Response to Comments by Anonymous Referee #2

General Comments: This paper provides an overview of the development and some initial
applications of a major extension to the off-line Community Multiscale Air Quality (CMAQ)
regional chemistry-transport model. Some limitations of regional air quality models are first
described and the case is made for the use of hemispheric (or global) air quality models to better
address some important research and policy questions. The paper then describes a number of
model enhancements that were required to extend CMAQ from its traditional regional-scale
configuration to the hemispheric scale, followed by a survey of a number of different evaluations
and applications using this new model version.

This is a well-written paper that describes hemispheric CMAQ, an important enhancement of a
widely used regional air quality model to enable it to be applied for larger spatial scales and
longer time scales. The process enhancements that were required to achieve this design goal
should be of general interest. A diverse set of six different applications of the new hemispheric
CMAQ are then presented. Several of these applications have been presented elsewhere while
others are presented for the first time. In the former case, however, additional perspective and
discussion are provided.

I recommend acceptance of this manuscript with minor revisions. | have made a number of specific
comments and suggestions below related to clarity and completeness that | would ask the authors
to consider. | have also included a number of editorial comments and corrections that I hope will
improve the final version.

Response: We thank the reviewer for the overall positive assessment of our manuscript. We thank
the reviewer for the thorough review and suggestions, the incorporation of which has led to an
improved manuscript. Detailed below is our response to the specific reviewer comments and the
changes incorporated in the revised manuscript.

Comment: In Section 2 there were a few places where | asked myself "but what about ...?". In
order to provide a more complete description of hemispheric CMAQ, | would suggest that some
text could be added to address the following points.

Response: Detailed below is our response to the specific points raised by the reviewer and the
changes incorporated in the revised manuscript.

Comment: (Section 2.1) There are many regional chemistry-transport models and there are
many global chemistry-transport models, but I am not aware of any other hemispheric chemistry-
transport models. Could you add some text to explain the rationale for choosing a hemispheric
rather than a global extension, and are there any other models that you are aware of that have also
taken your hemispheric approach?

Response: CMAQ’s governing equations are cast in a generalized coordinate form which allows
the system to accommodate commonly used horizontal map projections (i.e., Lambert conformal,
Mercator, and polar stereographic). The polar stereographic projection allows for convenient



representation of a single hemisphere, and thus as already discussed on lines 1-6 of Section 2.1,
this formulation and flexibility enables CMAQ to be used on a horizontal domain covering the
Northern Hemisphere set on a polar stereographic projection without altering CMAQ or its
input/output file structure. This flexibility was the primary motivation to extend CMAQ to
hemispheric versus the global scale. However, it should be noted that the hemispheric expansion
is only the first step in creating a multi-scale modeling system that spans urban to global scales
which is an area of active research and development in our group. To our knowledge, there are a
couple of other active efforts on developing and applying hemispheric scale air quality models: (1)
the Danish  Eulerian  Hemispheric Model (DEHM) (Brandt et al, 2012
https://doi.org/10.1016/j.atmosenv.2012.01.011) and (2) a hemispheric version of the CHIMERE
model (https://doi.org/10.5194/gmd-10-2397-2017).

To address the reviewer’s point, we have modified the discussion in Section 2.1 as follows:
“CMAQ’s governing three-dimensional equations for species mass conservation and moment
dynamics (number, surface area, and volume) describing modes of particulate size distribution are
cast in generalized coordinates (cf., Mathur et al., 2005; Byun and Schere, 2006). This formulation
allows CMAQ to accommodate horizontal map projections and vertical coordinates from various
meteorological models. This flexibility enables CMAQ to be used on a horizontal domain
covering the Northern Hemisphere set on a polar stereographic projection (Figure 2a) without
altering CMAQ or its input/output file structure. Polar stereographic projections are also used in
the Danish Eulerian Hemispheric Model (Brandt et al., 2012) and a hemispheric version of the
CHIMERE model (Mailler et al., 2017)”.

Comment: (Section 2.1) Limited-area models require lateral boundary conditions. Although you
have greatly expanded your model domain by choosing a hemispheric domain, hemi- spheric
CMAQ is still a limited-area model. However, there is no discussion in the text of the LBC that
you have used for hemispheric CMAQ. Also, Figure 1 showed CMAQ sensitivity to ozone lateral
boundary conditions for a regional configuration over the continental U.S.: has a similar
sensitivity test been performed for hemispheric CMAQ to show its sensitivity to LBC
specification?

Response: The reviewer is correct that lateral boundary conditions also need to be specified for the
discrete lateral boundaries of the hemispheric domain. To address the reviewer’s concern, in the
revised manuscript, we have included the following discussion at the end of Section 2.2 (page 6,
line 1-9):

“Similar to regional applications, chemical boundary conditions also need to be specified along
the discrete lateral boundaries of the hemispheric domain. In current applications, these are set to
same values as in the clean IC case discussed above. Note that the boundaries of the hemispheric
domain (shown in Figure 2) are in the area encircling the Earth near the equator. Because of the
presence of the intertropical convergence zone (ITCZ) in this region, the mixing of air masses
originating in the Northern and Southern Hemispheres occurs relatively slowly, with exchange
times of typically about 1 year (e.g., Jacob et al., 1987). Since the atmospheric lifetimes of most
modelled species are significantly shorter, any impacts of chemical lateral boundary condition
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specification are typically confined to the lower latitudes and do not propagate into the domain.
Additional model sensitivity tests should however be conducted in the future to quantify any likely
seasonal influence of LBC specification on model predictions in lower latitude regions of the
Northern Hemisphere”.

Comment: (Section 2.1) What is the vertical coordinate used by WRF and hemispheric CMAQ?

Response: Both WRF and CMAQ use the o-P vertical coordinate. To clarify this point, we have
modified the description in section 2.1 to now read “Current WRF and CMAQ hemispheric
applications have utilized a horizontal discretization of a 187x187 grid configuration with a grid
spacing of 108km and a o-P vertical coordinate system”

Comment: (Section 2.2) You recommend here that hemispheric CMAQ should be started from
clean tropospheric conditions, and you mention initializing O3 at 30 ppb throughout the model
column for the clean IC case. Do you similarly recommend that other CMAQ model species
should be set to a uniform clean value in both the horizontal and vertical? Also, can you mention
at least some of the clean IC values used for other CMAQ species (e.g., NO, NO2, CO, NH3, SO2,
...)? And given its complex suite of sources, have you examined how CO responds to a 9- or 12-
month spin-up from clean conditions?

Response: As suggested in the reviewer’s comments, the ideal initialization period is species
dependent. In our experiments the initial conditions for other chemical species were based on the
profiles presented in Byun and Ching (1999), which nominally represent clean tropospheric
conditions. We focused our initialization experiments on Oz because of the extensive available
measurements on its vertical variations in the troposphere which was used to guide the analysis.
To address the reviewer’s suggestion on mentioning the initial conditions for other species we
point the reader to the profiles in Byun and Ching (1999) by including the following additional
sentence on Page 5 (line 20-21): “Initial conditions for all other chemical species were based on
clean tropospheric conditions prescribed in Byun and Ching (1999)”.

Comment: (Section 2.3.1) Is the ARCTAS emissions inventory associated with a nominal base
year?

Response: As stated in the manuscript, the ARCTAS inventory was compiled to support pre-
mission planning for the ARCTAS study. As stated on the website for the data, the inventory was
compiled using the most recent data available to represent emissions at that time
(http://bio.cgrer.uiowa.edu/arctas/emission.html). Thus the data are not associated with a specific
base year.

Comment: (Section 2.3.1) Are the GEIA biogenic VOC and lightning NOx emissions climatological
or year-specifc?

Response: The GEIA biogenic and lightning NOx emissions represent climatological averages.
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The temporalization of the monthly mean biogenic emissions and the annual lightning NOx
emissions to the hourly scale used by CMAQ is described in Xing et al. (2015a) as already
mentioned in the manuscript discussion. To address the reviewer’s comment, we modified the
discussion in Section 2.3.1 as follows: “In applications to date, biogenic VOC (Guenther et al.,
1995) and lightning NOXx (Price et al, 1997) emissions were obtained from GEIA (Global Emission
Inventory Activity; http://www.geiacenter.org). The monthly biogenic VOC emissions were
further temporalized to hourly resolution for each simulation day. Monthly lightning NOx
emissions were distributed evenly to each hour of each simulation day. Xing et al. (2015a) further
describe the processing of global emission inventories for CMAQ, including temporalization of
the annual estimates to hourly model inputs, vertical distributions of anthropogenic and lightning
emissions, and speciation of PM2s and NMVOC emissions to model primary aerosol constituents
and gas-phase species”

Comment: (Section 2.3.1) Natural emissions take on increased importance for a global or
hemispheric chemistry-transport model. Were sea-salt emissions, biomass-burning emissions,
soil NO emissions, or volcanic SO2 emissions considered by hemispheric CMAQ?

Response: We agree with the reviewer that representation of the impact of natural emissions on
tropospheric composition is important not only for the hemispheric and global scales but also for
regions with rapidly declining anthropogenic emissions. Year-specific large-scale biomass burning
emissions are included in the EDGAR inventory and have been used in our simulations — this is
now explicitly mentioned in Section 2.3.1. We also include parameterizations for natural wind-
blown dust emissions (detailed in Section 2.3.2) as well as sea-salt emissions based on Kelly et al.
(2010) (already mentioned in Section 2.3.3). The current model simulations however did not
include soil NO emissions or volcanic SOz emissions — this is now clarified in Section 2.3.1 by
including the following sentence: “Emissions of NO from soil or SOz from volcanos are not
considered in the applications presented here”.

Comment: (Section 2.3.3) What about marine DMS emissions?

Response: DMS emissions and chemistry are not yet considered in the hemispheric CMAQ model.
We however are currently testing implementations of: (1) a DMS emission parameterization
scheme, and (2) modifications to the chemical mechanisms to include DMS oxidation pathways
to represent their effects on atmospheric SO4?" distributions.

Comment: (Section 2.4.3) It could be mentioned here that RACM2 does not include all (any?) of
the chlorine, bromine, and iodine species discussed in Section 2.4.2 — this is relevant to Section
3.4.

Response: Yes, the base RACM2 mechanism (Goliff et al. 2013) does not include halogen
chemistry. We however have included a version of the mechanism augmented with halogen
chemistry and discuss those results in section 3.4. We feel that the sentence (Page 16 lines 7-8)
already conveys this distinction: “Also shown are predictions with a model configuration in which



the RACM2 mechanism was augmented with the halogen chemistry described in section 2.4.2”

Comment: (Section 2.5) In essence this section deals with chemical upper boundary conditions.
How are other CMAQ model species treated at the top of the model?

Response: Section 2.5 only discusses the impact of stratosphere-troposphere exchange on O3
distributions. We do not modify other species concentrations in the upper layers with this
parameterization. The concentrations of all other species are dictated by the modeled transport and
chemistry processes. To be specific to the discussion in this section and to avoid any confusion we
have modified the title of section 2.5 to “Representing Impacts of Stratosphere-Troposphere
Exchange on O3 Distributions”.

Comment: It is not made clear in Section 3.1 (p. 15, I. 12) exactly which forms of the two gas-
phase chemistry mechanisms were used. Although Sarwar et al. (2013) is referenced (I. 11),
I am not sure that the exact mechanism versions used for that paper were also used in this study.
For example, | think but I am not sure that a modified version of CBO5TU was used in this
study that included the modifications described in Sections 2.4.1 and 2.4.2. | am not sure
whether or not the version of RACM2 used in this study included the modifications described
in Section 2.4.1. The analysis presented in this section does state that two different versions of
RACM2 were used, one with the modifications described in Section 2.4.2 and one without those
changes, but some additional clarification would be very helpful.

Response: To address the reviewer’s comment, in Section 3.1 we have now clarified the
mechanisms used by explicitly stating the following: “Note that the simulation “PV, NoHalogen”
employed the CBO5TU mechanism, while the other two simulations employed a version of the
CBO05TU mechanism augmented with the halogen chemistry discussed in Section 2.4.2”.

We believe the reviewer’s query on the RACM2 mechanism is referring to the discussion related
to Figure 12 (b-d) in Section 3.4. These figures show results from 3 simulations denoted CBO5TU,
RACM2, and RACM2_HAL. As discussed in the text and noted in the figure caption
RACM2_HAL represents the RACM2 mechanism augmented with halogen chemistry. We see the
reviewer’s point that it may not be readily apparent whether the simulation denoted CBO5TU
employed halogen chemistry or not. To address this concern we now explicitly point this out in
Section 3.4 as: “Note that the simulations denoted CBO5TU and RACM2 did not include
representation of halogen chemistry”.

Comment: In preparing figure panels 13d, 13e, and 13f, was the SCIAMACHY averaging
kernel applied to the CMAQ NO2 fields?

Response: We did not use the averaging kernel in comparisons with satellite column data because
it was not available for the entire 2000-2010 period. Thus the model NO2 column was estimated
without any averaging kernel and was just a straight integration of model NO:2 through the model
column from surface to ~50mb. To address the reviewer’s comment, we clarify this in the



discussion in Section 3.5 as: “Note that the model NO2 column is estimated by integrating the
predicted NOz2 fields through the model column from the surface to ~50hPa and did not utilize an
averaging kernel”.

Comment: In Section 3.5, how were the station trends that are shown in Figure 15 calculated?

Response: The trends are estimated as a linear regression of the June-July-August (JJA or summer)
average values of a concentration metric (for O3 JJA average of the daily maximum 8-hr average
value and for SO4%, the JJA average of weekly average data; as also indicated in the Figure caption)
at each site for the 21 years — 1990-2010. We modified the discussion in the last paragraph of
section 3.5 as: “Figure 15 presents comparisons of model and observed trends in summer average
daily maximum 8-hour average Oz and summer average weekly-average SO4> at each CASTNET
monitor site. Trends are estimated as the slope of the linear regression of these concentration
metrics for the 21-year period”.

Comment: In Section 3.6 how were the CMAQ SWR fields calculated in conjunction with
predicted cloud fields?

Response: Clear and all-sky shortwave radiation fields can be obtained from the RRTMG radiation
scheme used in the WRF-CMAQ modeling system. The aerosol direct feedbacks modify these
fields in the 2-way coupled WRF-CMAQ configuration and the difference between these is being
analyzed.

Comment: In Section 3.6 | am not sure that the discussion of Figure 16 is completely correct, in
particular the following sentence: “The change in the SWR and AOD for each summer month in
the 2001-2010 period was estimated relative to the corresponding year-2000 value, and the
relationship between these changes is examined in Figure 16 for both model simulations with
and without direct aerosol feedback effects.”” If this were true, then for East China, which has
been experiencing dimming over the past decade, wouldn’t most of the observed SWR changes
be negative, whereas for Europe and the eastern U.S., which have been experiencing
brightening over the past decade, wouldn’t most of the observed SWR changes be positive?
Instead, the difference patterns in Figure 16 seem to be more consistent with the subtraction of
the 11-year monthly means; that is, they are centered.

Response: We are grateful to the reviewer for noting this discrepancy between text and what is
shown in the Figure. We re-examined our calculations and verified that for this figure we indeed
did not estimate the change relative to 2000, as erroneously noted in the original manuscript
discussion. The reviewer is correct that the characteristics of the data shown in Figure 16 suggest
that it is an anomaly (i.e., the mean value subtracted out). We have updated Figure 16 to indicate
that that the relationship examined is between the AOD anomaly and SWR anomaly and also
clarified this in Section 3.6 (on page 19) as: “The relationship between these deseasonalized values
(or anomaly) of SWR and AOD for each summer month in the 2001-2010 period is examined in
Figure 16 for both model simulations with and without direct aerosol feedback effects. Also shown



in Figure 16 is the corresponding observed relationship between similarly estimated AOD anomaly
and SWR anomaly derived from retrievals from the MODIS and the Clouds and the Earth's Radiant
Energy System (CERES; Wielicki et al., 1998) instruments, respectively”.

The caption of Figure 16 has also been updated to: “Relationship between regional and monthly
average (only summer months) changes in aerosol optical depth and changes in surface clear-sky
shortwave radiation during the 2001-2010 period for (a) East China, (b) Europe, and (c) East U.S.
Observed values are shown in grey, CMAQ calculations with direct aerosol radiative feedbacks in
red, and CMAQ calculations without aerosol radiative feedbacks in blue. Also, indicated are the
slope and correlation coefficient (R) for the individual linear regressions. For each data set (model
or observed) there are 33 values, corresponding to each summer month over the 11-year (2001-
2010) period. The anomaly is estimated by subtracting the corresponding 11-year average for that
month.”

Technical corrections: The manuscript reads very well but it would still benefit from a careful
copyediting to add commas, hyphens, and definite articles in some places but remove them in other
places (e.g., change ““space and time varying” to *“space- and time-varying™).

Response: We thank the reviewer for the thorough review and the editorial suggestions, majority
of which have been incorporated as detailed below.

Some acronyms are used but never defined: ECMWF, GFS, ADP, PBL, NOAA, AQS
Response: The acronyms have now been defined.

p. 1, 1. 13 WRF is also included as a keyword so it could be defined here on the same page.
We have defined WRF in the abstract as suggested.

p. 2, . 4 Perhaps ““... implementation of the U.S. National Ambient Air Quality Standards...”

Limited area models have and are helping with the design and implementation of air quality
standards across the world. We have thus left the sentence unaltered.

p. 2,1. 11 Perhaps “... postulated that in limited-area chemistry-transport models, ...””
We have modified the sentence following the reviewer’s suggestion.

p. 2,1. 14 Perhaps “... derived from the global Integrated Forecasting System of ...””
We have modified the sentence following the reviewer’s suggestion.

p. 2, 1. 16 hPa s the equivalent Sl unit to mb.



We have replaced mb with hPa throughout the manuscript.

p. 2, I. 26 *“*higher values in the high elevation regions™: concentration values or variability
values?

We have modified the sentence to clarify that they are higher normalized concentration values.

p. 2, |. 26 Perhaps ““Additionally, higher contributions from background levels are estimated”

Since these boundary tracers represent “model background” values, they may not necessarily
imply higher fractional contributions to the net concentrations. We thus have left the sentence as
is.

p. 2, 1. 30 “Expectedly’” makes me think of ““bigly”” — perhaps “As expected”” would be a better
choice.

We use both “As expected” and “expectedly” interchangeably through the manuscript and thus
have left the sentence as is.

p. 2, 1. 34 Perhaps “... that other pollutants with atmospheric lifetimes greater than a few days”

As written the sentence implies “any pollutant” with atmospheric lifetimes greater than a few
days, which we feel is more appropriate. Thus we have left the sentence as is.

p. 3,1. 17 Perhaps “Section 2 provides an overview of the ...”
We feel the sentence as written is ok, and have left it as is.

p. 3, 1. 21 Perhaps “Lastly, Section 4 summarizes the current model status ...”

We have added “Lastly” to the sentence but feel “model state” is more appropriate than “model
status”.

p. 4,1. 28 Could give a reference for the NCEP/NCAR Reanalysis data set?
We now include the following reference for the NCEP/NCAR Reanalysis data set:

Kalnay, E., M. Kanamitsu, R. Kistler, W. Collins, D. Deaven, L. Gandin, M. Iredell, S. Saha, G.
White, J. Woollen, Y. Zhu, M. Chelliah, W. Ebisuzaki, W. Higgins, J. Janowiak, K.C. Mo, C.
Ropelewski, J. Wang, A. Leetmaa, R. Reynolds, R. Jenne, and D. Joseph, 1996: The
NCEP/NCAR 40-year reanalysis project. Bull. Amer. Meteor. Soc., 77, 437-471.

p. 4, 1. 31 Check weblink (extraneous blank after *“V3.1/°?)

The “extraneous blank” was put in just top space the sentence wording within the formatting — it
should be correct in the final typeset.



p.5,1. 8 Perhaps ““... closer attention to model chemical initialization ...”
We have modified the sentence following the reviewer’s suggestion

p. 5, 1. 13 Perhaps “... based on the model emissions, physics, and chemistry ...”
We have modified the sentence following the reviewer’s suggestion.

p. 5, 1. 24 Perhaps “... Clean IC and Profile IC cases by August, nine months after the start of the
simulation, suggests the diminishing impact of initialization ...””

We have modified the sentence following the reviewer’s suggestion.

p. 8, 1. 33 Should it be Xie et al. (2013)?
Thank you for catching the typo — we have corrected the year of the publication.

p. 9, 1. 23 The Goliff et al. (2013) reference is missing.
Thank you for pointing that out. We have added the Goliff et al. (2013) reference.

p. 10, 1.5 “... inthe modelled upper troposphere/lower stratosphere”
We have modified the sentence following the reviewer’s suggestion.

p. 10, 1. 29 Perhaps “These hemispheric O3 fields can then be used ...”.

We have modified the sentence following the reviewer’s suggestion.

p. 11,1. 20 There are a number of references to the "Pacific": perhaps some could refer to
the "Pacific Ocean" instead.

We have modified some of the instances as suggested.

p. 11,1. 24 *‘DC-8”

We have modified “DC8” to “DC-8” throughout the manuscript following the reviewer’s
suggestion.

p.11,1. 25 “... were based ... and sampled ...”
We feel the sentence as written is fine and thus have not changed it.



p. 11, 1. 27  There are some unexpected capitalizations, such as Pollution, Spring, Winter,
and Continental.

We have corrected the capitalization of “pollution” in this sentence.

p. 12, 1. 33 *““Particle Into Liquid Sampler’” is the more common usage.
We have modified the sentence following the reviewer’s suggestion.

p. 13, 1. 23 Perhaps “... air pollutants, dating back almost a century”
We have modified the sentence following the reviewer’s suggestion.

p. 15, 1. 15 Perhaps ““... are illustrated in Figure 12a for August”
We have modified the sentence following the reviewer’s suggestion.

p.17,1. 1 Perhaps “... in the Savanna region of Africa both in ...”
We have modified the sentence following the reviewer’s suggestion.

p.17,1. 2 “SCHIAMACHY” (spelling)
Thank you for pointing out the typo — we have corrected it.

p. 17, 1. 21-22 The Figure 15 caption and labels state that the analysis shown is for the
summer months only and not all year as stated in this sentence.

Thank you for noting this discrepancy. The figure caption is correct but the text erroneously
suggested annual average — we have rewritten the sentence to correct this inconsistency.

p. 17, 1. 23  Perhaps “...are results from an additional 21-year simulation with CMAQ”’
We have modified the sentence following the reviewer’s suggestion.

p. 17, 1. 28 The “Conclusions” section states a range for the underestimation (p. 20,
I. 12) that should be mentioned here.

We now mention the quantitative range of underestimation in the discussion, as suggested by the
reviewer.

p. 18, 1. 12-21 Asa lead in to the next paragraph, it could be mentioned here that the aerosol



optics calculations in WRF-CMAQ include the calculation of AOD.

We feel it should be apparent to the ACP readers that since aerosol optical properties are
calculated in WRF-CMAQ), the AOD can be easily estimated and available. We have thus left
the discussion unaltered.

p. 18, 1. 29 Perhaps ““... using regional monthly averages ...”” and “Eastern U.S.”
We have modified the sentence following the reviewer’s suggestion.

p. 18, 1. 33 Perhaps “... but AOD at noon (local-time) for model values to be consistent™
We have modified the sentence following the reviewer’s suggestion.

p. 20,1. 11 Perhaps “... at U.S. CASTNET monitors, ...”
We have modified the sentence following the reviewer’s suggestion.

p. 21, 1. 33 IONS and WOUDC are not networks.
We have deleted “networks” following the reviewer’s suggestion.

p. 29 Figure 1 caption: Perhaps “Impact of ozone lateral boundary conditions (LBC)”

Since our calculations did not include any chemical decay mimicking that of Os we do not think
we should suggest that the calculation necessarily represents impacts of Oz LBCs on simulated
O3 concentrations.

p. 31  Figure 3: Would it be useful to give associated states or longitudes for these four
measurement sites?

We have modified the caption of Figure 3 to also provide the state names for the four sites.

p. 32 Figure 4 caption: Would it be useful to indicate the elapsed simulation time for these two
panels; that is, four months and nine months after the start of the simulation?

Following the reviewer’s suggestion, we now indicate the elapsed simulation time for the two
panels.

p. 33 Figure 5 caption: Does not mention the aircraft altitude time series in the first four
panels.

The figure caption now also indicates that the aircraft altitude is shown in (a-d).



p. 43 Figure 14 caption: Perhaps “... changes in regional- and monthly-average modeled

We have modified the caption following the reviewer’s suggestion.
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