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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 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 sur-
face, 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 obser-
vations. 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 North-
ern Hemisphere mid latitudes based on satellite and aircraft observations. Nitrogen oxides
(NOy) 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 CAM5-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 CAM5 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 CAM5-chem. In addition, different distributions of NO, from lightning explain
about half of the difference between SD and FR model versions in both CAM4-chem and
CAM5-chem. Remaining differences in the tropical OH burden are due to enhanced tropical
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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 CAM5-chem configurations, due to improved aerosol
description and inclusion of aerosol-cloud interactions. However, smaller tropospheric sur-
face area density in the current 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 dif-
ferent independent models for atmosphere, land, ocean, sea-ice, land ice, and river runoff
(e.g., Neale et all, [2013; Lamarque et all, Qoﬁ). It can be used in various configurations,
depending on the use of different components and the coupling between them. The at-
mospheric component of CESM, the Community Atmosphere Model (CAM), has the ca-
pability of including chemistry of varying complexity. Default CESM configurations used for
long-term climate model simulations usually include prescribed chemical fields in the atmo-
sphere 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. [La.ma.r_que_el_aﬂ 2005; lIsaksen et all, ) or for
the simulation of air quality.

In CESM version 1.2, CAM version 5 (CAM5), extensive tropospheric and stratospheric
chemistry, referred 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 discussed in|Lamarque et all dgoﬁ). In this study, a similar setup of both
CAM4-chem and CAM5-chem allows the comparison of both versions and their perfor-
mance in comparison to observations. The two atmospheric configurations CAM4-chem
and CAM5-chem differ in various aspects, including the treatment of cloud, convection, tur-

bulent mixing, and aerosol processes (e.g., Neale et aIJ, 2Q1d; Gent et al], 2011);IKay et aIJ,
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2012; |Liu 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 composi-
tion 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 version (MAM3) M M) and the 4-mode version (MAM4)
, ). In addition, sensitivity studies are performed to explore differences in the
oxidizing capacity of the atmosphere and therefore in tropospheric methane lifetime in the
different model configurations. In this way, relationships between 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. Strengths and weaknesses of the various
model configurations are discussed. Evaluation tools for trace gases and aerosols de-
veloped 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).

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 climatological
datasets used in this study to evaluate the model. Model-to-model differences in dynamics,
chemistry and aerosols, and global budgets are discussed in Sect. 4.3l A comprehensive
evaluation of chemistry and aerosols, based on satellite and in-situ observations is per-
formed in Sect. 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.
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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 prescribed sea surface temperatures and sea-ice distribution data for present-day
climatological conditions, since we focus on the atmospheric component. Dry deposition of
gases and aerosols are implemented in the Community Land Model (CLM) ,)
as described in [La.ma.r_que_el_aﬂ (12012). 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 (@gM]

’

). 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
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 (Ghan et all, Qoﬁ), 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
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monoterpene oxidation, isoprene and aromatic photooxidation, as described inlHeald et al]
).

The current standard CAM5 model version, and therefore also CAM5-chem, uses the
modal aerosol model with three modes (MAMS3) , ). 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 m (@). 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
(AOD) is between 0.025 and 0.030 (lMahmALald_el_alJ lZQ_O_d). Further, sea salt emissions
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 (1})@), who
have shown that the difference between model simulations and observations are generally
within a factor of two.

The production of sulfate aerosol (SO4) in CAM4-chem and CAM5-chem is also param-
eterized differently. In this paper we always consider SO, in solid particle phase, SO, (p),
and sulfur dioxide (SO,) and sulfuric acid (H,SO,4) in CAMS5, in the gas-phase, SO, (g)
and H»S04 (g), if not explicitly noted differently. In CAM5-chem, sulfate aerosols are as-
sumed to be in the form of ammonium hydrogen sulfate (NH4HSO4 (p)), considering partial
neutralization by ammonia (NHs), since NH; and ammonium NHI cycles are not explic-
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itly treated in this version. In CAM4-chem, SO, is produced directly from SO, by oxidation
through heterogeneous reactions on aerosols. In CAM5-chem, sulfates are produced via
H,SO,4 condensation on existing aerosols, where H,SQ, is formed by the oxidation of SO».
Both CAM4-chem and CAM5-chem include aqueous phase production of SO4 from SO,
(aqg) with more than half formed by the hydroperoxyl (HO,) uptake and subsequent hydro-
gen peroxide (H,0,) oxidation in cloud droplets (Eﬁﬁ] EQ%). In addition, CAM5-chem
includes homogeneous nucleation of sulfate particles from H,SO, gas, 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 sulfate aerosol.

Furthermore, the representation of removal processes is different in CAM4-chem and
CAM5-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 dGLan_aad_Easle_ﬂ |&0_0_d), so that
smaller particles are not removed by nucleation scavenging.

CAM4-chem has been run and tested with comprehensive tropospheric and stratospheric
chemistry (Lamarque et all, Qoﬁ). The chemical mechanism is based on the Model for
Ozone and Related chemical Tracers (MOZART), version 4 mechanism for the troposphere
(Emmons et aIJ, QOld), extended stratospheric chemistry (Kinnison et aIJ,|gO_0_7|), further up-
dates as described in[La.ma.Lque_el_aLJ (|20_ld), and additional reaction rate updates following
JPL 2010 recommendations (Sander et al), 2011). 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 (129_12 Table 4). Tropospheric hetero-
geneous reactions of chemical species are parameterized based on aerosol surface area

’
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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 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.

For all simulations, model configurations simulate wet deposition of gas species using the

) 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
also run CAM4-chem and CAM5-chem in a specified dynamics (SD) version of the model,
called SD-CAM4-chem and SD-CAMb5-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/) (lBJgnegker_el_a.U |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

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

1odeJ UOISSNOSI(]


http://gmao.gsfc.nasa.gov/merra/

20

25

CAM5-chem simulations; see [Lamatque_el_aﬂ (lZQJ_d) and Ma et al (lZQJ_d) for details. For

the SD simulations, we use meteorological analysis for the years 2000 to 2010.

Emissions and prescribed chemical fields for longer-lived substances follow the protocol
defined by the Chemistry Climate Model Initiative (CCMI) hindcast simulations for the year
2000 (lE;mﬂg_el_alJ |2£)J_d), which are repeated for all the simulated model years for both
FR and SD configurations. In particular, greenhouse gases are from i

), 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 , ), and biomass burning emissions are taken from the Atmo-
spheric Chemistry and Climate Model Intercomparison Project (ACCMIP) historical emis-
sions dataset dLamanue_e_t_aﬂ |&0ld). 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; carbon monoxide (CO): 1053 Tgyr—!, isoprene:
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 (CAMS5-chem*) simulation where SAD is increased
by a factor of 1.5 to match the averaged tropospheric SAD amount that is simulated in
CAM4-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 de-
scribed above. An overview of the setup and global model diagnostics of the different model
configurations is given in Table 1.
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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 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 pic-
ture on the representation of CO and ozone columns. To evaluate tropospheric and strato-
spheric column ozone in the model simulations, we compare the model to a present-day
column ozone climatology compiled by|Aem_ke_e_t_aﬂ d&Oﬂ). This climatology was derived
by combining retrievals from the Aura Ozone Monitoring Instrument (OMI) and Microwave
Limb Sounder (MLS) observations over the period between October 2004 and Decem-
ber 2010. The monthly-mean thermal tropopause is used to separate between tropospheric
and stratospheric ozone for the model results and satellite climatology.

For comparison with CO, a new climatology is compiled based on Measurements of Pollu-
tion 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 MOPITT product is similar to the validated
Version 5 product (lD_e_eler_el_alJ |2£)J_d) with several differences (lD_e_eler_el_alJ |2£)J_4]). The
V5 products relied on a priori CO concentrations based on the MOZART chemistry trans-
port model and National Centers for Environmental Prediction (NCEP) analysis fields. The
a priori for V6 products is based on CAM4-chem simulations for the period from 2000—-2009
(Lamarque et all, Qoﬁ) and the retrieval processing exploits the MERRA reanalysis prod-
uct. Finally, geolocation (latitude and longitude) data are more accurate for V6 product as
the result of a correction for a slight misalignment between the MOPITT instrument and the
Terra spacecraft. The V6 product is described in more detail in a User’s Guide available on
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the MOPITT website (http://www2.acd.ucar.edu/mopitt/publications). Monthly mean Level 3
MOPITT a priori and averaging kernels are applied to monthly mean model results to ac-
count 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 AOD, we use a 1° x 1° monthly averaged climatology for present-
day AOD at 550 nm, derived using various satellite data including observations from the

Aerosol Robotic Network (AERONET) (Kinné, 2009).

3.2 Ozonesonde climatology

For a detailed evaluation of tropospheric ozone profiles and seasonality, a present-day
ozonesonde climatology is used dMs_e_t_aﬂ Igoﬁ). 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
dIilm&s_el_a.LJ, lZQJ_d). 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 (2(112).

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 dgopd),
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-
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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
Europe and the US during spring and summer. 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. 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 during the flight and can be
evaluated side by side. A comparison is performed for ozone (O3), CO, nitrogen oxides
(NOy), and peroxyacetyl nitrate (CH3COO,NO, or PAN), selected hydrocarbons, SO, and
sulfate aerosol for selected aircraft campaigns. In addition, we averaged profiles over certain
altitude 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
(Wofsy et all, QOﬂl) is available for model evaluation purposes (Wofsy et all, QOE). 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
August/September 2011. Each of the campaigns sampled very similar flight tracks over
the Pacific and North America, which provides information for comparing similar regions
in different seasons (Wofsy et all, 2011)). For this paper, we use Oz, BC, and PAN data
(Schwarz et all, 2013; Wofsy et all, EOﬂl). 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

12
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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 Surface observations

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/), , ), is used for years 1998-2009, to
compare sulfur dioxide and sulfate aerosol 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.

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 all (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, temperature, relative humidity and cloud fraction, with implications for chemistry, in

13

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

1odeJ UOISSNOSI(]



20

25

particular ozone. Additional differences in the vertical resolution of different model configu-
rations influence convection and dynamics in troposphere and stratosphere and therefore
atmospheric composition. The comparison of zonal and annual mean meteorological as
well as chemical constituencies between different model versions helps to explain differ-
ences in ozone and other chemical tracers.

4.1.1 Dynamics and chemistry

CAMb5-chem simulates more ozone in the stratosphere than CAM4-chem, most pronounced
in high latitudes in the lower stratosphere. This is aligned with lower temperatures in the
stratosphere in the tropics 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 in
comparison to CAM4-chem. Reduced ozone around the tropical tropopause can affect tem-
peratures at the cold point and above (lB_aLdegn_el_aLJ 1201_3‘).

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 signifi-
cantly larger relative humidity in the troposphere in mid and high latitudes in CAM5-chem
compared to CAM4-chem (Fig.[d] as discussed in|Bardeen et all d@ld)). 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 fraction and cloud condensation with some con-
tribution from the cloud microphysics. Differences exist in the assumed minimum relative
humidity values that influence where clouds form. Differences in cloud fraction between dif-
ferent configurations impact photolysis rates in the lower troposphere and therefore ozone
photochemistry (discussed below), and also precipitation and removal processes.
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Large differences between CAM5-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 CAM5-chem results in the reduction
of NO,, OH, and therefore changes in CO and ozone production, see further discussion in
Sect.[d

However, differences in dynamics between CAMS-chem and CAM4-chem have
a stronger impact on ozone than differences in clouds and SAD, as shown in comparing
SD-CAM5-chem and SD-CAM4-chem (Fig. [ 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 impact of differences in dynamics for tropospheric chemistry is further supported
in comparing CAM5-chem and SD-CAM5-chem (Fig. [2 and ). In these two model simu-
lations, 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 high latitudes than the SD version. SD simulations driven by MERRA
temperatures are higher than the FR model versions. As shown in Bardeen et al. (2013),
differences of the microphysics between different model versions determine the relative hu-
midity in the model, and therefore the relationship between water and temperature. Warmer
temperatures in SD-CAM5-chem compared to CAM5-chem therefore cause an increase in
water vapor in the stratosphere.

Dynamical differences in the tropics and the stratosphere are investigated for the differ-
ent model configurations in analysing the H,O tape recorder (Mote et all, |1_9_9_d) (Fig. [4)
and stratospheric age of air (AOA), as described in Garcia et all (|2£)JJJ), (Fig.B). The tropi-
cal vertical transport between 23° S and 23° N and 100 and 10 hPa is analyzed for different
model configurations based on the magnitude and slope of the H,O tape recorder (Fig. [).
The slope and magnitude of the tape recorder, as derived from MLS observations between
2005 and 2011 (Fig. [ bottom row), is best reproduced by the SD configurations, even

15

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

1odeJ UOISSNOSI(]



20

25

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 config-
urations, whereas SD-CAM4-chem shows a reasonable magnitude of the tape recorder in
comparison to MLS observations. Consistent with the poor representation of the slope of
the tape recorder compared to observations, CAM4-chem and CAM5-chem produce much
shorter stratospheric AOA compared to the SD configurations (Fig. B). This is consistent
with a stronger Brewer Dobson Circulation (BDC) in both free running model configurations
and stronger stratosphere to troposphere exchange (STE) (Table 1). Slightly larger AOA val-
ues in the tropics and high latitudes are simulated in CAM5-chem compared to CAM4-chem
configurations.

The comparison of chemical constituents in the two model configurations further sup-
ports a stronger tropical vertical transport in CAM5-chem compared to SD-CAM5-chem
and stronger STE in high latitudes (Fig. [3). Stronger tropical vertical transport (mostly in
deep convection) in CAM5-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 lightning NO, (LNO,) production in
mid-latitudes lead to greater ozone production, while reduced LNO, production in the trop-
ical 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 NO,
and CO values in the boundary layer in CAM5-chem indicate that increased STE rather than
chemical processing results in larger ozone mixing ratios in CAM5-chem than SD-CAM5-
chem. Differences in low clouds between CAM5-chem and SD-CAMS5-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 SD-CAM4-chem, however, with
smaller differences in STE in high latitudes compared to the CAM5-chem configurations
(not shown).
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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.

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.[5). 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
SQOq4, 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
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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. B).

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.[3.4), shown in Fig.[Zfor SD-
CAM4-chem and SD-CAMS5-chem, only. All model configurations overestimate SO, at the
surface, as shown here for the SD configurations (Fig. [7) with larger values in CAM5-chem
then in CAM4-chem. Annual SO, concentrations for all model configurations are about twice
as large as observations in rural areas over the US suggest, in particular in summer. In win-
ter, median SO, values in SD-CAM4-chem are biased low compared to observation while
SD-CAMS5-chem is biased high, whereas CAM4-chem values are biased high and CAM5-
chem are biased low (not shown).

Comparisons to aircraft observations over the US (Fig.[8), show very good agreement for
SO, 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 for altitudes between 4—-6 km, with the excep-
tion of CAM4-chem, while boundary layer values are more than double to those observed.
In high latitudes, all model configurations underestimate SO, and SO, compared to ob-
servations from aircraft campaigns ARCTAS and ARCPAC in spring. Those campaigns in
particular sampled highly concentrated fire plumes that are not captured by climatological
simulations. In comparison to aircraft observations over Central Canada in July 2008, sim-
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ulated SO, values in the free troposphere are in the range of variability of observations
(Fig. 8l bottom right 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.[@ All model configurations overestimate background BC (about 1 pg/m3

or less), as the case for other climate models , lZQJ_d, MLa.ng_el_a.LJ ;
Samset et al, 2(214]). 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 there-
fore directly emitted in the aged mode. On the other hand, all configurations largely under-
estimate BC plumes, especially in NH mid and high latitudes in winter and spring, and in
August in the Southern Hemisphere (SH). Shortcomings in the simulation of BC plumes
are likely caused by a potential underestimate of BC emissions, as well as shortcomings
in transport and wet removal by convection (Ma et all, [2013; Wang et all, Qoﬁ), while the
overestimation of background values may be in part caused by a too long lifetime of BC in
the model configurations dS_ams_e_t_e_t_aﬂ QOMI).

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 E&lga.ndjs_el_aﬂ (lZQJ_AJ). 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.

A comparison of overall aerosol can be given by comparing Aerosol Optical Depth (AOD)
from satellite and AERONET observations (see Sect. [3.7) 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 overesti-
mation 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. 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
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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 model configurations. CAM5-chem has a tendency towards lower AOD in north-
ern mid and high latitudes, which could be a result of the significant underestimation 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.

4.2.2 Ozone

The zonal mean seasonal cycle of tropospheric and stratospheric O3 column is evaluated
in comparison to a monthly-mean OMI/MLS climatology (Sect. [3.)), Figure 1] (middle and
right columns). The tropospheric ozone column in CAM4-chem and CAM5-chem is over-
estimated between fall and spring in the NH mid-latitudes, while it is slightly underesti-
mated in the tropics. On the other hand, SD configurations overestimate column ozone in
the tropics in summer. All configurations underestimate tropospheric Oz column in the SH,
with the largest deviations to the observations between September and December. Differ-
ences 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 discussed
in Sect. 41,31 The reason for differences of the different model configurations in tropical
tropospheric ozone column are further discussed in Sect. Bl The underestimation of tro-
pospheric 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 consis-
tent with the underestimation of CO column at the same season in the SH (see 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
hemisphere 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 temperatures in the FR model versions (Eyring et aIJ, M). SD configurations do
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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 tem-
peratures in the SD configurations are slightly higher than for the FR versions especially
the lower stratosphere in high latitudes.

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 config-
urations and ozonesonde observations, and correlations 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 illus-
trated in Figs.[I3]and[{6l 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 14l

Near surface ozone at 900 hPa is for the most part within the range of variability of
ozonesonde observations in both SD and FR configurations (Figs. and top row).
The high bias in summer over Eastern US and Western Europe, as reported in earlier
studies (e.g., [La.ma.r_que_el_a.d lZQJ_d), has been significantly reduced, due to an improved
calculation of dry deposition velocities (Val Martin et all, QOMI). In comparison to surface
observations (Fig. [I4), 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 ob-
servations, whereas low 0zone 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 all, QOMI). Ozonesondes are
not compared to the model configurations at the surface. Those agree well to surface ob-
servations, besides they bias high over Eastern US in summer, as discussed in

(2012).
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In the mid-troposphere, model results agree well with ozonesonde observations at
500 hPa (Fig. 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 (Fig. bottom row). The somewhat higher bias in winter and spring over
Western Europe and high latitudes in CAM5-chem in 500 hPa contributes to the high bias
in 900 hPa, as more ozone is transported downward, discussed in Sect. [4.7l 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. This bias is also shown in the comparisons at
250 hPa, (Figs.[5land[16). At 50 hPa, 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—7 km), (Fig. 7] top
row) confirm the high bias of ozone in CAM5-chem and the low bias in the SD configuration
at NH high latitudes, as well as the low bias in the Tropics in fall. Deviations from the aircraft
climatology are much larger (up to 40 % in mid and high latitudes and up to 60% in winter
in the Tropics) 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.[{8 second and third column). In addition, in spring CAM5-chem
simulates larger ozone in the NH mid and high latitudes than the other model configurations.
The high ozone bias in both CAM4-chem and CAM5-chem in the remote region of the
Pacific further points to a too strong STE in the FR versions. In the tropical troposphere,
CAMb5-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
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.
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4.2.3 CO and hydrocarbons

In comparison to MOPITT satellite observations (Fig. [{1] left column) all model configura-
tions 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 CAM5-chem and MO-
PITT (Fig.[d9) 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 largely overestimated
in January over Central Africa, which points to an overestimation of fire emissions.

CO and other hydrocarbons are strongly controlled by emissions, but also directly im-
pacted by the amount of OH in the atmosphere. The comparison of CO between aircraft
measurement 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. B). Furthermore, in the tropics, in spring, aircraft campaigns show in some re-
gions larger propane (CsHg), and to some degree large acetylene (C,H») and CO values
(Fig.[d7). Too strong convection in the tropics may lead to enhanced mixing ratios of short-
lived species, like C3Hg (with an approximately 10 day 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. [I7). Model comparisons to aircraft
observations, show in general an underestimation of NO, and PAN up 80%. Some aircraft

23

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

1odeJ UOISSNOSI(]



20

25

campaigns observed much higher NO, and PAN values than simulated, 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. {7 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
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 convection in the model compared to observations (e.g., [Fischer et all, Qoﬂ).
In comparison to HIPPO observations 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 be-
tween the different configurations can be attributed to differences in SAD (Fig. 21). One
would expect that larger SAD values result in a faster transition of NO, to NO, and there-
fore reduced PAN production. However, adjustments of the SAD between CAM4-chem and
CAM5-chem configurations are less important in most cases, as shown in Fig.

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 life-
time can therefore be considered as an indicator for the performance of the model. Model
configurations differ largely in tropospheric methane lifetime and often underestimate recent
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observational estimates of 10.2 years m @) and 11.3 years (lELalhﬁLel_aLJ,lZQJ_d). The

reason for differences cannot be easily ascribed to specific processes in models that con-
tributed to the intercomparison projects such as the Atmospheric Chemistry and Climate
Model Intercomparison Project (ACCMIP) Mﬂgﬁ@ﬂsﬂ_aum&m_aﬂ Qoﬁ).

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 there-
fore attributed to model physics, aerosol description, and differences in dynamics between
SD and FR versions, caused by differences in vertical resolution and transport processes.

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 Jacob, [1998; IMurray et all, 2014), 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
CH,4/CO correlation (see Fig. 23] 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,, LNO,, HNO3, tropospheric and stratospheric column ozone, and
ozone production (Figs. 24l 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 (Fig.[23). Based on the sensitivity simulations CAM5-chem* and
SD-CAM5-chem*, most of the difference in OH burden can be attributed to the differences
in SAD between CAM4-chem and CAM5-chem (Fig.[24] left top panel). The increased SAD
results in increased heterogeneous reaction and therefore increased H,O, (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 reactions increase
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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 production of
sulfate, since the reaction of H,O, with SO, in cloud drops is the most significant contributor
to sulfate formation ds_emield_a.nd_liandjs] lZDJ_Z‘I). 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 (SADcams-chem) a@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,. Indeed, Fig. middle top panel, shows a strong dependency of the OH burden
to LNO,. The annual variability in LNO, 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. 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.[25] top, middle panel).

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.
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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:

— Surface values of SO, and SO4 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 (SO,) is overestimated by about 100 %
compared to IMPROVE observations. In the discussed simulations, anthropogenic
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emissions of SO, and SO, are emitted at the surface, which can lead to an underesti-
mated transport into the free troposphere. Comparisons to aircraft observations in the
troposphere show a reasonable agreement between models and observations in SO,
and SOy, besides a high bias in SO, 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 config-
urations while background values over the Pacific Ocean are overestimated, whereby
CAMb5-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 very well repre-
sented 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 a coarse resolution of the model configurations. In the free troposphere,
FR configurations slightly overestimate ozone in mid and high latitudes and under-
estimate ozone in the tropical free troposphere in summer and fall, while SD con-
figurations 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
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observations confirms the differences based on ozonesonde observations, but mod-
els 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 underestimated in comparison
to aircraft observations, in particular in high latitudes. The largest bias of simulated
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 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. 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 troposphere in SD compared to FR versions of the model.

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
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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; IMonks et all, 2014; Emmons et all, Qoﬂ). 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

o
Reaction Rate z
BENZENE + OH — BENO; ;1235107 2% exp(—193./T) £
BENO, + HO, — BENOOH ;1.4%107 2% exp(700./T) &
BENO, + NO — 0.9"GLYOXAL + 0.9*"BIGALD + ;2.6 %1072 % exp(350./T) &
0.9*N02 + 0.9*H02
XYLENE + OH — XYLO; ;2.3x1071
XYLO, + HO, — XYLOOH ; 14510 2% eap(700./T)
XYLO, + NO — 0.62*BIGALD + 0.34*GLYOXAL + ;2.6 %1072 % exp(350./T) 3
0.54*CH3COCHO 0.9*NO; + 0.9*HO, =
EU
o
s
£
o
~
e
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Table 1. 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.

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 4074 4102 4098 4064 4067 4103
CH, Lifet. (yr) 8.82 8.40 8.24 8.4 7.83 8.13 8.18
CO Burden (Tg) 308 301 289 294 283 291 287
CO Lifet. (yr) 0.135 0.129 0.132 0.129 0.120 0.125 0.131
O3 Burden (Tg) 310 309 314 310 313 306 315
0s Lifet. (days) 24 24 23 23 24 24 23
03 Net. chem.? (Tgyr—?) 515 471 507 480 480 454 518
03 STE (Tgyr 1) 344 356 386 401 362 362 377
LNO, (TgNyr1) 43 42 48 46 4.7 43 4.9
Total Optical Depth 0.126 0.108 0.142 0.142 0.153 0.153 0.143
SAD trop 0.35 0.43 0.23 0.35 0.24 0.44 0.22
POM Burden (Tg C) 0.72 0.76 0.58 0.59 0.66 0.66 0.84
SOA Burden (Tg C) 0.97 1.00 1.63 1.63 1.92 1.92 1.63
BC Burden (TgC) 0.119 0.121 0.082 0.082 0.093 0.093 0.110
SO, Burden (Tg S) 0.54 0.51 0.48 0.47 0.51 0.50 0.48
S04 Aqu. Prod. (TgSyr1) 4238 46.8 30.2 30.8 30.2 31.2 30.0
S0, Chem. Prod. (TgSyr—1) 1.2 10.3 13.7 12.2 14.4 13.7 13.8
S0, Lifet. (days) 36 3.3 3.8 3.7 3.9 35 3.8
TOA residual® 2.88 1.835 1.33 1.36
FSDSS (W m~2) 183.4 153.6 181.0 181.0 176.0 176.0 180.9
FSDSCY (W m~—2) 246.5 247.6 2442 2442 243.4 243.4 243.9
high clouds (%) 31.9 29.3 38.5 38.6 38.5 40.8 38.3
med. clouds (%) 19.0 213 27.3 27.3 27.3 27.3 27.2
low clouds (%) 34.3 59.1 43.8 43.8 49.7 49.7 43.8
total clouds (%) 53.9 69.9 64.4 64.5 68.3 68.3 64.3

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

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
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Table 3. Summary of abbreviations used in this article.

Abbreviation  Definition

AERONET AErosol RObotic NETwork

ACCMIP Atmospheric Chemistry and Climate Model Intercomparison Project
AMWG Atmospheric Model Working Group

AOA age of air

AOD aerosol optical depth

BAM bulk aerosol model

BC black carbon

BDC Brewer Dobson Circulation

CAM Community Atmosphere Model

CCMI Chemistry Climate Model Initiative

CESM Community Earth System Model

FR free running

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

IMPROVE Interagency Monitoring of Protected Visual Environments
MACCity MACC / CityZEN EU projects

MAM modal aerosol model

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

MOPITT Measurements of Pollution in The Troposphere

MOZART Model for Ozone and Related chemical Tracers

NCEP National Centers for Environmental Prediction

NH Northern Hemisphere

OoC organic carbon

OoMI Aura Ozone Monitoring Instrument

POM primary organic matter

SAD surface area density

SD specified dynamics

SH Southern Hemisphere

SOA secondary organic aerosols

SO, sulfate aerosol

STE stratosphere to troposphere exchange

TTL tropical tropopause layer

VOCs Volatile Organic Compounds

WMO 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 CAM5-chem and CAM4-chem (row 1-3),
and between SD-CAM5-chem and 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 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 6. Comparison of aerosol burden (left) and surface area density (right) between SD-CAMb5-
chem and SD-CAM4-chem of sulfate aerosol (504), SOA, and BC.
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Figure 7. Comparison between IMPROVE network observations over the US in winter (Decem-
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Figure 8. Comparison of SO, (left) and sulfate aerosol (504) (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 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. Top row: aerosol optical depth at 550 nm for CAM4-chem (left) and CAM5-chem (right).
Bottom row: differences between model and observations from satellite and AERONET composite
M, @). Numbers in the parenthesis are the global average AOD only over areas where the
satellite composite has a valid value.
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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 correspond 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 — 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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Figure 15. As Fig. but for different pressure levels, 250 hPa (top panel) and 50 hPa (bottom
panel). Different numbers correspond 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 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 different model configurations and aircraft observations
(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 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 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
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Figure 25. Correlations of tropospheric column integrated NO, to column integrated lightning NO,
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).

67

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

1odeJ UOISSNOSI(]



