Response to Referee #1

We thank the reviewer for the detailed review and very helpful comments and address the
suggested changes in detail below. Comments by the referee are shown in italic font. In addition
to the changes described below, note that the figures and Table 1 have changed slightly from the
previous version of the manuscript due to having to redo some simulations to correct a minor
inconsistency. None of the statements in the text had to be changed because of this correction.
The simulations that were redone are CAMS5-chem, CAMS5-chem*, CAMS-chem MAM4, and
SD-CAM4-chem.

In the abstract I am missing important findings from section 4, notably the general performance
Jor tropospheric ozone and other important trace gases and aerosols (this is summarized in
Section 6 only). 8877, 10-12: Mention underestimation of observational data for methane lifetime

We agree with the reviewer and will add a summary of the general performance of the model in
the Abstract. The abstract is changed to:

“The Community Atmosphere Model (CAM), version 5, is now coupled to extensive tropospheric
and stratospheric chemistry, called CAMS5-chem, and is available in addition to CAM4-chem in
the Community Earth System Model (CESM) version 1.2. The main focus of this paper is to
compare the performance of configurations with internally derived “free running” (FR)
meteorology and “specified dynamics” (SD) against observations from surface, aircraft, and
satellite, as well as understand the origin of the identified differences. We focus on the
representation of aerosols and chemistry. All model configurations reproduce tropospheric ozone
for most regions based on in-situ and satellite observations. However, shortcomings exist in the
representation of ozone precursors and aerosols. Tropospheric ozone in all model configurations
agrees for the most part with ozonesondes and satellite observations in the Tropics and the
Northern Hemisphere within the variability of the observations. Southern Hemispheric
tropospheric ozone is consistently underestimated by up to 25%. Differences in convection and
stratosphere to troposphere exchange processes are mostly responsible for differences in ozone in
the different model configurations. Carbon monoxide (CO) and other volatile organic compounds
are largely underestimated in Northern Hemisphere mid latitudes based on satellite and aircraft
observations. Nitrogen oxides (NOx) are biased low in the free tropical troposphere, whereas
peroxyacetyl nitrate (PAN) is overestimated in particular in high northern latitudes. The present-
day methane lifetime estimates are compared among the different model configurations. These
range between 7.8 years in the SD configuration of CAMS5-chem and 8.8 years in the FR
configuration of CAM4-chem and are therefore underestimated compared to observational
estimations. We find that differences in tropospheric aerosol surface area between CAM4 and
CAMS play an important role in controlling the burden of the tropical tropospheric hydroxyl
radical (OH), which causes differences in tropical methane lifetime of about half a year between
CAM4-chem and CAMS5-chem. In addition, different distributions of NOx from lightning explain
about half of the difference between SD and FR model versions in both CAM4-chem and CAMS-
chem. Remaining differences in the tropical OH burden are due to enhanced tropical ozone
burden in SD configurations compared to the FR versions, which are not only caused by
differences in chemical production or loss, but also by transport and mixing. For future studies,
we recommend the use of CAMS5-chem configurations, due to improved aerosol description and
inclusion of aerosol-cloud interactions. However, smaller tropospheric surface area density in the
current version of CAMS5-chem compared to CAM4-chem results in larger oxidizing capacity in
the troposphere and therefore a shorter methane lifetime.”

Section 1.



8878, 10: Additional references would be desirable (e.g. Isaksen et al.,
doi:10.1016/j.atmosenv.2009.08.003 ).
We agree and add the suggested reference.

Section 2:

8879, 26-27: The term “data ocean” is not known to me. Re-formulate the sentence to “All model
simulations are performed with prescribed sea surface temperatures and sea-ice distribution data
for present-day climatological conditions, : : :”

We agree with the suggestion and change the sentence accordingly:

“All model simulations are performed with prescribed sea surface temperatures and sea-ice
distribution data for present-day climatological conditions, since we focus on the atmospheric
component.”

8884, 5: You may think about a different naming instead of “CAMS5-chem™*”. This term

is also not searchable with Adobe Reader.

Since the sensitivity experiment is not the focus of the paper, we prefer to continue using this
naming.

8884, 10: Replace “performance” by “setup and global model diagnostics”.
We agree with the suggestions of the reviewer and changed the phrase accordingly.

Section 3: One could think of adding more surface station data to the evaluation data base,
notably Ozone and other species or aerosol parameters from global or regional air quality
networks, but this may be beyond the scope of the paper. At least the choice of evaluation data
should be discussed for their relevance.

We thank the reviewer for pointing this out and follow the advice and add surface ozone
observations to the evaluation in this paper. We perform a comparison of the probability
distribution function of surface ozone stations over North America and Western Europe. For this
we have added the new Figure 14 (see below) and add a description of the dataset and a
discussion, see below.

8884, 22-25: 1 found this very confusing. Why using MOPITT here? The sentence seems not to
belong here.
We agree with the review and moved the sentence to the next paragraph.

8886, 25-27: Please clarify the meaning of a “profile-to-profile” comparison. How are
observational data and model results matched in space and time?

To clarify we change the following paragraph (line 16):

“For the comparison with model results one has to keep in mind that aircraft campaigns often do
not sample climatological or background conditions of the atmosphere, since they are designed to
target specific atmospheric conditions. Further, monthly-mean model results that are averaged
over various years are not able to identify specific pollution plumes or structures of the
atmosphere as observed in a particular campaign.”

To

“For each observed regional profile, monthly-mean model results are averaged over the location
and months of the observations. It is assumed that these regional profiles represent typical
background conditions. However, one has to keep in mind that aircraft campaigns often target
specific atmospheric conditions that may not be captured in multi-year average model results.”

We further change “A profile-to-profile comparison between aircraft and model data is performed
for ozone (O;) carbon monoxide (CO), nitrogen oxides (NOx), and peroxyacetyl nitrate



(CH3COO2NO2 or PAN) and other hydrocarbons.” To

“A comparison is performed for ozone (O3) carbon monoxide (CO), nitrogen oxides (NOx),
peroxyacetyl nitrate (CH3COO2NO2 or PAN), selected hydrocarbons, SO, and sulfate aerosol
for selected aircraft campaigns”

8887, 21-27: The first part of the sentence until “: : :(Table 2)” is an unnecessary replication
and can be skipped. Instead, another sentence to introduce the IMPROVE measurements would
be useful.

We agree with the reviewer and change this sentence:

“In addition to a limited set of aircraft observations available for profile-to-profile comparisons to
the model output (see Table 2), we use surface observations from the United States Interagency
Monitoring of Protected Visual Environments (IMPROVE) dataset
(http://vista.cira.colostate.edu/improve/), (Malm, 2004), for years 1998-2009, to compare sulfur
dioxide and sulfate.”

To

“We use two sets of surface observations in this study. Surface observations from the United
States Interagency Monitoring of Protected Visual Environments (IMPROVE) dataset
(http://vista.cira.colostate.edu/improve/, Malm, 2004), is used for years 1998-2009, to compare
sulfur dioxide and sulfate with the model results. The IMPROVE network includes 165 sites in
the US. Major fine particles (with diameter < 2.5 micro meter) are monitored including aerosol
species, sulfates, nitrates, organics, light-absorbing carbon, and wind-blown dust. IMPROVE
sites are located in rural environments and therefore will not describe the conditions found in
large urban areas.”

We further add:

“Ozone surface observations are used to evaluate daily ozone concentration in our model
configurations. Daily averages from available hourly surface ozone data were derived from the
Clean Air Status and Trends Network (CASTNET) (http://java.epa.gov/castnet/) and the
European Monitoring and Evaluation Programme (EMEP) network in Europe
(http://www.emep.int/) for years 1995-2010, as shown in Tilmes et al. (2012).”

Section 4: In section 4.2, the evaluation should be ordered strictly by species (groups).
In particular, all CO evaluation should be placed after the ozone evaluation.

We agree with the reviewer and restructure the section in the following:

Section 4.2.1 Aerosols and Aerosol Optical Depth (AOD) (not changed)

Section 4.2.2 Ozone (including former section “Ozone column” and “Ozone profiles™)
Section 4.2.3 CO and hydrocarbons

Section 4.2.4 NOx and PAN

We arrange the text accordingly, and rearrange the Figures as described below.

I cannot follow the argumentation when it comes to NH lower troposphere ozone differences
between CAMS5-chem and SD-CAMS5-chem, as it is done in Sections 4.2.2, 4.2.3, and 5. From
what is presented in the paper, the relation of BL tropospheric ozone to STE in the model
configurations seems to be weak (or vague). A more stringent argumentation chain will be
appreciated by the readers.

We agree with the reviewer that the relation of ozone in the NH boundary layer and STE in the
model configuration was not sufficiently supported. We decided to move this discussion to the
model-to-model comparison section, and added a new Figure 3 (see below) supporting the



statements. The new figure includes the comparison of ozone, ozone production, lighting NOx,
CO, H20, and HNO3, between different model versions. Based on this comparison, we can make
the argument that higher ozone mixing ratios in high northern latitudes are not due to ozone
production, but rather caused by stronger STE in CAMS5-chem compared to SD-CAMS5-chem. In
addition to some other changes in Section 4.1 we add:

“The comparison of chemical constituents in the two model configurations further supports a
stronger tropical vertical transport in CAMS5-chem compared to SD-CAMS5-chem and stronger
STE in high latitudes (Fig.3). Stronger tropical vertical transport (mostly in deep convection) in
CAMS5-chem is evident due to higher mixing ratios in CO and lower mixing ratios of nitric acid
in the upper tropical troposphere. The resulting higher CO mixing ratios in the upper troposphere
together with increased LNOx in mid-latitudes lead to greater ozone production, while reduced
LNOx in the tropical belt reduces ozone production. Furthermore, increased nitric acid in addition
to higher ozone mixing ratios in high northern latitudes point to more STE. Additionally, lower
NOx and CO values in the boundary layer in CAMS5-chem indicate that increased STE rather than
chemical processing results in larger ozone mixing ratios in CAMS5-chem than SD-CAMS5-chem.
Differences in low clouds between CAMS5-chem and SD-CAMS5-chem also impact chemistry and
result in reduced ozone production in the boundary layer in CAMS5-chem. Similar differences are
present between CAM4-chem to SD-CAM4-chem, however, with smaller differences in STE in
high latitudes compared to the CAMS-chem configurations (not shown).”

8888, 25-26: When TTL is defined by pressure levels 150-70 hPa, you can see from
Fig. 1 both higher and lower ozone mixing ratios.
We agree and corrected the sentence to point to just the region around the tropical tropopause.

8890, 1-5: Write out COSMIC. These observational data, together with MLS and AIRS, need to
be introduced before. Also, the observations give different cold point altitudes.

Allin all, Figure 3 is not really exploited. The whole paragraph (8889, 26 — 8890, 9)

together with Figure 3 could be skipped.

We agree with the reviewer and remove the figure and corresponding discussion.

8890, 10: Fig.4. goes higher up than 30 hPa.
This was a typo, we changed it to 10hPa.

8890, 20-24: Instead of showing Fig. 5, AOA could be assessed by simply comparing
AOA entries for a certain height, which can be given in Table 1.

AOA could be certainly expressed in a table picking a few values for different regions, like the
tropics, and lower stratosphere in high latitudes. However, we do think, that details shown in the
zonal mean plots are important, since for example they show differences in the shape of the age
of air more clearly that what can be explained by a couple numbers.

8892, 13-16: CAM4-chem and CAM5-chem results are not shown in Fig.7.
We agree with the reviewer and added “not shown” at the end of this paragraph.

8892, 25-27: This is only true for free tropospheric SO4. SO2 is largely underestimated.

We agree and changed the sentence to: “In comparison to aircraft observations over Central
Canada in July 2008, simulated SO, values in the free troposphere are in the range of variability
of observations.”

8893, 9-13: I cannot see any significant and systematic differences between the model



configurations, at least from Figure 9. I suggest to skip these sentences.

We agree with the reviewer and removed the following sentences: “CAM4-chem and in part
CAMS5-MAM4-chem represent the influence from high BC plumes over the Pacific somewhat
better than CAMS5-chem. However, CAM5-MAM4-chem shows a stronger overestimation of
background BC than the other models, especially in the upper troposphere.”

8894, 14-22: The whole paragraph would better fit to 4.2.4.
We agree with the reviewer, and have reorganized section 4.2 (as described above).

8894, 15: Is this total column or tropospheric column (as Figure 11 suggests)? In most
studies, satellite CO used for evaluation is total column.

Here we have used the column below 100hPa and therefore approximately the tropospheric
column. We have added the following information to the text: “CO columns are derived for
altitudes between surface and 100 hPa”, and also add these information to the Figure caption.

8894, 17: It seems you were misled by the color coding in Fig. 11. There is no

significant high bias for CAM4-chem for most of the year.

We agree with the reviewer and remove the statement and just state: “The tropical CO column
agrees within 5% with the observations.”

8894, 26: The better agreement of SD models with observations for high latitudes cannot be
derived directly from Figure 11.

We agree and remove this statement. However, we have added the following sentence in the next
paragraph referring to stratospheric ozone column:

“SD configurations do not show the low bias in ozone column during the ozone hole season in
both hemispheres, but instead slightly overestimate column ozone at that time. The reason for this
is that temperatures in the SD configurations temperatures are slightly higher than for the FR
versions especially the lower stratosphere in high latitudes.”

8895, 20-21: Be more honest here. Modelled ozone has deviations of up to 25% for

larger world regions.

Based on comments by Reviewer 2 and to discuss the deviations between model results and
observations with regard to the uncertainties and variability of observations, we have added two
Figures, new Figure 13 and 16, showing the seasonal cycle of selected regions and different
altitudes between models and observations. The mean deviations between modeled ozone and
observations is still up to 25%, however, differences are for the most part within the standard
deviations of the observations. We further added a probability distribution function comparison to
surface observations, as mentioned above. We changed this section to:

“Ozonesonde observations (Sect.3.2), aircraft data (Sect.3.3), and surface observations (Sect.3.4)
are used to evaluate the simulated tropospheric chemical composition in more detail. We use a
Taylor-like diagram to illustrate relative differences between model configurations and
ozonesonde observations, and correlations of the seasonal cycle for different regions, seasons,
and different pressure levels, see Figs.12 and 14. In addition, seasonal cycle comparisons between
model results and observations for specific regions are illustrated in Figs.13 and 15. A
comparison of surface ozone is performed, showing probability distribution functions between
model results and observations for Western and Eastern North America and Western Europe in
Fig.14.

Near surface ozone at 900hPa is for the most part within the range of variability of ozonesonde



observations in both SD and FR configurations (Fig.12 top row). The high bias in summer over
Eastern US and Western Europe, as reported in earlier studies (e.g., Lamarque et al., 2012), has
been significantly reduced, due to an improved calculation of dry deposition velocities (Val
Martin et al., 2014). In comparison to surface observations (Fig.14), in winter, FR model
configurations slightly overestimate maximum ozone values for North America and Western
Europe. SD configurations show a low bias for Eastern North America and Western Europe. In
summer, all model configurations show a high bias of about 10-15 ppb. However, maximum
ozone mixing ratios do agree with observations, whereas low ozone mixing ratios are
overestimated. A high bias of about 10 ppb can be attributed to the coarse model resolution,
which leads to an overestimate of ozone production, because of diluted emissions of ozone
precursors and therefore an increase in the lower ozone mixing ratios of its distribution (e.g.,
Pfister et al., 2014). Ozonesondes are not compared to the model configurations at the surface.
Those agree well to surface observations, besides they bias high over Eastern US in summer, as
discussed in Tilmes et al., (2012).

In the mid-troposphere, model results agree well with ozonesonde observations at 500hPa (Fig.12,
bottom row). The seasonal cycle is well produced, in particular for the FR configurations in mid-
and high latitudes, with correlations around 0.95 compared to the observations. The somewhat
higher bias in winter and spring over Western Europe and high latitudes in CAMS5-chem in
500hPa contributes to the high bias in 900hPa, as more ozone is transported downward, discussed
in Sect.4.1. The low bias in ozone in the West Pacific / East Indian Ocean is due to the stronger
convection in the FR model configurations compared to SD, as also discussed in Sect.4.1. This
bias is also shown in the comparisons at 250hPa, (Figs 14 and 15). At 50hPa, all configurations
show a high ozone bias by at least 20% in the tropics during winter and spring. Mid- and high
latitude ozone in the stratosphere is reproduced well for all configurations within the range of
variability.

Comparisons to the aircraft climatology in the free troposphere (2-7km,Fig.17, top row) confirm
the high bias of 0zone in CAMS5-chem and the low bias in the SD configuration at high latitudes,
as well as the low bias in the Tropics in fall. Deviations from the aircraft climatology are much
larger (up to 40%) compared to the ozonesonde observations (up to 25%).

In comparison to HIPPO aircraft observations over the Pacific, ozone mixing ratios are biased
high in mid and high latitudes in both CAM4-chem and CAM5-chem configurations, mainly in
fall and winter (Fig.18 first and second column). In addition, in spring CAMS5-chem simulates
larger ozone in the NH mid and high latitudes than the other models. The high ozone bias in both
CAM4-chem and CAMS5-chem in the remote region of the Pacific further points to a too strong
STE in the FR versions. In the tropical troposphere, CAMS5-chem reproduces observed mean
ozone mixing ratios very well, while there is also the low biased summer and fall. However, SD
configurations simulate larger ozone mixing ratios in winter and spring compared to ozonesondes
and HIPPO observations.

The better representation of tropical ozone in the SD configurations in summer and fall may
therefore be the result of more realistic convection, or due to a larger production of LNOX in this
region. The observations further confirm that STE in winter and spring in mid- and high latitudes
is slightly too strong in CAMS5-chem compared to the other configurations.”

8896, 5-10: I am not convinced here. There are regions with reduced cloud fraction
over the NH but also regions with larger cloud fraction. Also, the implications for ozone
of cloud differences over Africa and the Middle East are not obvious. Wouldn't it be



more illustrative (also for the mid latitude differences) to show differences in modelled

ozone production?

We thank the reviewer for the comment. A significant difference in the BL ozone as a result of
differences in low clouds between the FR and SD configurations could not be confirmed.
Differences in surface ozone production between the different models are not significant. We
removed this discussion from the paper, including Figure 14.

8896, 11-15: Again, the model bias is up to 25% in Figure 13 and up to 40% for the
aircraft data.

8896, 17-19: “Especially : : : observations”. Skip this sentence or re-phrase.

8896, 23: Compliance of model results with aircraft observations over Europe and US
is not shown.

8897, 9-10: The 250 hPa level is not stratospheric.

8898, 7-10: Specific campaigns are not shown directly by the figures.
We have changed the text in this section, see comments above.

8898, 19-21: HNO3 nor NOy are shown in Fig. 20. Fig. 15 does, but gives no clear
answer.
We agree and have removed this sentence.

Section 5: 8899, 13-16: Re-phrase this sentence. “As shown in model intercomparison
projects projects like : : :, the reason for differences cannot be easily ascribed : : :”. Give
references here, e.g. Naik et al. (2013) or Voulgarakis et al., doi:10.5194/acp-13-2563-

2013 .

We change “The reason for differences cannot be easily ascribed to specific processes in model
intercomparison projects like the Atmospheric Chemistry and Climate Model Intercomparison
Project (ACCMIP), since various processes in models differ.”

To

“The reason for differences cannot be easily ascribed to specific processes in models that
contributed to the intercomparison projects such as the Atmospheric Chemistry and Climate
Model Intercomparison Project (ACCMIP) (Voulgarakis et al., 2013, Naik et al., 2013).”

8899, 22-25: This has been already described in Section 4.2.5.
We agree and removed this sentence.

8899, 27 — 8900, 4: Be more precise here and in Figure 22. Is it tropical CO burden
or tropospheric CO burden or both. Similar for the Methane lifetime: Atmospheric or
tropospheric?

We have added the information in the text and figure caption to make it clearer.

8900, 16 - 8902, 9: I guess that all burdens mentioned here are tropospheric burdens.
This should be mentioned somewhere.
See comment above.

Section 6. 8902, 15-21: Overestimation of surface SO2 and SO4 for polluted regions

points to an overestimation of emissions here?

We add to the text: “In this model version, anthropogenic emissions of SO2 and SO4 are emitted
at the surface, which can lead to underestimated transport into the free troposphere.”



8903, 9-11: As said before, I don’t agree with this conclusion: Deviations are up to 25% for
ozonesondes (Fig. 13) and up to 40% for aircraft campaigns (Fig. 15).

8903, 14-15: Looking at Fig. 11, the bias looks more like 25-50% for the southern extratropics.
We changed this bullet point to:

“Tropospheric ozone in the tropics and the Northern Hemisphere is very well represented in all
model configurations and agrees within the variability of ozonesonde observations of about 25%.
Surface observations are well reproduced in winter. The summer high bias of all models over
Western Europe and Northern America can be for the most part contributed to a high bias in low
and medium ozone mixing ratios as a result the coarse resolution of the model configurations. In
the free troposphere, FR configurations slightly overestimate ozone in mid and high latitudes and
underestimate ozone in the tropical free troposphere in summer and fall, while SD configurations
slightly overestimate ozone in the upper tropical troposphere and in part underestimate ozone in
high latitudes. Southern Hemisphere tropospheric ozone is underestimated by 10-25% in all
model configurations. The comparison to aircraft observations confirms the differences based on
ozonesonde observations, but models show a large bias up to 40% compared to observations.

8903, 23-24: A general underestimation of NOx is not supported by Figs. 15, 19 or 20.

Instead, both overestimation and underestimation can be found.

Here, we do not agree with the reviewer. NOx is for the most part underestimated, in particular in
high latitudes. We added this information to the text.

Table 1: Exchange “model performance” by “global model diagnostics”.
Table 1: Add AOA as model parameter. Make sure that all burdens are atmospheric, otherwise
say “tropospheric burden”.

We agree with the reviewer and add the information for tropospheric burden and lifetimes. As
mentioned earlier, we would like to keep the AOA figure and do not add additional values into
the table. The table caption is changed to:

“Overview of model experiments, setup between different simulations, and global model
diagnostics. Lifetimes and burdens are calculated for the troposphere defined for regions where
ozone is below 150 ppb.”

Table 3: Entries for the following abbreviations are missing: AERONET, AIRS, AMWG,
CLM, COSMIC, MACCity, MOPITT, MOZART, WMO.
We have added those abbreviations to the table.

Fig. 1: How is SAD TROP in the stratosphere defined? You could mask this area in the top right
panel.

In this version of the model SAD TROP contributes to the amount of SAD in the stratosphere,
and therefore impacts the chemistry. More SAD in particular in the lower-most stratosphere in
CAMA4-chem contributes therefore to chemical ozone depletion. Since the model prescribes
stratospheric SAD, this double counting of SAD in the stratosphere will be removed in future
model versions.

Fig. 1: 1 guess differences in RH are relative differences, but this is not clear from the
figure caption (also in Fig. 2).
Relative humidity (RH) is added to the figure caption.

Fig. 10: replace “Kinne (2009)” by “(Kinne, 2009)”. Add “(model — observations)” after



“Differences”.
Done

Fig. 11: Are tropospheric columns (as in the figure title) or total columns (as suspected
from the text) shown?
We added “zonally averaged CO column below 100hPa”

Fig. 11: From the main text this is an OMI/MLS climatology.
We agree and changed this accordingly.

Fig. 14: Frames for aircraft campaigns are hard to see (also in Fig. 19), those are also
not really needed for the paper. Re-Phrase the Figure captions.
We have removed this figure.

Fig. 15: It is not obvious how the temporal and spatial match between campaigns and

model results has been achieved for this Figure (and Fig. 18).

We revised the text to explain this more clearly and point to the text in the figure caption for more
details.

Technical corrections:
All technical corrections are implemented in the revised version of the manuscript if not stated
differently below.

8879, 2: Reference for Liu et al., 2014 is missing.

8879, 9: replace “Strength”’ by “Strengths”.

8880, 2: Write out “CLM”.

8882, 1-2: Remove “‘chemistry including”.

8883, 8-10: Add reference: Rienecker et al., http://dx.doi.org/10.1175/JCLI-D-11-

00015.1 .

8883, 15: For clarification say “prescribed chemical fields for longer-lived substances”.
8883, 27: Add “with” before “lower”.

8884, 14: Replace “We are interested in: : :” by “We limit ourselves to: : :”.
Changed by “We use present-day ..”

8884, 22: Write out “MOPITT”.

8885, 15: Replace “TERRA” by “Terra”.

8885, 20: Write out “AERONET”.

8886, 6: Skip “between 1995 and 2010

We will keep this information to identify precisely what is included in the dataset.

8887, 10: Replace “: : : similar regions and different seasons : : :” by “: : : similar regions
in different seasons : : :”.

8889, 28: Add “as” before “described”.

8890, 10: Replace “: : : are analyzed. : :” by “: : :is analyzed: : :”.

8890, 18: Replace “configuration” by “configurations”.

8892, 19: Add “free” before “troposphere”.

8892, 27: Data is shown in Fig. 8, bottom right panels.

8894, 7: Replace “Column” with “Columns”.

8895, 17: Add “ozonesonde’ before “observations”.

8896, 26: Figure 17 must become new Figure 16, as it is introduced first.

8896, 26: Replace “Fig. 17 first and second column” by “Fig. 16, first and second row”.
8897, 5: Add “(Fig. 17)” after “biased high”.



8897, 8: Skip “(Fig. 16)”.
8897, 21: Exchange “(Fig. 15)” by “(Fig. 18)”.8898, 7: Exchange “(Fig. 18)” by “(Fig.
15) ”.Figures have been reorganized as discussed above;

8898, 17: Add “free” before “troposphere”.

8902, 2: Add “at” after “pointing”.

8909, 3-5: Please use correct doi: “doi:10.1029/2004JD005537 .

Table 2: Skip “, starting 1995

Fig. 1: Exchange “SD-CAM4-cam” by SD-CAM4-chem” in the figure caption.

Fig. 3: Re-phrase figure caption: “Comparison between zonally (20_S-20_N) and annually
averaged fields of : : : around the tropical tropopause region, derived from : : :

this figure was removed

Fig. 7: Replace “SD-CAMS5-chem (blue) and SD-CAMS5-chem (red)” by “SD-CAM4-

chem (red) and SD-CAM5-chem (blue)”.

New Figures:

CAMS5-chem minus SD-CAMS5-chem
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Figure 3: Comparison of ozone, nitric acid, ozone production, lightning NOx, carbon monoxide,
NOx, hydroxyl radical, and water vapor, between CAMS-chem and SD-CAMS5-chem.
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Seasonal cycle comparison between observations using a present-day ozonesonde climatology
between 1995--2011 (black) and model results: CAMS5-chem (cyan) and CAM4-chem (orange),
SD-CAMS5-chem (blue) and SD-CAM4-chem (red). Model results are interpolated to the same
locations as sampled by the observations and for different pressure levels, 900hPa (top panel) and
500hPa (bottom panel) for selected regions. The standard deviation of ozonesonde observations is
shown as error bars and the mean and correlation of the seasonal cycle between observations and
models are printed on the top of each figure.
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Figure 14: Probability distribution function (PDF) of the regionally-aggregated ozone distribution

for Western North America, Eastern North America, and Western Europe from surface ozone

observations (grey shaded area) in comparison to regionally-aggregated ozone distributions from
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model results interpolated to the location of the ozone stations (different colors), for winter (left)
and summer (right).
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Figure 16:
As Fig.13, but for different pressure levels, 250hPa (top panel) and 50hPa (bottom panel).



Response to Referee 2:

We thank the reviewer for the critical review of the paper, which has contributed to an improved
version of this manuscript. Comments by the referee are shown in italic font. In addition to the
changes described below, note that the figures and Table 1 have changed slightly from the
previous version of the manuscript due to having to redo some simulations to correct a minor
inconsistency. None of the statements in the text had to be changed because of this correction.
The simulations that were redone are CAMS5-chem, CAMS5-chem*, CAMS5-chem MAM4, and
SD-CAM4-chem.

This manuscript presents an overview assessment of the performance of tropospheric chemistry
within the CESM1.2. The presentation makes extensive comparison to observation for validation
and assessment of model results. In the Abstract, the authors state that the system is “well suited
as tools for atmospheric-chemistry modeling studies in the troposphere and lower stratosphere,
whether with internally derived “free running” (FR) meteorology, or “specified dynamics” (SD)”
and follows with “The main focus of this paper is to compare the performance of these
configurations against observations from surface, aircraft, and satellite, as well as understand

the origin of the identified differences.” Unfortunately, the paper doesn’t seem to sufficiently
address the second part of the statement well enough to support the first.

We agree that the model configurations are not “perfect” in the sense that they reproduce
available observations within the range of uncertainty. Indeed many shortcomings still exist in the
model and further development is required. We drop the sentence in the abstract that is of concern
to the reviewer and instead focus on describing the performance of the different configurations in
comparison to observations.

We therefore modify the abstract as follows:

“The Community Atmosphere Model (CAM), version 5, is now coupled to extensive tropospheric
and stratospheric chemistry, called CAMS5-chem, and is available in addition to CAM4-chem in
the Community Earth System Model (CESM) version 1.2. The main focus of this paper is to
compare the performance of configurations with internally derived “free running” (FR)
meteorology and “specified dynamics” (SD) against observations from surface, aircraft, and
satellite, as well as understand the origin of the identified differences. We focus on the
representation of aerosols and chemistry. All model configurations reproduce tropospheric ozone
for most regions based on in-situ and satellite observations. However, shortcomings exist in the
representation of ozone precursors and aerosols. Tropospheric ozone in all model configurations
agrees for the most part with ozonesondes and satellite observations in the Tropics and the
Northern Hemisphere within the variability of the observations. Southern Hemispheric
tropospheric ozone is consistently underestimated by up to 25%. Differences in convection and
stratosphere to troposphere exchange processes are mostly responsible for differences in ozone in
the different model configurations. Carbon monoxide (CO) and other volatile organic compounds
are largely underestimated in Northern Hemisphere mid latitudes based on satellite and aircraft
observations. Nitrogen oxides (NOx) are biased low in the free tropical troposphere, whereas
peroxyacetyl nitrate (PAN) is overestimated in particular in high northern latitudes. The present-
day methane lifetime estimates are compared among the different model configurations. These
range between 7.8 years in the SD configuration of CAMS5-chem and 8.8 years in the FR
configuration of CAM4-chem and are therefore underestimated compared to observational
estimations. We find that differences in tropospheric aerosol surface area between CAM4 and
CAMS play an important role in controlling the burden of the tropical tropospheric hydroxyl
radical (OH), which causes differences in tropical methane lifetime of about half a year between



CAM4-chem and CAMS5-chem. In addition, different distributions of NOx from lightning explain
about half of the difference between SD and FR model versions in both CAM4-chem and CAMS-
chem. Remaining differences in the tropical OH burden are due to enhanced tropical ozone
burden in SD configurations compared to the FR versions, which are not only caused by
differences in chemical production or loss, but also by transport and mixing. For future studies,
we recommend the use of CAMS-chem configurations, due to improved aerosol description and
inclusion of aerosol-cloud interactions. However, smaller tropospheric surface area density in the
current version of CAMS5-chem compared to CAM4-chem results in larger oxidizing capacity in
the troposphere and therefore a shorter methane lifetime.”

1t is recognized that a truly thorough evaluation of a system as complex as this is difficult and
time consuming, but the content of this paper is a pretty extensive information dump that for the
most part lacks anything more than speculative and unsupported guesses regarding the results,
their main drivers and why they are what they are relative to observation.

We agree with the reviewer that the submitted version of the manuscript was lacking in
supportive arguments for some of the conclusions drawn. We also agree that a lot of information
is given in the paper. To improve the paper, we have now included what we feel are better
arguments for the drawn conclusions and removed those conclusions that could not be supported,
as discussed in more detail below. We have tried to make the statements more quantitative, and
also improved the structure of Section 4.2 as suggested by the other reviewer, and perform the
evaluations grouped by chemical species.

- Why and what is the impact of the new reactions added?

The reason for the change in reactions are described in the paper

line 8882: “In CESM1.2 CAM4-chem, the lumped aromatic (“TOLUENE”) was replaced with
the specific species benzene, xylene and toluene, along with simplified oxidation products for the
two new species, to accommodate the 2-product formation of SOA (new reactions listed in
Appendix A).”

The 2-product formation of SOA in CAM4-chem requires additional species that were not
included in earlier versions of the model. This change has little impact on the chemistry, but
allows the new SOA calculation. We have added the sentence:

“These changes do not have an impact on the chemical performance of the model.”

- Can the impacts of clouds, dynamics, aerosols, etc. be more explicitly evaluated to address the
inter-model differences and differences between model and observation?

In this paper, we focus on the performance and evaluation of aerosols and chemistry. Differences
in clouds and dynamics between the different configurations are discussed briefly in Section 4.1
but were evaluated in detail in earlier studies. In the revised version of the manuscript we try to
improve the paper and identify differences in chemistry as a result of convection and transport,
and to some degree clouds, by including an additional figure, new Figure 3 (see below) and add
the following text:

“The comparison of chemical constituents in the two model configurations further supports a
stronger tropical vertical transport in CAMS5-chem compared to SD-CAMS5-chem and stronger
STE in high latitudes (Fig.3). Stronger tropical vertical transport (mostly in deep convection) in
CAMS5-chem is evident due to higher mixing ratios in CO and lower mixing ratios of nitric acid
in the upper tropical troposphere. The resulting higher CO mixing ratios in the upper troposphere
together with increased LNOx in mid-latitudes lead to greater ozone production, while reduced
LNOx in the tropical belt reduces ozone production. Furthermore, increased nitric acid in addition
to higher ozone mixing ratios in high northern latitudes point to more STE. Additionally, lower



NOx and CO values in the boundary layer in CAMS5-chem indicate that increased STE rather than
chemical processing results in larger ozone mixing ratios in CAMS5-chem than SD-CAMS5-chem.
Differences in low clouds between CAMS5-chem and SD-CAMS5-chem also impact chemistry and
result in reduced ozone production in the boundary layer in CAMS5-chem. Similar differences are
present between CAM4-chem to SD-CAM4-chem, however, with smaller differences in STE in
high latitudes compared to the CAMS-chem configurations (not shown).”

1t seems that this paper should go in one of two directions:

1) It should be extensively revised to include a more explicit statistical analysis of the results and
their comparison to observation. This would be perhaps be best done with a smaller set of
observations that highlight some of the main driving factors that impact results: e.g. tropospheric
03 is often a clear signal of vertical transport. Methane lifetimes reflect OH abundance and
chemistry, but this pits one of the slowest reacting species as an indicator of one of the fastest
reacting. Is it possible to more directly assess their interaction?

We have attempted to improve the presentation of the statistical evaluation of tropospheric ozone
in the revised version of the paper. In addition to the discussion of the Taylor-like diagrams for
ozone evaluation based on ozonesonde observations, we also show seasonal cycle plots, including
information of the variability of the observations (adding standard deviations). Further, we
included the evaluation of the probability distribution function of surface ozone observations.

In additions, we have discussed the connection between methane lifetime and OH, and
correlations with other factors in detail in Section 5.

2) The paper should be retracted and resubmitted as two papers: One as a technical description
paper with a lot more technical discussion and evaluation. And a second that evaluates the
model’s performance against observation, including a proper statistical analysis.

We agree with the reviewer that this paper does not cover the technical aspects of the various
model configurations since many of those are available in previous publications. The reviewer
might have been misled in the introduction by the statement: “The performance of CAM4-chem
and CAMS5-chem is discussed in Sect. 4, which includes model-to-model comparisons of
chemistry and aerosol budgets”. We have changed this sentence to: “Model-to-model differences
in dynamics, chemistry and aerosols, and global budgets are discussed in Sect. 4. A
comprehensive evaluation of chemistry and aerosols, based on satellite and in-situ observations is
performed in Sect. 4.2.”

The focus of this paper is on evaluating the inter-model performance and the performance against
observations. We believe that our statistical analysis is for the most part proper, but we agree that
improvements can be made, as described in the comment above.

The authors have clearly done a lot of work preparing and testing the model system, compiling
observations, and developing tools for comparison. They are well regarded for their effort, but
this paper, unfortunately, is sub-par. I add, lastly, that with the density of acronyms it is
somewhat difficult to read.

Unfortunately many acronyms are used, but there is not really a good solution in changing this.
We have added a table for the purpose of making the paper more readable due to the acronyms
used, which is updated in the revised version of the manuscript.

Please consider my comments below for more detail.



P8878, L1: The intro starts off rather abruptly. Please include a general introduction to the
CESM.
We agree with the reviewer and modify the first paragraph of the introduction:

“The Community Earth System Model (CESM) is a comprehensive model that couples different
independent models for atmosphere, land, ocean, sea-ice, land ice, and river runoff (e.g., Neale et
al., 2013; Lamarque et al., 2012). It can be used in various configurations, depending on the use
of different components and the coupling between them. The atmospheric component of CESM,
the Community Atmosphere Model (CAM), has the capability of including chemistry of varying
complexity. Default CESM configurations used for long-term climate model simulations usually
include prescribed chemical fields in the atmosphere using monthly averages. ...”

and the first sentence of the second paragraph:
“In CESM version 1.2, CAM version 5 (CAMS) extensive tropospheric and stratospheric
chemistry, referred hereafter to as CAMS-chem, has been successfully implemented.”

P8879, L27: With fixed SST, what impact might this have on truly evaluating the interactions
between chem., physics, and dynamics in the results?

We purposely performed the experiments with prescribed present-day SST, to eliminate an
additional factor in differences between the various model simulations. For specified dynamics
runs, calculated SST would not make a difference since the atmospheric dynamics is nudged. For
the free running simulation, calculated SST would add additional variability to the atmospheric
fields, which would make it more difficult to identify the reason for the differences in different
chemical fields. The larger variability in the specified dynamics runs for example in lightning
NOx compared to the free-running version may be caused by the fact that the SST are prescribed
for all model years, which may reduce the variability in the FR version, but not in the SD version
where atmospheric dynamics are from analyses. We will change this sentence in Section 5:

“The spread in the annual LNOx production is much larger in the SD simulations compared to the
FR configurations, which is likely introduced by the use of climatological SSTs in the FR
configurations.”

P8880 — Since the system uses chemistry coupled to the modal aerosol scheme, comparison to
results from Long et al. (2013, GMD; 2014, ACP) with more explicit multiphase chem would
perhaps be valuable to this MS.

This study is focused on evaluating the different configurations of CESM with chemistry. We
think that it would be beyond the scope of the paper to compare our results to a different model.

P. 8882, L15-17: Small particles DO impact het. chem. Why do the authors believe they don’t?
This would only be the case if the specific chemical mechanism used specifically neglected the
chemistry associated with smaller particles.

We rephrase the sentence to clarify that heterogeneous chemistry on small particles is not
included in the current model version, even though it has been shown that those reactions matter.
“The contribution of very small particles, such as the Aitken mode in MAM3 and the primary
carbon mode in MAMA4, are neglected in the model calculation of surface area density. Further,
sea-salt and mineral dust aerosols do not contribute to SAD in either model version, as
heterogeneous reactions are not assumed to occur on these surfaces. Since reactions on very small
particles are important, this may lead to an underestimation of SAD in the model.”

The conclusions also state:

“An underestimation of SAD in the model is possible, because BC plumes are significantly
underestimated over source regions. Since background aerosols are in general overestimated,
shortcomings may exist in the calculation of SAD. For example, sea-salt and dust provide



surfaces for heterogeneous reactions that have not been taken into account in any of the
simulations (Evans et al., 2005)”

P. 8888, L 20-24: At the resolution used, is CAM even able to resolve STE well enough to permit
diagnostic analysis of the impact of stratospheric chemistry and exchange on the results?

The purpose of the performed diagnostics is to identify the differences in STE in the models.
Comparisons with ozonesonde and aircraft data indicate that differences in STE can lead to a
slight overestimation of ozone (in CAMS5-chem) or in a slight underestimation (SD-CAM
versions) in mid- to high latitudes, but on average to reasonable values of ozone, as described in
the text.

P8889, L10: SAD is used here but defined on p. 8890
SAD is now introduced when it is used the first time.

P8891, L13-15: This statement is self-contradicting. It appears you 'rve using the term SAD in
place of the more appropriate term surface-to-volume ratio. Perhaps this should be changed.
Surface area density in microns’/cm’ is indeed the surface area to volume ratio.

“Heterogeneous reactions on aerosol particles in the model do not directly relate to the aerosol
burden, but rather depend on the amount of tropospheric SAD. SAD depends not only on aerosol
burden or mass, but also on their size distribution. For the same aerosol burden, smaller particles
provide a larger SAD than larger particles.”

P8892 and in general: Since this is a chemistry paper, more or less, it is important that the
appropriate symbols and terminology are used. Is SO2 meant to refer to SO2 gas? If so, it should
be SO2(g). SO4, as presented, suggests some non-ionic sulfur oxide radical. If it is meant to be
particulate or aqueous SO42-, it should be presented as such.

To clarify in the paper we added “SO?2 is referred to as gas-phase species throughout the paper”
and further, define SO4 as “sulfate aerosol”.

P8892, L17-20: Unfortunately, for a publication seeking to present a proper analysis of a
chemistry model system, the terms “reasonable agreement” and “agrees well with” are
insufficient. This work should be a proper analysis based on observational and modeled statistics.
Avoiding this type of analysis completely undermines the utility and ability to extract meaningful
information from this as a scientific work. The work that the authors have done to date compiling
data and creating unbelievably useful tools for making comparisons and analysis possible should
be leveraged to do at least something to step beyond the current state. IF, on the other hand, it is
the authors intention to perform a more complete analysis for presentation in another manuscript
Jfor submission elsewhere — which may be the more suitable way forward — then this should be
stated and much of this analysis should be removed from the manuscript.

To address the concerns of the reviewer, in the revised version of the manuscript we have added
more quantitative statements to describe how “well” the model compares to the observations. We
further added two new figures, Figures 13 and 16 (see below) showing seasonal cycle
comparisons of the model to ozonesonde observations, additions the statistical comparison in
from of a Taylor-like diagram, to visualize the performance of the model with regard to the
variability of observations. We also added a comparison of probability distribution functions
between surface measurements and model results (new Figure 14).

The sentence pointed out by the reviewer:

“Comparisons to aircraft observations over the US and high northern latitudes (Fig. 8), show a
reasonable agreement of SO2 over the US for all model configurations. Further, SO4 agrees well
in the troposphere over the US, while boundary layer values are overestimated.”



Is changed to:

“Comparisons to aircraft observations over the US (Fig. 8, left), show very good agreement for
SO2 that are very close to the observed values for two of the campaigns, while simulated values
are slightly larger for ARCTAS-CARB. Further, the model configurations reproduce observed
sulfate aerosol for some campaigns, with the exception of CAM4-chem, while boundary layer
values are more than double to those observed.”

P8896, L6, LS, P8897, L1; P8904, L9: Invoking cloud impacts on O3 seems speculative here.
Further analysis is both possible and necessary.
We agree and have removed the discussion and corresponding Figure.

P8893, L28 — P8894, L1: If the AOD bias is the result of too much seasalt and/or dust, wouldn’t
this mean that the winds may be too high? This would be a straightforward analysis, wouldn’t it?
Also, given that AOD is based on the MIRAGE system, wouldn’t a sensitivity to RH also be just
as likely to affect AOD?

We give some more information on sea salt and dust in the model configuration and experiment
section: “The dust emissions are calibrated so that the global dust AOD is between 0.025 and
0.030 (Mahowald et al, 2006). Further, sea salt emissions are calibrated in present-day conditions
so that the global mean AOD (for all species) are within the reasonable range. Those values have
been evaluated in Liu et al., 2012, who show that the difference between model simulations and
observations are generally within a factor of two.

Further we add the following text to Section 4.2.1: Aerosols and Aerosol Optical Depth (AOD):

“The AOD bias in the subtropical ocean (mostly from coarse mode sea salt) can be due to the
model deficiency representing the sea salt emission or sedimentation (scavenging) process that
requires further investigation. Using reanalysis winds do not reduce this bias (not shown).”

P8904, L3-4: This is improper English.

We change the sentence: “Differences in the H20O-tape recorder and in AOA point to a too
strong Brewer—Dobson circulation in the FR model configurations, while it is reasonably
reproduced in the SD configurations.” to

Differences in the H20 tape recorder and in AOA indicate that the Brewer—Dobson circulation is
too strong in the FR model configurations, while both diagnostics are reasonably reproduced in
the SD configurations.”

Table 1 (and most of the rest of the data shown).: What are the statistics? Are they means? If so,
what about std. dev. If they 're medians, what about range? In any case, are the statistics
appropriate? For example, if the optical depth data are means, it should be pointed out that AOD
is not normally distributed and therefore means are meaningless (no pun intended). In fact, most
of the quantities presented in this table and elsewhere are known to not only NOT be normally
distributed, but the distribution and resulting statistics are known to differ with model horizontal
resolution. In most cases, there are clear modes within the distributions that can be attributed to
individual geographic regions, features, or locations in the atmosphere. As such, changes in one
area may appear to affect the whole from a statistical standpoint, when in fact there is no change
at all elsewhere. It is possible that any analysis or comparison based on these data are
insupportable.



The purpose of Table 1 is to show global values and budgets that are meant to give an overview
of the performance of the different model configuration. The total budgets, lifetimes, and other
variables, are usually presented in this way. The values we are showing are averages over all the
years of the simulations. We are not discussing variability of the different variables here, but go
into the details of the variability of some of the variables in Section 4 and 5, as well as for AOD.
We are very aware of the fact that many variables, for example ozone, are not distributed
normally depending on regions and altitudes considered, as for example pointed out in Tilmes et
al., 2012. This is why this table is not meant to serve as a full evaluation tool, but to give an
overview of the global diagnostics, whereas detailed investigations are presented further along in
the paper. We are not discussing the impact of different horizontal resolutions, however, in the
new version of the paper, we acknowledge that some shortcoming in the model are likely a result
of the coarse resolution (see the additional comparison to surface observations). Further case
studies would be beneficial to investigate the behavior of different variables in more depth and
specific aspects of the model, but this is beyond the scope of this paper.

New Figures:

CAMS5-chem minus SD-CAMS5-chem
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Figure 3: Comparison of ozone, nitric acid, ozone production, lightning NOx, carbon monoxide,
NOx, hydroxyl radical, and water vapor, between CAMS-chem and SD-CAMS5-chem.



§00hRa_W—Pacific/E—hdian Oceat §OChPa  Western Europe 900hPa Eostarn US 00hPa Ganod

120 120 120 120
Meem: 222 51 18, Meam: 302 390 306 Mewx 513 529 529 Mean: 330 350 360
100 ” ECIE Y ” 0% 098f 100 v 095 osaf 100 r 296 os8f
80 Foeod [ e F 80 E
50 F 0 £ €0 F €0 F
20 4 F 204 F 20 E 20 F
o o T T T T T o T T T T T 0 T T T T T
o 2 4 & & w0 12 0o 2 4 & 8 10 12 © 2 4 & 8 10 12 0 2 4 & 8 10 12
months months months months
120 J0MRa W—Pacific/E-hdian Ocea 120 £OOMRS Western Europe oo POOFS L, Eestyn U 120 £200R8 N Ganad
Meom: 360 27wy Mean: 093 510 848 Mows: 508 T4 514 Meus: 569 519 510
100 J i 00 om [ 100 4 n 008 004 [ 100 b 098 098 [ 100 i 096 085 [
80 E 8 F 80 E 80 L
60 E © F e0 ] F ) o
0 4 H 4“0 F 40 4 F 0 £
204 F 20 F 20 F 20 F
° T T T T 0 T T T T T o T T T T T 0 T T T T T
o 2 4 6 8 10 12 o 2 4 6 8 10 12 o 2 4 & & 10 12 °© 2 4 & 8 10 12
manths months months months

Seasonal cycle comparison between observations using a present-day ozonesonde climatology
between 1995--2011 (black) and model results: CAMS5-chem (cyan) and CAM4-chem (orange),
SD-CAMS5-chem (blue) and SD-CAM4-chem (red). Model results are interpolated to the same
locations as sampled by the observations and for different pressure levels, 900hPa (top panel) and
500hPa (bottom panel) for selected regions. The standard deviation of ozonesonde observations is
shown as error bars and the mean and correlation of the seasonal cycle between observations and
model results are printed on the top of each figure.
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Figure 14: Probability distribution function (PDF) of the regionally-aggregated ozone distribution

for Western North America, Eastern North America, and Western Europe from surface ozone

observations (grey shaded area) in comparison to regionally-aggregated ozone distributions from
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model results interpolated to the location of the ozone stations (different colors), for winter (left)
and summer (right).
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Figure 16:
As Fig.13, but for different pressure levels, 250hPa (top panel) and 50hPa (bottom panel).
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Abstract

The Community Atmosphere Model (CAM), version 5, is now coupled to extensive tro-
pospheric and stratospheric chemistry, called CAM5-chem, and is available in addi-
tion to CAM4 chem in the Communlty Earth System Model (CESM) verS|on 1 2. Be%h

%repesphere—aﬁd—lewer;ﬁmesphere—whe%heﬁhe main focus of thls aper is to compare the
erformance of configurations with internally derived “free running” (FR) meteorology e+

and “specified dynamics” (SD) —Fhe-main-foeus-otthispaperistocompare- the periormance
efthese—eenfigurations—against observations from surface, aircraft, and satellite, as well
as understand the origin of the identified differences. We particttarly-focus-on-—comparing
focus on the representation of aerosols and chemistry. All model configurations reproduce
tropospheric ozone for most regions based on in-situ and satellite observations. However,
shortcomings exist in the representation of ozone precursors and aerosols. Tropospheric
ozone in all model configurations agrees for the most part with ozonesondes and satellite
observations. Southern Hemispheric tropospheric 0zone is consistently underestimated by
up to 25%. Differences in convection and stratosphere to troposphere exchange processes
Carbon monoxide (CO) and other volatile organic compounds are largely underestimated
oxides (NOx) are biased low in the free tropical troposphere, whereas peroxyacetyl nitrate

PAN) is overestimated in particular in high northern latitudes. The present-day methane
lifetime estimates within—are compared among the different model configurations;—which

. These range between 7.8 years in the SD configuration of CAM5-chem and 8.8 years
in the FR configuration of CAM4-chem and are therefore underestimated compared to
observational estimations. We find that trepespherie-surface-area-density-is-an-important
facterdifferences in tropospheric aerosol surface area between CAM4 and CAMS play
an_important role in controlling the burden of the tropical tropospheric hydroxyl radical
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(OH), which causes differences in tropical methane lifetime of about half a year between
CAM4-chem and CAM5-chem. In addition, different distributions of ritreger-exides+NO, }
produeed-from-lightaing-preduction—{rom lightning explain about half of the difference be-
tween SD and FR model versions in both CAM4-chem and CAM5-chem. Remaining differ-
ences in the tropical OH burden are due to enhanced tropical ozone burden in SD configu-
rations compared to the FR versions, which are not only caused by differences in chemical
production or loss, but also by transport and mixing. For future studies, we recommend the
use of CAM5-chem configurations, due to improved aerosol description and inclusion of
aerosol-cloud interactions. However, smaller tropospheric surface area density in the cur-
rent version of CAM5-chem compared to CAM4-chem results in larger oxidizing capacity in
the troposphere and therefore a shorter methane lifetime.

1 Introduction

The Community Earth System Model (CESM) is a comprehensive model that couples
different independent models for atmosphere, land, ocean, sea-ice, land ice, and river
runoff (e.g., Neale et all, 2013; lLamarque et all, [2012). It can be used in various con-
figurations, depending on the use of different components and the coupling between
them-—, The atmospheric component of CESM, the Gommunity Atmosphere Model (CAM),
has the capability of including chemistry of varying complexity. Default CESM configura-
tions -for-exampte-used-for-simutations—participating—in-used for long-term climate model

assessments;usuatly-preseribe-mostofthe-simulations usually include prescribed chemical
fields in the atmosphere using monthly averages. To produce those prescribed input fields,

simulations with a detailed representation of chemistry and aerosol processes are required.
Furthermore, non-linear interactions between chemistry and aerosols in the atmosphere
are important for chemistry-climate interactions (e.g., [Lamatque_el_aﬂ 2005; Isaksen et al.,
) or for the simulation of air qualrty

In CESM version 1.2,
+CAM version 5 (CAM5)with-, extensive tropospherlc and stratospherlc chemlstry, referred
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hereafter to as CAM5-chem, has been successfully implemented. The performance of CAM
version 4 (CAM4) with interactive chemistry, referred to as CAM4-chem, has been dis-
cussed in [La.ma.r_que_el_a.ﬂ (lZQJ_d). In this study, a similar setup of both CAM4-chem and
CAMS5-chem allows the comparison of both versions and their performance in comparison
to observations. The two atmospheric configurations CAM4-chem and CAM5-chem differ in
various aspects, including the treatment of cloud, convection, turbulent mixing, and aerosol
processes (e.g., Neale et all, [2013; Gent et al), [2011); [Kay et all, 2012; ILiu et all, [2012),
whereas the gas-phase chemistry is identical. Resulting differences in dynamics, clouds,
precipitation, and radiation, will alter chemical reactions in the gas, aqueous, and aerosol
phase, and removal processes, and therefore the chemical composition of the atmosphere
in these configurations.

In addition to exploring differences between the two atmospheric model versions using
internally produced meteorology, we also perform simulations in which the meteorology
(temperature, winds, and surface fluxes) is nudged towards meteorological analysis (or re-
analysis) fields to reduce differences in the dynamics of the two configurations. Further, two
slightly different aerosol schemes of the modal aerosol model (MAM) are tested in CAM5-
chem, the 3-mode versi ﬁAMs (Liu et all, 2012) and the 4-mode version (MAM4) {kit
e{—a4—29+4-)—, In addition, sensitivity studies are performed to explore dif-
ferences in the oxidizing capacity of the atmosphere and therefore in tropospheric methane
lifetime in the different model configurations. In this way, relationships between trepospheric
methane lifetime, aerosol and chemistry composition, and meteorological parameters are
explored.

A comprehensive evaluation of all configurations is performed, using a set of present-
day observational climatologies of different chemistry and aerosol species from ground-
based, aircraft and satellite observations. Strength—Sirengths and weaknesses of the
various model configurations are discussed. Evaluation tools for trace gases and
aerosols developed in this study are merged to the Atmospheric Model Working Group
(AMWG) diagnostics package, and are available to the community on the CESM website
(https://www2.cesm.ucar.edu/working-groups/amwg/amwg-diagnostics-package).
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This paper is structured as follows. Section 2| gives details of the model configurations
and experiments performed for this study. Section [3] describes present-day climatologi-

cal datasets used in this study to evaluate the model. The—performance—of-CAM4-chem
Model-to- model differences in dynamics, chemlstr and GAM%-ehem—is—dﬁeussed—m

{aerosols and global bud ets are dlscussed in Sect Eﬁ])—&ﬁd—& A comprehenswe evalu-
ation of chemistry and aerosols, based on satellite and in-situ observations {is performed

in Sect. [4.2). We discuss reasons for differences in tropospheric methane lifetime of the
different model configurations, an indicator of the oxidizing capacity of the atmosphere in
Sect.Bl A summary and discussion of the results is given in Sect.

2 Model configurations and experiments

The presented results are based on output from simulations performed
with  the NCAR Community Earth System Model (CESM) Version 1.2.
(https://www2.cesm.ucar.edu/models/current). All model simulations are performed
with a—data—ocean—consisting—of—prescribed sea surface temperatures and sea-ice
distributions—distribution data for present-day climatological conditions, since we focus on
the atmospheric component. Dry deposition of gases and aerosols are implemented in the
land-meder-Community Land Model (CLM) dQ_LeE 2010) as described in
(@) For all experiments CLM Version 4.0 was used. CESM 1.2 can also include online
calculation of biogenic emissions in CLM using the Model of Emissions of Gases and
Aerosols from Nature (MEGAN) version 2.1 dﬁy_emner_e_t_aﬂ Qoﬁ). In this study, biogenic
emissions are prescribed (see below) to ensure having the same amount of emissions in
all configurations, and interactive bio-geo-chemistry was not included.

CAM4-chem uses 26 vertical levels while CAM5-chem uses 30, and they both have
a model top around 40 km. The horizontal resolution of performed simulations is 1.9° x 2.5°
and we use the finite volume dynamical core. An important difference between the two at-
mospheric models is the cloud microphysics, which in CAM4-chem predicts only the mass
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concentrations of the cloud species, but in CAM5-chem predicts the number as well as
mass concentrations. CAM5-chem consequently treats the microphysical effect of aerosols
on clouds dﬁha.n_el_aﬂ |20_12), while in CAM4-chem aerosols impact physics and dynamics
only through their interaction with radiation.

CAM4-chem and CAM5-chem further differ in the parameterization of aerosols. CAM4-
chem runs with a bulk aerosol model (BAM), which considers a fixed size distribution of
externally-mixed sulfate, black carbon (BC), organic carbon (OC), sea-salt and dust (@

). Sea-salt and dust are described using four different bins. In CAM4-chem, the forma-
tion of secondary organic aerosols (SOA) is coupled to chemistry. SOA are derived using
the 2-product model approach using laboratory determined yields for SOA formation from
%terpene oxidation, isoprene and aromatic photooxidation, as described in

).

The current standard CAM5 model version, and therefore also CAM5-chem, uses the
modal aerosol model with three modes (MAMS3) M M). The aerosol compo-
nents, including BC, primary organic matter (POM), SOA, sea-salt, dust, and sulfate, are
internally mixed in each lognormal mode, and the aerosol mass and the total number in
each mode are predicted. CAM5-chem is also tested with the 4-mode version, MAM4,
called CAM5-MAM4-chem from here on. The main difference between these two modal
versions used here is the representation of BC and OC. In MAM3 all BC and OC is as-
sumed to be aged and hence is emitted directly into the accumulation mode with other
soluble aerosol species, whereas MAM4 emits the BC and OC in the primary carbon mode
and represents the aging process of BC and OC from the primary carbon mode to the ac-
cumulation mode, as done in BAM. For the SOA production in CAM5-chem, mass yields of
several biogenic and anthropogenic Volatile Organic Compounds (VOCs) are prescribed.
The resulting condensable secondary organic gas reversibly and kinetically partitions to the
aerosol phase, as described in detail in (@). The different approach in CAM5-
chem than CAM4-chem results in much larger burden of SOA, as shown in

). The dust emissions are calibrated so that the global dust aerosol optical depth

AQOD) is between 0.025 and 0.030 (Mahowal I,QO_O_d). Further, sea salt emissions
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are calibrated to present-day conditions so that the global mean AOD (for all species) are

within the reasonable range. Those values have been evaluated in [Liu et al! (2(212)wv@
have shown that the difference between model simulations and observations are generall

The production of sulfate aerosol (SO4) in CAM4-chem and CAM5-chem is also param-
eterized differently. In CAM4-chem, SOy is produced directly from sulfur dioxide (SO5) by
oxidation through heterogeneous reactions on aerosols. SO, is referred to as gas-phase
species throughout the paper. In CAM5-chem, sulfate aerosols are assumed to be partially
neutralized by ammonia (NHs), in the form of ammonium hydrogen sulfate (NH4HSOy).
Sulfates are produced via sulfuric acid (H,SO4) condensation on existing aerosols, where
H,S0, is formed by the oxidation of SO,. Both CAM4-chem and CAM5-chem include aque-
ous phase production of SO4 from SO,, with more than half formed by the hydroperoxyl
l%) uptake and subsequent hydrogen peroxide (H,O3) oxidation in clouds ,

). In addition, CAM5-chem includes nucleation of SO4, which contributes less than 1 %
to the production of SO4 mass but is an important source of aerosol number. Also, while in
CAM4-chem sulfur oxides emissions are in the form of SO, only, in CAM5, 2.5 % of SO» is
emitted in the form of SO4.

Furthermore, the representation of removal processes is different in CAM4-chem and
CAMS5-chem. In CAM4-chem all of the aerosol in the cloudy fraction of the grid cell is
assumed to reside within cloud droplets and is removed in proportion to the cloud water
removal rate. In CAM5-chem the mass and number fraction of the cloud-borne aerosol is
determined from the aerosol activation parameterization (Ghan and Easter, Igopﬂ), so that
smaller particles are not removed by nucleation scavenging.

CAM4-chem has been run and tested with comprehensive ehemistry—inctuding-tropo-
spheric and stratospheric chemistry (lLamanm_el_aLJ lZQJ_d). The chemical mechanism
is based on the MSZART4-Model for Ozone and Related chemical Tracers (MOZART),
version 4 mechanism for the troposphere (lEmmgns_el_a.LJ lZQJ_d), extended stratospheric
chemistry (llﬁmnmn_el_aﬂ |20_0_Z|), further updates as described in [La.ma.r_que_el_aﬂ ,
and additional reaction rate updates following JPL 2010 recommendations ,

7

1odeJ TOISSNOSI(] 1odeJ WOISSNOSI(] 1odeJ TOISSNOSI(]

1odeJ UOISSNOSI(]



M). In CESM1.2 CAM4-chem, the lumped aromatic (“TOLUENE”) was replaced with the
specific species benzene, xylene and toluene, along with simplified oxidation products for
the two new species, to accommodate the 2-product formation of SOA (new reactions listed
in Appendix A). These changes do not have an impact on the chemical performance of the
model.

As in CAM4-chem, CAM5-chem couples tropospheric aerosols to chemistry through het-
erogeneous reactions, as listed in lLamarque et all daoﬁ Table 4). Tropospheric hetero-
geneous reactions of chemical species are parameterized based on aerosol surface area
density (SAD) and therefore depend on the overall aerosol loading. The total tropospheric
SAD in both model configurations is derived using the mass and size distributions of ammo-
nium sulfates, black carbon, and organic aerosols. The contribution of very small particles,
such as the Aitken mode in MAMS3 and the primary carbon mode in MAM4, to the SAD
are neglected in the the model calculation of surface area density. Further, sea-salt and
mineral dust aerosols do not contribute to SAD in beth-modet-versioriseither model version,
as heterogeneous reactions are not assumed to occur on these surfaces. Since reactions
on very small particles are important, this may lead to an underestimation of SAD in the
model.

For all simulations, model configurations simulate wet deposition of gas species using the
INeu and Prathet (lZDJ_d) scheme, including a bug fix to CESM1.2, where the SO, Henry’s
law coefficient has been updated, resulting in reduced washout rates. This fix resulted in
an increased burden of SO4 in CAM4-chem, which has been adjusted by increasing the in-
and below-cloud solubility factor of SO4 from 0.3 to 0.4. In addition, improved calculations of
dry deposition velocities for gas species, as discussed in \Val Martin et al} (lZDJ_AJ), are added
to this study, which results in an improved representation of surface ozone, as discussed
below.

Experiments

Two different configurations of both CAM4-chem and CAM5-chem are used in this study.
In the free running (FR) version the meteorology and dynamics are internally derived. We
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also run CAM4-chem and CAM5-chem in a specified dynamics (SD) version of the model,
called SD-CAM4-chem and SD-CAM5-chem, respectively. In this configuration, the inter-
nally derived meteorological fields are nudged every time step (30 min) by 10 % towards
analysis fields (i.e., a 5h Newtonian relaxation time scale for nudging) from the Modern-
Era Retrospective Analysis For Research And Applications (MERRA) reanalysis product
(http://gmao.gsfc.nasa.gov/merra/) (lBJenegker_el_a.L |2£)JJJ), regridded to the model horizon-
tal resolution. The SD model version adopts the vertical levels of the analysis data up to the
top of the model (around 40 km), resulting in 56 vertical levels for both CAM4-chem and
CAM5-chem simulations; see lLamarque et all dgoﬁ) and Ma et al! ngLd) for details. For
the SD simulations, we use meteorological analysis for the years 2000 to 2010.

Emissions and ehernicat-fietds prescribed chemical fields for longer-lived substances fol-
low the protocol defined by the Chemistry Climate Model Initiative (CCMI) hindcast sim-
ulations for the year 2000 (Eyring et all, Qoﬁ), which are repeated for all the simulated
model years for both FR and SD configurations. In particular, greenhouse gases are from
Memshause etall dgo1_| surface mixing ratios of ozone depleting substances are taken
from m Table 5-A3), anthropogenic and biofuel emissions are from the MACCity
emission data set dﬁtamﬁr_el_aﬂ |2£)J_1) and biomass burning emissions are taken from the
Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP) historical
emissions dataset (lLamanm_el_aLJ lZQJ_d). Biogenic emissions are prescribed in this study
for all model configurations using a climatology based on MEGAN version 2.1, with the
same emissions for all model experiments; €Scarbon monoxide (CO): 1053 Tgyr—!, iso-
prene: 525 Tgyr—!, monoterpene: 97 Tgyr—!, and methanol: 170 Tgyr—!. All experiments
use the same solar forcing, with lower boundary conditions fixed for the year 2000.

Two additional sensitivity experiments are performed to test differences between CAM4-
chem and CAM5-chem that may be caused by differences in the aerosol description in
the model, in particular the amount of tropospheric SAD in the different configurations.
CAM5-chem simulates significantly lower SAD than CAM4 (as discussed in Sect.[4.1.2). We
perform an additional CAM5-chem (CAM5-chem™) simulation where SAD is increased by
a factor of 1.5 to match the averaged tropospheric SAD amount that is simulated in CAM4-
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chem. We also perform SD-CAM5-chem* that matches averaged tropospheric SAD of the
SD-CAM4-chem simulation, requiring SAD to increase by a factor of 1.9. And finally, we
perform a simulation that uses the MAM4 modal scheme, CAM5-MAM4-chem, as described

above. An overview of the perfermanee-setup and global model diagnostics of the different
model configurations is given in Table 1.

3 Present day climatological datasets

To evaluate the performance of the different model configurations, we made use of several
satellite and in-situ chemical datasets. We are-interested-in-use present-day climatological
datasets with a focus on the troposphere that have been derived from observations between
1995 and 2012.

3.1 Satellite climatologies

The comparison of the model simulations to satellite observations provides a global picture

on the representation of CO and o0zone columns. To evaluate tropospheric and stratospheric
column ozone in the model simulations, we compare the model to a present-day column

ozone climatology compiled by|Aem_ke_e_t_aﬂ (2011)). This climatology was derived by com-
bining retrievals from the Aura Ozone Monitoring Instrument (OMI) and Microwave Limb

data—The monthly-mean thermal tropopause is used to separate between tropospheric and
stratospheric ozone for the model results and satellite climatology.

For comparison with earbor-menexide{ES6)CO, a new climatology is compiled based
on MOPHT-Measurements of Pollution in The Troposphere (MOPITT) Version 6 Level

3 data, using the multispectral (thermal-infrared plus near-infrared) total column product.

This monthly mean gridded climatology on a 1° x 1° horizontal resolution includes data

between 2003 and 2012. Only daytime MOPITT data were analyzed. The Version 6 MO-
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PITT product is similar to the validated Version 5 product (lD_e_eler_el_a.LJ |2£)J_d) with sev-
eral differences dQe_e_ter_e_t_aﬂ QOMI). The V5 products relied on a priori CO concentra-
tions based on the MOZART chemistry transport model and National Centers for Environ-
mental Prediction (NCEP) analysis fields. The a priori for V6 products is based on CAM4-
chem simulations for the period from 2000—2009 (lLamanm_el_alJ lZOJ.d) and the retrieval
processing exploits the MERRA reanalysis product. Finally, geolocation (latitude and lon-
gitude) data are more accurate for V6 product as the result of a correction for a slight
misalignment between the MOPITT instrument and the TERRA-Terra spacecraft. The V6
product is described in more detail in a User’s Guide available on the MOPITT website
(http://www?2.acd.ucar.edu/mopitt/publications). Monthly mean Level 3 MOPITT a priori and
averaging kernels are applied to monthly mean model results to account for the a priori
dependence and vertical resolution of the MOPITT data. CO columns are derived for
altitudes between surface and 100 hPa._

For the comparison of aeresot-opticat-aepthitACB}AOD, we use a 1° x 1° monthly aver-
aged climatology for present-day AOD at 550 nm, derived using various satellite data includ-
in oo i bservations from the Aerosol Robotic Network (AERONET
(ﬁﬂ, )-

3.2 Ozonesonde climatology

For a detailed evaluation of tropospheric ozone profiles and seasonality, a present-day
ozonesonde climatology is used dILLm&s_el_a.LJ lZQJ_d). This climatology covers available
ozonesonde observations between 1995 and 2011 for 42 stations around the globe.
Ozonesonde observations do agree reasonably well with surface and aircraft observations
(Tilmes et all, Qoﬁ). Maximum summer time ozonesonde data over Eastern US is biased
high by about 10 ppb compared to surface observations, but otherwise, the ozone climatol-
ogy provides reliable ozone vertical profiles for different seasons and regions. In this study,
monthly mean model results are interpolated to the locations of the data and aggregated

over defined regions, as suggested in Tilmes et all (120_12).
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3.3 Aircraft climatologies

For the evaluation of various chemical species, averaged profiles from various aircraft cam-
paigns between 1995 and 2010 were derived for different regions and seasons around
the globe. Details of aircraft campaigns included between 1995 and 2010 are given in Ta-
ble 2. More details, including information of earlier aircraft campaigns, are provided on
https://www2.acd.ucar.edu/gcm/aircraft-climatology. As discussed in [Emmons et all (lZQ_O_d),
for each aircraft campaign, regions with high frequency occurrence of vertical profiles from
the aircraft are identified. Mean and median profiles of available species are compiled over
these regions, as well as percentiles of the distribution with a 1 km vertical resolution. Pro-
files that are outliers of the distribution were removed. Following this approach, we extended

the existing climatology as described in Emmons et all dgopd), to include additional aircraft
campaigns up to 2010.

The largest sampling frequency of aircraft observations included in this study is over Eu-
rope and the US during spring and summer. For the-comparisor-with-modetresutis—each
observed regional profile, monthly-mean model results are averaged over the location and

months of the observations. It is assumed that these regional profiles represent typical
background condrtlons However one has to keep in mind that aircraft campargns often

%u&umeeﬁheﬁmeﬁwmﬁeb%ﬁdﬁﬁamﬁwmp&wﬁmw
in multi-year average model results. Nevertheless, the combination of the numerous aircraft
campaigns provides a general overview on the behavior of the chemistry in the model.
In this way, aircraft data provide a very powerful evaluation tool, because various species
were observed at the same time durrng the flrght and can be evaluated side by side. A

' comparison is performed
for ozone (Og)earbeﬂ—meﬂe*rde%@ﬁ,@ nltrogen oxrdes (NO,), and peroxyacety! nitrate
(CHsCO0,NO; or PAN)and-other-hydrocarbens, selected hydrocarbons, SO and sulfate

12

1odeJ TOISSNOSI(] 1odeJ WOISSNOSI(] 1odeJ TOISSNOSI(]

1odeJ UOISSNOSI(]



aerosol for selected aircraft campaigns. In addition, we averaged profiles over certain alti-
tude intervals and grouped them into four regions and four seasons, to identify systematic
differences between models and observations.

A data set derived during the HIAPER (High-Performance Instrumented Airborne
Platform for Environmental Research) Pole-to-Pole Observations (HIPPO) campaigns
(MLois;Lel_alJ, |2£)JJJ) is available for model evaluation purposes (hALQtsLel_alJ |2md). Dur-
ing the campaigns, profiles from 85° N-65° S over the Pacific Ocean and North America
were sampled in January and November 2009, March/April 2010, June/July 2011, and Au-
gust/September 2011. Each of the campaigns sampled very similar flight tracks over the
Pacific and North America, which provides information for comparing similar regions an¢c
in different seasons (Wofsy et al., ;oul). For this paper, we use O3, BC, and PAN data
dS_Qhﬂatz_el_aLJ, ; MLoisLel_alJ |2£)JJJ). The aircraft profiles sampled during different
HIPPO campaigns were averaged over 5° latitude intervals along the flight path over the
Pacific Ocean to produce a gridded dataset that can be easily compared to model output.
Likewise, model results are binned over the same latitude regions as done for the aircraft
observations. Here, we compare the observations to monthly mean model data that are
aligned with the months of the corresponding campaign. It has to be kept in mind that the
HIPPO dataset, even though observing the background atmosphere over the Pacific, is in-
fluenced by the specific situation for the particular year. This climatological comparison has
shortcomings, in particular because the emissions of the particular year were not consid-
ered.

3.4 IMPROVEnetwork-Surface observations

two sets of surface observatlons in this study. Surface observatlons from them
States Interagency Monitoring of Protected Visual Environments (IMPROVE) dataset

(http://vista.cira.colostate.edu/improve/), M M), fer—years—1+998—2609is _used for
ears 1998-2009, to compare sulfur dioxide and sulfate —#PROVE-sites-are-aerosol with
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the model results. The IMPROVE network includes 165 sites in the US. Major fine particles
organics, light-absorbing carbon, and wind-blown dust. IMPROVE sites are located in rural
environments and therefore will not describe the conditions found in large urban areas.
Ozone surface observations are used to evaluate daily ozone concentration in our model
configurations. Daily averages from available hourly surface ozone data were derived
from the Clean Air Status and Trends Network (CASTNET) (http:/java.epa.gov/castnet/)
and_the_European Monitoring and Evaluation Programme (EMEP) network in_Europe
(http://www.emep.int/) for years 1995-2010, as shown in Tilmes et al. (2012).

4 Performance for different model configurations
4.1 Model-to-model comparison

Differences in the physics, including cloud and aerosol schemes between CAM4-chem and
CAM5-chem (as described above), result in large differences in tropospheric surface area
density, temperatures, relative humidity and cloud fraction, with implications for chemistry, in
particular ozone{Figs—landi2)—. Additional differences in the vertical resolution of different
model configurations influence tropospheric-and-stratespheric-dynarmies—and-convection
and dynamics in troposphere and stratosphere and therefore atmospheric composition.

4.1.1 Dynamies-and-ozone-

GAM4—ehem—aﬂd—GAM5—ehem—shew—|a+ged1#e%eﬂees—mrThe com arlson of zonal and an-
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pfeerpltatreﬁ—aed—remeval—pfeeesseemeteorolo |caI as weII as chemlcal constltuen0|e

between different model versions helps to explain differences in ozone and other chemical
tracers.

4.1.1 Dynamics and chemistr

CAM5-chem simulates more ozone in the stratosphere than CAM4-chem, most pro-
nounced in h|gh latitudes in the lower stratosphere—whtehrhkely—eemeutes—tethert%ehgeF
. This is
ahgned with lower temperatures in the stratosphere in the troplcs and mid-latitudes in
CAM5-chem compared to CAM4-chem, resulting in reduced ozone destroying gas-phase
chemistry. Further, lower ozone mixing ratios and a cold bias are present in CAM5-chem
-right around the tropical tropopause tayer{FH)-in comparison to CAM4-chem. Reduced
ozone inthe-TTk-around the troggglggmcan affect temperatures at the cold point

and above(Bardee eta] 2013). Fhelowerozonre-inthe FH—ir-GAM5-chemcompared-to

Differences in zonal winds point to a weaker polar vortex in CAM5-chem compared to
CAM4-chem, whereby zonal winds in CAM5-chem are more aligned with analysis fields
than in CAM4-chem (not shown). Corresponding higher temperatures in the polar lower-
most stratosphere are consistent with higher ozone mixing ratios in high latitudes due to
a reduction in halogen activation.

Differences in the microphysics between CAM4-chem and CAM5-chem result in
significantly larger_relative _humidity in_the troposphere in_mid and high latitudes in
CAMS-chem _compared to_CAM4-chem (Fig. [l as discussed in [Bardeen et al! (2013)).
The fraction_of low clouds in all _configurations varies between 34 % and about 60 %
Table 1) and are caused by the different parameterizations of cloud macrophysics with
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minimum relative humidity values that allow clouds to form. Differences in cloud fraction
therefore ozone photochemistry (discussed below), and also precipitation and removal
processes.

Large differences between CAMS-chem and CAM4-chem configurations are present in
the tropospheric surface area density (SAD), as further discussed below. Those differences
impact tropospheric chemistry, whereby less SAD in CAMS5-chem results in the reduction
of NO, OH, and therefore changes in CO and ozone production, in additions to changes in
lightning NO, (LNO,), see further discussion in Sect. 5l

However, differences in dynamics between CAMS5-chem and CAM4-chem have
a stronger impact on ozone than differences in clouds and SAD, as shown in comparing
SD-CAMS5-chem and SD-CAM4-chem (Fig. [l bottom row). In these two configurations,
winds and temperatures are nudged to meteorological analyzed fields. Similarities in the
meteorological fields lead to much smaller differences in ozone than between the FR ver-
sions, despite the large differences in relative humidity, clouds fraction, and SAD, which are
similar to the differences between two free running model versions.

The impertance-ot-impact of differences in dynamics for tropospheric chemistry is fur-
ther supported in comparing CAM5-chem and SD-CAM5-chem (Fig. 2land[3). In these two
model simulations, differences in clouds and SAD are much smaller than between CAM4-
chem and CAM5-chem. However, the FR version produces a significantly stronger polar
vortex and lower temperatures in hlgh Iatltudes than the SD version. SmaHepezaH&meﬁﬁg
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etheeeefmgﬂratreﬁs—&ﬂd—ebseﬁfatreﬂs—as—ehevm—m—SD simulations dnven by MERRA
temperatures are ergmﬁeaﬂtly—mgher than the FR model ver3|ons—whefeas—GAM4-ehem

versions. As shown in Bardeen et aI (2013) differences of the mtcrophysms between differ-
ent model versions determine the relative humidity in the model, and therefore the relation-
ship between water and temperature. Warmer temperatures in SD-CAM5-chem compared
to CAM5-chem therefore eatsed-cause an increase in water vapor in the stratosphere.
Dynamical differences in the tropics and the stratosphere are investiﬁated for the different

model configurations in analysing the H,O tape recorder 11996) (Fig, @) and
stratospheric AOA, as described in|Garcia et al. (2011), (Fig.[5). The tropical vertical trans-
port between 23°S and 23°N and 100 and 3610 hPaare-is analyzed for different model

configurations based on the magnitude and slope of the H,O tape recorder (Fig. [4).
The slope and magnitude of the tape recorder, as derived from MLS observations be-
tween 2005 and 2011 (Fig. [4 bottom row), is best reproduced by the SD configurations,
even though H>O mixing ratios are too large in SD-CAM5-chem. CAM5-chem reproduces
the magnitude of the tape recorder, while minimum H,O mixing ratios are too low, and
shows a reduced slope compared to SD-CAM5-chem. This points to a faster updraft of air
masses above the TTL. CAM4-chem poorly simulates the slope compared to other model
contigurationconfigurations, whereas SD-CAM4-chem shows a reasonable magnitude of
the tape recorder in comparison to MLS observations. Consistent with the poor repre-
sentation of the slope of the tape recorder compared to observations, CAM4-chem and
CAMS5-chem produce much shorter stratospheric AOA compared to the SD configurations
(Fig. B);-whieh-is-also~, This is consistent with a -tee-strong-stronger BDC in both free run-
ning model configurations cempared-and stronger stratosphere to troposphere exchange
CAMS-chem compared to CAM4-chem configurations.

The comparison of chemical constituents in the two model configurations further supports
a stronger tropical vertical transport in CAMS5-chem compared to SD-CAM5-chem and
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stronger STE in high latitudes (Fig. [3). Stronger tropical vertical transport (mostly in dee
convection) in CAM5-chem is evident due to higher mixing ratios in CO and lower mixin

ratios of nitric acid in the upper tropical troposphere. The resulting higher CO mixing ratios in
the upper troposphere together with increased LNO, in mid-latitudes lead to greater ozone
production, while reduced LNO, in the tropical belt reduces ozone production. Furthermore,
to more STE. Additionally, lower NO, and CO values in the boundary layer in CAMS-chem
ratios in CAMS5-chem than SD-CAMS-chem. Differences in low clouds between CAMS-chem
and_SD-CAMS-chem also_impact chemistry and result in_reduced ozone production_in
the boundary layer in CAM5-chem. Similar differences are present between CAM4-chem
to observations—and-therefore—smaller-ozone—mixing—ratio—in-the—TF+—-SD-CAM4-chem,
however, with smaller differences in STE in high latitudes compared to the GAMS-chem

4.1.2 Aerosol burden and Surface Area Density (SAD)

Optical depth and aerosol loading from the different model configurations are listed in Ta-
ble 1. Total optical depth is somewhat smaller in CAM4-chem than in the CAM5-chem con-
figuration, which is due to different amounts of internally derived sea-salt and dust emis-
sions, but also differences in the sulfate burden in comparison to observations, as discussed
in Sect.[4.2.71 The largest differences in aerosol burden between the configurations occur in
the burden of SOA, with about 50 % larger values in CAM5-chem compared to CAM4-chem
(as discussed above). The burden of organic matter and black carbon is slightly larger in
CAM4-chem compared to CAM5-chem using MAMS3, due to the different handling of these
aerosols in the two configurations. More similar values of BC and OC in CAM4-chem are
simulated in CAM5-MAM4-chem. Running 2 modes for BC in CAM5-MAM4-chem com-
pared to CAM5-chem increases the BC burden by 37 % (see Table 1). SO4 burdens in
CAM4-chem are slightly larger than in CAM5-chem. This is because of the different way
SO, formation and washout is parameterized, as described in Sect.
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Heterogeneous reactions on aerosol particles in the model do not directly relate to the
aerosol burden, but rather depend on the amount of tropospheric SAD. SAD depends not
only on aerosol burden or mass, but also on their size distribution. For the same aerosol
burden, smaller particles provide a larger SAD than larger particles. Both the SD and FR
version CAM5-chem simulate much smaller SAD than CAM4-chem. This has implications
for chemistry and climate (see Sect.B). The total tropospheric SAD in the model includes
SAD from SOy, nitrates, POM, SOA, and BC modes.

We compare the burden and SAD between SD-CAM5-chem and SD-CAM4-chem for
S04, BC, and SOA (Fig. [6). Both magnitude and sign of the differences in burden do not
agree with differences in SAD, which is caused by different description of the size distri-
bution of aerosols in the two model versions. In CAM4-chem, BAM assumes a fixed mean
radius of 69.5nm (Emmons et all, 2010; lLamarque et al, |2012), while in MAMS3, the size
distribution of aerosols is represented in three different modes. For instance, most of SO,
in the middle and upper troposphere is in the accumulation mode, with a dry diameter size
range of 58—270 nm (Liu et al., 2012). On average, SO, particles are larger in CAM5-chem
compared to CAM4-chem. Larger particles in CAM5-chem in the upper troposphere result
in smaller SAD despite the slightly larger SO4 burden compared to CAM4-chem. The in-
crease of BC burden in CAM5-MAM4-chem does not result in an increase of SAD in the
model, because only the aged mode of BC is considered in the calculation of SAD. Instead
SAD in MAM4 is slightly reduced compared to MAM3 (see Sect. ().

4.2 Evaluation of model results
4.2.1 Aerosols and Aerosol Optical Depth (AOD)

For the evaluation of aerosols, we compare simulated SO, and SO, at the surface with ob-
servations over the US from the IMPROVE network (see Sect. 223.4), shown in Fig. [7] for
SD-CAM4-chem and SD-CAM5-chem, only. Aircraft observations are considered over the
US and high latitudes to evaluate the tropospheric distributions (Fig.[8). All model configura-
tions overestimate SO, at the surface, as shown here for the SD configurations (Fig. [7) with
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larger values in CAM5-chem then in CAM4-chem. Annual SO4 concentrations for all model
configurations are about twice as large as observations in rural areas over the US sug-
gest, in particular in summer. In winter, median SO, values in SD-CAM4-chem are biased
low compared to observation while SD-CAM5-chem is biased high, whereas CAM4-chem
values are biased high and CAM5-chem are biased low (not shown).

Comparlsons to aircraft observations over the US aﬂd—hrgh—ﬂeﬁhem—mﬂmdes— Fig. [8),
show a—reasenable—agreemen Fode Asvery good
WS%%WMWM
while_simulated values_are slightly larger for ARCTAS-:CARB. Further, agrees—welt
in—the—troposphere—over—the—USthe_model_configurations_reproduce observed sulfate

aerosol for some cam aigns, with the exception of CAM4 chem, wh|Ie boundary layer
values are ov £ ii i v

%@W In h|gh Ia’utudes all model conflgu-
rations underestimate SO, and SO, compared to observations from aircraft campaigns
ARCTAS and ARCPAC in spring. Those campaigns in particular sampled highly concen-
trated fire plumes that are not captured by climatological simulations. In comparison to air-
craft observations over Central Canada in July 2008, the-medelperferms-mererealistically

simulated SO, values in the free troposphere are in the range of variability of observations
(Fig. 8] bottom feftright panels).

The evaluation of simulated BC for CAM4-chem, CAM5-chem, and CAM5-MAM4-chem,
is performed by comparing to HIPPO aircraft campaigns over the Pacific Ocean (Sect. [3.3),
as shown in Fig. [9l All model configurations overestimate background BC, as for other
climate models (Schwarz et all, [2010; Wang et all, 2014; |Samset et all, QOM). The most
realistic representation of background BC is in CAM5-chem, where primary BC is assumed
to be immediately transitioned into the aged mode and therefore directly emitted in the aged
mode. On the other hand, all configurations largely underestimate BC plumes, especially in
NerthernHemisphere-NH-)-NH mid and high latitudes in winter and spring, and in August
in the Southern Hemisphere (SH). CAM4-chem-and-in-part CAMS-MAM4-chem-represent
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e%he%medels—espeealﬁ—m—the—umseﬂrepesphere—Shortcommgs in the S|mulat|on of BC

plumes are likely caused by a potential underestimate of BC emissions, as well as short-

comings in transport and wet removal by convection (lMa_el_alJ 2013; Ma.ng_el_a.ﬂ lZQJ_d),
while the overestimation of background values may be in part caused by a too long lifetime
of BC in the models-model configurations (Samset et all, [2014).

More work is also needed to improve the representation of POM and SOA, which are not
further discussed in this study but were evaluated in |Is_lgaudls_e_t_aﬂ dgoﬂ). Large uncer-
tainties exist in the amount of global SOA distribution from observations, and the represen-
tation of these aerosols in models, and more future work is needed for both understanding
observational yields in comparison to model results.

An overall comparison of aerosol can be given by comparing Aerosol Optical Depth
(AOD) from satellite and AERONET observations (see Sect. B.7) with model results, as
shown for CAM4-chem and CAM5-chem (Fig.[10). AOD derived using CAM5-MAM4-chem
(not shown) is very similar to CAM5-chem. The global AOD average in CAM4-chem is
slightly lower compared to the observations dataset, while it is higher in CAM5-chem. An
overestimation of AOD compared to the climatology occurs in CAM5-chem in Northern
Africa and the Middle East, and around 30° N and 30° S over the ocean in CAM5-chem;
tikely—due—to-exeessive—dust-and-sea-salt-emissions—On-the-other-hand. The AOD bias
in the subtropical ocean (mostly from coarse mode sea salt) can be due to the model
deficiency representing the sea salt emission or sedimentation (scavenging) process that
requires further investigation. Using reanalysis winds do not reduce this bias (not shown).
Furthermore, AOD values are underestimated over polluted regions like India, South-East
Asia in both medetsmodel configurations. CAM5-chem has a tendency towards lower AOD
in northern mid and high latitudes, which could be a result of the significant underestima-
tion of high BC plumes in these regions. Larger values than observed in CAM4-chem over
Eastern US and Europe may be in part a result of the larger simulated SO4 burden.
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4.2.2 Ozoneanhd EO-Coelumn

shews—d#ereﬂees—ef—the—zonal mean seasonal cycle of tropospherlc G@—ee%&mﬁ—aﬁd

tropospheric-and-and stratospheric O3 column between-moedel-results—and-climatologies
MMMH%M@%M%H%%A%WM

Figure [{1] (middle and right columns). The tropospheric ozone column in CAM4-chem

and CAM5-chem is overestimated between fall and spring in the NH mid-latitudes, while
it is slightly underestimated in the tropics. On the other hand, SD configurations over-

estimate column ozone in the tropics in summer—while-shewing—a-better-agreement—to
ebservations-in-high-tatitudes. All configurations underestimate tropospheric O3 column in

the SH, with a largest deviations to the observations between September and December.
Differences between the FR and SD configurations in NH mid to high latitudes are aligned
with a stronger STE and stronger BDC between fall and spring in the FR versions, as dis-
cussed in Sect. 411 The reason for differences of the different model configurations in
tropical tropospheric ozone column are further discussed in Sect. Bl The underestimation
of tropospheric ozone in the SH, especially in October in the tropics and mid-latitudes may
be caused by an underestimation of biomass burning at this time of the year, which is con-
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sistent with the underestimation of CO column at the same season in the SH (Fig-FHeft
eotumnsee below).

Stratospheric ozone column is reasonably well reproduced for the tropics and mid-
latitudes, showing slightly more ozone in the SD versions compared to the FR versions. In
high latitudes, the ozone column is largely overestimated in winter and spring in each hemi-
sphere compared to the climatology, which points to shortcomings in stratospheric transport
most pronounced in the FR simulations. On the other hand, the underestimation of column
O3 in the SH in October and December point to the well known cold bias of polar vortex tem-
peratures in the FR model versions (Eyring et all, 2010). SD configurations do not show the
low bias in ozone column during the ozone hole season in both hemispheres, but instead
the SD configurations temperatures are slightly higher than for the FR versions especially

4.2.3 Ozoneptrofiles

Both-ozonesende-Ozonesonde observations (Sect. B.2)and-, aircraft data (Sect. [3.3), and
Mw@m@are used to evaluate the simulated tropospheric chem-
ical composition in more detail. We use a Taylor-like diagram to illustrate relative differ-
ences between modets-ane-model configurations and ozonesonde observations, and cor-
relations of the seasonal cycle for different regions, seasons, and different pressure levels,
see Figs. [12/and In addition, seasonal cycle comparisons between model results and
observations for specific regions are illustrated in Figs.[13]and A comparison of surface
ozone is performed, showing probability distribution functions between model results and
observations for Western and Eastern North America and Western Europe in Figure [{4l
Near surface ozone at 900 hPa is ir-generat-very-welt-reproduced-—in-for the most part
within the range of variability of ozonesonde observations in both SD and FR configurations
(Fig. top row). The high bias in summer over Eastern US and Western Europe, as re-

ported in earlier studies (e.g., [Lamatque_el_aﬂ |2012), has been mesthyremevedsignificantly
reduced, due to an improved calculation of dry deposition velocities (Val Martin et all,2014).
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undereﬁwﬁed—esreeeraﬂy—m—the—SD—eeMrgtrraﬂens—Fuﬁherln comparison to surface

observations (Fig. , in winter, FR model configurations slightly overestimate maximum

ozone values for North America and Western Europe. SD configurations show a low bias
for Eastern North Amerrca and Western Euro e In summe all model conflguratlons

WMM&M@WWMMWM
do agree with observations, whereas low ozone mixing ratios are overestimated. A high
bias of about 10 ppb_can be attributed to the coarse model resolution, which leads to an
overestimate of ozone production, because of diluted emissions of ozone precursors and

agree well to surface observations, besides they bias high over Eastern US in summer, as
glvss:vuvsvsvevgvlal_es_emlﬂlm (LOJZ 1

WWM&%%M%@M
is_well produced, in particular for the FR configurations in mid- and high latitudes, with
correlations around 0.95 compared to_the observations. The somewhat higher bias_in
WM&@&M@ CAM5 chem eempared—te

which-eentributes—to-the-500 hPa contributes to the high bias in 900 hPa, as more ozone
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is transported downward, discussed in Sect.[4.7] The low bias in 0zone in the West Pacific
/ East Indian Ocean -

is due to

the stronger convection in the FR model configurations compared to SD This bias is also
hown in the comparisons at 250 hPa(Fig. [2] bottom row) andaircraft data between 2-7,

as-all confi uratlons show a h| h ozone blas b at Ieast 20% in the tro ics durin wmter
and spring. Mid- and high latitude ozone in the stratosphere is reproduced well for all
configurations within the range of variability.

Comparisons to the aircraft climatology in the free troposphere (2—7 km, (Fig. I7} top
row) confirm the high bias of ozone in th&ease—fer—the—seﬁaee—values—MM&udeﬁene

ezeneseﬁdeenelerrerattebeeﬁfaﬂeneCAMS chem and the low blas in the SD confl uration

at high latitudes, as well as the low bias in the Tropics in fall. Deviations from the aircraft
climatology are much larger (up to 40 %) compared to the ozonesonde observations (up to
25%).

In comparison to HIPPO aircraft observations over the Pacific, ozone mixing ratios are
biased high in mid and high latitudes in both CAM4-chem and CAM5-chem configurations,
mainly in fall and winter (Fig. [18] first and second column). In addition, in spring CAM5-
chem S|mulates Iarger ozone in the NH mid and hlgh Iatltudes than the other medels—This
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eveemgh—latrtue‘es—model confl uratlons The hlgh ozone blas in both CAM4- chem and
CAM5 chem in the remote region of the PaC|f| further pomts toa too strong STE in the FR

Ferthe T, In the tropical troposphere, CAM5-chem reproduces observed mean ozone
mixing ratios very well, while the-other-eenfigurations—are-biased-high—tn-partieutarthere
is also the low biased summer and fall. However, SD configurations simulate larger ozone
mixing ratios in winter and sprmg compared to ezeheseﬂdeomand HIPPO ob-

servations. #

ID@Q@JL@&@&@%&@LWW)WMSWWWWWM
may therefore be the result of more realistic convection, or due to a larger production of
LNO, in this region. The observations further confirm that STE in winter and spring in mid-
and high latitudes is slightly too strong in CAM5-chem compared to the other configurations.

4.2.3 CO and hydrocarbons

In_comparison_to MOPITT satellite observations (Fig. EB)-{11]_left column) all model
configurations show a significant low bias in column CO with a maximum in spring and
fall in the NH and a smaller bias in October in the SH. The tropical CO column agrees
within 5% with the observations. Regional differences in column CO between CAMS-chem
and MOPITT (Fig. occur over polluted regions, especially in April and July for the
NH and over South America and southern Africa in October. This points to a significant
underestimation of CO biomass_burning_emissions over those regions. Further, CO is

largel overestlmated in Januar over Central Africa, which points to an overestimation
M@mqng v i i i
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4.2.4 CO-and-hydrocarbons

CO and other hydrocarbons are strongly controlled by emissions, but also directly impacted
by the amount of OH in the atmosphere. The comparison of CO between aircraft mea-
surement and CAM5-chem model results, averaged over 2—7 km (Fig. [20), confirms the
pronounced underestimation of CO mixing ratios in the NH troposphere for seasons where
data are available. Inter-model differences can be explained by differences in the oxidizing
capacity of the atmosphere, showing largest values for CAM4-chem, consistent with the
longest methane lifetime with that configuration (Table, 1, and further discussed in Sect.[5).
Furthermore, in the tropics, in spring, aircraft campaigns show in some regions larger
propane (C3Hg), and to some degree large acetylene (C,H») and CO values (Fig. 7). Too
strong convection in the tropics may lead to enhanced mixing ratios of short-lived species,
like C3Hg (with an approximately 10day lifetime) in this region, while longer-lived species
are still underestimated by the models for the same campaigns.

4.2.4 NO, and PAN

Differences in the simulation of NO, and PAN between the configurations will have impli-
cations for simulated distributions of tropospheric ozone. As for ozone, in the FR version,
especially CAM5-chem, both PAN and NO, mixing ratios in the NH mid and high latitudes
are slightly larger compared to the SD versions (Fig. 2217). Model comparisons to aircraft
observahons&bgyymgl&w@g&g@g@mof NO and PAN show—a-—reasonabte

' A —up 80%. Some aircraft
campaigns observed much hlgher NO a/rlgvlil-v\&values than S|mulated for instance ARC-
PAC in 2008 and SOS in 1999. Both of these campaigns targeted regions with a significant
contribution of biomass burning pollution and local pollution.

In the tropics, ozone deviations from specific aircraft observations often occur along with
biases in ozone precursors, NO,, PAN, and CO, and C3Hg, see Figs. 07 and Varia-
tions in biases between observations and model results are expected in comparing to air-
craft campaigns that targeted specific conditions. We investigate aircraft profiles from those
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campaigns, where the models reproduced ozone and CO mixing ratios reasonably well in
the troposphere (Fig. 21)). In this way, shortcomings in NO, and PAN can be identified. In
general, PAN is overestimated in the free tropical troposphere, which can be an indicator
of too much convectlon in the model compared to observatlons (e. g ther etall, |_0_4|

mede%—vefs+eﬂ—aﬂd—the%e#e%e4arge|;\+alues—m—the—trep+es—ln comparison to HIPPO obser-

vations of PAN (Fig. [22), all model configurations strongly overestimate PAN in the upper
troposphere, and in the NH troposphere especially in winter. Values in the lower troposphere
in tropics and the SH are reasonably well reproduced.

Sensitivity studies, CAM5-chem* and SD-CAM5-chem* (Sect. 2), where SAD is in-
creased in CAM5-chem configurations to the amount simulated in CAM4-chem simulations
(see Table 1), show that only a small fraction of the differences in PAN mixing ratios between
the different configurations can be attributed to differences in SAD (Fig. 21). Larger SAD
values in CAM4-chem result in a faster transition of NO, to NO, and therefore reduced PAN
production, as shown in the example in Fig. top left panel, for SD-CAM5-chem. How-
ever, in the FR versions and for the other cases shown in Fig. 21l adjustments of the SAD
between CAM4-chem and CAM5-chem configurations is less important.

5 Methane lifetime and OH differences in CAM4-chem and CAM5-chem

Tropospheric chemistry is strongly controlled by the oxidizing capacity of the atmosphere.
The most abundant oxidants in the troposphere are OH, ozone, and nitrate radical (NO3).
These control the atmospheric lifetimes of trace gases, including methane. Methane lifetime
can therefore be considered as an indicator for the performance of the model. Model con-
figurations differ largely in tropospheric methane lifetime and often underestimate recent

observational estimates of 10.2years (m @ and 11.3years (lBLalhﬂr_el_a.LJ lZQJ_d

The reason for differences cannot be easily ascribed to specific processes in modet
intercomparisonprojectstike-models that contributed to the intercomparison projects such
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as_the Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP) -

sinee-various-precessesinmodelsdiffer(Voulgarakis et _al. |_0_d Naik eta] |_0_d

In this study, all simulations are based on the same framework and run with the same
emissions, the same gas-phase chemistry, and in the case of the SD versions, nudged
with the same dynamics. Differences in the oxidizing capacity of the atmosphere can be
therefore attributed to model physics, aerosol description, and differences in dynamics be-
tween SD and FR versions, caused by differences in vertical resolution and transport pro-

Methane-Tropospheric methane lifetime in all model configurations in this study varies
between 7.6 to 8.8 years (Table 1), which is significantly lower than observational estimates.
Tropospheric methane lifetime and CO burden in the tropics (between 30° S—30°N) are
both correlated to the tropical OH burden (e.g.,\Wang and JaQQH,|1_9_9_é;|Murray et aIJ,QOM),
with slightly different correlations for different model configurations, Fig. 23] left and middle
panel. Since CO and methane are both controlled by OH, all model configurations show
a very similar CH4/CO correlation (see Fig. right panel).

To understand the processes that lead to the spread of tropical OH in different model
configurations in this study, we explore relationships between annual averages of tropical
OH burden and other variables averaged over 30° S—30° N over the troposphere, including
tropospheric SAD, H,O,, Hightring{LNO,}, HNOj3, tropospheric and stratospheric column
ozone, and ozone production (Figs. 24 and [25).

A consistent difference in OH burden exists between CAM5-chem and CAM4-chem in
both FR and SD versions, whereby the CH, lifetime of CAM4-chem is about half a year
longer than in CAM5-chem, see Fig. Based on the sensitivity simulations CAM5-chem*
and SD-CAM5-chem*, most of the difference in OH burden can be attributed to the dif-
ferences in SAD between CAM4-chem and CAM5-chem (Fig. left top panel). The in-
creased SAD results in increased heterogeneous reaction and therefore increased H>O,
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(Fig.[24] right top), and further reductions in NO, burden in comparison to LNO, production
(Fig. left panel). This is due to the fact that enhanced tropospheric heterogeneous reac-
tions increase both the uptake of dinitrogen pentoxide (N,Os) as well as the uptake of HO,
on aerosols, which is the major aqueous-phase source of H,O,. The hydrolysis of N,Os on
aerosols results in a reduction of NO,. Increased H,O, further results in increased produc-
tion of sulfate, since the reaction of H,O, with SO, in cloud drops is the most significant
contributor to sulfate formation (Seinfeld and Pandis, Qoﬁ). For the gas-phase chemistry,
the decrease of NO, leads to a reduction of ozone and, together with the reduction in HO,
this leads to reduced OH and therefore to an increase in methane lifetime.

However, SAD differences do not explain all the differences in the OH burden, especially
between FR and SD configurations. To further analyze factors that control OH burden, we
scale OH to a fixed SAD value for all configurations and use the mean tropical tropospheric
SAD derived using CAM4-chem results (SADcamachem) @s a reference. For this, we use
the slope of the line that describes the OH/SAD change between CAM5-chem and CAM5-
chem* configurations, Ssap, see blue and cyan line in Fig. left top panel, to adjust the
OH burden for all configurations to the SAD reference for SD and FR configurations:

As discussed in [Mun:ay_el_aﬂ (1201_4]), OH is strongly correlated to NO, and CO emissions,
as well as to the stratospheric ozone column. Since all the simulations were performed with
the same CO and NO, emissions, differences in NO, emissions are due to variations in
LNO,. Fhe-annuat-spread-indeed, Fig. [24] middle top panel, shows a strong dependency
of the OH burden to LNO,. The spread the annual in LNO, production is much larger in
the SD simulations compared to the FR configurations—This-indicates-a-strong-dependency

ofthe-OH-burden—tot, which is likely introduced by the use of climatological SSTs in the
FR configurations. However, the same LNO, in FR and SD does not result in the same

OH burden, which shows inter-model differences are only in part (about half) a result of
differences in LNO, (Fig. top, middle panel).
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On the other hand, variations in OH cannot be explained by differences in stratospheric
column ozone between the different model simulations. Stratospheric column ozone in the
model increases between FR and SD configurations. One would expect a decrease in OH
as a result of reduced photolysis rates with increasing stratospheric ozone.

Tropospheric ozone is an important driver for the OH burden in all the different model
configurations. More tropospheric ozone results in higher OH burden. The question remains
why tropospheric ozone is larger in the SD than the FR version. Considering ozone produc-
tion, increased SAD between CAM5-chem and CAM5-chem™ reduces ozone production as
a result of the reduced NO, burden. However, the same amount of ozone production in FR
and SD versions does not result in the same OH burden (see Fig. bottom, right panel).
Therefore, enhanced ozone in the SD versions is not only due to differences in chemical
production of ozone, but must be also due to differences in transport processes between SD
and FR version. This is further supported by the OH to HNOj3 correlations (Fig. middle
panel). Larger HNOj3 burden is simulated in the SD configurations than in the FR versions,
which is pointing at less stratospheric contribution in the FR configurations. Another source
of HNOs in the troposphere is LNO,. The correlation between HNO3 and LNO, clearly sup-
ports the conclusion that larger HNO3 mixing ratios in the SD configuration compared to the
FR simulations are not due to differences in HNO3 production (Fig.[25] right panel). Further-
more, smaller tropical tropospheric ozone burden in CAM5-chem compared to CAM4-chem
is not aligned with the larger ozone production in CAM5-chem due to larger LNO,. Differ-
ences are therefore likely a result of differences in transport and mixing processes in the
tropics.

6 Conclusions

The evaluation of the different model configurations using various observations of aerosol
and chemical species shows a realistic performance of the model versions especially in sim-
ulating tropospheric ozone. Agreements and shortcomings of each model version against
observations are summarized in the following:
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— Surface values of SO, and SO, over rural areas of the US are largely overestimated

in most model configurations, whereas median values of SO, are overestimated by
at least a factor of four and sulfate aerosol (504) is overestimated by about 100 %
compared to IMPROVE observations. In this model version, anthropogenic emissions
of SO, and SO, are emitted at the surface, which can lead to an underestimated
transport into the free troposphere. Comparisons to aircraft observations in the tropo-
sphere show a reasonable agreement between models and observations in SO, and
SOy, besides a high bias in SO4 in CAM4-chem over the US. Profiles of SO, and SO,
in high latitudes are for the most part underestimated in the model.

The different representation of BC in CAM4-chem and CAM5-chem results in a larger
burden of BC in CAM4-chem, which is due to its consideration of primary and aged
BC. A similar description in CAM5-MAM4-chem leads to enhanced BC burden com-
pared to CAM5-chem. BC plumes are in general underestimated in all model configu-
rations while background values over the Pacific Ocean are overestimated, espeeially
n-CAMS-MAM4-ehem;-whereby CAM5-chem agrees best with observations.

AOD points to a significant underestimation of biomass burning emissions in the
model, and some overestimation in CAM4-chem over West Europe and Eastern US
that may be due to the overestimation of SO4. An overestimation of AOD over the Pa-
cific points to too large background values in aerosols, potentially also from sea-salt,
which is more pronounced in CAM5-chem than in CAM4-chem.

Tropospheric ozone in the tropics and the Northern Hemisphere is represented-very
wett-very well represented in all model configurations and agrees within about26the
variability of ozonesonde observations of about 25 %ot situ-ebservations; including
ezonesondes; and-aircraft-observations—. Surface observations are well reproduced
in winter. The summer high bias of all models over Western Europe and Northern
America can be for the most part contributed to a high bias in low and medium ozone

mixing ratios as a result the coarse resolution of the model configurations. In the free
troposphere, FR configurations slightly overestimate ozone in mid and high latitudes
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and underestimate ozone in the tropical free troposphere in summer and fall, while
SD configurations slightly overestimate ozone in the upper tropical troposphere and in

part underestimate ozone in high latitudes. Southern Hemisphere tropospheric ozone
is underestimated by 10-25 % in all model configurations. The comparison to aircraft
observations confirms the differences based on ozonesonde observations, but models

show a large bias up to 40 % compared to observations.

— CO s largely underestimated in the Northern Hemisphere, especially in spring, and in
the SH in October, pointing to the underestimation of emissions. Other hydrocarbons
that are most frequently observed during aircraft campaigns are also significantly un-
derestimated for all seasons. The lowest values of CO and hydrocarbons occur in
SD-CAM5-Chem in the tropics. CO is in reasonable agreement with the observations
in the tropics.

— PAN is in general overestimated in the upper troposphere in comparison to aircraft
observations for all model configurations, while NO, is slighti-underestimated in com-
parison to aircraft observations, in particular in high latitudes. The largest bias of sim-
ulated PAN in comparison to HIPPO observations occurs in mid and high northern
latitudes throughout the troposphere in winter months.

Differences in CAM4-chem and CAM5-chem, and FR and SD configurations are to
a large part driven by differences in dynamics, including temperature, transport, and mixing

processes. Differences in the H,O -tape-tape recorder and in AOA peint-to-a-too-strong

Brewer—bDobsen—circutation-indicate that the Brewer—Dobson circulation is too strong in
the FR model configurations, while i-s-both diagnostics are reasonably reproduced in the

SD configurations. This is consistent with the overestimation of ozone in high latitudes in
FR, particularly in winter and spring for CAM5-chem. Further, shortcomings in transport
and mixing are likely responsible for slightly larger ozone mixing ratios in the tropical tropo-
sphere in SD compared to FR versions of the model. Further€clouds-were-shewntoimpact
ozone-through-changes-inphotolysisrates—
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Differences in the oxidizing capacity of the atmosphere, which impacts methane and
CO lifetime between different model configurations, are largely controlled by tropospheric
surface area density, lightning NO,, and differences in tropospheric ozone. Smaller SAD
values in CAM5-chem are responsible for the smaller methane lifetime compared to CAM4-
chem. Smaller values in surface area density in CAM5-chem compared to CAM4-chem are
a result of different aerosol descriptions in the two model configurations. An underestimation
of SAD in the model is possible, because BC plumes are significantly underestimated over
source regions. Since background aerosols are in general overestimated, shortcomings
may exist in the calculation of SAD. For example, sea-salt and dust provide surfaces for
heterogeneous reactions that have not been taken into account in any of the simulations
(Evans and ,JaQQd, Igogd).

Besides SAD, tropospheric ozone impacts the oxidizing capacity of the model. For the SD
configuration, larger ozone mixing ratios in the tropics compared to FR result in reduced
methane lifetime. Therefore, variations in transport and mixing is an important driver for
differences in ozone and therefore methane lifetime, which is critical for climate simulations.

Methane lifetime is in general underestimated in all model configurations compared to
observational estimates, with a difference of about one year between the different configu-
rations. The main reason for the underestimation compared to observations is likely due to
shortcomings in CO and other hydrocarbon emissions, as also found in other model stud-
ies (Stein et all, 2014; Monks et all, [2014; [Emmons et al, |_0_4| This is supported by the
underestimation of CO over source regions, but also by the underestimation of AOD over
source regions, pointing to a general underestimation of biomass burning emissions. Also,
the underestimation of isoprene emissions can result in a significant underestimation of
methane lifetime (Pike and Yound, [2006).

In summary, both CAM4-chem and CAM5-chem configurations are well suited tools for
atmospheric-chemistry modeling studies, considering the shortcomings discussed in this
study. We recommend the use of CAM5-chem in future studies, due to the improved de-
scription of aerosol processes and cloud interactions. Ongoing work is contributing to further
improving CAM5-chem configurations.
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Appendix A: Additional reactions in CAM4-chem

BENZENE + OH — BENO,

BENO, + HO, — BENOOH

BENO2 + NO — 0.9 x GLYOXAL + 0.9 x BIGALD
+0.9 x NO2 +0.9 x HO»

XYLENE + OH — XYLO,

XYLO2 4+ HO2 — XYLOOH

XYLO2 +NO — 0.62 x BIGALD +0.34 x GLYOXAL
+0.54 x CH3COCHO

0.9 x NO2 +0.9 x HO,
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12.3% 10712 x exp(—193./T)
:1.4 x 10712 x exp(700./T)

:2.6 x 10712 x exp(350./T)
:2.3x 1071

:1.4 x 10712 x exp(700./T)

12.6 x 1071? x exp(350./T)
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Table 1. Overview of model experiments, setup between different simulations, everview-ef-and global

model petformaneediagnostics. Lifetimes and burdens are calculated for the troposphere defined for
regions where ozone is below 150 ppb.

CESM1.2.2 CAM4-Chem  SD CAM4-Chem CAM5-Chem  CAM5-Chem* SD CAM5-Chem  SD-CAM5-Chem*  CAM5-Chem MAM4
Sim. Years 20years 2000-2009 20years 10 years 2000-2009 2000-2009 20 years
Meteorology CAM4 MERRA (10 %) CAM5 CAM5 MERRA (10 %) MERRA (10 %) CAM5
Aerosol BAM BAM MAM3 MAMS3, 1.5*SAD MAM3 MAMS3, 1.9*SAD MAM4
Vert. Res. 26L 56L 30L 30L 56L 56L 30L
CH, Burden (Tg) 4153 4064 4067 41004103
CH, Lifet. (yr) 8.82 7.83 8.13

CO Burden (Tg) 308 283 291

CO Lifet. (yr) 0.135 0.120 0.125

O3 Burden (Tg) 310 309 314 310 366313 306

0s Lifet. (days) 24 24 2223 23 24 24

03 Net. chem.? (Tgyr—1) 515 474471 530507 518480 480 454

03 STE (Tgyr?) 344 357356 390386 382401 362 362

LNO, (TgNyr—1) 4.3 4342 4648 46 4347 4.3

Total Optical Depth 0.126 0.153 0.153

SAD trop 0.35 0.24 0.44

POM Burden (Tg C) 0.72 0.66 0.66

SOA Burden (Tg C) 0.97 1.92 1.92

BC Burden (TgC) 0.119 0.093 0.093

S04 Burden (TgS) 0.54 0.51 0.50

S04 Aqu. Prod. (TgSyr—1) 428 30.2 31.2

S04 Chem. Prod. (TgSyr—1) 11.2 14.4 13.7

SOy, Lifet. (days) 3.6 3:63.9 35

TOA residual® 2.88

FSDS® (W m~2) 183.4 176.0 176.0

FSDSC (W m~2) 246.5 243.4 243.4

high clouds (%) 31.9 40:838.5 40.8

med. clouds (%) 19.0 27.3 27.3

low clouds (%) 34.3 49.7 49.7

total clouds (%) 53.9 68.3 68.3

2 Net chemical tendency of O3.

b Top of the atmosphere (TOA) residual.

< Downwelling solar flux at surface.

d Clearsky downwelling solar flux at surface.
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Table 2. Measurements form aircraft campaigns used in this study;-starting-1995-

Campaign Year Months Platform O3 CO NO NO, NO, PAN HNO3; OH H0, GCHg GCsHg CHy CoHy SO» SO4
TOTE 1995 12 DC-8 X X X X

VOTE 1996 01 DC-8 X X X X

STRAT 1995/96 01-12 ER-2 X X X

PEM-Trop-A 1996 08-10 P3/DC-8 X X X X X X X X X X X X X
SONEX 1997 10-11 DC-8 X X X X X X X X X X X X
POLARIS 1997 04-06,09 ER-2 X X X X X

POLINAT-2 1997 09-10 Falkon X X X x x X X

PEM-Trop-B 1999 03-04 P3/DC-8 X X X X X X X X X X X X X
ACCENT 1999 04,09-10 WB57 x X

SOSs 1999 06, 07 NOAAWP-3D  x X x X X X X
SOLVE 99/00 12,03 DC-8 X X X X

SOLVE 99/00 12-03 ER-2 X X

TOPSE 2000 02-05 C130 X X X X X X X X X X X X X X
TRACE-P 2000 02-04 P3/DC8 X X X X X X X X X X X X
TexAQS 2000 08, 09 NOAAWP-3D  x X X X X X X X X X X X

ITCT 2002 04, 05 NOAAWP-3D  x X X X X X X X X X X X
Crystal Face 2002 06-07 WB57 X X X

INTEX-A 2004 03-08 DC8 X X x  (NOy) X X X X X X X X X X
NEAQS-ITCT 2004 07,08 NOAAWP-3D  x X X X X X X X x X X x

Ave Fall 2004 10, 11 WB57 X X X

Ave Houston 2005 06 WB57 X X X X

Polar Ave 2005 01,02 WB57 X X (NO2) X

Cr-Ave 2006 01,02 WB57 X X X

INTEX-B 2006 03-08 DC8 X X x  (NOy) X X X X X X X X X X
TexAQS 2006 09, 10 NOAAWP-3D  x x X X X X 3 x X X X X X
TC4 2007 07 WB57 X X x

ARCPAC 2008 03, 04 NOAAWP-3D  x X X X X X 3 X X
ARCTAS 2008 04-06 DC-8 X X % (NOy) X X X X X X X X X X X
START08 2008 04-06 G5 x x x X x X X

CalNex 2010 05, 06 NOAAWP-3D  x X X X X X X X X

45

1odeJ TOISSNOSI(] 1odeJ WOISSNOSI(] 1odeJ TOISSNOSI(]

1odeJ UOISSNOSI(]



Discussion Paper

Discussion Paper

Discussion Paper

Discussion Paper

Table 3. Summary of abbreviations used in this article.
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Abbreviation

Definition

AERONET.
ACCMIP
AMWG
AOA
AOD
BAM

BC

BDC
CAM
CCMI
CESM
FR
HIAPER
HIPPO
IMPROVE
MAGCity.
MAM
MEGAN
MERRA
MLS
MOPITT_
MOZART
NCEP
NH

oC

OoMI
POM
SAD

SD

SH

SOA
STE

TTL
VOCs
WMO_

AErosol RObotic NETwork
Atmospheric Chemistry and Climate Model Intercomparison Project
Atmospheric Model Working Group

age of air

aerosol optical depth

bulk aerosol model

black carbon

Brewer Dobson Circulation

Community Atmosphere Model

Chemistry Climate Model Initiative

Community Earth System Model

free running

High-Performance Instrumented Airborne Platform for Environmental Research
HAPPERHIAPER Pole-to-Pole Observations

Interagency Monitoring of Protected Visual Environments

modal aerosol model

Model of Emissions of Gases and Aerosols from Nature
Modern-Era Retrospective Analysis For Research And Applications
Microwave Limb Sounder

National Centers for Environmental Prediction

Northern Hemisphere

organic carbon

Aura Ozone Monitoring Instrument

primary organic matter

surface area density

specified dynamics

Southern Hemisphere

secondary organic aerosols

stratosphere to troposphere exchange

tropical tropopause layer

Volatile Organic Compounds

World Meteorological Organization
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Figure 1. Comparison of ozone, tropospheric surface area density (SAD TROP), temperature, zonal
wind, relative humidity (RH), and cloud fraction, between CAMS5-chem and CAM4-chem (row 1-3),
and between SD-CAM5-chem and SB-CAM4-cam-SD-CAM4-chem (row 4).
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Figure 2. Comparison of ozone, tropospheric surface area density (SAD TROP), temperature, zonal
wind, relative humidity (RH), and cloud fraction, between CAM5-chem and SD-CAM5-chem.
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Figure 3. Comparison of ozone, nitric acid, ozone production, lightning NO,, carbon monoxide, NO,
hydroxyl radical, and water vapor, between CAM5-chem and SD-CAM5-chem.
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Figure 4. Zonal average water vapor tape recorder (in ppm) of different model configurations, CAM4-
chem (top left), CAM5-chem (top right), SD-CAM4-chem (middle left), SD-CAM5-chem (middle right)
and MLS satellite observations averaged over year 20052011 (bottom panel), composited over 12
months for all simulated years, and repeated over 24 months.
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Figure 5. Age of air of different model configurations and simulated years for CAM4-chem (top left),
CAMS5-chem (top right), SD-CAM4-chem (bottom left), SD-CAM5-chem (bottom right).

52

1odeJ TOISSNOSI(] 1odeJ WOISSNOSI(] 1odeJ TOISSNOSI(]

1odeJ UOISSNOSI(]



SD—CAM5—chem — SD—CAM4-—chem SD—-CAM5—chem — SD—CAM4—chem

S04 ug/m3 SAD_SO4NIT um2/cm3
100 P S S

MIN = 070 MAX = 0.20 MIN = —21.14 MAX = 30.41

150 o

= 200 o —~ o —~
E 250 £ E £
o 300 = ® e
5 £ ] =
a = ? o
@ 400 o L7 % 0 ‘©
4 o

e T 4 T
& 500 €

700 -
850 -f
1000

SOA ug/m3 SAD_SOA um2/cm3
100 L it L |
MIN = -0.21 MAX = 2.40 MIN = —46.31 MAX = 33.93
150 o o 150 4 r'
18
5 200 —~ o 200 — I
£ 2504 £ E 20 E g
© 300 = o 300 = g
5 £ 5 = 1
2 w0 L, 2 2 0 L, o 0
o T o4 T -l
& 500 & 500 -3
-9
700 - . 700 -1z
) Zis
850 4 : 850 | Tis
1000 1000 |
9N BN 3N 0 305 605 80s 9N 6N 3N O 305 605 08
ug/m3 um2/em3
. o i
MIN = -0.05 MAX = 0.01 MIN = —17.93 MAX = -0.01
150 -f r 150 4 F14
18
3 20 ~ B . —~ 1
E 50 £ E 250 £ H
o x0- = o 3004 = §
5 £ 5 z 1
2w L, 9 2 o] L, 2 °,
o T L T ”
& s & 500 =3
-9
700 o 700 4 -12
03 -15
850 o X 850 4 R
1000 1000
SN BN 3N 0 305 605 90s 9N 6N 3N O 305 605 0S

Figure 6. Comparison of aerosol burden (left) and surface area density (right) between SD-CAMb5-
chem and SD-CAM4-chem of SO4sulfate aerosol (5SO4), SOA, and BC.
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Figure 7. Comparison between IMPROVE network observations over the US in winter
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Figure 8. Comparison of SO, (left) and sulfate aerosol (SO4) (right) between different model con-
figurations and aircraft observations over the US (two left columns) and at high latitudes (2 right
columns). Black lines show the median of aircraft profiles and error bars indicate describe the range
between the 25th and 75th percentile of the distribution. Model results are averaged over the region
and months of each campaign.
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Figure 9. HIPPO BC observations for different HIPPO aircraft campaigns taken over the Pacific (left
column) and differences between the different model configurations and observations, CAM4-chem
(second column), CAM5-chem (third column) and CAM5-MAM4-chem (fourth column).
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Figure 10. Aerosol optical depth at 550 nm for CAM4-chem (left) and CAM5-chem (right) in com-
parison to the satellite and AERONET composite Kinne (2009) (middle). Differences between model
and observations are show in the bottom row. Numbers in the parenthesis are the global average
AOD over only areas where the satellite composite has a valid value.
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Figure 11. Differences between model results and observations of zonally averaged CO column be-
low 100hPa from the present-day MOPITT climatology (left), and OMI/MLS tropospheric and strato-
spheric column climatology (right).
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Figure 12. Taylor-like diagram comparing the mean and correlation of the seasonal cycle between
observations using a present-day ozonesonde climatology between 1995-2011 and model results,
interpolated to the same locations as sampled by the observations and for different pressure levels,
900 hPa (top panel) and 500 hPa (bottom panel). Different numbers are correspondent to a specific
region, as defined in[Tilmes et al! (2012). Left panels: 1 — NH-Subtropics; 2 — W-Pacific/East Indian
Ocean; 3 — equat. Americas; 4 — Atlantic/Africa. Middle panels: 1 — Western Europe; 2 — Eastern
US; 3 — Japan; 4 — SH Mid-Latitudes. Right panels: 1 — NH Polar West; 2 — NH Polar East; 3 —
Canada; 4 — SH Polar.
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Figure 13. Seasonal cycle comparison between observations using a present-day ozonesonde cli-
matology between 1995-2011 (black) and model results: CAM5-chem (cyan) and CAM4-chem (or-
ange), SD-CAM5-chem (blue) and SD-CAM4-chem (red). Model results are interpolated to the same
locations as sampled by the observations and for different pressure levels, 900 hPa (top panel) and
500 hPa (bottom panel) for selected regions. The standard deviation of ozonesonde observations is
shown as error bars and the mean and correlation of the seasonal cycle between observations and
model results are printed on the top of each figure.
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Figure 14. Probability distribution function (PDF) of the regionally-aggregated ozone distribution for
Western North America, Eastern North America, and Western Europe from surface ozone obser-
vations (grey shaded area) in comparison to regionally-aggregated ozone distributions from model
results interpolated to the location of the ozone stations (different colors), for winter (left) and sum-
mer (right).
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As Fig. [12] but for different pressure levels, 250 hPa (top panel) and 50 hPa (bottom
panel). Different numbers are correspondent to a specific region, as defined in(Tilmes et all (2012).
Left panels: 1 — NH-Subtropics; 2 — W-Pacific/East Indian Ocean; 3 — equat. Americas; 4 — At-
lantic/Africa. Middle panels: 1 — Western Europe; 2 — Eastern US; 3 — Japan; 4 — SH Mid-Latitudes.
Right panels: 1 — NH Polar West; 2 — NH Polar East; 3 — Canada; 4 — SH Polar.
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Figure 16. As Fig. [I3] but for different pressure levels, 250 hPa (top panel) and 50 hPa (bottom
panel). -
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Figure 17. Relative differences between aircraft observations and different model configurations
(different colors) over different regions and seasons as listed in Table 1 and sorted with regard to
season and location (see text for more details), averaged over 2—7 km, for O3, NO,, NOy, PAN, and
HNOs.
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Figure 18. HIPPO O3 observations for different HIPPO aircraft campaigns taken over the Pacific, left
column, and differences between the different model configurations and observations, CAM4-chem
(second column), CAM5-chem (third column) and SD-CAM5-chem (fourth column).
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CAM5-Chem minus MOPITT CO Climatology (2003-2012)
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Figure 19. Regional comparison of CO column for different months, between CAM5-chem model
results and MOPITT observations. Model results are shown on the left, and differences between
CAMS5-chem and MOPITT on the right. The MOPITT averaging kernels and a priori are applied to
the model results to account for the a priori dependence and vertical resolution of the MOPITT data.
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Figure 20. As Fig.[I7] but instead for CO, C;Hg, C3Hg, and CyH,.
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Figure 21. Comparisons of vertical profiles of ozone, CO, NO, and PAN, from different tropical
aircraft campaigns and different model configurations. Black lines show the median of aircraft profiles
and error bars indicate describe the range between the 25th and 75th percentile of the distribution.
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Model results are averaged over the region and months of each campaign.
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Figure 22. HIPPO PAN observations for different HIPPO aircraft campaigns taken over the Pacific,
left column, and differences between the different model configurations and observations, CAM4-
chem (second column), CAM5-chem (third column) and SD-CAM5-chem (fourth column).
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Figure 23. Correlations between tropospheric OH burden, methane lifetime, and CO, for different
simulations. OH and CO burden are column integrated tropical averages (30° S—30° N). Each sym-
bol of each configuration (see legend) represents an annual average value.
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Figure 24. Column integrated tropospheric and tropical OH burden in (30° S—30° N), left top panel,
and OH burden, adjusted to a reference SAD value (see text) for the other panels, in correlation to
different variables that are integrated over the same region. Each symbol of each configuration (see
legend) represents an annual average value.
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Figure 25. Correlations of tropospheric column integrated NO, to column integrated lightning NOy
over the tropics (left panel); correlation of OH burden, adjusted to a reference SAD value (see text)
to column integrated HNOj3 over the tropics (middle panel); correlations of column integrated HNO3
to column integrated lightning NO, over the tropics (right panel).
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