Dear Editor,

please find below the revised manuscript with tracked changes, addressing the reviewers’ comments
and suggestions. The most important changes to the manuscript include:

Following a comment by Reviewer #1, the argument of different SST/SIC impacting on total
column ozone has been removed, as we found the differences between the simulations to be
not significant to a 95% confidence level (according to the t-test in Appendix A3).

Following a comment by both reviewers, we added a table (Table 4) showing methane and
methylchloroform lifetimes as a measure of tropospheric oxidation capacity.

In addition, we added an appendix (Appendix B) to discuss a recently reported bug in the
EMAC output, which affects the two wind components which we used in our analysis (ua and
va variables). At this stage it is clearly not possible to repeat all the simulations, therefore we
applied a 10% corrections to the wind variables to account for this problem, as suggested by a
test simulation performed after the bug was detected. Note that the bug affects only the
output, and not the internal consistency of the model dynamics, which is correctly calculated.
The relevant Figures (5-9 and S3-S5) have been updated accordingly: they show some minor
differences with respect to the previous version, but the conclusions of this paper do not
change.

The ESMValTool has been further developed and updated in the last months, including several minor
bug fixes:

Preprocessing of the model output for EVAL2 and TS2000 revised.

Fixed calculation of the standard deviations in the annual cycle plots, to account for missing
values in the normalization of the weights.

Resolution of the hybrid-to-pressure levels increased in the lower troposphere.

All the plots in the paper have been redone accordingly. The differences with respect to the previous
versions are minor and do not affect any of the conclusions. Nevertheless, for completeness we report
all the differences in the following table.

Fig. | Content Changes
1 | ta annual cycle No differences
2 | ta zonal mean Minor differences at lower levels (p>850 hPa)
3 | h20 annual cycle Minor difference in the standard deviation of HALOEdata
4 | h20 annual cycle Minor difference in the standard deviation of HALOEdata
5 | ECVs rmsd metrics Differences in ua and va; minor differences in zg
6 | ECVs bias metrics Differences in ua and va; minor differences in zg
7 | ECVs Taylor diagrams | Differences in ua (bottom panels)
8 | ua annual cycle 10% difference due to time-filter correction, see Appendix B
9 | ua zonal mean (DJF) 10% difference due to time-filter correction, see Appendix B;
minor differences at lower levels (p>850 hPa)

10 | toz zonal cycle No differences

11 | Ozone metrics No differences

12 | Ozone Taylor diagrams | No differences

13 | tropoz lat-lon No differences

14 | tropoz zonal cycle No differences

15 | Ozone annual cycle No differences

16 | Ozone vertical profiles | No differences

17 | NOy vertical profiles Differences in EVAL2 (in particular for the Thule profile)

18 | CO annual cycle No differences

19 | CO vertical profiles No differences
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Abstract

Four simulations with the ECHAM/MESSy Atmospheric Chemistry (EMAC) model have
been evaluated with the Earth System Model Validation Tool (ESMValTool) to identify differ-
ences in simulated ozone and selected climate parameters that resulted from (i) different
setups of the EMAC model (nudged vs. free-running) and (ii) different boundary condi-
tions (emissions, sea surface temperatures (SSTs) and sea-ice concentrations (SICs)). To
assess the relative performance of the simulations, quantitative performance metrics are
calculated consistently for the climate parameters and ozone. This is important for the inter-
pretation of the evaluation results since biases in climate can impact on biases in chemistry
and vice versa. The observational datasets used for the evaluation include ozonesonde and
aircraft data, meteorological reanalyses and satellite measurements. The results from a pre-
vious EMAC evaluation of a model simulation with weak-nudging towards realistic meteorol-
ogy in the troposphere have been compared to new simulations with different model setups
and updated emission datasets in free-running timeslice and nudged Quasi Chemistry-
Transport Model (QCTM) mode. The latter two configurations are particularly important for
chemistry-climate projections and for the quantification of individual sources (e.g., the trans-
port sector) that lead to small chemical perturbations of the climate system, respectively.
With the exception of some specific features which are detailed in this study, no large dif-
ferences that could be related to the different setups efthe-EMAG-simutations-(nudged vs.
free-running) of the EMAC simulations were found, which offers the possibility to evalu-
ate and improve the overall model with the help of shorter nudged simulations. The main
differences between the two setups is a better representation of the tropospheric and strato-
spheric temperature in the nudged simulations, which also better reproduce stratospheric
water vapour concentrations, due to the improved simulation of the temperature in the trop-
ical tropopause layer. Ozone and ozone precursor concentrations, on the other hand, are
very similar in the different model setups, if similar boundary conditions are used. Differ-
ent boundary conditions however lead to relevant differences in the four simulations. SSTs
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Biases which are common to all simulations are the underestimation of the ozone hole
simutations-is-an-and the overestimation of tropospheric column ozone, whieh-is-the latter
being significantly reduced when lower lightning emissions of nitrogen oxides are used. To
further investigate possible other reasons for such bias, two sensitivity simulations with an
updated scavenging routine and the addition of a newly proposed HNO3-forming channel
of the HO, 4+ NO reaction were performed. The update in the scavenging routine resulted
in a slightly better representation of ozone compared to the reference simulation. The intro-
duction of the new HNO3-forming channel significantly reduces this-biasthe overestimation
of tropospheric ozone. Therefore, including the new reaction rate could potentially be impor-
tant for a realistic simulation of tropospheric ozone, although laboratory experiments and
other moedets-model studies need to confirm this hypothesis and some modifications to the
rate, which has a strong dependence on water vapour, might also still be needed.

1 Introduction

A correct representation of tropospheric and stratospheric ozone is crucial for reproducing
past trends in climate variables (e.g., temperature) as well as for providing reliable projec-
tions of the chemistry-climate system in the 21st century. Tropospheric ozone burden has
increased by around 30 % between 1850 and 2010 to a level of ~ 340 Tg (Young et al],
), leading to a global mean radiative forcing (RF) of ~ 0.4W m—2 venson L,

). This increase is particularly strong in the Northern Hemisphere (NH) mid-latitudes,
due to the increased anthropogenic emissions. In the future, tropospheric ozone is projected
to change, depending on the emission scenario and in particular the evolution of the ozone
precursors nitrogen oxides (NO, = NO + NO,), carbon monoxide (CO), methane (CH,),
and non-methane hydrocarbons (NMHCs). For example, Cionni et al (lZQJJJ) found that
trends in tropospheric column ozone contribute substantially to total column ozone trends
in the 21st century in the four Representative Concentration Pathways (RCP; ,
), mainly because of the difference in methane concentrations and stratospheric in-
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put of ozone, which result in a 10DU (~ 109 Tg) increase compared to 2000 in RCP8.5
(Eyring et all, 2(213&). On the other hand, stratospheric 0zone has been subject to a major
perturbation since the late 1970s due to anthropogenic emissions of ozone-depleting sub-
stances (ODSs), now successfully controlled under the Montreal Protocol and its Amend-
ments and Adjustments ,EQJL_ﬂ). The ozone hole has been identified as the primary
driver of changes in Southern Hemisphere (SH) summertime high-latitude surface climate
over the past few decades (Thompson and Solomon, 2002, [2005; Thompson et all, 2005).
Due to the projected disappearance of the ozone hole during the 21st century, a decelera-
tion of the poleward side of the jet (a decrease in the Southern Annular Mode) is expected

,12008; |Son et all, 12008, 2010; ISPARC-CCMVal, [2010). In addition, the pro-
jected strengthening of the Brewer—Dobson circulation could result into a decrease in trop-
ical ozone and an increase in extratropical ozone in the lower stratosphere, with impacts
on RF (Butchart et all, (2006, 2010; [Eyring et all, [2007; [Shepherd, [2008; [SPARC-CCMVal,
M). Chemistry-Climate Models (CCMs) or more generally Earth System Models (ESMs)
with interactive chemistry simulate tropospheric and stratospheric ozone as well as the un-
derlying key processes.

Here, we evaluate simulations performed with the ECHAM/MESSy Atmospheric Chem-
istry (EMAC) model, which is a numerical chemistry and climate simulation system that
includes submodels describing tropospheric and middle atmosphere processes and their
interaction with oceans, land and human influences (Jockel et aIJ, Igopﬂ). The focus of this
study is to assess strengths and weaknesses in the representation of ozone in different se-
tups of the EMAC model, to answer the question whether shorter nudged simulations can
be used to evaluate the free-running version of the model, and to detect general biases in
EMAC. We compare the conclusions from a previous evaluation of a model simulation in
nudged mode that uses a Newtonian relaxation technique in the troposphere m
2006 Pozzer et all, Igogzl) to new simulations with different model setups and emissions
datasets in free-running timeslice and nudged Quasi Chemistry-Transport Model (QCTM;

,|2£)JJJ) mode. The model is driven by prescribed input parameters such as
SSTs and SICs, concentrations of long-lived greenhouse gases, and emissions from an-
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thropogenic sources, biomass burning and natural processes (e.g., volcanic eruptions and
lightning). The evaluation of tropospheric ozone is focused on ozone itself and its precur-
sors (NO,, CO and NMHCs). Additionally, an evaluation of basic climate parameters (tem-
perature, wirndwinds, geopotential height, specific humidity, and radiation) is performed to
assess the different setups of EMAC simulations against each other.

This paper is organized as follows: The model and model simulations are described in
Sects. 2 and [3 respectively. An overview of the evaluation diagnostics and performance
metrics is given in Sect. 4] together with a short description of the ESMValTool. The obser-
vational data used for the model evaluation are giver-described in Sect.[5l The results of the
evaluation are presented and discussed in Sect. [0l SectienSect. [7] closes with a summary.

2 ECHAM/MESSy Atmospheric Chemistry (EMAC) model description

EMAC uses the Modular Earth Submodel System (MESSy; Jockel et all, |&0_0_d) to link
multi-institutional computer codes. The core atmospheric model is the 5th generation Eu-
ropean Centre Hamburg general circulation model (ECHAMS5; IRoeckner et al, |20_0_d). Fer
the-present studytwe-In the present paper, we evaluate four different EMAG simulations,
versions of EMAC{; ECHAM 5.3.02/MESSy 2.41 and ECHAM 5.3.01/MESSy 1.10)-are
apptiee-. All simulations are performed in the T42L90MA (Middle Atmosphere) resolution,
i.e. with a spherical truncation of T42 (corresponding to a quadratic Gaussian grid of ap-
proximately 2.8° x 2.8° in latitude and longitude), with 90 vertical hybrid pressure levels up
to 0.01 hPa.

The version-versions of MESSy used in this study iretudes-include more than 30 sub-
models, with different functions and purposes. The submodels that are used in the simula-
tions evaluated in this work are summarized in Table [{]and are mostly common to the two
versions of MESSy considered in this work (2.41 and 1.10). Additional and more detailed
information can be found inlJéckel et all (lZQ_O_d |2£)J_d) s-and on the MESSy project web-page
(www.messy-interface.org).
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Figure 13. Tropospheric column ozone in the EMAC simulations compared to MLS/OMI observa-
tions. The values on top of each panel show the global (area-weighted) average, calculated after
regridding the data to the horizontal grid of the model and ignoring the grid cells without available
observational data.
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Figure 14. Annual cycle of the tropospheric column ozone climatology in the EMAC simulations com-
pared to MLS/OMI observations. The values on top of each panel show the global (area-weighted)
average, calculated after interpolating the observations on the model grid and ignoring the grid cells
without available observational data.
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Figure 15. Annual cycle of ozone climatology in three regions (tropics, NH and SH extrastropics) at
three pressure levels (250, 500 and 700 hPa) for the EMAC simulations compared with ozonesondes
data by [Tilmes et al! (2012). Model and observational data are grouped into four latitude bands and
sampled at three, with the models sampled at the ozonesonde locations before averaging together.
The tropical region is represented by 9 stations, NH and SH extratropics by 22 and 5 stations,
respectively (see Fig. S14). The shaded areas indicate the 1o interannual variability (for EMAC
only).
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Figure 16. Ozone vertical profile climatology from selected aircraft campaign observations by
Emmons et al!

(2000) and corresponding simulated values by the EMAC simulations. Profiles repre-

sent mean values. The EMAC simulations are averaged over the same regions and time of year as
the observations, but for different years. Solid whiskers indicate +1 standard deviation and dotted
whiskers show minimum and maximum, both for the observational data.
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Figure 18. Annual cycle of CO surface concentration climatology for the EMAC simulations and
NOAA GLOBALVIEW data, at nine different stations world wide. The shaded areas indicate the +1¢

interannual variability.
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