared to the observations is definitely due to the propaga-
tion of error, in all cases. The fact that these errors are different for different PAHs and
sites is a result of the complexity of the processes involved, as the authors write, but I
do not think that this makes them more or less promising.

[CW] We have rephrased the second half of that paragraph as follows: “. . . highest
in Burlington). The lack of spatial or temporal pattern in the sign and/or magnitude
of wet deposition biases indicates that there is no major error with the PAH scaveng-
ing scheme itself. Given that wet deposition of PAHs relies on the correct simulation
of many model factors (meteorology, scavenging parameters, atmospheric concen-
trations, etc), our work suggests that more process studies aimed at quantifying wet
deposition are needed. In fact, other PAH models also overestimate PAH deposition
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(Matthias et al, 2009; Friedman et al, 2012).”

L705 “we have determined from our sensitivity test that the GEM-MACH-PAH model
has a linear response to a 50% variation in mobile emission factors, simulating con-
centrations that vary up to 30%.” In the results section, the authors present a /non-
linear/ response of concentrations to variations in mobile emission factors. Increasing
emission from 50% to 100% yields 10% difference in concentrations, while increasing
from 100% to 150% yields 30% difference in concentrations. Figure 8) Further displays
non-linearity of mobile source factor. What is the reason that it is not linear? What
change in total emissions results from the mobile source change?

[CW] Our apologies, this is an important error in the manuscript that you caught. What
we actually did was scale the mobile emissions by 0.5 (halved) and 2.0 (doubled, not
1.5). And what we get when we sum over the domain in total PAH area emissions
(doesn’t include major points) for each scaled scenario is in Table R.2 below – which
was calculated for 14 UTC on a Monday in October as an example. This amounts to
-10% for the 0.5x change in mobile emissions and +20% for the 2.0x change in mobile
emissions. So the results are linear, as the latter is double the former. The manuscript
has been corrected and clarified and all mention of 1.5x has been replaced with 2.0x.

Table R.2: Total PAH emissions (g/s) in the Pan Am domain for 14 UTC on Monday in
October

Abstract, L694 and ca. L570 “with concentrations statistically indistinguishable from
observations, at 2.5-km resolution”. If I understand the analysis, this phrasing highly
overstates the performance of the model. Firstly, the 2.5 km resolution is not a signifi-
cant part of the model-measurement comparison. The sites are a few dozen distributed
all across the Northeastern U.S. and Southern Ontario, and are aggregated, and there-
fore the comparison is not testing the high spatial resolution. Secondly, by grouping all
of the measurement-model pairs for the whole domain and season, a more accurate
statement of the agreement would be “Over the domain as a whole and on the sea-
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sonal time-scale, the model is unbiased with respect to measurements.” The above
phrasing is misleading and ambiguous, and must be changed to at least clearly state
the statistical test performed.

[CW] We have rephrased the text in the revised manuscript to better indicate the
model’s performance as you’ve suggested. E.g., the conclusion now reads as follows:
“Over the model domain, at seasonal time-scales, the GEM-MACH-PAH simulation of
benzene and six semi-volatile PAHs (PHEN, ANTH, FLRT, PYR, BaA, CHRY) is sta-
tistically unbiased with respect to measurements (t<1 and p>0.05). For the seventh
PAH species, BaP; its summertime average is simulated to a similar level of accuracy.
However, it appears the model’s OH, O3 and PM biases were additive, resulting in a
wintertime average that is biased significantly high for BaP.”

The abstract was similiarly changed. Finally, near line 570, when t<1 and p>0.05, this
by definition means that the two datasets have no significant difference. Therefore, our
expression that the model was indistinguishable from the measurements is technically
true. However, to not overstate the performance of the model, we have added the
caveat in the revised version that it is when taking all of the data across the domain
(rather than at each specific site).

That said, our analysis of the Hamilton, ON measurement campaign has specifically
assessed the model’s spatial performance at high resolution.

Technical corrections:

Equation 1: “b” in equation, but “B” in text

[CW] Corrected in revised manuscript.

L165 “amoung” should be “among”

[CW] Corrected in revised manuscript.

L222 “In order to investigate whether these U.S. values would be representative of con-
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ditions in Canada and whether only have those two fuel-type categories are adequate,
. . .” I believe should read: “In order to investigate whether these U.S. values would
be representative of conditions in Canada and whether having only these two fuel-type
categories is adequate, . . .”

[CW] Thank you. The phrase has been revised.

Equation 4: the “reduced” and “i” labeling is confusing; indicating a forward timestep-
ping would be clearer.

[CW] Thank you. We’ve revised such that [BaP]i is now [BaP]t and [BaP]reduced is
now [BaP]t+dt.

L269 “. . .for the seven PAHs is a linear relationship with inverse temperature.” Should
read “. . .for the seven PAHs are proportional to inverse temperature.”

[CW] Yes, thank you. This has been revised.

L380 “NATTS is an a U.S.” should read “NATTS is a U.S.”

[CW] Corrected in revised manuscript.

L444 “. . . slope of the best-fit line is very close to 1.” Here it is preferable to simply
quantify the slope and remove the qualitative phrase “very close”.

[CW] We’ve changed this to “the slope of the best-fit line is 0.96.”

L648 “gages” should read “gauges”

[CW] Thank you. This has been corrected in the revised manuscript.

Figure 4: The white circles are difficult to see on difference maps. A more visible color
should be used. In all 4 map panels, the grey color of some of the dots is not on the
color scale.

[CW] We have added text in the caption to explain that the grey dots are sites that are
missing measurements in the summer (but not in the winter). We also changed the
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background to a darker colour in the two right-hand maps so that the white dots are
more visible (see Fig. 3 below):

Fig 3: replacement for Fig 4a in the paper.

Figure 5 a) text too small Figure 5 b) great figure, but purple overlay hard to discern.

[CW] Fig 5.a was made larger, and the font is now more readable. The corrected-BaP
box has been moved to be beside the uncorrected BaP box – see Fig 4 below for the
revised figure.

Fig 4: replacement for Fig 5b in the paper.

Figure 6 a) Should remove irrelevant labels on each y-axis (<=1e4 on left, >1e3 on
right)

[CW] Thank you for this suggestion. These have been removed.

Figure 10 a) remove meaningless negative particle fraction axis labels Figure 10: b)
does not exist but is mentioned in Figure 10 caption.

[CW] The plots have been split up and each has an appropriate y-axis (no negative
particulate fractions, and no ratios greater than 100) – see Fig. 5 below. We removed
the reference to (a) and (b) in the caption. Thank you!

Fig 5: Replacement for Fig.10 in the manuscript. New caption is: “GEM-MACH-PAH
modelled (green) and measured (orange) particulate fraction (f) of all PAHs at all IADN
sites, and their model/measurement ratios (blue). The blue line indicates the 1-to-1
line, and the grey lines are for ratios of 10 and 0.1.”

Please also note the supplement to this comment:
https://www.geosci-model-dev-discuss.net/gmd-2017-324/gmd-2017-324-AC1-
supplement.pdf
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Fig. 2.
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Fig. 3.
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Fig. 4.
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