Reply to the Editor and both reviewers:

The main aim of this paper is to understand the dispersion of chemical pollutants within stable
boundary layers. This information is needed to quantify chemical concentrations of species
mixing in this environment and to predict chemical kinetic rates controlling pollution reactions.
There is no paper in the literature that successfully predicts the vertical distribution of
surface-emitted pollutant gases under temperature inversion conditions as extreme as were
present during the ALPACA field study. This paper does not aim to make a new contribution to
the field of boundary layer meteorology. Instead, we use established empirical boundary layer
turbulence parameterizations to understand dispersion of pollutant gases during pollution
episodes.

It is clear that the first reviewer viewed this manuscript as a boundary layer meteorology paper;
therefore, the reviewer critiques that there is not new information for the field of boundary layer
meteorology. Due to this misinterpretation of the manuscript, the reviewer has provided
critiques that are orthogonal to the main aims. In addition, the comments on 1-D modeling
indicate that the reviewer has not understood the published PACT-1D model papers or the
model code and input/output that was provided. The first reviewer seeks more discussion of
stable boundary layer theories and their predicted heights, but there is not a comprehensive
theory for the boundary layer structure in these extremely stable situations and this paper is not
an attempt to develop these.

The polluted layers like those affecting a small isolated city (e.g., Fairbanks, Alaska) are formed
on a shorter timescale than the regional heat fluxes and synoptic-scale meteorological patterns
that affect the temperature profile. Therefore, the height of stable polluted layers will typically be
more shallow than those of temperature, which improved meteorological methods may seek to
predict. Successfully quantifying the height of stable pollution layers and the vertical distribution
of gases and particles is critical for the study of atmospheric chemistry, but their accurate
representation has been a major challenge of prior atmospheric chemistry models. Here, we
demonstrate that a simple empirical parameterization for the polluted boundary layer height as a
function of the local surface temperature gradient performs excellently for the purposes of
reproducing the surface-emitted pollution’s vertical distribution near the surface. Neither
reviewer mentions or critiques the success of this novel approach. The second reviewer’s
comments are not substantive, lack citations to literature, and provide only qualitative criticism.

For these reasons, it is clear that the reviews have not fully considered this manuscript.
Therefore, we request a third review by an atmospheric chemist who can speak to the
importance of this work for understanding coupled atmospheric chemistry and vertical mixing
processes within stable boundary layers.

Reply to Reviewer 1:

It appears that the reviewer has misunderstood the topic of this manuscript and that the
reviewer took this to be a boundary layer meteorology manuscript, which it was not. We did not



submit it to a dedicated boundary layer meteorology journal. We intended the audience to be
interested in Atmospheric Chemistry, and the goal is to understand the dispersion of gases and
particles (two identified topics of ACP), which is necessary to understand chemistry in stable
boundary layers.

A critical aspect of this manuscript is the addition of horizontal export to an established 1-D
Chemical/transport model. This model has been described in two recent publications (Tuite et
al., 2021 and Ahmed et al., 2022), and for atmospheric chemistry purposes, was written to
complement other 1-D models (e.g., MISTRA) to focus on increased understanding of vertically
varying chemistry, particularly nocturnal chemistry. Unlike MISTRA, PACT-1D does not simulate
boundary layer meteorology online. It takes Kz, temperature, pressure profiles from another
model, observations, or calculation to constrain vertical mixing processes while calculating
atmospheric chemistry (emissions, vertical / horizontal mixing and chemical transformations)
online. In the two prior publications describing the model, the horizontal extent of the region in
question was large and chemical lifetimes of species of interest were shorter, allowing the model
to ignore horizontal export from the domain. As described in the introduction, the polluted
region of Fairbanks is small enough that we need to consider horizontal export. Because of the
strong temperature inversions (along with roughness of buildings and trees), air at ground level
often decouples from layers aloft, leading to wind shear, which is taken into account in the
horizontal export module. The results are quite novel in a number of aspects:

a) Observations of tracer dispersion clearly shows that air in contact with the ground (our
definition of the boundary layer), can be as short as 20m AGL, and is typically below 50m during
strong temperature inversions. We show that a simple parameterization of SBL height and
vertical dispersion as a function of the near-surface temperature gradient is extremely
successful.

b) We can successfully model not only the surface mixing ratio of the pollution tracer SO,, but
also its vertical profile with very high skill. Most studies only validate tracer mixing ratios at the
ground, while our study has continual profiling for a five week period. If the parameterized
vertical dispersion were wrong, the profile would be in error, while if the horizontal export were
not included or were wrong, the amount of tracer would either grow unrealistically (if there were
no export from the column) or be too dilute. Therefore, validating the model with tracer vertical
profiles is novel and demonstrates the vertical and horizontal dispersion parameterizations are
working exceptionally well.

c) The 1-D model predicts the residence time of pollution in this airshed and how the distribution
of residence times varies as a function of strong versus weak temperature inversions. This

residence time limits the time available for chemical transformations.

Below, we show the text of the reviewer in blue italics and our reply in black:



As stated above, we take the criticism that the introduction should be improved, although adding
more information about boundary layer meteorological theories, as requested, will make it a bit
longer. We agree to make the introduction clearer in the goals of the manuscript, describing
how the model is useful for atmospheric chemistry. The purpose of this study was to examine
how strongly inverted conditions affected the mixing of a surface-released tracer. We took the
boundary layer to be the AMS Glossary of Meteorology definition: “The bottom layer of the
troposphere that is in contact with the surface of the earth.” We used surface-emitted tracers
(SO, and CO,) to determine contact with the surface and measured the height to which the
tracers mix by remote sensing or in-situ observation. To try to keep the introduction shorter, we
did not discuss that there is an interplay between the timescale of formation of a boundary layer
and/or export of the surface tracer and the height through which the tracer mixes. As discussed
in Anderson and Neff (2008), the boundary layer with respect to temperature may differ from
that of a surface-influenced tracer. Anderson and Neff (2008) say, "Thus, the actual boundary
layer may extend through only a small fraction of the depth deduced from the temperature
profile, especially under stable conditions." In the case of the present study, as discussed in the
manuscript, we use a tracer being released in a small geographical area (urban Fairbanks,
represented by a footprint of 4km x 4km), so export of the pollution horizontally, which is shown
to be on the order of a few hours, limits the timescale for "contact with the surface". The
temperature profile is affected by surface heat fluxes that may have happened on much longer
timescales, and often more importantly by meteorological processes such as warm air
advection. To address the reviewer’s question, a clearer statement of the research question is:
Can we model the vertical distribution of a surface-emitted tracer over a five-week field study



including periods of extremely stable meteorological conditions alternating with periods of
reduced stability? The answer is emphatically yes, and a novel aspect of this answer is that
only the near surface temperature gradient and wind speed profile are needed to get these
excellent results.

This comment makes it particularly clear that the reviewer misunderstands what is being done in
this manuscript. The reviewer gives citations that discuss the boundary layer structures based
upon micro-meteorological parameters and as diagnosed by methods other than tracer
dispersion. These references are clearly important to boundary layer meteorologists and help to
diagnose the boundary layer heights formed for temperature or humidity over long timescales,
but as discussed earlier, the polluted boundary layer height is formed on a shorter timescale and
differs from long-lived temperature structures. As the reviewer acknowledges, the observation
of SBL height <50m and as low as 20m, observed through trace gas profiles, is unique.

In this manuscript, we show that a highly parameterized description of mixing is sufficient to give
excellent agreement (R=0.88) with observed vertical profiles of a surface-emitted tracer. The
fact that more complex boundary-layer meteorology theories exist does not mean that these
empirical parameterizations don't work -- we show that the empirical parameterization in fact
works very well. We did not say that there wasn't more complexity to the mixing or that
turbulence was well behaved. In fact, we say "On short time and length scales, this mixing is
highly complex, including intermittency and often showing oscillations (Mahrt, 1981)".

Note that our 1-D model requires an eddy diffusivity (Kz) profile, which we parameterize as a
function of near-surface temperature gradient. Only the diffusivity profile is required by the 1-D
model, not any of the parameters used in generating it (e.g., u*, L, the Obukhov length) are
used in the modeling subsequent to the generation of this Kz profile. Effectively, these are
empirical parameters used to generate the Kz profile. We make no claim that this old empirical
continuum theory represents the actual mechanism of mixing. However, we find that this theory



does give a Kz profile that very effectively describes average mixing processes as shown by the
excellent agreement between modeled and vertically resolved tracer concentrations. Literature
cited also shows that different approaches to the problem come to similar eddy diffusivity
profiles. For example, in Beare et al. (2006), a large eddy simulation (LES) model is used to
study turbulence, and it is found that the eddy diffusivity profile is in agreement with the old
empirical theory we use here. Overall, we show excellent performance of an empirical model for
diffusivity and stay away from interpreting the parameters. We also show that the model is not
even very sensitive to the assumed parameters. Following the reviewer's remarks we will clarify
the manuscript introduction to further place the model in context, and to avoid
misunderstandings between the meteorological and atmospheric chemistry research
communities on this topic.

The reviewer misunderstands our single column model. Our model’s meteorology is
constrained by observations and is not “free running”. The purpose of the model is to study
pollutant dispersion and chemistry. The model is driven by meteorological fields and the
parameterization of SBL height as a function of the near-surface temperature inversion strength.
The results of this model are in excellent agreement with both surface mixing ratios of SO, and
even vertically resolved measurements over this full field study. They are clearly highly useful
and meaningful for understanding pollution levels and how environmental variables affect that
pollution.

The reviewer seems to think that the model predicts temperature or other meteorological
variables, while in fact these are inputs to the model and are not predicted online. The
sensitivity study demonstrates that the assumed value of u* has only a weak effect on the
simulation results (see Table S1 in the supplement). The value of u* may be enhanced by the
presence of the rough urban canopy, leading to a value u* within the canopy (where most SO,
resides) that does not fit with the approximate relationship that the reviewer refers to. However,
it is important to remember that our use of u* is only a parameter to calculate the Kz profile,
which is all the model uses. Our study directly observes times when CO, is at regional
background levels at the roof of the CTC building and there is more than 100 ppm more CO, at
the ground level. Clearly the air in contact with the ground is not vertically mixing to the building
top (23m AGL) and showing the polluted layer height is ~20m at times, and is not 280m as their



expression would give. As discussed earlier and is discussed in Anderson and Neff (2008), the
formation of the temperature structure can be a longer term process. The reviewer indicates a
scaling relationship for the equilibrium (e.g., formed at very long time) SBL height that would
predict a taller SBL height than was directly observed through tracer dispersion in this study.
Since the reviewer appears to be concerned with the temperature structure, which is formed on
longer timescales or through larger scale weather processes (e.g., warm air advection), it is
reasonable that the chemically relevant tracer SBL height on the timescale of pollution export is
as we observe here (20-50m), while the temperature-based BL height could be significantly
higher and is formed on a longer timescale.

Again, this comment demonstrates a misunderstanding of the manuscript. The model in the
present manuscript is not like the model the reviewer is describing. The PACT-1D model is
described in these published papers (Tuite et al., 2021 and Ahmed et al., 2022) and the model
code was provided to the reviewer and will be made public upon acceptance of the manuscript.
Because PACT-1D is open source, the reproducibility of the model is not an issue. The model is
not “free running” and doesn’t simulate the boundary layer structure from the parameters that
the reviewer describes. It is a dispersion model that is validated against independently
measured tracer (SO, and CO,) concentration profiles, where it shows excellent skill. Since the
model uses the meteorological observations as input, we cannot evaluate model results against
those same observations.

The writing was intended to be more accessible to chemists and regulators, but we will try to
make it shorter and more precise. We chose the order of showing the idealized model, which is
relevant to any stable boundary layer situation, not just this specific field study, before starting
into the field study results. We will consider the best ordering, but will also make sure that the
transitions are clearer such that it is not confusing.



We believe that assertion driven titles, as the one we chose for this article, are helpful to
potential readers. They more clearly convey the purpose and main statement of the manuscript
than a more generic and shorter title. In addition to pollution researchers and atmospheric
scientists, an additional audience of this work is regulators and local residents concerned about
air quality problems. Local air quality regulators commended the choice of the title. During
revision, we will consider if an alternative title would be more appropriate.

As the text says, this level is below US EPA short term (1 h) standards of 75 nanomole mole™.
Although the US doesn’t have a lower long-term standard, the Canadian long-term SO,
standard is 5 nanomoles mole™, so it is clear that Fairbanks SO, levels are of concern.

We can make this substitution.

On line 131, we define "the SBL height, h, which is the height above which the atmosphere is no
longer influenced by contact with the surface." This definition is equivalent to the AMS definition
of the boundary layer: “The bottom layer of the troposphere that is in contact with the surface of
the earth.” The parameterization (Table 1) determines the SBL height based upon the current
surface temperature gradient. The SBL height is not diagnosed from some other meteorological
aspect of the model. The eddy diffusivity (Kz) profile is then generated from this SBL height.
Since the Kz profile controls vertical mixing and goes to very low values above the SBL height,
the air above the SBL height is decoupled from the surface. Because the temperature inversion
strength varies in time, the parameterized SBL height varies in time. We also find
observationally that when there is an extremely strong temperature inversion, the SBL height
goes below the top of the CTC building and we observe regional background CO, mixing ratios
on the roof (23m AGL) even though ground-level air (3m AGL) is highly polluted. These direct
observations confirm that we are measuring the polluted SBL height.

There are 9 WRF/CMAQ emissions grid cells in the model’s footprint. The ADEC/EPA
emissions inventory reports an emission rate (tons SO, per hour). We added the SO, emissions
from these 9 horizontal grid cells that reside in the 1-D model’s horizontal footprint and then
divided by the area of the model footprint (16 km?) to get the emissions in column density units



(moles m? s™) to put into the model. This was described more fully in Section 3.4, starting on
line 292. For clarity, we will add a reference to Section 3.4 near line 177.

As described in the published model references (Tuite et al., 2021; Ahmed et al., 2022), the
spacing near the surface is logarithmic, having very shallow layers (1mm) at the ground to allow
for modeling of deposition’s role on atmospheric chemistry. However, in this application, SO,
deposition is considered to be slow and is not included. To improve clarity, we will add to line
225 of the manuscript a description of the logarithmic scale and give the PACT-1D model
references.

We can make this substitution.

The WRF modeling effort was performed by US EPA researchers and provided to us as a part
of the ALPACA project. There is no feedback between the WRF model and the model in this
study. We use observational winds near the ground and only use the WRF-simulations for wind
speeds at layers higher than our observations. The WRF simulations using observational
nudging achieved RMS temperature errors of 2.6 K at various downtown sites and including
multiple measurements on towers including the measurements made up to 23m on the CTC
building. As the reviewer notes, it is difficult for models (here WRF) to predict SBL temperature
gradients, so we only used the observations (up to 23m) to quantify the inversion strength.

The introduction should include only knowledge before this work was done, so the results of this
simulation for idealized cases do not fit the definition of introductory materials.

The reviewer is incorrect. On line 369, Figure 3 is first referred to, before line 373.

This averaging time was chosen to compare the in-situ observations to the path-averaged and
model results. Due to the intermittent nature of turbulence and proximity to variable influence
from sources that are on length scales much smaller than the 4km x 4km footprint of the model,



we decided that it would be best to average to a timescale that is commensurate with transport
on the ~4km length scale and was chosen to be 3 hours for reporting statistical agreement of
the model. Note that the LP-DOAS averages on that length scale by its path averaged nature.
The finding of the model that the typical export time from the modeled column is a couple hours
also supports this choice of averaging time for statistical comparison.

To address the reviewer’s concerns, we can also report 1h statistics. On the 1h timescale, we
find that the 1h correlation coefficients is R=0.83 for all LP-DOAS paths (it was R=0.88 at 3h
averaging), and R=0.77 for the 3m in-situ SO, comparison (was R=0.81 at 3h averaging).
These results are slightly better at 3h than 1h, but are quite close. Therefore, we feel that the
choice made based upon the horizontal length scale and export timescale is valid.

We will add a scale bar and a north arrow.
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Reply to reviewer 2:

We find the reviewer’s feedback on this manuscript not substantive and note that it has no
citations and only qualitative language. We agree with their finding of strengths, but the
description of weaknesses are only concepts and the reviewer has not backed them up by
literature references. In our reply below, we show, through comparison to published work, that
this manuscript makes significant advances from past work, creating a quantitatively accurate
parameterization with better performance than prior modeling. While it is true that the concept
that strong temperature inversions trap pollution in basins existed, the quantitative degree of
that trapping and the extremely shallow mixing height of pollution in Fairbanks wintertime were
unknown before this study. No prior study has used a vertically resolved pollution data set to
validate a model under such extreme inversion conditions, which we do in this study. We find
extremely shallow SBL heights are required to explain the high concentrations of SO, found
near the ground in Fairbanks. As stated by the reviewer, we demonstrate that the lowest
path-averaged data agrees well with the in-situ 3m observation, demonstrating a mixed layer
near the ground (the urban canopy). The points below describe these findings.

a) The reviewer claims that existing models can model this situation, but we don’t know of a
paper that presents a model with good skill (small error) in modeling Fairbanks pollution.
Molders et al. (2012) reported 13% normalized mean bias (NMB) and 71% normalized mean
error (NME) (for 24-hour PM2.5). We chose to report R in our paper because the fits were so
good, but if we were to compare using the same metric as Molders et al. (2012), we find that our
all-paths LP-DOAS SO, 24-hour statistics are: 25% NMB and 33% NME. Note that our bias is
larger, but we have not applied any adjustments to the model and the emissions are only
estimated and have significant uncertainties. The NME of our model is half of that of the
published model, a huge improvement. By its statistical definition, the NME cannot be smaller
than the NMB, so their close values demonstrate that our model is precise, even if slightly
positively biased. If we calculate the normalized root-mean-square error (NRMSE) of the model,
which is the model RMS error divided by the range of the data (Observed max - min), we find
that our model has a LP-DOAS 24-hour NRMSE of 10%, showing excellent prediction precision.
Note that the NRMSE is not affected by a bias by the way it is calculated, which is why it is
better than the NME.

The past modeling reported 24-hour average statistics, but our work is at higher time resolution
allowing us to explore the NRMSE at faster time resolutions. For all LP-DOAS path data and at
24-hour averaging, the RMS error of the model is 2.1 nanomole / mole with a range of 21

nanomole / mole (10% NRMSE). When considering the 1h averaging, the RMSE is 57% larger,



3.3 nanomole / mole, but due to less averaging, the range is now 42.3 nanomole / mole. This
means that while the NRMSE for all LP-DOAS paths is 10% at 24-hour resolution, it improves to
only 8% error at 1 hour time resolution. This improvement is because the 24-hour averaging
reduces the range of the denominator, which makes the 24-hour statistics worse. Overall, it is
clear that our model performs much better, even on a faster time resolution than published
models for Fairbanks pollution.

b) While the concept is known that the SBL height is lower when there is a stronger inversion, a
quantitative relationship that makes a model work so well was not known before this study. Past
work in Fairbanks (Mayfield and Fochesatto, 2013) measured the “inversion height” from
radiosonde temperature data and found an average of 377m for the “surface based inversion”.
Clearly the observations of SO, vertical profile and successful modeling of that pollution
demonstrate that this “temperature-based surface based inversion” height is not the polluted
layer height, and the polluted layer height is much lower than 377m. This point of differences
between temperature-based and tracer-based BL heights was discussed in the response to
reviewer 1.

¢) Having such a shallow tracer-based BL height is very novel. To have a rooftop at 23m AGL
be above the SBL height (e.g.,not influenced by surface-emitted pollution) is extremely novel.
Our observations show that the CO, at the building top is at regional background levels while
the ground-level CO, sensor was highly polluted. This directly shows that the air at the top of
the building is not “coupled with the surface” e.g., is above the stable boundary layer. The
LP-DOAS SO, profiles also show that it is trapped on extremely shallow vertical scales.

d) All the other highly stable boundary layer pollution tracer modeling studies we know of
compare surface concentrations or mixing ratios, not vertically resolved concentration profiles.
Our model performs excellently in both modeling the surface mixing ratio and the profile of the
SO, pollution. We also show that the 3m in-situ and 15m LP-DOAS data agree well, giving
more credence to the LP-DOAS data quality and demonstrating the presence of an “urban
canopy.” There is also a clear value of developing models that are capable of simulating
pollutant dispersion in the vertical (validated with observations at the surface and vertically
resolved concentration profiles) to atmospheric chemistry as we discuss below.

e) The reviewer asks “If the aim is to forecast polluted conditions, that can be done well enough
for practical purposes using routine weather forecasts, informed by local knowledge.” Our
purpose is not forecasting polluted conditions, but a description of the vertical and horizontal
dispersion of pollution so that we can determine residence times and in the future how chemical
reactions are affected by this poor mixing. For example, large emissions of NO at ground level
quantitatively remove ozone (O;) at ground level, converting NO to NO, (collectively known as
NOx), preventing ozone oxidation reactions at ground level. However, aloft there is ozone and
less NOx, allowing ozone to further oxidize NOx (e.g. forming NO; and N,Os) and putting the
system into a different chemical regime (Cesler-Maloney et al., 2022). To address coupled
chemical reactions and transport, we need this type of model. We also note that we are not
developing a new model, this model has been used in multiple prior publications (Tuite et al.,



2021; Ahmed et al., 2022) and similar 1-D chemical / transport models have been used in the
past (e.g., the MISTRA model). The novelty of this work is adding horizontal export, which
allows the understanding of dispersion in this extremely stable multi-day (e.g., not diurnal)
inversion situation. We also demonstrate that the extremely shallow SBL heights can be simply
parameterized by near-surface vertical temperature gradients.
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