Response to RC1: 'Comment on acp-2022-668', Anonymous Referee #1, 19 Dec 2022
General comments:

This study presented a detailed estimation of SO2 dry deposition velocity in the Alberta oil sands
region, and concluded that the possibility of much lower velocity in the model which determines
the lifetime of SO2. Because our knowledge of the dry deposition velocity is still limited, I
would like to generally agree to the publication of this manuscript. However, it is required to
revise several points. Please see the following comments and address my concerns.

ACI1.1: We thank the reviewer for providing this feedback. Responses to specific points are
listed below.

Many of the comments stem from confusion around the various corrections and adjustments to
the deposition velocity, which were poorly explained in our original submission. We have
attempted to clarify by making use of different variables for different deposition velocities. In
the revised manuscript, v, refers to deposition velocity in a general sense, V4 3, refers to
deposition velocity determined at a height of 23 m, v 4op refers to deposition velocity adjusted
to a height of 40 m (accounting for the aerodynamic resistance between 23 m and 40 m), and

Vg 40m Tefers to a corrected deposition velocity, accounting for a 30% overestimation due to the
assumption of independent variables. We have added these variables throughout the manuscript
and have taken care to differentiate between the terms “adjusted” (accounting for aerodynamic
resistance between 23 m and 40 m) and “corrected” (accounting for a 30% overestimation due to
the assumption of independent variables).

We have also noted that we used both “atmospheric resistance” and “aerodynamic resistance” to
describe the same thing. In the revised manuscript, we have changed the text to only use
“aerodynamic resistance” to avoid any confusion.

Specific comments:

o Line 16 (Abstract): It is better to explicitly express “corrected values” for these estimated
velocities.

AC1.2: We have added the qualifier “(when corrections are applied)” following the values.

e Line 19 (Abstract): In the main manuscript, it is stated that the study of Hayden et al. (2021)
reported a value from 1.2 to 3.4 cm/sec. The value is different. Please confirm.

AC1.3: The value 3.2 is a typo and should be 3.4.

o Line 31: Is this sentence indicates deposition “amounts” or “velocity”? Please clarify. In
addition, I cannot get these values (1.7 and 5.4 times) from the values shown in Lines 32-33.



AC1.4: Added “velocities”. The ratios of 1.7 and 5.4 were taken from Hayden et al. (19'" line
in Section 3.4). This appears to be a typo and 5.4 should be 5.9 (i.e. 3.4/0.58). We have
modified the text to “5.9”.

Line 59 (Section 2.1): For readers, I feel the illustration of this location and its surrounding
status will be helpful.

AC1.5: We have added a new Figure 1 triptych with a Google map of the area and photos of
YAJP and 1004 towers. Reference to this figure is added in Section 2.1.

Line 183: Does the subscript for “r”” generally stand for “aerodynamic” (www.atmos-chem-
phys.org/acp/3/2067/)?

AC1.6: We have modified this text to read “The total resistance to pollutant deposition at
height z (1, ;) is modeled as the sum of the aecrodynamic (7;,), quasi-laminar sublayer (73,),
and bulk surface (7;) resistances. The deposition velocity is the inverse of the total resistance
as ... (Eq. 9)... where C, and C, are the concentrations at height z and at a compensation
point, respectively.”

Line 185: Duplicated equation number. Please correct.
AC1.7: Equations 8 and 9 are corrected to numbers 9 and 10.

Line 189: Because this is the key discussion, it will be better to have more explanations for
GEM-MACH deposition parameterization. Especially, why this parameterization led to
lower deposition velocities?

AC1.8: We have added a new Subsection to discuss the GEM-MACH parameterization
(Section 2.5) and move some of the text from Section 2.3 to this new section.

“2.5 GEM-MACH Deposition Parameterization

The GEM-MACH deposition parameterization used to compare to our measured values is
described in Makar et al. (2018). The reader is referred to their Supplement S1 (their
Equations S.1-S.20) for a detailed description. Very briefly, the parameterization accounts
for aerodynamic (7)), quasi-laminar (73,), and bulk surface resistance (7;.), which includes
resistances associated with soil, canopy, mesophyll, cuticle, and stomatal surfaces as well as
resistance to buoyant convection. Here we model the forest as an evergreen needleleaf. The
parameterization is a function of temperature, relative humidity, atmospheric stability, solar
radiation, and CO2 mixing ratio. For these values, we used measurements from the YAJP and
1004 towers and we calculated deposition velocity (herein v, ggy) for the time periods
coincident with the profile measurements.

As discussed above, the parameterized GEM-MACH deposition velocity values were
significantly lower than the observations of Hayden et al (2021) for the same time periods
and locations. Hayden et al. used a Monte Carlo analysis of the GEM-MACH deposition



algorithm to demonstrate that the most likely cause of underestimation was in the standard
model assumption that concentration of hydrogen ions on the mesophyll, cuticle and exposed
surfaces corresponded to a neutral pH (6.68). The Oil Sands facilities are known sources of
significant base cation emissions (the neutralizing impact of the base cations on acidifying
deposition was noted in Makar et al (2018)). Hayden et al (2021) showed that the increase in
surface pH associated with deposited base cations could account for the discrepancy between
modelled and measured SO2 deposition velocities and fluxes. That is, SO2 deposition close to
the sources is likely being enhanced by the co-deposition of base cations.”

We also add the following line to the last paragraph of the conclusions: “These results
support the hypothesis discussed in Hayden et al. that SO2 co-deposition with base cations
may influence local SOz deposition fluxes.”

Line 241: The maximum value listed in Table 1 is “9.4”. Please confirm.
AC1.9: The value 9.3 is a type and has been corrected to “9.4”.

Line 261 (Section 4.1): This subsection has been well organized to seek uncertainties, but I
have one question. When we see the list in Table 1, Profile 5 showed the distinctive lower
deposition velocity. What caused this distinctive lower value?

AC1.10: We have added the following text to Section 4.1 (2" paragraph) “The deposition
velocities (Vg 40m) from the 9 profiles can be compared to a normal distribution, with 78% (7
values) within one standard deviation (o) of the mean, 1 value (Profile 8) 1.40 from the mean
and 1 value (Profile 5) 2.40 from the mean. The anomalous deposition velocity of 2.9 cm s°!
for Profile 5 is due to a combination of a weak gradient and high mixing ratio relative to the
other profiles (Fig. 6). The fit to the profile is moderate (R?> = 0.72), but not the weakest fit.
Meteorological conditions shown in Appendix A (Fig. A1) demonstrate some rainfall (> 25
mm) and some cloudy, humid conditions, but similar conditions are seen in other profile
periods (e.g. rain in profile periods 1 and 3, and clouds and high humidity in profile periods 6
and 8). Hence the reason for this anomalous value is unknown.”

Line 272: It will be better to explicitly state that these two values were mentioned as
corrected velocities at 40 m.

AC1.11: We have modified the text to “(vg 4om = 6.9 and 7.7 cm s for Profiles 1 and 8)”
and have also changed “v;” in 6 instances that follow in this section to “v, 4o to clarify
that these values refer to the deposition velocities adjusted to 40 m.

Line 347-349: I guess that this corrected range is presented based on the discussion in
Section 4.1, but I cannot fully follow this correction. Please add final remarks in Section 4.1
to present which values were corrected from the discussion for a 30% overestimation.

AC1.12: The following text is added to the end of Section 4.1: “Here we define a corrected
deposition velocity (which assumes the 30% overestimation applies to all measurements) as



Vg 40m = Vaaom / 1.3. Applying this correction to the range of deposition velocities listed in
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a Table 1 gives a corrected range of 2.1 to 5.9 cm s}, with an average of 4.6 cm s
Technical corrections:
Line 30 and elsewhere: Need subscript for “SO2”.

AC1.13: This is corrected at line 30 and in the axis labels of Figs. 3, 4, 5, and 6.

Response to RC2: 'Comment on acp-2022-668', Anonymous Referee #2, 05 Jan 2023

The manuscript reports observations of SOz gradients in the region downwind of the Alberta Oil
Sands, which the authors interpret to derive estimates of the dry deposition velocity. This is
motivated by the inference of high rates of SOz deposition based on earlier aircraft flights in the
region.

Overall, the data and analysis are interesting, but there are several assumptions used in the
derivation of the flux and deposition velocities that are questionable. I would have found the
manuscript easier to follow if some of these assumptions were highlighted in the introduction so
that the purpose of some of the additional measurements (e.g. high time resolution data to assess
the assumption of independent variables in the long time averages) was clear at the outset.

AC2.1: We thank the reviewer for their feedback and comments and for making suggestions
which will make the manuscript easier to understand.

While the authors addressed the extent to which some of their assumptions introduce uncertainty
into their calculations, I still missed an explanation of some aspects:

On lines 297-309, the authors use high frequency data from two heights to assess the assumption
of independent variables. Does this exercise test the assumption that the concentration gradient
and the momentum diffusion constant are independent values, or that the concentration and the
deposition velocity are independent variables? Or both? For this subset of data, the authors find
that violations of the assumption lead to a 30% overestimate in deposition velocity, but given the
skewness of the data, can they be confident that this is a representative or conservative estimate?

AC2.2: Based on this feedback, we have renamed Subsection 2.3 to “Aerodynamic Resistance”
and added Subsection 2.4, titled “Deposition Velocity Calculation™. This moves the discussion of
the time averaging and independent variables to its own section, which should make the analysis
easier to follow. The first paragraph of this new section is as follows:

“The total deposition can be calculated combining Equations 8, 9, and 10. The use of long-term
passive samplers (2 to 3 weeks in duration) to determine the gradients necessitates time-
averaging the equations. If it is assumed that K, (a function of u, /¢), the concentration (C), and
the gradient (dC /dz) are all independent variables, this gives



vaaom = (2 EED) T +5(@) (g))_l , (an

Sc ¢’ (C) dz

where the angle brackets ( ) indicate time-averaging over the sampling period. This assumes
that there is no correlation between the stability-corrected friction velocity (u,/¢), the
concentration (C), and the concentration gradient (dC /dz), since they are averaged separately in
the equation. If u, /¢, C, and dC /dz are correlated, the assumption of independent variables will
introduce an error in this flux estimation (since (u,/¢C dC/dz) # (u./¢) 1/{C) {dC/dz)). In
order to estimate the error associated with the assumption of independent variables, we also
calculate the deposition velocity (in Section 4.1) using a time series of 30-minute average,
concurrent friction velocity, stability, and concentration measurements (using the high-
frequency, SO gradient measurements made with the two 431 instruments in August 2021),
which does not require long-term averaging of these terms.”

The start and end of the last paragraph of Section 4.1 (line 297-309 in the original submission)
are also modified to refer to this new section and Equation 11 and to make the intention of the
analysis clear. The modified paragraph begins and ends as...

“As discussed in Section 2.4, the assumption that u, /¢, C, and dC/dz are independent variables
will result in an error if they are correlated. We investigate this assumption by calculating the
deposition velocity using a continuous time series of 30-min averages of the friction velocity,
stability, and SOz observations (measured with the 431 instruments at 2 m and 29 m heights).” ...
“Here we define a corrected deposition velocity (which assumes the 30% overestimation applies
to all measurements) as Vg 4om = Vg40m / 1.3. Applying this correction to the range of
deposition velocities listed in a Table 1 gives a corrected range of 2.1 to 5.9 cm s™, with an
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average of 4.6 cms™.

Line 135 states that the flux gradient framework requires that the diffusion coefficient and the
vertical gradient are constant throughout the canopy. But I believe is also an implicit assumption
that the vertical flux is constant over the height of the measurements. Is that really true in a
needleaf canopy where the elements leading to the uptake of the SO: are distributed over much
of the vertical extent of the gradient? One can imagine significant differences in losses at
different heights within the canopy that would manifest in the vertical structure differently
depending on the timescales of turbulence/diffusion. Can these observations really be compared
the deposition velocities obtained from a point high above the canopy in the constant flux layer,
which would be most relevant to the aircraft data and the model parameterizations?

AC2.3: We agree that this implied assumption was not adequately addressed in the submitted
manuscript. While we cannot estimate the uncertainty associated with this assumption within the
scope of this work, we can point to two results that suggest the effect is not significant. Firstly,
the profiles in Fig. 6 are relatively linear and do not show the curvature that would be associated
with strong flux divergence. Secondly, the estimated deposition velocities show good agreement
with the Hayden et al. (2021) flux/gradient measurements, which were made in the residential
area of Fort McKay, more distance from immediate canopy effects. We have added text to
discuss this in three sections as follows. In future we hope to investigate this effect using the one-



dimensional canopy model used in our companion paper (Zhang et al., 2022, ACPD,
https://doi.org/10.5194/acp-2023-26)

Section 2.2 (after Eq. 3) “This also assumes that the flux divergence is insignificant in the
canopy (equivalent to assuming all deposition is to the surface and not to the canopy elements).
This assumption is discussed in Section 4.1.”

Section 4.1 (5" paragraph) “The flux/gradient analysis outlined in Section 2.2 assumes that the
vertical concentration profile is not significantly modified by deposition flux to canopy elements
(such as pine needles). While the uncertainty due to this assumption is difficult to quantify, any
strong flux divergence through the canopy should result in a consistent curvature of the
concentration profile through the canopy. The profiles shown in Fig. 6 do not appear to
demonstrate any consistent curvature away from a linear profile, suggesting that flux divergence
may be minimal, and that deposition can be approximated following a “big-leaf”” assumption.”

Section 5 (4 paragraph) “The flux/gradient method does not account for flux divergence
through the canopy and is equivalent to assuming that total deposition occurs near the surface
only. Although the uncertainty associated with that assumption is difficult to quantify, we note
that the vertical concentration profile shapes do not show any consistent curvature away from a
linear gradient and that the deposition estimates show good agreement with the Hayden et al.
tower measurements located in a relatively clear and residential area in Fort McKay. To quantify
this uncertainty, the use of a high-resolution, one-dimensional canopy model (such as the model
used in the Zhang et al., 2023) with varied deposition profiles is recommended for future
studies.”

The deposition velocity values derived by the authors are very high, implying minimal canopy
resistance to deposition. In that case, we might expect the deposition velocity to reflect only
atmospheric and quasi-laminar sublayer resistances. Can the authors confirm that such high
deposition velocities are possible with estimates of those two constraints?

AC2.4: The aerodynamic and quasi-laminar sublayer resistances were included in a sensitivity
analysis done by Hayden et al. (2021). The Hayden et al. analysis showed that the high values
were in fact possible with existing theory and are likely associated with base cation deposition
from the fugitive dust from the open pit mines. We have added an expanded description in a new
section (2.5) to describe this.

“As discussed above, the parameterized GEM-MACH deposition velocity values were
significantly lower than the observations of Hayden et al (2021) for the same time periods and
locations. Hayden et al. used a Monte Carlo analysis of the GEM-MACH deposition algorithm to
demonstrate that the most likely cause of underestimation was in the standard model assumption
that concentration of hydrogen ions on the mesophyll, cuticle and exposed surfaces corresponded
to a neutral pH (6.68). The Oil Sands facilities are known sources of significant base cation
emissions (the neutralizing impact of the base cations on acidifying deposition was noted in
Makar et al (2018)). Hayden et al (2021) showed that the increase in surface pH associated with
deposited base cations could account for the discrepancy between modelled and measured SO2



deposition velocities and fluxes. That is, SOz deposition close to the sources is likely being
enhanced by the co-deposition of base cations.”

Specific Comments

Lines 31-34 It would be useful to know how the aircraft data were interpreted to determine dry
deposition velocities.

AC2.5: The following text is added: “Hayden et al. determined total deposition fluxes between
multiple 2-dimensional (vertical and crosswind) flux screens created using interpolated aircraft-
based wind and concentration measurements. The aircraft is flown in crosswind transects at
various heights to determine the total advective flux passing through a screen, and the deposition
flux is determined as the difference in advective flux between screens following a Lagrangian
trajectory.”

Figure 5 — The legend and the caption label the ground and sonde traces in opposite ways. Based
on the text, the caption appears incorrect

AC2.6: We are very grateful to the reviewer for catching that oversight. The figure has been
corrected.



