We thank the reviewer for the careful reading of the manuscript and the insightful comments. Please
find bellow our point-by-point replies:

General comments:

GCl1.

I have multiple concerns on how the model is described within this manuscript. Very

little general information on the TM5 model is provided, except for a long list of citations. For
a non TM5 community member it is impossible to understand the key features of this model
without opening another publication. A general description of the model needs to be provided,
especially since many discrepancies in the model comparison are attributed to transport
processes. A summary on how transport processes are simulated needs to be added. An
additional evaluation of these transport processes would be useful to justify the later claims.

GC2.

Indeed, our point is not to present the whole model, nor to reevaluate each part of it.
This has been already presented in detail in numerous publications. Instead, our focus
here is to present the new chemistry developments as stated in Sect.1. The model and
specifically the transport of TMS5 has been successfully evaluated in the past, e.g., see
(Koffi et al., 2016; Krol et al., 2005; Peters et al., 2004; Williams et al., 2017). For this,
we provide references for each major release of the model that can guide the reader for
further reading. Following the reviewer’s comment, however, a statement on the
reference of the transport processes in TM5 is added in Model Description (Sect. 2.1):
“The advection scheme used in TM35 is based on the slopes scheme (Russell and Lerner,
1981) and the deep and shallow cumulus convection scheme is parameterized
according to Tiedtke (1989). The performance of the transport in the model has been
evaluated by (Peters et al., 2004) using sulphur hexafluoride simulations and by
analyzing the vertical and horizontal distribution of radon (222Rn) to simulate the
boundary layer dynamics (Koffi et al., 2016, Williams et al., 2017). More recently,
global transport features, such as the transport times associated with inter-hemispheric
transport, vertical mixing in the troposphere, transport to and in the stratosphere, and
transport of air masses between land and ocean, were evaluated via an inter-
comparison of six global transport models (Krol et al., 2018).”

Additionally, some information that should be included in the model description can be

found in later sections (e.g. how the tropopause altitude is calculated between the different
simulations). The manuscript should be harmonised such that all this information is included in
the model description.

GC3.

All information related to model description has been moved to the model description
as suggested by the reviewer in the specific and technical comments (please see also
our replies to respective comments).

Within this study, two different chemical mechanisms are used but the manuscript only

includes information on the newly developed one. A short description on the “standard” TM5
mechanism should be included and a list of all reactions of this mechanism needs to be added
to the supplemental material. A box model comparison of all mechanisms (i.e. MOGUNTIA,
CBO05 and MCM) would be useful to understand the mechanistic differences.

CBO5 is a well-established mechanism that already presented in numerous publications.
Specifically, the modified version of the CB05 mechanism used in the standard
configuration of the model (i.e., mCBO05) is already described in several publications of
the TM5 community, such as the publications by (Williams et al., 2013, 2017); the full
table of reactions is freely available for the reader, i.e., see Table Al and A2 there,
https://www.atmos-chem-phys.net/13/2857/2013/;. For this, we believe that it is
needless to repeat here the same tables. However, to make it more clear we now state
that for the mechanism we refer to “Williams et al. (2013), along with updates presented
in Williams et al. (2017).”


https://www.atmos-chem-phys.net/13/2857/2013/

We present bellow an example of the box model comparison for O3, CO, NOy
(ENO+NO2+tNO3+2*N205+HNO4) and OH, between the mCB05 and MOGUNTIA
mechanisms, using the KPP files from the TM5-MP model of this study. Note that, to
our knowledge, MCM does not exist in a KPP format (e.g., see Sommariva et al., 2020),
and our comparison is therefore limited to the comparison of mCB05 and MOGUNTIA.
o Initial conditions:
»  (O3:40 ppb
HO2: 1ppb
H202: 1 ppb
OH: 0.003 ppb
NO: 0.6 ppb
NOz2: 1.5 ppb
NOs: 9x10-7
N20s: 4x10-9 ppb
HCHO: 0.5 ppb
CH:302: 0.025 ppb
CH30:2H: 5 ppb
CHa4: 1700 ppb
CO: 150 ppb
HCOOH: 0.1 ppb
ISOPRENE: 0.1 ppb
Temperature: 298.15 K
Pressure: 1023 hPa
Relative humidity: 45%
Emissions: None
* Deposition: None
o Photolysis rates; represent equator, noontime, in s-1 based on (Lim et al., 2005)
box modelling study. Note that a prescribed diurnal cycle of radiation is
applied.
= JO3 =1.36E-5
JNO2 =4.65E-3
JH202 =7.65E-6
JNOsa =1.10E-1
JNOsb =1.30E-1
JHONO =3.05E-3
JHNO3 = 2.69E-7
JHNO4 = JHNO3
IN20s5 = 2.54E-5
JCH20a =2.54E-5
JCH20b = 1.31E-5
JCH30:H = 3.63E-6
JPAN = 1.47E-6
JORGNTR = 1.47E-6
JALD = 6.71E-6
JGLYa = 6.82E-5
JGLYb = 7.08E-5
JGLYAL = 1.30E-5
JMGLY =2.02E-4
JACETONE = 1.40E-6

For all organic hydroperoxides the photolysis rate of CH3O2H is used.

For all organic nitrates, the photolysis rates of the lumped species
(ORGNTR) is used
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Although we studied both mechanisms in detail in box models to understand the differences,
we feel that a box-model addition to the paper would be of limited value. Reasons are the
heterogeneous conditions that are encountered in the atmosphere in terms of emissions,
radiation, and temperature.

GC4. Within the text, it becomes evident that different emission data sets are used for the
different mechanisms. However, this information is not at all included in Section 2.4. The
emissions for the standard mechanism need to be provided (e.g. table in the supplementary
material).

e  We could not find evidence for this in the text. Both mechanisms use the same emission

data sets and boundary conditions (see Sect. 2). This choice is made in order to
specifically focus only on the differences between the two mechanisms in the model as
explicitly presented in Sect. 3. The only difference is on how the two mechanisms
distribute the VOC emissions to the species considered in the mechanisms: the more
lumped mCBOS5 does not resolve all of the NMVOCs provided by the emission datasets,
whereas MOGUNTIA explicitly simulates the NMVOCs (C1-3) and isoprene.
To make this point clearer, however, we changed the word “speciation” with
“representation” when we refer here to the differences between the two chemical
schemes (see also our reply to SC17) and we now clearly state in the manuscript that
both mechanisms use the same emission datasets.

GCs. Scientifically, many claims on what causes the differences between the model and the
observations are not supported by the provided data and not enough evidence is given. In one
particular case, too low upward transport is given as a reason and one page afterwards it is
claimed that the model simulates a too high transport in the same region. The manuscript
therefore needs to be checked if the claims are supported by the results. If so, more justification
must be provided (e.g. presenting differences in O3 precursors). Otherwise these statements
should be removed.

e  We thank the reviewer for attracting our attention to this issue. Particularly, we removed
the sentence: “The negative model bias in the tropical UTLS points at a weak convective
uplift in tropical Africa in April.” from the discussion of ozone comparison with the



MOZAIC data. The discussion of both the O3 and CO evaluation with the MOZAIC
observations is now rewritten in the manuscript (see our reply in SC35).

GCe. All in all, the model tends to underestimate VOCs, which is mainly attributed to too
low emission sources. Higher emission strengths of VOCs will lead to higher VOC
concentrations in low-NOx regime, influencing the O3 production. I therefore strongly suggest
to perform a sensitivity simulation with up-scaled emission sources to investigate the impact on
O3 and HOx.

e Indeed, the model tends to underestimate the C2Hs and C3Hg atmospheric mixing ratios

in most of the cases. For C2H4 and C3He, however, the model presents mixed results
depending on the location of the climatological data as already mentioned by other
modelling studies (e.g., Huijnen et al., 2010).
Recently, Dalseren et al. (2018) showed that an increase of natural (geologic) and
anthropogenic fossil fuel emissions by a factor of two to three (compared to current
inventories), may significantly improve the simulated C2H¢ and C3Hs mixing ratios
compared to observations. Additionally, applying enhanced ethane and propane
emissions results in an increase of the simulated surface ozone concentrations by 5-
13%, particularly in polluted regions. Since our paper is already lengthy, we prefer to
refer to that study instead of performing additional sensitivity simulations.

GC7. Another major concern I have is the overuse of citations when referring to earlier work.
A good example is page 4 line 17-20: This sentence has 12 citations but only 18 words with
providing no important information about the model at all. It feels as if every paper that used
the model is cited here (without evidence why this is necessary), which should not be the goal
of the model description. It should be sufficient to cite e.g. Huijnen et al., 2010 since they focus
on the chemical modelling in TMS5. The same holds when referring to earlier studies using parts
of the mechanism (e.g. page 6 line 6-7, page 6 line 32, page 7 line 3-4), especially if they are
not further used in the manuscript. It would be scientifically more profound to only cite
publications, in which the approach was novel or were it was used first and not every publication
using this part of the mechanism or model development. I therefore strongly advise you to
recheck every citation in the manuscript and limit citations to a minimum.

e  We present the main (not all) publications that show how the model evolved over time,
which we believe can be very useful for a reader who wants to understand each step of
the model development, offering also a source for further reading. Also, this is common
practice in model description papers (e.g., in GMD) that provide the reader the
opportunity to search in-depth the literature for more information about the model.

GCS. Last but not least, when reading the manuscript, it does not feel like a coherent story
and each section feels like an isolated section. Additionally, the manuscript suffers from
grammatical mistakes. I therefore suggest sweeping through the document focusing on simpler
sentence structures.

e Strong structural changes and grammatical corrections will be provided in the revised
manuscript.



Specific Comments:

SC1. Page 1, Line 31-33: Not much information is given about other global models in your
manuscript. Therefore, you should only focus this statement on TM5.
e  We agree with the reviewer. This part now reads as: “Overall, the MOGUNTIA scheme
simulates a large suite of oxygenated VOCs that are observed in the atmosphere at
significant levels. This significantly expands the possible applications of TM5-MP”

SC2. Page 4, Line 28-29: What influence does this approach have on the stratospheric-
tropospheric exchange in your budget analysis?

e TMS5-MP is a chemistry-transport model that focusses on the troposphere and no
explicit stratospheric chemistry is considered. The stratospheric O3 concentrations are
nudged to ozone datasets to ensure realistic stratospheric O3 overhead concentrations
and thus a realistic chemical tropopause level (i.e., 150 ppb O3 mixing ratio) for the
budget analysis. A free running simulation without nudging stratospheric conditions of
O3 (as well as for HNO3, CH4) would lead to great discrepancies in tropospheric mixing
ratios due to the omission of explicit stratospheric chemistry that is a source of O3 (and
HNOs and a sink of CHa4). Also, the chemical tropopause level used for the budget
analysis would significantly change.

SCa3. Page 5, Line 4-5: When using 150 ppb as definition, the tropopause altitude will differ
when using different chemical mechanisms or integrators. Do you use the same tropopause
altitude for each simulation? And if so, on which simulation is this definition based? Is the
tropopause altitude calculated for each time step or is it based on mean data? What impact do
you expect from this?

e As a reference for this study we use the monthly mean O3 concentrations from the
mCBO05-EBI configuration of the model, since the EBI configuration of the model has
been already published multiple times in the literature. As stated in the manuscript, the
differences of O3 mixing ratios close to the chemical tropopause considered for this
study are, however, negligible, and in all model configurations the same tropopause
height is calculated. This is, we believe, due to the strong influence of nudging at these
altitudes.

SC4. Page 5, Line 7: The only O3 chemical aqueous-phase sink considered here is SO-.
However, the major aqueous-phase sink of O3 is the reaction with O2- (Liang and Jacob, 1997).
By not taking this sink into account, what impact do you expect this has on the O3 budget and
the O3 burden in your analysis?

e We do not expect significant differences on a global scale. Even though aqueous phase
chemistry may impact the oxidative capacity of the troposphere, this is expected to be
minor compared to gas-phase sinks. Liang and Jacob (1997) clearly indicated that
including aqueous phase HOx, chemistry in regional and global models of tropospheric
03, is less than 3%. In contrast, hydrolysis of NO3 and N20Os on aerosols and clouds that
is included in our model is, indirectly, far more important for the O3 budget. Note also
the relatively low Henry constant of O3 (e.g., ~1x104 mol/ms/Pa @ 273.15 K; see
Sander, 2015) For clarity, we note that when a detailed aqueous-phase chemistry
scheme (unpublished results; work in progress) is considered in our model, a global O3
sink on clouds is roughly 20 Tg/yr, thus very low compared to the gas-phase sinks.

SCS. Page 7, Line 13-15: Due to the citation style used, it is not at all obvious in which
publication each of the advances have been published.
e The citation style we use is the recommended by the GMD journal. Moreover, the
reference(s) for each reaction are also presented in detail in Tables 1 and 2 as clearly
stated in the manuscript.



SCeé. Page 7, Line 26: How are meteorological conditions simulated in TM5? This needs to
be discussed in the general description of the model (Section 2.1).

e TM5-MP is an offline CTM that reads the metrological data from the ERA-Interim
database. By default, offline CTMs do not simulate meteorology but are driven by
meteorological fields. In Sect. 3 we clearly state that TM5-MP is driven by
meteorological fields from the ECMWF ERA-Interim reanalysis (Dee et al., 2011)
with an update frequency of 3 hours. For clarity we included this description in Sect.
2.1 where we now clearly state that TMSMP is an “offline” CTM.

SC7. Page 8, Line 23-26: This information is useful to understand why KPP was implemented
into TMS. I would suggest you mention this first (i.e. page 8 line 8 and in the introduction).
e  We agree with the referee. This information has been moved to the beginning of Sect.
2.3 and the introduction.

SC8. Page 10, Line 12: What complexity has the chemical mechanism used for mCB05?
Provide more information about this mechanism.
e mCBOS5 is a chemistry scheme which is based on the structural lumping of atmospheric
species. CB05 has already published in numerous papers in the literature (e.g.,
Flemming et al., 2015; Houweling et al., 1998; Luecken et al., 2008; Yarwood et al.,
2005; Zaveri and Peters, 1999) and the specific implementation of this chemistry
scheme in the TM5-MP mode has been recently published by Williams et al. (2017).
We have a separate paragraph in the introduction focusing specifically on this
mechanism in Sect. 1.

SC9. Page 11, Line 1-15: How is this model performance analysis performed (e.g. which
software)? What are the expected limitations?

e The model performance calculations are based on the timings of each procedure in the
model. There is no specific software for this, but the analysis is based on the on-line
calculations of the time spent per procedure as the model runs (see Table S3). The
limitations for the model performance may, however, depend on the hardware.

SC10. Page 11, Line 2-4: This information should be included in Section 2.5.
e This part is now moved to Sect. 2.5.

SC11. Page 11, Line 8-9: The transport of tracers seems to be important for the model
performance. How is it decided which tracer is transported and which not? This should be
discussed in the model/mechanism description.

e The transport of a tracer in the model domain is mainly dependent on its lifetime
relative to the applied timestep of the transport. In TMS5-MP, as in most offline CTMs,
all species are considered as transported except for the radicals due to their extremely
short lifetime. This has already discussed in previous publications of the model, such
as by Huijnen et al. (2010) and references therein.

SCI2. Page 12, Line 7-9: This is not clear. Why is the chemical destruction higher due to
changes in the O3 precursors?
e We thank the reviewer for attracting our attention to this. Indeed, we think that, given
the differences in the chemical scheme, chemical destruction is rather similar.
Moreover, switching from EBI to the KPP-based solver has a larger influence. So, we
propose: “Chemical destruction in the troposphere is similar in the MOGUNTIA and
mCBO05(KPP) chemistry configurations.”

SC13. Page 12, Line 8-9: How do the changes in the O3 precursors look like? This is a nice
example were a statement is given without providing any results or argument why this must be
the case (see general comments).



e This remark links to the previous one (i.e., SC12). In the manuscript we present the
changes due to the different model configurations for NOx, OH and CO, which play an
important role in the O3 budget. However, ozone formation and destruction are non-
linear processes that critically depend on the NOx/VOC ratio. A complete analysis of
the ozone budget is, however, beyond the scope of this manuscript. Following the
reviewer recommendation, we now provide in the Supplement the changes of the
organic nitrates (ORGNTR) concentrations that represent an important pool of NOx in
the model (see also our reply in SC27).

SC14. Page 12, Line 12: Why is it necessary to used NOy mass fixing when using EBI? This
needs to be discussed in the model description since this is a major difference between EBI and
KPP!

e The NOy mass fixing in case of intense NOx photochemistry, is applied due to the
approach of the EBI solver. To save computational resources, EBI employs a fixed time
step with a restricted number of iterations. In some grid boxes this approach leads to
incomplete convergence. This is not, however, a major difference between EBI and
KPP, but a way not to miscalculate the N-budget when EBI is used. For the KPP
configurations this is not needed, since the KPP-based solver (Rosenbrock) uses a
variable sub-time step which ensures absolute mass conservation of N. These numerical
issues are, of course, a major reason to investigate the implementation of KPP-based
solvers.

SC15. Page 12, Line 19: This is unclear. By referring to table 3 it implies that different
emission datasets are used for the different simulations. If so, why is that the case? This needs
to be elaborated in Section 2.4.
e We thank the reviewer for pointing this out. Indeed, this is a typo and Table 3 should
be “Table 4.

SC1e6. Page 13, Line 4: With the 150 ppb definition your simulation are already up to 15%
higher. How does your model compare to Lamarque et al. (2012) when using 100 ppb as
tropopause definition? It would be best to provide both budgets (i.e. in Table 4) for the 100 and
150 ppb definition to allow a fair comparison.

e The relative difference when accounting for the 100 ppb O3 tropopause definition is
added in the respective Tables within parenthesis.

Table 1. Tropospheric budgets of O3 for the year 2006 in Tg(Os3) yr-1 and burden in Tg(O3), using the 150
ppb O3 mixing ratio to define tropopause level. In parenthesis the relative differences using the 100 ppb O3
mixing ratios are also presented, calculated by reference to the 150 ppb Os definition of tropopause level.

. mCB05 mCB05 mCB05
Production mCB05 (EBI) MOGUNTIA Loss terms MOGUNTIA
terms (KPP) (EBI) (KPP)
f‘;lf]a;;’ffhem 632 (10%) 429 (32%) 424 (30%) Deposition 955 (0%) 932 (0%) 913 (0%)
Trop. chem. o o o Trop.  chem. o o o
production 5580 (3%) 5719 (-3%) 5709 (-3%) oo 5192 (-1%) 5216 (-1%) 5219 -1%)
Trop. burden 385 (-8%) 384 (-8%) 375 (-8%) (T;:yps') lifetime )¢ (8%) 228 (8%) 223 (-6%)

=sum of the deposition and the tropospheric chemical loss minus the production



Table 2. Tropospheric chemical budget of OH for the year 2006 in Tg(OH) yr-1, using the 150 ppb O3 mixing
ratio to define tropopause level. In parenthesis the relative differences using the 100 ppb O3 mixing ratios
are also presented, calculated by reference to the 150 ppb Os definition of tropopause level.

Production mCBOS mCBoS MOGUNTIA Loss terms meBos meBos MOGUNTIA
terms (EBI) (KPP) (EBI) (KPP)

O(1D) + H20 1960 (0%) 1953  (0%) 1878  (0%) OH +CO 1665 (2%) 1671  (-2%) 1775 (-2%)
NO +HO2 1268 (4%) 1312 (4%) 1426  (-4%) OH + CHs 613 (0%) 626 (0%) 644 (-1%)
03 + HO2 560 1%) 566 1%) 561  (-1%) OH + 03 254 (2%) 260 (-2%) 262 (-3%)
H202+ hy 262 1%) 265 C1%) 303 (-1%) OH +ISOP 114 (1%) 115 (-1%) 120 (0%)
Other 203 (2%) 201 (2%) 120 (-1%) Other 1606 (-1%) 1626  (-1%) 1487 (-1%)

Table 3. Global budgets of CO for the year 2006 in Tg(CO) yr-1 and burden in Tg(CO), using the 150 ppb
O3 mixing ratio to define tropopause level. In parenthesis the relative differences using the 100 ppb O3
mixing ratios are also presented, calculated by reference to the 150 ppb O3 definition of tropopause level.

. mCB05 mCB05 mCB05 mCB05
Production MOGUNTIA Loss terms MOGUNTIA
terms (EBI) (KPP) (EBI) (KPP)
Emissions 1097 (0%) 1097 (0%) 1097 (0%) Deposition 98 (0%) 97 (0%) 99 (0%)
Trop. chem.1g00  (1%) 1818 (-1%) 1992 (-1%) Trop. chem. ¢4 (-6%) 2849  (-6%) 2924 (-2%)
production loss
Strat. chem. ¢ (69%) 26 (73%) 26 (65%) Strat. chem. g, (68%) 89 (69%) 90 (68%)
production loss
Lifetime

Atmos. burden 370 (0%) 360 (0%) 361 (0%) (days) 475 Q%) 462 (2%) 43.6 (3%)

SC17. Page 13, Line 13: It is not at all clear in Section 2.4 that different emissions are used.

What is the impact of using different emissions?
e As clarified above we use the same emission datasets for the different chemistry
configurations of the model. We here refer to the different “speciation” of the emitted

species due to the required lumping, i.e., how the same VOC emissions are represented

in each mechanism. To avoid confusion, we changed the word “speciation” to
“representation”.

SC18. Page 13, Line 30-31: This is a good argument for the model description to justify why
this approach is used.
e We agree with the reviewer. We moved this part to Sect. 2.1.



SC19. Page 14, Line 4: The contribution of the “other reactions” changes from about 200 to
120 Tg/yr. What causes these changes and what is included in this category?

e This category includes the rest of the reactions in the chemical scheme. However, due
to the different representation of the VOC species in mCB05 and MOGUNTIA, there
is not one way to exactly match the VOC oxidation reactions, and for this reason they
are added in the same pool. More details are explicitly presented in Tables 1 and 2.

SC20. Page 14, Line 9-10: This should be mentioned in the model description.
e  We moved this part to Sect. 2.1.

SC21. Page 14, Line 12: Which tropopause definition did van Noije et al. (2014) use?
o “I150 ppb Os level for the tropopause definition” is added in the text.

SC22. Page 14, Line 27: The difference is about 15%, so using “somewhat shorter” is a slight
underestimation.
e “somewhat shorter” is changed to “roughly 15% shorter”

SC23. Page 14, Line 34: What lifetime do you get when using 100 ppb as tropopause
definition?
e The lifetime of CH4 changes only marginally (i.e., from 7.18 yr to 7.22 yr). This is,
however, expected due to the relative low differences (i.e., -1%) of tropospheric CHs
oxidation by OH radicals (see the new Table 5).

SC24. Page 15, Line 9: To what else can these differences be attributed to?
e Differences can be also attributed to differences in the general model set-up, the
chemistry scheme used, the meteorology, etc.

SC2s. Page 17, Line 18-19: This is a bit confusing. The dataset used to compare 2006 is
published in 2000? What are the limitations of this comparison when using different years?

e Aircraft observations are used as climatological data, as we clearly stated in the
manuscript. Some small differences are of course expected due to annual variation of
emission and local meteorology changes. However, since no large differences are
expected, these observations can be safely used to determine the state of model
simulations.

SC2e6. Page 18, Line 21-22: Due to the lack of specific details on mCBO0S5 in the manuscript, it
is impossible to identify why this must be the case. More details are necessary here.

e The mCBO05 mechanism is well documented and we deem it not necessary to repeat the
tables in the manuscript (see also our reply to SC8). Moreover, the two mechanisms are
presented in detail online on Zenodo. In general, the more explicit a chemical scheme,
the more formation pathways are considered.

SC27. Page 18, Line 24: Provide more details on how NOx reservoir species differ in their
concentration and spatial distribution between both mechanisms.

o The simulated annual mean surface and zonal mean organic nitrates mixing ratios for
the MOGUNTIA chemistry scheme for the year 2006 and the respective differences
compared to mCBO5(KPP) are now added in the Sup. Material:

“Simulated annual mean surface (left columns) and zonal mean (right columns) mixing
ratios (ppb) of organic nitrates (ORGNTR) for the MOGUNTIA chemistry scheme for
the year 2006 (a,b), and the respective differences compared to mCB05(KPP) (c,d).
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where, for the MOGUNTIA configuration ORGNTR represents the sum of CH3ONO:,

C2H50NO:,

OHCH:>CH:0ONO:,

CH3CH3CH:0ONO:, CH3CH(ONO2)CH;,

CH3CH:CH(ONQO2)CHj3, nitrates from isoprene (ISOPNQO3), nitrates from methyl-ethyl
ketone (MEKNQO3,), nitrates from methyl vinyl ketone (MVKNQO3) and nitrates from
methacrolein (MACRNQO3).”

Table S4. Tropospheric chemical budget of ORGNTR for the year 2006 in Tg(N) yr-1, using the 150 ppb O3
mixing ratio to define tropopause level. Tropospheric burdens in Gg(N) yr-1.

Pr ion mCB05 mCB05 Loss mCB05 mCB05
oductio MOGUNTIA* MOGUNTIA-
terms (EBI)  (KPP) terms (EBI)  (KPP)
XO02N/ROz + NO 8.586 8.122 7.030 ORGNTR + hv 4.077 4.037 2.621
RH + NO3 4336 4.190 6.732 ORGNTR + OH 1.315 1.377 5.848
Tropospheric 159.579  159.822 63.054 Deposition 7.424 7.627 5.132
Burden
“For the MOGUNTIA configuration ORGNTR represents the sum of CH30NO: C:HsONO: OHCH:CH:0ONO: CH3CH3CH:0NO:,

CH3CH(ONO:)CH3, CH3CH2CH(ONO2)CHs, nitrates from isoprene (ISOPNQO3), nitrates from methyl-ethyl ketone (MEKNOS3,), nitrates from methyl
vinyl ketone (MVKNO3) and nitrates from methacrolein (MACRNO3)

This part now reads as: “Overall, since deep convection may efficiently transport ORGNTRs to the upper
troposphere, the more explicit representation of VOC chemistry in the MOGUNTIA chemistry scheme
alters the distribution of ORGNTR compared to the more lumped chemistry of mCB0S5. Although
production of ORGNTR is about 10% larger in the MOGUNTIA scheme, the ORGNTR burden is
dominated by the loss term (Table S4). Due to the more detailed speciation of the ORGNTR species in
the MOGUNTIA scheme, the destruction becomes significantly more efficient compared to the mCB05
configuration. As a result, the global ORGNTR burden calculated using the MOGUNTIA scheme in the
model is about 60% smaller”.

SC28.

Page 19, Line 2-3: How well does your model compare when using 7.9 Tg-N/yr?
The dataset with the 7.9 Tg-N yr-1 is not available to us. Increasing the soil emissions

to 7.9 Tg-N yr-1 will not match the data from field observations.

SC29.

Page 19, Line 14-17: Provide evidence why this is the case.
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SC30.

As we stated in our reply in SC27, a more efficient removal of the organic nitrogen is
simulated for the MOGUNTIA compared to the mCB05 mechanism. This is due to the
more detailed representation of these NOx reservoir species in the more explicit
MOGUNTIA scheme. Organic nitrogen in the MOGUNTIA mechanism includes
several species (i.e., CH3ONO2, C2HsONO2, HOCH2CH20NO2, CH3CH3CH20NO2,
CH3CH(ONO2)CH3, CH3CH2CH(ONO2)CH3, nitrates from isoprene (ISOPNO:3),
nitrates from methyl-ethyl ketone (MEKNO3,), nitrates from methyl vinyl ketone
(MVKNO3) and nitrates from methacrolein (MACRNO3)), while in the mCBO05
mechanism, all these species are represented by one lumped ORGNTR species. Budget
calculations show that although the production of ORGNTR is roughly 10% higher for
the MOGUNTIA configurations compared to mCBO05, the destruction is significantly
more efficient (~56%) in MOGUNTIA. Therefore, the reactivity of the mixture of
organic nitrogen species in MOGUNTIA mechanism is higher than that of the lumped
species in mCBO05 as shown in Table S4, with chemical loss of organic nitrogen by
reaction with OH in the MOGUNTIA mechanism which largely compensates for the
faster photolysis of these compounds in mCBO05. Overall, this results in a lower
tropospheric burden of ORGNTR of about 60% for the MOGUNTIA compared to
mCBO5 configuration. Thus, we conclude that the MOGUNTIA speciation leads to
increased destruction of the organic nitrates and consequently to lower mixing ratios at
higher altitudes. Concerning the impact of organic NOx reservoir species on
troposphere OH mixing ratios, we note that due to the NOx release upon the destruction
of ORGNTR, O3 will be formed in remote locations, and thus OH recycling will be
stimulated. However, a more detailed analysis would be needed to examine how the
ORGNTR destruction affects NOx, O3, and finally OH mixing ratios. This would be
out of the scope of this paper that is focused on model development. Overall, the
developments presented in this work further indicates the benefits of using the
MOGUNTIA configuration in the model, since we can have a more accurate
representation of ORGNTRs, and can overall predict better their distribution.

This part now reads as: “These relatively small differences in OH mixing ratios are
mainly related to the HOx regeneration, as well as to the differences of NOx and
ORGNTR species that impacts on the distribution of OH in the troposphere. The more
detailed representation of ORGNTR in the MOGUNTIA chemistry scheme results in
more efficient NOx release upon the ORGNTR destruction (Table S4), leading overall
to Os formation in remote locations, and thus to the stimulation of HOx recycling in
higher altitudes.”

Page 20, Line 3: What about comparing your model simulations to satellite observations

of O3 (e.g. OMI)?

For this work we used two extended surface ozone observation databases and one
ozonesonde database to evaluate the model and discuss the differences of the different
configurations. More extended model evaluation, although always interesting, is not
expected to change the conclusions of this work, especially for the simulated
tropospheric ozone mixing ratios. As we refer to in the summary (Sect. 6) a more
dedicated comparison of the model with the MOGUNTIA configuration with in-situ
observations and satellite retrievals is planned to be performed in the future. Indeed, we
prepare a study with an extended model evaluation with satellite retrievals. As an
example of our work in progress, the reviewer can find bellow an evaluation of
tropospheric O3 columns (for the three configurations of this study) with OMI monthly
tropospheric retrievals:
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TM5-MP (mCBO05ebi mechanism) vs OMI/MLS annual 2006

Model (mCB05ebi mechanism) OMI/MLS

-20 -15 -10 -5 0 5 10 15 20 —-40 -20 0 20 40
abs. diff. model-satellite (DU) rel. diff. model-satellite (%)
TM5-MP (mCBO5kpp mechanism) vs OMI/MLS annual 2006

Model (mCBO5kpp mechanism) OMI/MLS

O3 DU

rel. diff. model-satellite

-20 -15 -10 -5 0 5 10 15 20 -40 -20 0 20 40
abs. diff. model-satellite (DU) rel. diff. model-satellite (%)
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TM5-MP (moguntia mechanism) vs OMI/MLS annual 2006

OMI/MLS

Model (moguntia mechanism)

-

0 10 20 30 40 50 60
03 DU 03 DU

abs. diff. model-satellite rel. diff. model-satellite

-20 -15 -10 -5 0 5 10 15 20 —40 -20 0 20 40
abs. diff. model-satellite (DU) rel. diff. model-satellite (%)

Overall, it is obvious from this evaluation that the MOGUNTIA scheme better simulates
the OMI retrievals, thus changing the model in the right direction. Note, again, that we
choose not to present this evaluation in this paper, since a separate paper is in progress.

SC31. Line 18-20: The surface ozone bias is lowest for mCBOS5(KPP) but at the same time the
ozone burden is higher than for MOGUNTIA. What causes this difference? Are there significant
differences in free tropospheric ozone?

e Indeed, the surface ozone biases are slightly lower for mCBO5(KPP). However, this
conclusion cannot be straightforwardly applied to the burden differences presented in
Table 4, since burdens refer to the whole troposphere, and not only to the surface level.
We note also that the ~ 1ppb difference is relatively small compared to the range of O3
observations.

SC32. Page 21, Line 10-11: This conclusion is not obvious based on the results you provided.
Further analysis is needed here. How well are transport processes modelled in TM5?
e We consider such analysis outside the scope of the current paper. We indicate in the
paper that model resolution “could” be a reason. Note that the current version of the
TMS model was included in a model intercomparison (Krol et al., 2018), in which
vertical resolution were specifically addressed.

SC33. Page 21, Line 15-18: Are these speculations or do you have evidence that this must be
the case? If so provide further details.

e Asin our answer to SC32, we have no solid proof from the present study, but refer to a
previous study that addressed these issues in more detail (Williams et al., 2012). We
think this is good practice. However, we agree that the word “can” suggests some form
of evidence. Therefore, we changed this to “could” in the revised manuscript.

SC34. Page 21, Line 32: This statement is unclear. The current sentence structure implies that
the emissions in the SH are lower when using KPP.

e Thanks for pointing this out. This part now reads as: “Notably, the mCB05(EBI) model

configuration tends to produce lower biases in the SH, where the emission strengths
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SC3s.

are in general low, compared to the other two configurations (i.e., approximately -3 vs.
-4 and -5 ppb for mCBO5(KPP) and MOGUNTIA, respectively). In contrast, the
MOGUNTIA chemistry configuration results in lower biases in the NH where the
majority of anthropogenic emissions occur (i.e., approximately -30 vs. -31 and -33 ppb
for mCBO5(EBI) and mCBO05(KPP), respectively).”

Page 22, Line 21-23: Earlier (i.e. page 21, line 10-11) you state that the convective uplift

is too low but now you state that it is too strong. Which is correct? The presented data do not
support either. More evidence is needed. I strongly suggest you to perform an elaborated
analysis of the performance of TMS5 with respect to transport processes, to justify these claims.

SC36.
claim?

We improved changed this section and added further analyses. Overall, these parts are
now read as:

o Os: The model evaluation at pressure levels < 300 hPa indicates there is good
agreement of both configuration with the observed mixing ratios. A positive
bias in April in the order of ~20 ppb is calculated for the model, but smaller
biases are found around the tropics and in the latitudes north of 400N (Fig.
S4a). In October (Fig. 45b), a constant positive bias of roughly 20 ppb is
calculated for both configurations. This could be caused by the limited vertical
resolution of this model version in the UTLS region. Note here that 34 vertical
levels were employed for this study with a higher resolution in the upper
troposphere—lower stratosphere compared to the low and mid-troposphere
region. Part of the model overestimation could also be attributed to systematic
errors, as also presented in previous studies (e.g., Huijnen et al., 2010), caused
possibly by cumulative effects such as a lack of a diurnal or weekly variation
in the NOx emissions from the road transport sector, an underestimation of
surface deposition during summer or even errors in the representation of
nocturnal boundary layer dynamics (e.g., Williams et al., 2012), which are
common issue in global chemistry transport model.

o CO: Model evaluation at pressure levels < 300 hPa shows a good correlation
for both configurations in the SH, with a small positive bias (up to ~20 ppb) for
the mCBO5(KPP) configuration in April around the equator and a small
negative bias (~10 ppb) for the MOGUNTIA configuration for latitudes below
10sN. Both configurations present a strong negative bias (~30 ppb) for latitudes
above 200N (Fig. S4c). In October (Fig. S4d), both the mCB05(KPP) and
MOGUNTIA configurations tend to underestimate the observations with a
negative bias of ~20 ppb, except for a small positive bias between 0-200N. This
positive model bias in the UTLS could point to a stronger convective uplift in
tropical Africa in April or to a possible misrepresentation of biomass burning
emissions that are generally uncertain (Nechita-Banda et al., 2018). Indeed,
MOZAIC data presents an increase in CO mixing ratios from the NH (April) to
the SH (October), owing mainly to the impact of biomass burning processes.
Overall, the model configurations of this work present both positive and
negative biases compared to the MOZAIC observations, with the observations
to exhibit in general larger latitudinal CO variability.

Page 22, Line 24-25: Have you analysed biomass burning hotspots to support this

Analyzing biomass burning hotspots separately would be out of the scope of this work.
However, previous studies with the TMS model show large uncertainties in bottom-up
estimates of biomass burning emissions, likely caused by uncertainties in emissions
factors (Nechita-Banda et al., 2018). In addition to the biomass burning emission
strength and geographic distribution, Daskalakis et al. (2015) have shown the sensitivity
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SC37.

of the model results to the biomass burning emissions injection heights. We added these
references to better highlight this uncertainty.

Page 23, Line 2: What causes the opposite annual cycle? i.e. indicate that C2Hs surface

mixing ratios are strongly underestimated by all configurations at Mace Head (Fig. 9a) by ~80%,
mainly during the winter, indicating also an opposite annual cycle.

SC38.

C:2Hs surface mixing ratios and their seasonal cycle in the model depend on the emission
strength and the oxidation by OH radicals. Underestimation of emissions or a faster
oxidation could explain the differences between model and observations. We propose
to add the following sentence “This can be attributed to the misinterpretation of
seasonal variation of anthropogenic C2Hs emission and/or to a winter overestimate of
C:Hs oxidation by OH radicals in the model.”

Page 23, Line 9: Your model underestimates propane but you use a lower emission than

other studies. How does your model compare when you use higher emissions?

The emissions used for this study come from the CMIP6 databases. Indeed, an increase
(or decrease) of emissions may help to investigate the response of the model to identify
possible biases in the emission databases. To show here how the model responds to an
increase of emissions for both ethane and propane, we present bellow a model
comparison with flask measurements using 1) the base case emission scenario, 2)
doubling (2x) of the anthropogenic fossil fuel emissions of C2Hes and C3Hs, resulting in
~17.1 Tg yra and ~14.9 Tg yr., respectively, and 3) quadrupling (4x) of the
anthropogenic fossil fuel emissions of C2He and C3Hs, resulting in ~29.5 Tg yr-1 and
~27.9 Tg yr1 respectively. For this sensitivity study, we run the model in 30 x 2o
horizontal resolution in longitude by latitude, and 34 hybrid levels in the vertical, which
is much cheaper compared to 1x1 horizontal resolution used in the paper. Note that our
approach is based on the recent study by Dalseren et al. (2018) (see also our reply in
GC6), showing that an increase of natural (geologic) and anthropogenic fossil fuel
emissions by two to three times may improve the simulated C2Hes and C3Hg mixing
ratios compared to observations.
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Ireland (53.326°N, 9.899°W)
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Syowa Station Antarctica Syowa Station Antarctica
Japan (69.013°S, 39.59°E) Japan (69.013°S, 39.59°E)
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Figure: comparison between TM5 (MOGUNTIA scheme) simulations and observations of
ethane (left) and propane (right) for 4 stations.

From the figures above, it is obvious that the increase of C2He anthropogenic emissions
by two or four times does not significantly increase the simulated mixing ratios (please
mind here the log scale in the y-axis). This means that (1) even more aggressive increase
of emissions (at least over specific regions) is required, (2) other missing sources are
needed, or (3) that the oxidation of C2He is too fast in the model. In contrast, the increase
of C3Hs emissions by two times tends to improve the model simulations in most of the
cases, where an increase by a factor 4 tends to overestimate the observed mixing ratios.
Overall, our results suggest that changes in emissions should not be based on fixing the
model to a specific value. Instead, scientifically accepted methods, such as data
assimilation, should be used to minimize the difference between observations and the
model by emissions optimization. Nevertheless, these sensitivity studies give
interesting insights!

We suggest adding the following parts in

1) Sect. 5.5.1:

“Dalsoren et al. (2018) showed recently that an increase of natural and anthropogenic
fossil fuel emissions by a factor of two to three may significantly improves the simulated
C2Hs and C3Hs mixing ratios compared to observations. This would result in source
estimates close to the 16 Tg yr-1 and 23 Tg yr-1 for C2Hs and C3Hs respectively, as have
been calculated by the first global 2-d modeling study of these two hydrocarbons by
Kanakidou et al. (1991). To investigate here how the model responses to an increase of
ethane emissions, sensitivity simulations with the MOGUNTIA configuration are here
performed by i) doubling and ii) quadrupling the anthropogenic C:Hs fossil fuel
emissions, resulting overall in total C2Hs emissions of ~17.1 Tg yr-1 and ~29.5 Tg yr-,
respectively. The comparison with the with flask data (Fig. S7) indicates that the
increase of C2Hs anthropogenic emissions does not significantly affect the simulated
mixing ratios in the model. Overall, this means that i) even a more aggressive increase
of emissions (at least over specific regions) or a different geographic distribution of
emission is required, ii) other missing sources are needed to be considered in the model,
or iii) the oxidation of C:2Hs is too fast in the model.”

ii) Sect. 5.5.1:

” Additional simulations for C3HS are performed by i) doubling and ii) quadrupling
the anthropogenic fossil fuel emissions, resulting overall in total C3Hs emissions of
~14.9 Tg yr-1 and ~27.9 Tg yr-1 respectively. Figure S7 indicates that an increase of
C3Hs emissions by two times tends to improve the model simulations in most of the
cases, whereas an increase by a factor 4 tends to overestimate the observed mixing
ratios.”

1ii) Sect. 6:

“Sensitivity simulations of this work indicate that increases in emissions may have a
significant impact on some light VOC atmospheric concentrations, such as the C3Hs.
However, our results suggest that changes in emissions should not be based on fixing
the model to a specific (constant) value. Instead, scientifically accepted methods should
be used.”
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SC39.

Page 24, Line 1-2: Could this underestimation be related to underestimated transport

processes (see Page 21 & 22)?

SCA40.

Some discrepancies in transport could explain part of the model underestimation.
However, propane emissions strength or misrepresentation of their horizontal or/and
vertical distribution along with a fast propane oxidation by OH radicals seem to be the
main reasons for the differences between model and observations.

Page 24, Line 20: What needs to be done to account for the “secondary production from

VOC oxidations”?

SC41.

We should investigate possible unknown chemical pathways via heavier VOCs
oxidation (e.g. in smog chamber studies).

Page 25, Line 30-33: Can you provide some suggestions on how to improve these

uncertainties?

SC42.

We suggest to add: “Future studies should aim at improving source estimates and a
better understanding of the processes that govern the budgets of the light VOCs. From
a chemistry point of view, it would be interesting to study the chemical formation
pathways from higher VOCs. Inverse modelling or data-assimilation studies might be
used to ‘“optimize” the emissions in order to minimize the differences between
observations and model simulations.”

Page 53, Table 4: What about O3 scavenging?

e TM5-MP, following a common practice in global chemistry transport models, does
not include wet scavenging processes for Os. Since the washout effects depend on
the species’ solubility and considering the low solubility of O3 (see Sander, 2015),
scavenging is not a significant removal process from the atmosphere. This is also
supported by observations based on analysis from long-term hourly data (Yoo et
al., 2014), where the impact of washout on O3 was negligible.
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Technical corrections:

TC1. Page 2, lines 4-20: A graphical illustration of the NOx-VOC-0Os3 relation would be
helpful here.
e A graphical illustration of the NOx-VOC-Os relation is well documented, e.g., see
Rethinking the Ozone Problem in Urban and Regional Air Pollution (National Research
Council, 1991):

0.28 -

NO, (ppm)

0
0 02 04 06 08 10 12 14 16 1.8 20
VOC (ppmC)

Although such a graphical illustration could be helpful for the reader, this is would be
out of the scope of the current work which is focused on model development.

TC2. Page 4, line 22: Check gramma and wording.
e This part now reads as: ‘In this new MP version, the two-way zoom capability of TM5
is no longer available.’

TC3. Page 14, line 1-2: Check gramma and wording.
e This part now reads as: ‘The MOGUNTIA model configuration yields direct gas-phase
OH formation (via O3 photolysis in the presence of water molecules, Reactions 3 and
4) of 1878 Tg yr-1. Radical recycling terms (Reactions 1 and 5) contribute 1987 Tg yr-
1. Finally, the H202 photodissociation, i.e., H2O2 + Av — 2 OH (7) produces 303 Tg yr-
1, and all other reactions add another 120 Tg yr-1 to the global tropospheric OH
production in the model.’

TCA4. Page 18, line 11-13: Check gramma and wording.

e This part now reads as: “Some discrepancies are nevertheless expected in such a
comparison since no seasonal cycle in anthropogenic emissions is considered.
Anthropogenic emissions are the major source of NOx in the Northern Hemisphere
(NH).”

TCS. Page 5, line 3: The statement that this study focuses on the troposphere is stated multiple
times. Do not use double statements, to improve the reading flow.
e Statement removed.

TCé. Page 6, line 1: This should be Section 2.2.
e Done
TC7. Page 9, line 10-14: Listing all species greatly disturbs the reading flow. I would remove

this listing and just refer to Table 3 instead.
o These species refer to the database and not to the model as clearly stated in the
beginning of Sect. 2.4. Thus, we cannot just refer to Table 3 since the provided
emissions are not the same with the model’s species because the required
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TCS.

TC9.

lumpings/sums have to be performed. This is also stated in the 3w paragraph of Sect.
2.4, 1.e., Overall, the MOGUNTIA chemical scheme considers direct emissions. ..

Page 10, line 12-28: A table summarizing all simulations performed could be useful.
We think that such a table is of little added value, as we present only the results of three
simulations. that are already presented multiple times in each budget table and each
plot. Moreover, a complete description of each simulation (although simple) is provided
in each caption.

Page 12, line 22-26: This is a rather complicated sentence. Consider using simpler

language (i.e. multiple short sentences).

TC10.

TC11.

This part now reads as:” The calculated net influx from the stratosphere for the
MOGUNTIA configuration (~424 Tg yr-1) remains within one standard deviation of a
multi-model mean estimate (552 + 168 Tg yr-1), as reported by Stevenson et al. (2006)
and Young et al. (2013). MOGUNTIA calculations are also in line with estimates based
on observations (Hsu, 2005; Olsen, 2004) (~400 Tg yr-1). Our estimates are higher
compared to the 306 Tg yr-1calculated in an earlier version of the TM5 model driven
by the same meteorological fields (van Noije et al., 2014).”

Page 14, line 26: The word “arrive” should not be used here.
This part now reads as: “an atmospheric lifetime of about 7.18 yr is derived”

Page 17, line 2-19: Presenting the different observations and possible comparisons in a

table would be more efficient.

TC12.

We prefer to keep the text as is.

Page 17, line 25: In order to improve the reading flow, it would be best to first compare

each tracer discussed in Section 4 (in the same order).

TC13.

TC14.

TC15.

We thank the reviewer for this comment. This is what we intended to do in the
presentation of the results. In more detail, in Sect. 4 the budget follows the way the
reactions are described (i.e., O3, OH and CO). However, for a useful model evaluation
of O3, CO, and VOCs, we need first a discussion of the modelled NOx and OH
atmospheric mixing ratios.

Page 20, line 25: Is the reference to the introduction correct?
We thank the referee for pointing out this typo. Sect. 1. changed to Sect. 3.

Page 20, line 27: Please be more specific and refer to Section 2.1.
Done

Page 41-51: Most of the information presented in Tables 1, 2 and even 3 are well

documented elsewhere. Thus, I strongly recommend you to move these tables to the
supplemental material.

TC16.

The information in Tables 1-3 is of course documented elsewhere in the literature since
all reactions are based on state-of-the-art databases such as the [IUPAC, MCM, but their
combination and the assumptions applied for this work are not. Moreover, compared to
the previous version of the MOGUNTIA chemistry scheme, numerous updates have
been performed. Overall, since the aim of this paper is to present the new coupling of
the MOGUNTIA chemistry scheme to the TMSMP CTM, these tables should remain
the main text. All other model development papers which are focused to chemistry
follow the same procedure.

Supplement, page 3: Table S3 (including caption) cannot be read completely.
Corrected.
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We thank the reviewer for the careful reading of the manuscript and the insightful comments. Please
find bellow our point-by-point replies:

General comments:

GCl1.

Additional analyses can be performed with regards to the transport of tracers as it is

frequently used in the manuscript to explain differences. How good is the model with respect to
transport, especially vertical transport?

The transport of TMS5 has been successfully evaluated many times in the past, e.g., see
(Koffietal., 2016; Krol et al., 2005; Peters et al., 2004; Williams et al., 2017). For this,
we consider such analysis outside the scope of the current paper that is focused on
presenting the new chemistry developments. Note that the current version of the TMS5
model was recently included in a model intercomparison (Krol et al., 2018), in which
vertical resolution was specifically addressed. For this, we provide references for each
major release of the model that can guide the reader for further reading.

Following, however, the reviewer’s comment, brief description and references of the
transport processes parameterizations in TMS5 are added in Model Description (Sect.
2.1): “The advection scheme used in TMS5 is based on the slopes scheme (Russell and
Lerner, 1981) and the deep and shallow cumulus convection scheme is parameterized
according to Tiedtke (1989). The performance of the transport in the model has been
evaluated by (Peters et al., 2004) using sulphur hexafluoride simulations and by
analyzing the vertical and horizontal distribution of radon (222Rn) to simulate the
boundary layer dynamics (Koffi et al., 2016, Williams et al., 2017). More recently,
global transport features, such as the transport times associated with inter-hemispheric
transport, vertical mixing in the troposphere, transport to and in the stratosphere, and
transport of air masses between land and ocean, were evaluated via an inter-
comparison of six global transport models (Krol et al., 2018).”



Specific Comments:

SC1. Page 4, lines 4-5: Use of 150 ppb, or any concentration level has caveats, e.g. model
bias. Why not use the meteorological tropopause instead? The implications should be addressed.
this?

e For this work, as we stated in the manuscript, we use the chemical tropopause level
defined by a 150 ppb Os mixing ratio following the well-documented model
intercomparison study by Stevenson et al. (2006). The use of the 150 ppb O3 level has
been used so far in numerous studies, as also with previous versions of the TM5 model,
providing thus an opportunity of a direct comparison of model results with other
estimates. On the other hand, the tropopause levels in a model may have various
definitions, such as the temperature and the potential vorticity gradients, the altitude or
the standard World Meteorological Organization definition that the lowest level above
500 hPa where the vertical temperature gradient decreases to less than or equal 2 oC km-
1.

We agree with the reviewer that the definition of the tropopause may lead to great
differences, and for this, we stated in the manuscript that the tropopause definition
should always be reported when comparing modelling estimates.

For this work, however, we prefer to keep the tropopause based on the 150 ppb O3
mixing ratio since we here mostly focused on the differences between the different
configurations of the model. However, to show the impact of the use of different
tropopause levels on the calculated tropospheric budgets, we now provide the relative
differences of using the 100 ppb Os level, i.e.:

Table 1. Tropospheric budgets of O3 for the year 2006 in Tg(0O3) yr-1 and burden in Tg(O3), using the 150
ppb O3 mixing ratio to define tropopause level. In parenthesis the relative differences using the 100 ppb O3
mixing ratios are also presented, calculated by reference to the 150 ppb O3 definition of tropopause level.

. mCB05 mCB05 mCB05

Production | ~pos (EBI) MOGUNTIA Loss terms MOGUNTIA
terms (KPP) (EBI) (KPP)

isntgg‘v’vsfhem 632 (10%) 429 (32%) 424 (30%) Deposition 955 (0%) 932 (0%) 913 (0%)
Trop. chem. o o o Trop.  chem. o o o
production 5580 (3%) 5719 (3%) 5709 (-3%) o 5192 (-1%) 5216  (-1%) 5219 (-1%)
Trop. burden 385 (-8%) 384 (-8%) 375 (-8%) (T;;’;’S') lifetime 58 (8%) 228  (8%) 223 (-6%)

=sum of the deposition and the tropospheric chemical loss minus the production



Table 2. Tropospheric chemical budget of OH for the year 2006 in Tg(OH) yr-1, using the 150 ppb O3 mixing
ratio to define tropopause level. In parenthesis the relative differences using the 100 ppb O3 mixing ratios

are also presented, calculated by reference to the 150 ppb O3 definition of tropopause level.

Production mCBOS meBos MOGUNTIA Loss terms meBos meBos MOGUNTIA
terms (EBI) (KPP) (EBI) (KPP)

O(1D) + H20 1960 (0%) 1953 (0%) 1878 (0%) OH +CO 1665 (-2%) 1671  (-2%) 1775 (-2%)
NO +HO: 1268 (-4%) 1312 (-4%) 1426  (-4%) OH + CHa4 613 (0%) 626 (0%) 644 (-1%)
03+ HO2 560 -1%) 566 -1%) 561 (-1%) OH + 03 254 (2%) 260  (-2%) 262 (-3%)
H202+ hv 262 (-1%) 265 (-1%) 303 (-1%) OH +ISOP 114 (1% 115 (-1%) 120 (0%)
Other 203 (2%) 201 (2%) 120 (-1%) Other 1606  (-1%) 1626  (-1%) 1487 (-1%)

Table 3. Global budgets of CO for the year 2006 in Tg(CO) yr-1 and burden in Tg(CO), using the 150 ppb
O3 mixing ratio to define tropopause level. In parenthesis the relative differences using the 100 ppb O3
mixing ratios are also presented, calculated by reference to the 150 ppb O3 definition of tropopause level.

. mCB05 mCB05 mCB05 mCB05

Production MOGUNTIA Loss terms MOGUNTIA

terms (EBI) (KPP) (EBI) (KPP)

Emissions 1097 (0%) 1097 (0%) 1097 (0%) Deposition 98 (0%) 97 (0%) 99 (0%)

Trop. chem.1g00  (1%) 1818 (-1%) 1992 (-1%) Trop. chem. 044 (-6%) 2849  (-6%) 2924 (-2%)
production o ° ° loss ° o o

Strat. chem. )¢ (69%) 26 (73%) 26 (65%) Strat. chem. g, (68%) 89 (69%) 90 (68%)
production ° ° ? loss ° ° °
Atmos. burden 370 (0%) 360 (0%) 361 (0%) (L(;Zeytsl;ne 475 Q%)  46.2 (2%) 436 (3%)

SC2. Page 13, line 13. Use of different emissions are not clearly mentioned in section 2.4.

Authors should justify the use of different emissions and how this impacts the changes they

see in the different scenarios.

e Asexplained in our replies to the other reviewer (RC1), we use the same emissions (and
boundary conditions) for the different chemistry configurations of the model. This
choice is made in order to specifically focus only on their differences between the two

mechanisms in the model as explicitly presented in Sect. 3. In the manuscript we refer

to the different “speciation” of the emitted volatile organic compounds (VOC) i.e. how
the VOC emissions are distributed among the VOC species considered in the different
chemical mechanisms: the more lumped mCBOS5 does not resolve all of the NMVOCs
provided by the emission datasets, whereas MOGUNTIA explicitly simulates the
NMVOCs (C1-4) and isoprene. To make this point clearer, however, we changed the

word “speciation” with “representation” when we refer here to the differences between

the two chemical schemes (see also our reply to SC17) and we clearly state in the

manuscript that both mechanisms use the same emission datasets.



SC3.

Page 20, Line 3: It would be great if the results are compared with satellites

For this work we used two extended surface ozone observation databases and one
ozonesonde database to evaluate the model and discuss the differences of the different
configurations. More extended model evaluation, although always interesting, is not
however expected to change the conclusions of this work, especially for the simulated
tropospheric ozone mixing ratios. On the other hand, as also we refer in the summary
(Sect. 6) a more dedicated comparison of the model with the MOGUNTIA
configuration with in-sifu observations and satellite retrievals is planned to be
performed in the future. As an example of our work in progress, the reviewer can find
bellow an evaluation of tropospheric O3 columns (for the three configurations of this
study) with the respective OMI monthly tropospheric retrievals:

TM5-MP (mCBO05ebi mechanism) vs OMI/MLS annual 2006

Model (mCBO5ebi mechanism) OMI/MLS

0 10 20 30 40 50 60 0 10 20 30 40 50 60
O3 DU 03 DU
abs. diff. model-satellite rel. diff. model-satellite

-20 -15 -10 -5 0 5 10 15 20 —40 -20 0 20 40
abs. diff. model-satellite (DU) rel. diff. model-satellite (%)



TM5-MP (mCBO5kpp mechanism) vs OMI/MLS annual 2006

Model (mCBO5kpp mechanism) OMI/MLS

0 10 20 30 40 50 60 0 10 20 30 40 50 60
03 DU 03 DU
abs. diff. model-satellite rel. diff. model-satellite

-20 -15 -10 -5 0 5 10 15 20 —40 -20 0 20 40
abs. diff. model-satellite (DU) rel. diff. model-satellite (%)
TM5-MP (moguntia mechanism) vs OMI/MLS annual 2006

Model (moguntia mechanism) OMI/MLS

0 10 20 30 40 50 60 0 10 20 30 40 50 60
03 DU 03 DU
abs. diff. model-satellite rel. diff. model-satellite

-20 -15 -10 -5 0 5 10 15 20 —40 -20 0 20 40
abs. diff. model-satellite (DU) rel. diff. model-satellite (%)

Overall, it is obvious from this evaluation, that the MOGUNTIA scheme simulates
better the OMI retrievals, thus leading the model in the right direction. Note, again, that
we choose not to present this evaluation in this paper, since a separate paper is in
progress.
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Abstract. This work documents and evaluates the tropospheric gas-phase chemical mechanism MOGUNTIA in the three-
dimensional chemistry transport model TM5-MP. Compared to the modified CB05 (mCBO0S5) chemical mechanism previously
used in the model, the MOGUNTIA includes a detailed representation of the light hydrocarbons (C1-C4) and isoprene, along
with a simplified chemistry representation of terpenes and aromatics. Another feature implemented in TM5-MP for this work
is the use of the Rosenbrock solver in the chemistry code, which can replace the classical Euler Backward Integration method

of the model. Global budgets of ozone (Os), carbon monoxide (CO), hydroxyl radicals (OH), nitrogen oxides (NOx) and

volatile organic compounds (VOCs) are analyzed and their mixing ratios are compared with a series of surface, aircraft and CDeIeted: here

satellite observations for the year 2006. Both mechanisms appear to be able to satisfactorily represent observed mixing ratios (Deleted: represent

of important trace gases, with the MOGUNTIA chemistry configuration yielding lower biases than mCB05 compared to

measurements in most of the cases. However, the two chemical mechanisms fail to reproduce the observed mixing ratios of

light VOCs, indicating insufficient primary emission source strengths, too fast oxidation, and/or a low bias in the secondary CDeIeted: weak vertical mixing in the boundary layer
contribution o C2-C3 organics via VOC atmospheric oxidation. Relative computational memory and time requirements of the CDeIeted: of
different model configurations are also compared and discussed. Overall, the MOGUNTIA scheme simulates a large suite of [Deleted: Overall, compared to other chemistry schemes in use in
X L. L ) L. global CTMs
oxygenated VOCs that are observed in the atmosphere at significant levels, This significantly expands the possible applications
Deleted: and are involved in aerosol formation, expanding, thus,
of TM5-MP. the...
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1 Introduction

Chemistry transport models (CTMs) are tools to effectively study the temporal and spatial evolution of atmospheric species at
regional and global scales, as well as to understand how the main physical and chemical processes in the troposphere (e.g.,
emissions, chemistry, transport, and deposition) influence air quality. Model investigations and analyses of the changes of
important tropospheric pollutants, such as ozone (Os) and carbon monoxide (CO), can further provide essential information
about the oxidative capacity of the atmosphere and thus the lifetime of important climate gases like methane (CH4). The
oxidative capacity also controls the rate of formation and growth of aerosols by conversion of sulfur oxides into particulate
sulfate (SO4*) and volatile organic compounds (VOCs) into condensable organic matter that forms organic particles. Under
certain tropospheric conditions (e.g., intense sunlight and high temperatures) the oxidation of VOCs in the presence of nitrogen
oxides (NOx = NO + NO) enhances the formation of secondary pollutants, such as O3 (Crutzen, 1974; Derwent et al., 1996;
Monks et al., 2009). VOCs and NOx arise from both natural and anthropogenic emission sources. NOx can be further converted
into other chemical species such as HNO3 and particulate nitrate (NO3), that together with SO4* are key contributors to
atmospheric acidity. The photochemical production of tropospheric Os, a known toxic air pollutant that is transported over
long distances, depends on the NOx and VOC availability in a nonlinear manner (e.g., Seinfeld and Pandis, 2006). Under very
high NOx conditions, common in densely populated areas (i.e., VOC-limited regimes), the Os production is inhibited and
reductions in NOx emissions can locally increase Os. In contrast, in rural areas, the O3 production is more efficient, and NOx
emission reductions will decrease Os (i.e., NOx-limited regimes). Thus, changes in emissions of NOx and VOC may lead to
nonlinear responses in ozone and the oxidation capacity of the troposphere. Overall, understanding the photochemical
processes in the troposphere via robust model simulations is key to the development of effective abatement strategies on
pollutants that affect both air quality and climate, as well as to the prediction of the future atmospheric composition.

The gas-phase photochemistry in the troposphere consists of numerous and complex reactions between odd oxygen (Ox = O
+ 0Os) and NOx, coupled to the oxidation of various VOCs (e.g., Atkinson, 2000; Atkinson et al., 2004, 2006). Several chemical
mechanisms of varying complexity in the representation of VOC oxidation are currently included in state-of-the-art CTMs.
One of the most explicit mechanisms ever built for the simulation of the tropospheric VOC oxidation cycles, the Master
Chemical Mechanism (MCM v3), comprises more than 12690 reactions, involving more than 4350 organic species, and about
46 associated inorganic reactions (Jenkin et al., 1997a; 2003). Note that recent updates further include detailed aromatic
hydrocarbon (Bloss et al., 2005) and isoprene oxidation (Jenkin et al., 2015) mechanisms. Since this level of chemical
complexity is far beyond the computational resources potentially available for three-dimensional (3-D) global tropospheric
CTMs, simplifications are required that retain the essential features of the chemistry. To this end, various chemical mechanisms
of tropospheric chemistry have been developed with different levels of complexity, involving mainly reductions of the number
of VOCs considered by lumping organic species into representative surrogates. For example, the Statewide Air Pollution

Research Center, mechanism (SAPRC-99) is a well-documented gas-phase chemical mechanism used in many CTMs,

including a rather detailed representation of tropospheric VOC oxidation based on an evaluation against over 1700 experiments

(Deleted: (SAPRC)




performed in different smog chambers (e.g., Carter, 1995, 2010). SAPRC-99 does not model the oxidation of each VOC

individually as the MCM, but it uses a molecular lumping approach to assign VOCs to a smaller number of reactive species.
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Other well-documented mechanisms often used in CTMs are the Regional Atmospheric Chemistry Mechanism (RACM; e.g., 5 [l‘ leted: Acid Deposition Model chemical mechanism (RADM; }
. . [N S
Geiger et al., 2003; Goliff et al., 2013; Stockwell et al., 1997) and the Model of Ozone and Related Chemical Tracers .
Deleted: Gross and Stockwell, 2003; Stockwell et al., 1997), the
mechanism (MOZART; Emmons et al., 2010; Horowitz et al., 2003). A molecular lumping mechanism has been also Regional Atmospheric Chemistry Mechanism (RACM; e.g., Geiger
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tropospheric tracers, such as O3, CO, OH, NOx and light VOCs, found in previous work (e.g., Huijnen et al., 2010; van Noije
et al., 2014; Williams et al., 2013, 2017) are sensitive to the chemistry scheme that is used. For this, we use the well-
documented tropospheric gas-phase chemistry scheme MOGUNTIA (e.g., Myriokefalitakis et al., 2008 and refs. therein; along
with recent updates), and benchmark its performance in TM5-MP. Section 2 provides a short description of the current model
version, focusing in particular on the new features implemented in the gas-phase chemistry and the chemistry integration

method. Jn particular, we describe here the implementation of the Kinetic PreProcessor (KPP) software (Damian et al., 2002;

Sandu and Sander, 2006) in TM5-MP, which offers higher flexibility for testing, updating, and further developing the

chemistry code in the model. Note that we are mostly focusing here on the performance of the new chemical scheme in

comparison to the scheme previously included in the model, i.e., the modified CB05,(mCBO05). This model was introduced by

- (Deleted: Note that here we are mostly focusing

,(r' d: (

Huijnen et al. (2010) and Williams et al. (2013), and further updated by Williams et al. (2017). In Sect. 3, the model’s _

performance is analyzed for the different chemical configurations used for this study and in Sect. 4 a detailed budget analysis
of important gas-phase species is presented. Section 5 presents the evaluation of the different configurations of this work. The
model’s ability to reproduce the variability of important tropospheric species in both space and time is discussed, along with
the associated uncertainties in atmospheric burdens and lifetimes. Finally, in Sect. 6 the main conclusions are presented, and
some of the benefits and drawbacks of both chemical mechanisms are discussed, together with proposed directions for future

model development.

2 Model description
2.1 General

The well-documented offline 3-D global CTM TM5 (Krol et al., 2005) is used for this study. Historically, the model has
evolved from the original TM2 model (Heimann et al., 1988), via the TM3 model (Dentener et al., 2003; Houweling et al.,
1998; Tsigaridis and Kanakidou, 2003), to TM4 (van Noije, 2004; Myriokefalitakis et al., 2008; Daskalakis et al., 2015) and
TMS (Krol et al., 2005; Huijnen et al., 2010; van Noije et al., 2014; Williams et al., 2017). In TM5-MP the parallelization of
the TMS model has been redesigned, allowing for affordable global simulations at high resolution, i.e., 1°x1° globally

(Williams et al., 2017). Moreover, in this new MP version, the two-way zoom capability of TMS5 is no longer available, All
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applications of TM5 share the same methods for model discretization and operator splitting (Krol et al., 2005), the treatment

of the meteorological fields, and the mass conserving tracer transport (Bregman et al., 2003). TM5-MP is, driven by

meteorological fields from the ECMWEF ERA-Interim reanalysis (Dee et al., 2011) with an update frequency of 3 hours. ,The

advection scheme used is based on the slopes scheme (Russell and Lerner, 1981) and deep and shallow cumulus convection is

parameterized according to Tiedtke (1989). The performance of the transport in the model has been evaluated by Peters et al.

(2004) using sulfur hexafluoride simulations and by analyzing the vertical and horizontal distribution of radon (***Rn) (Koffi

et al., 2016; Williams et al., 2017). More recently, global transport features, such as the transport times associated with inter-
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hemispheric transport, vertical mixing in the troposphere, transport to and in the stratosphere, as well as, transport of air masses

between land and ocean, were evaluated via an inter-comparison of six global transport models (Krol et al., 2018).

TMS5-MP is primarily designed for simulation of the troposphere (i.e., no explicit stratospheric chemistry is considered in the
model). To capture stratospheric ozone effects on actinic fluxes and to ensure realistic ozone stratosphere-troposphere
exchange (STE), the overhead stratospheric profile is nudged to the ozone data set provided for the Coupled Model
Intercomparison Project phase 6 (CMIP6; van Noije et al., manuscript in preparation). The boundary conditions for CHas, both
in the lower troposphere and the stratosphere, are also based on the respective global mean value from CMIP6 data set (see
also Sect 2.4) to scale the monthly 2-D climatological fields as derived from HALOE measurements (Groof3 and Russell,
2005), with the same nudging heights and relaxation times as for the case of stratospheric Os. This approach is justified due to
the relatively long lifetime of CHa. Additionally, for HNOs and CO in the stratosphere monthly mean latitudinal climatologies

derived from ODIN space-based observations are applied by prescribing the ratio of HNO3/O3 (Jégou et al., 2008; Urban et
al., 2009) and CO/Os (Dupuy et al., 2004), respectively. Note, however, that when we present the chemical budgets in the

troposphere, a tropopause definition using the O3 mixing ratio threshold of 150 ppb (e.g., see van Noije et al., 2014; Stevenson

et al., 2006) is applied. For clarity, we note that, based on this threshold value, the different model configurations presented in

this work (see Sect. 2.5) lead to identical tropopause heights.

The gas-phase chemistry of the TM5-MP model is supplemented with the in-cloud oxidation of SO2 through aqueous-phase
reactions with H202 and Os, that depend on the acidity of the solution (Dentener and Crutzen, 1993). The heterogeneous
conversion of N2Os into HNO; on the available surface area of cloud droplets, cirrus particles, and hydrated sulfate aerosols is
also accounted for. For cloud droplets, the number of droplets per unit volume is calculated using the liquid water content
provided in the ECMWF meteorological data used by TM5-MP, assuming an effective droplet radius of 8 um. For the
heterogeneous conversion of N2Os on hydrated sulfate particles, the approach of Dentener and Crutzen (1993) is employed,
using a global mean reaction probability (y value) of 0.02 and 0.01 on water and ice surfaces, respectively. Heterogeneous

conversions also consider the total reactive surface area density of aerosols, with contributions to accumulation mode aerosol

from sulfate, nitrate, and ammonium being calculated by the EQuilibrium Simplified Aerosol Model (EQSAM) approach
(Metzger et al., 2002). The distribution of these aerosol species is calculated online and coupled to the gas-phase precursors
NH3, H2SO4, and HNO:s. Note that the aerosol microphysics module M7 (Vignati et al., 2004) is used in the model, as described
in Aan de Brugh et al. (2011) and van Noije et al. (2014), along with recent updates on the inclusion of secondary organic
aerosols (van Noije et al., manuscript in preparation). For N2Os, the uptake coefficient (y) is considered as a function of
temperature and relative humidity (Evans and Jacob, 2005), whilst for HO> and NOs radicals fixed y values of 0.06 and 1073,
respectively, are adopted across all aerosol types (Jacob, 2000).

The model considers the wet removal of atmospheric species by liquid and ice precipitation, by both in-cloud and below-cloud
scavenging. The fraction of gases removed by precipitation depends on Henry’s law (see Table S1 in the supplement), together
with the dissociation constants, temperature, and liquid or ice water content. In-cloud scavenging in stratiform precipitation

considers an altitude dependent precipitation formation rate (also describing the conversion of cloud water into rainwater). For

5
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convective precipitation, highly soluble gases are assumed to be scavenged entirely in the vigorous convective updrafts

producing rainfall rates of >1 mm/hour, Removal is exponentially scaled down for lower rainfall rates. For the dry deposition,

the removal is calculated online in the model, based on a series of surface and atmospheric resistances on a 1°x1° spatial
resolution (Wesely, 1989; Ganzeveld and Lelieveld, 1995; Ganzeveld et al., 1998). Overall, the calculated deposition velocities
show both seasonal and diurnal cycles since they are calculated using 3-hourly meteorological and surface parameters, based
on the uptake resistances for vegetation (in-canopy aerodynamic, soil, and leaf resistance), soil, water, snow, and ice (see Table
S2). A more detailed description of dry and wet deposition schemes for the removal of gases can be found in de Bruine et al.
(2017).

22 Gas-phase chemistry
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2.2.1. The original MOGUNTIA chemical scheme

The new chemical mechanism ghat has been implemented in TMS5-MP for this study was originally developed for box {Poisson

et al., 2001) and global (Kanakidou and Crutzen, 1999; Poisson et al., 2000) modelling studies, and initially coupled to the
global 3-D CTM MOGUNTIA (Zimmermann, 1988). Since then, the scheme has been continuously updated for box
modelling, coupled to the global TM4 model, and applied in numerous studies (e.g., Tsigaridis and Kanakidou, 2002; Gros et
al., 2002; Myriokefalitakis et al., 2008; Daskalakis et al., 2015).

The MOGUNTIA chemical scheme employs a rather detailed oxidation scheme of light alkanes (CH4, C2Hs, and CsHs), light
alkenes (C2Hs and CsHs), acetylene (C2H2), and isoprene (CsHs). Acetaldehyde (CH3CHO), glyoxal (GLY; CHOCHO),
glycolaldehyde (GLYAL; HOCHCHO), methylglyoxal (MGLY; CH3COCHO) and acetone (CH3COCH3) are also explicitly
treated in the mechanism. The oxidation pathways of methacrolein (MACR; CH3(CH2)CH=0) and methylvinyl ketone (MVK;
CH3C(O)CH=CHy>) are also considered, together with the formation of formic (HCOOH) and acetic acid (CH;COOH),). Higher

VOCs (i.e., Cn=4), besides isoprene, are,represented in the mechanism by the surrogate species n-butane (n-C4Hio), motivated

by the similar Ox and hydrogen oxides (HOx) yields per oxidized carbon atom (e.g., see Poisson et al., 2000; Stavrakou et al.,
2009a). The second-generation oxidation products of higher hydrocarbons of biogenic origin (such as terpenes) and aromatics
are also considered to follow the gas-phase oxidation pathways of the respective isoprene and surrogate n-C4Hio oxidation
species.

The reactions of peroxy radicals (ROz) with hydrogen peroxide (HOz), methyl peroxide (CH302) and NO lead to organic
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The,addition of NO to the formed ROz radicals leads to alkyl nitrates (RONO2), which are much longer lived than NOx. RONO»

can thus be transported over longer distances than NOx and serve as a sink for NOx in high-NOx yegimes and as a source for _

NOx in low-NOx yegimes. The RONO:2 compounds explicitly considered in this study are identified by R=CH3, C.Hs, C3Hy,

C4sHo, HOC2H40, and CsHs(OH), i.e., the first-generation product of isoprene oxidation. Additionally, the reactions of the acyl
peroxy radicals (RC(0)O2) with NO2 produce peroxyacyl nitrates (RC(O)O2NOz), in particular PAN (R=CH3), which is the
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most abundant organic nitrate observed in the troposphere and the only species of this group that is considered here. Thermal
decomposition is dominant for peroxyacyl nitrates, while it is negligible for alkyl nitrates. NOs radical reactions with
aldehydes, alcohols, n-CsHio, dimethylsulfide (DMS) and unsaturated hydrocarbons are also considered. A more detailed
description of the chemical scheme used for this study can be found in Poisson et al. (2000) and Myriokefalitakis et al. (2008).

2.2.2 Updates of the MOGUNTIA chemical mechani

- (Deleted: 1

Several updates have been applied to the original MOGUNTIA chemical scheme with respect to the previous implementations .

(e.g., Poisson et al., 2000; Myriokefalitakis et al., 2008). These updates include reactions of major hydrocarbons, their rate
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of a- and f-pinene as performed in the previous implementations of the MOGUNTIA scheme (e.g., Myriokefalitakis et al.

2008, 2010). Thus, monoterpenes represent here all terpenes and terpenoids species. Likewise, toluene is used to represent all

aromatics replacing benzene, xylene, and toluene used previously (Myriokefalitakis et al., 2008, 2010). Besides these

compounds, toluene is also used to represent trimethyl-benzenes and higher aromatics. Moreover, for this work the coupling

of the gas-phase chemistry with the aqueous-phase oxidation scheme of SO», as well as the gas-phase oxidation of dimethyl
sulfide (DMS)., methyl sulfonic acid (MSA) and ammonia (NH3), follows the oxidation scheme outlined by Williams et al.

(2013), which is slightly simpler compared to the MOGUNTIA scheme used in previous studies (e.g., Myriokefalitakis et al., -

2010). Note that the lumping mentioned above, and the simplifications implemented here, aim at limiting the number of species

without degrading the general performance of the chemical scheme for global-scale tropospheric chemistry.

Isoprene (2-methyl-1,3-butadiene; ISOP) oxidation has been extended with the production of isoprene epoxydiols (IEPOX)
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and hydroperoxyaldehydes (HPALD), and the HOx-recycling mechanism under low-NOx conditions (Paulot et al., 2009;

Peeters and Miiller, 2010a; Crounse et al., 201 1; Browne et al., 2014). The latter species replaces the lumped second-generation
oxidation product considered in previous implementations of the MOGUNTIA mechanism (Poisson et al., 2000;
Myriokefalitakis et al., 2008). The oxidation of isoprene by the OH radical leads to the formation of several isomers of an

unsaturated hydroxy hydroperoxide. In the presence of NOx, this leads to the formation of carbonyl compounds. However,

under low-NOx conditions, the major product from unsaturated hydroxy hydroperoxides oxidation is JEPOX (i.e., cis- and

trans-isomers). The organic peroxy radicals formed from OH oxidation of isoprene, can react with either 1) HO2 to form
hydroperoxides, or 2) NO to form hydroxynitrates, formaldehyde (HCHO), MVK, MACR and HO:z (e.g., Paulot et al., 2009),
or hydroperoxyenals (HPALDs). The latter are produced by the isomerisation of the initial isoprene organic hydroperoxy
radicals followed by reaction with Oz and other oxidized products (Peeters et al., 2009; Peeters and Miiller, 2010). Under HO»-

dominated conditions, the main products are unsaturated hydroperoxides (all possible isomers referred to as ISOPOOH; see

Table 2). The fate of isoprene peroxy radicals is highly dependent on the mixing ratios of HO2, NO, prganic peroxy radicals, -

and the local meteorological conditions that affect thermal and photochemical reaction rates and wet and dry removal,
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OH radicals (Paulot et al., 2009). Moreover, the isoprene peroxy radical 1,6-H-shift isomerizations (Peeters et al., 2014; Peeters

and Miiller, 2010) Jead to the formation of photolabile C5-hydroperoxyaldehydes (i.e., all possible isomers referred to as

HPALDs; see Table 1). Overall, these additions to the chemistry scheme is expected to provide a better representation of OH

regeneration during isoprene oxidation fe.g., Browne et al., 2014), compared to the previous implementation of the

MOGUNTIA mechanism.

The MOGUNTIA chemistry scheme is in line with the VOCs oxidation pathways as proposed by the Master Chemistry
Mechanism (MCM v3.3.1) (e.g., Bloss et al., 2005; Saunders et al., 2003). The thermal and pressure-dependent reaction rate
coefficients of the MOGUNTIA chemical mechanism are taken (when available) from the IUPAC kinetic data evaluation
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(Atkinson et al., 2004; Wallington et al., 2018) and supplemented with reaction rates based on recommendations given py JPL
(Burkholder et al., 2015). Photolysis frequencies needed to drive MOGUNTIA are taken from the [IUPAC database (Atkinson,
1997; Atkinson et al., 2004) along with the updates from MCM v3.3.1 (Bloss et al., 2005; Jenkin et al., 1997, 2003, 2015;

Saunders et al., 2003). Note that the model calculates online the photolysis frequencies as described in Williams et al. (2012).
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The comprehensive lists of all photochemical and thermal Kinetic reactions included in the current MOGUNTIA chemical

scheme are presented in Tables 1 and 2. respectively.

2.3 The chemical solver

The KPP, version 2.2.3 (Damian et al., 2002; Sandu and Sander, 2006) is here employed to generate Fortran 90 code for the
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numerical integration of the gas-phase chemical mechanisms. An_important advantage of this approach is that the

implementation of a KPP generated code in the model is less prone to errors than coding the mechanism manually. Upon the
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driver. To this end, only the integration method has been updated in the model, replacing the default hand;coded chemical
solver set-up. Moreover, the NO emission rates (as well as the dry deposition terms of all deposited species) are imported to
KPP through the application of appropriate production (and loss) rates, as previously done for the EBI solver, owing mainly
to the numerical stiffness of the NO-NOz-Os photo-stationary state and their fast interactions (e.g., see Huijnen et al., 2010),
In this study, the Rosenbrock solver is used as the numerical integrator (Sander et al., 2019). Rosenbrock solver has been
shown to be robust and capable of integrating very stiff sets of equations (Sander et al., 2011). For all previous versions of the
model, the Euler Backward Iterative (EBI) solver (Hertel et al., 1993) wvas used. This holds for the modified CB4 (Houweling
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The favorable comparison of the Rosenbrock solver against other widely used methods, such as Facsimile (Curtis and
Sweetenham, 1987), has already been described in the literature (e.g., Sander et al., 2005). Focusing specifically on the
comparison of a series of Rosenbrock solvers to EBI, Sandu et al. (1997) concluded that, although EBI appears robust,
especially when it is used with a relatively large timestep, the Rosenbrock methods with variable timesteps are significantly
more accurate and clearly superior for accuracies in the range of 1% compared to EBI, for a range of species examined. The

main aim of this study, is not,to compare the two chemistry solvers (i.e., the Rosenbrock vs. the EBI). Instead, we present
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model simulations using the Rosenbrock solver as produced by KPP for the mCBOS5 scheme (see Sect. 2.5) to isolate the impact

of the solver on various species mixing ratios of this work,
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2.4 Emission set-up

For the present study, emissions from anthropogenic activities including aircraft emissions (Hoesly et al., 2018) and biomass

burning,(speciated for agricultural waste burning, deforestation fires, boreal forest fires, peat fires, savanna fires and temperate

forest fires; yan Marle et al. (2017)), are adopted from the sectoral and gridded historical inventories as developed for the

CMIP6 (Eyring et al., 2016). In more details, anthropogenic and biomass burning emissions of CO, NOx, black carbon aerosol
(BC), particulate organic carbon (OC), sulfur dioxide and sulfates (SOx), as well as speciated non-methane volatile organic
compounds (NMVOCs) are considered, such as emissions of ethane (C2Hg), methanol (CH3OH), ethanol (C2HsOH), propane
(CsHs), acetylene (C2Hz), ethane (C2Ha), propene (CsHs), isoprene (CsHs), monoterpenes (CioHis), benzene (CsHs), toluene
(C7Hs), xylene (CsHio) and other aromatics, higher alkenes, higher alkanes, HCHO, acetaldehyde (CH3CHO), acetone
(CH3COCH3), dimethylsulfide (DMS; C2H¢S), formic acid (HCOOH), acetic acid (CH;COOH), methyl ethyl ketone (MEK;
CH3CH2COCH3), methylglyoxal (MGLY; CH3COCHO), and hydroxyacetaldehyde (HOCH2CHO). Note that all biomass
burning emissions (open forest and grassland fires) are vertically distributed in the model over latitude-dependent injection
heights, i.e., for tropical (30> S-30° N), temperate (30—-60° S/N) and high-latitude (60-90 S/N) forest fires (see Appendix in
van Noije et al., 2014).

Biogenic emissions from vegetation include isoprene, terpenes and other volatile organic compounds, and CO. Emissions are
based on the Model of Emissions of Gases and Aerosols from Nature (MEGAN) version 2.1 (Sindelarova et al., 2014). Isoprene
and terpenes emissions are distributed over the first ~50 m from the surface and a diurnal cycle is imposed. The biogenic
emissions from soils include NOx (Yienger and Levy, 1995), NH; and terrestrial DMS emissions from soils and vegetation
(Spiro et al., 1992). Oceanic emissions of CO and NMVOCs come from the POET database (Granier et al., 2005), oceanic

emissions of NH3 from Bouwman et al. (1997), while the DMS oceanic emissions are calculated online (van Noije et al.,

manuscript in preparation) using the sea water concentration climatology from Lana et al. (2011). The NOx production by
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lightning is parameterized based on convective precipitation fields (Meijer et al., 2001) and the SOx fluxes from continuously
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Jhe MOGUNTIA chemical scheme considers direct emissions of CO, CHs, HCHO, HCOOH, CH3OH, C>2Hs, C2Ha, C2Ha,

CH3CHO, CH3:COOH, C>HsOH, HOCH>CHO, CHOCHO, C3Hs, C3Hs, n-CsHio, MEK, CsHs, CioHis, C7Hsg as well as NOx,
NHs, DMS, and SOx. Butanes, pentanes, hexanes, and higher alkanes emissions are summed up into the lumped n-C4Hio
species, which represents the alkanes containing four or more carbon atoms. For reactivity purposes, higher alkenes emissions
containing four or more carbon atoms (butenes and higher alkenes) are accounted for as equivalent CsHs emissions. Higher
ketones (i.e., except for acetone) from open biomass burning emissions are represented as MEK. Emissions of benzene (CsHs),
toluene (C7Hs), xylene (CsHio), trimethyl-benzenes, and other higher aromatics and VOCs are represented by toluene as in the

MOZART mechanism (Emmons et al., 2010a). Note that when VOC emissions are assigned to a lumped species, adjustments

- Deleted: for the MOGUNTIA,

. (Deleted: Overall, the )

are made to preserve their atmospheric reactivity (see also notes in Tables 1 and 2).

‘ (Deleted: corrections
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a 1-year spin-up (i.e., for the year 2005). The same emission datasets have been used in all simulations, albeit with higher

speciation for the MOGUNTIA chemical scheme. Overall, two simulations have been performed for the mCBO0S configuration:

one employing the EBI solver (mCBO05(EBI)) and one employing the KPP-generated Rosenbrock solver (mCB05(KPP)). This

approach isolates differences that are caused solely by the applied chemistry solver. By comparing MOGUNTIA, generated
by KPP, with mCBO5(KPP), the differences due to the chemistry set-up in the model are,isolated.

- (" leted: as both generated by the KPP,

Deleted: For all simulations, a 1-year spin-up (i.e., for the year
2005) is applied. Two simulations have been performed for the
mCBO0S5 configuration: one with the EBI solver, i.e., the mCB05(EBI)
and one with the Rosenbrock solver as generated by the KPP, i.e., the
mCBOS5(KPP).
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3 Model performance

facility using 360 cores, indicate that the coupling of KPP software alone, increases the time spent in chemistry by ~59% and

overall slows down the code by ~18% compared to the (hand coded) EBI version for the mCB05 mechanism. As expected,

the coupling of the MOGUNTIA atmospheric chemistry scheme further increases the model runtime. MOGUNTIA uses 100

transported and 28 non-transported tracers, numbers that are significantly larger than the mCBO05 configuration (i.e., 69

transported and 21 non-transported tracers). As a result, time spent to transport the tracers increases by ~43% and the chemistry
calculations slow down by ~55%. Altogether, the newly coupled MOGUNTIA chemistry scheme in TMS-MP_is
computationally ~27% more expensive than the mCBOS5(EBI) configuration. Overall, the mCBOS5(EBI), mCBO5(KPP) and
MOGUNTIA configurations simulate 0.73, 0.60 and 0.44 year per day simulation time, respectively (Table S3a). Note that an
additional series of simulations with 450 cores leads only to marginal changes (Table S3b). Finally, the runtime values for the

different model configurations presented here are highly hardware dependent, owing mainly to the large I/O component

associated with reading the meteorological fields.

A4 Comparison of budgets and trop ic mixing ratios

4.1 Ozone (03)

Table 4 presents a detailed description of the chemical budget of tropospheric ozone as calculated by the TMS-MP model, for
the three chemical configurations. Following Stevenson et al. (2006), chemical production of ozone is derived from all
reactions that convert NO to NOg, since NO:z is rapidly photo-dissociated and forms O, i.e.,

NO + HO2 — NO2 + OH (€3]

NO +RO2 — NO2 + RO )

where, RO: represents all the major organic peroxy radicals of the corresponding chemistry mechanism used in the model, For -

the MOGUNTIA scheme RO: includes, CH302, C2Hs02, HYEO2, n-C3H70z, i-C3H702, ACO2, HYPO2, n-C4HoO, MEKO»,

{ Moved up [2]: Concerning the TM5-MP performance, simulations

ISOPOz, IEPOXO02, MVKO2, MACRO2, TERO2, and AROO: radicals, For mCBO0S, ROz includes the CH30: radical and XO» i

(i.e., the operator for the NO to NO2 conversion which represents all lumped alkyl-peroxy radicals in mCBOS5; see Williams et
al., 2017 and Yarwood et al., 2005).

The chemical Os loss is derived as the sum of the 1) Os photolysis to O('D), i.e.,

03 +hv — O('D) + 02 3)
followed by reaction with H20 to form OH, i.e.,

.| component due to the meteorological fields reading. |

o (Moved (insertion) [2] )
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~27% more expensive than the mCBOS5 configuration. Overall, the
simulated years per day for the mCB05(EBI), mCBO05(KPP) and
MOGUNTIA configurations of the model correspond to 0.73, 0.60
and 0.44, respectively (Table S3a). Note that an additional series of
simulations with 450 cores presents only marginal changes of the
above results (Table S3b). Finally, our results indicate that the
runtime values for the different model configurations presented here
are highly hardware dependent, owing mainly to the large I/O
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and 3) reactions of O3 with unsaturated VOCs. Chemical loss calculations gxclude contribution from HNO3, NO3 and N2Os

5 (l‘ leted: as well as the

and other fast cycles between ozone-related species, as proposed by Stevenson et al. (2006).

For the MOGUNTIA scheme, the tropospheric chemical production js calculated to be 5709 Tg yr'!, which is only ~10 Tg yr- )

! smaller compared to the mCBO05(KPP) configuration. Chemical destruction in the troposphere is similar in the MOGUNTIA ‘
and mCBO5(KPP) chemistry configurations (Table 4). The use of EBI compared to the Rosenbrock solver, decreases the O3

chemical production (5719 vs. 5589 Tg yr'!) and destruction (5216 vs. 5192 Tg yr'') terms in the troposphere (Table 4). Besides '

some expected differences due to the behavior of the two solvers, the calculated differences ynay also be partly attributed to

the mass fixer for NOy (i.e., the sum of NO, NO2, NOs, HNOs, HNO4, 2xN20s, PAN and the organic nitrate compounds) that

is applied in the mCBOS5(EBI) configuration to ensure no artificial loss of nitrogen. NOy fixing occurs mainly over highly “

polluted regions with active NOx photochemistry,to improve the accuracy of the EBI solver.
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mixing ratios of the O3 precursor gases. Moreover, the

; k[Deleted: ), which can be attributed to the respective changes in the

; (" leted: in the model

Focusing on the impact of the stratosphere on the tropospheric O3 budget, the net STE flux of O3 for the MOGUNTIA

configuration is somewhat lower (~1%) than for mCBOS5(KPP). Considering that all configurations use the same stratospheric

ozone relaxation parameterization, this difference can only be attributed to the chemical schemes. Note that the global STE of

O; is defined by simply considering the chemical production and loss budget terms, as proposed by Stevenson et al. (2006),

Thus, differences jn the Os stratospheric inflow budgets for the three chemistry configurations (Table 4) do not imply that the

LY (Deleted: is

3 ‘(Deleted: applied

(Deleted: fixing

(Deleted: This

(Deleted: in the model

(ostes:

tropospheric chemistry impacts on O3 transport from the stratosphere, but rather that the global budget is closed by an inferred

stratospheric input term. JThus, the higher pet chemical production of O; in the troposphere implies a lower contribution from -

the stratosphere to the troposphere for roughly the same deposition losses. The calculated net influx from the stratosphere for + *

the MOGUNTIA configuration (~424 Tg yr'') remains within one standard deviation of a multi-model mean (552 + 168 Tg
yr'!), as reported by both Stevenson et al. (2006) and Young et al. (2013), MOGUNTIA calculations are also in line with

estimates (~400 Tg yr™') based on observations (Hsu, 2005; Olsen, 2004), although higher compared to the 306 Tg yr™'

calculated by an earlier version of the TM5 model driven by the same meteorological fields (van Noije et al., 2014). Overall,

compared to the mCBO5(EBI) simulation, the lower net stratosphere-troposphere exchange flux simulated in the MOGUNTIA
configuration brings the model results closer to the current best estimates of the net STE.

The MOGUNTIA configuration also results in a reduction of roughly 2% in the tropospheric O3 burden compared to both
mCBOS5 configurations. No significant change in the Os lifetime in the troposphere (i.e., 22.3 - 22.8 days) is found and the
calculated lifetimes remain close to other model estimates of ~22 days (Stevenson et al., 2006; Young et al., 2013). Compared

to previous studies, the tropospheric O3 burden calculated psing the MOGUNTIA chemical configuration (~375 Tg) is ~12%

higher compared to the multi-model mean estimate of Stevenson et al. (2006) (336 + 27 Tg), the 335+10 Tg burden derived
from Os climatology from pre-2000 data (Wild, 2007), and ~20% higher compared to the tropospheric burden of 309 Tg
reported by van Noije et al. (2014). The calculated burden for the MOGUNTIA chemistry configuration is also ~11% higher
compared to the burden derived from the ACCMIP models (337 = 23 Tg; Young et al. 2013), roughly 17% higher than the
burden reported by Schultz et al. (2018) and 8-15% higher than the Lamarque et al. (2012) estimations who used a tropopause

level at 100 ppb of O3 mixing ratios. Table 4 also presents the relative differences of the budget calculations when a tropopause

12

(Deleted: here

5, ‘(Deleted: and routinely used in many global models.

N\ (Deleted: the

\ CDeIeted: among

(Deleted: TM5-MP

(Deleted: 3

(Deleted: the

(Deleted: In short

(Deleted: tropospheric

(Deleted: chemistry O3

(Deleted: stratosphere influx

(Deleted: R

(Deleted: as

- (Deleted: for

—/ PPN NIV NP NP N4 NI N7 N0 N0 NP N N4 N0 N N4 N4 NI/ N N4 NI N0 A N4 N N4 NI N NI N




20

25

30

level of 100 ppb Os is adopted. Note that tropospheric burden estimates remain susceptible to the tropopause definition, leading

potentially to significant differences between modelling studies, For this reason, the tropopause level(s) should always be

reported when comparing modelling estimates. Overall, the use of the MOGUNTIA mechanism fends to bring the model closer

to other published estimates, by lowering the O3 burden compared to the mCBO05 scheme in TM5-MP.

Ozone surface and zonal mean mixing ratios simulated by the MOGUNTIA configuration for the year 2006 are presented in
Figs. 1a,b, respectively. Figures 1c,d show small differences in surface and zonal mean mixing ratios between MOGUNTIA
and mCBOS5(KPP). Differences in surface simulated O3 mixing ratios between the two mechanisms are evident mainly

downwind of regions with biogenic and tropical fire emissions. The mCBO05(KPP) simulation shows higher mixing ratios (~2-

4 ppb) over the ITCZ, India and East Asia (up to ~10 ppb). This is mainly attributed to the different yepresentation of VOCs.

with MOGUNTIA being significantly more explicit than mCBO05. This behavior can also be pbserved in the zonal mean O3 =

distribution presented in Fig. 1d, where the impact of the differentyepresentation of VOCs, originating mainly from the tropics,

is reaching the mid- and upper troposphere lifted by convection following the upward branch of the tropical Hadley cell. The

use of different solvers alone does not result in any critical difference in the Os mixing ratios for mCBO5 (Fig. le,f), presenting

nly some small negative differences of ~1 ppb downwind of regions with high anthropogenic emissions (e.g., India) for

mCBOS(EBI).

4.2 Hydroxyl radical (OH)

The hydroxyl radical (OH) is the primary oxidant in the atmosphere under sunlit conditions, initiating the oxidation of various
VOCs, and thus the production of hydroperoxy (HO2) and organic peroxy (RO2) radicals. However, due to the high complexity
of OH recycling pathways in atmospheric VOC degradation, the different representations of VOC oxidation pathways in
chemical mechanisms may lead to significant discrepancies between models. CHa is routinely used as a diagnostic for the

calculated OH abundance in the troposphere since its background concentration is highly sensitive to the OH abundance in the

tropics, where the water vapor and the biogenic emissions are high. Uncertainties in CHa global sources (e.g., a rapid rise in )
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the CHa4 growth rates since 2007; Nisbet et al., 2019) together with uncertainties in anthropogenic emissions of the NOx, CO,
and NMVOC (e.g., Hoesly et al., 2018), may cause considerable divergence in model simulated CH4 mixing ratios, for different
simulation years. For the present study, however, the surface mixing ratios of CHs are prescribed according to the CMIP6

recommendations for each simulation year (van Noije et al., manuscript in preparation).

; ,CDeIeted:
i (Deleted: model
1 '/(Deleted: yield
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by Lelieveld et al. (2016), i.e., ~4270 Tg yr'. Some difference is however expected due to the definition of the troposphere in
Lelieveld et al. (2016), where they define the tropopause in the tropics using temperature, and in the extratropics using potential

vorticity gradients. We remind the reader that for the present study the chemical troposphere is defined using a threshold of

150 ppb Os. ]t is striking that the OH chemical production calculated, for the MOGUNTIA model set-up is much higher (28 -

35%) than for previous TM5 model configurations (i.e., 3355+30 and 3184220 Tg yr™!) as presented by van Noije et al. (2014), -

d: For clarity, we also note that no differences are calculated

Del
{in the tropopause levels between the model configurations of this

work. ...
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scheme, This is slightly higher (by ~6% and ~3%, respectively) compared to mCB0O5(KPP). . (Delete d calculated by the MOGUNTIA chemistry scheme
Focusing further on the MOGUNTIA scheme, the calculated tropospheric CHa chemical lifetime is ~8.0 yr, as obtained through * (Deleted: also
dividing the CHa global atmospheric mean burden (~4871 Tg) by the loss due to oxidation by OH radicals in the troposphere R (Deleted: alone
(~607 Tg yr"). Accounting, however, for additional CHa sinks due to oxidation in soils and the stratosphere with assumed (Deleted: the
lifetimes of 160 yr and 120 yr (Ehhalt et al., 2001), respectively, an atmospheric lifetime of about 7.18 yr is derived, which is ; (Deleted: On the other hand, the
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Jyoughly 15% shorter than the ensemble model mean atmospheric lifetime reported by Stevenson et al. (2006) of 8.45+0.38 yr. ( e

: . ) ) : . ; : : Y (Deleted: than using
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Intercomparison Project (ACCMIP) (Naik et al., 2013; Voulgarakis et al., 2013), revealed vast diversities among models with : (Deleted: somewhat
a wide range of CHa chemical lifetime values (i.e., ~7-14 yr) and a mean value of 9.71.5 yr (i.e., 5-10% higher than
observation-derived estimates). Lelieveld et al. (2016) derived a CH4 chemical lifetime of 8.5 yr for the year 2010,and Schultz - (I‘ leted: d rated
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4.3 Carbon monoxide (CO)

Table 6 presents the chemical CO budget calculated by TM5-MP for the three chemical configurations. The different model
configurations show that approximately 62+1% of the CO global production in the troposphere is due to the oxidation of CH4
and NMVOC, with the remaining owing to direct emissions. Overall, the global CO budget is significantly affected by the
interactions between OH and CO. Thus, changes in OH tropospheric chemical production (i.e., ~ -0.2% from mCB05(KPP) to
MOGUNTIA) modulate the tropospheric secondary formation of CO from the oxidation of CHs and NMVOC (~ -10% change)
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and the CO chemical loss (~ -3% change) in the model. The global chemical production (i.e., the sum of chemical production

terms in troposphere and stratosphere; Table 6) of CO for both the MOGUNTIA and the mCBOS(KPP) chemical

configurations, i.c., 2018 and 1844 Tg yr', respectively, js however higher than the multi-model mean estimate (1505 + 236

. (Deleted:

total
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are

Tg yr') reported by Shindell et al. (2006), which can be partially attributed to the different year of NMVOC emissions used
(i.e., 2000 vs. 2006 for this work).
The dominant chemical yeaction responsible for the jncrease in the tropospheric CO chemical production for the MOGUNTIA

(ol

reactions
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compared to mCBO5(KPP) chemical configuration is the HCHO pxidation by OH radicals (i.e., ~15% increase compared to - (Deleted: reduction
mCBO5(KPP)). Indeed, although the lumped nature of the mCBO05(KPP) mechanism leads to a higher tropospheric HCHO | ‘(Deleted: chemistry are
chemical production (~1896 Tg yr') compared to MOGUNTIA configuration (~1843 Tg yr'!). the HCHO tropospheric ‘ Ez::::::: thOlySis and Off
chemical destruction is calculated roughly 2% higher for the MOGUNTIA scheme. HCHO is mainly formed via the oxidation - (Deleted: )

of CHa, isoprene, and other NMVOC in the model. However, for both mCBO05 configurations, the HCHO production via

CH;0:H photolysis is calculated to be ~1.65 times higher compared to MOGUNTIA. The latter scheme seems to recycle the

methyl-peroxy radical (CH3O2) more efficiently via the CH3O:2 gas-phase reactions with organic peroxy radicals (RO2)

produced by higher-order NMVOC oxidation. In contrast, other higher aldehydes hat represent the second most important - (Deleted: which

producer of CO contribute more significantly in MOGUNTIA than in mCBO0S5. This could be due to the more detailed
representation of the higher aldehydes in the MOGUNTIA mechanism (e.g., considering the production and destruction
reaction of GLY, GLYAL, and C:HsCHO) compared to the single lumped species (i.e., the ALD2) that represents all higher
aldehydes in mCBOS.

The global annual mean burden of CO for the MOGUNTIA chemical scheme is 361 Tg, almost the same as in the
mCBO5(KPP) configuration, but ~2 % lower compared to mCBOS(EBI). Higher CO losses by OH oxidation and deposition in
MOGUNTIA lead to a CO atmospheric lifetime of ~44 days, i.e., about 6% shorter compared to the mCBO05(KPP) chemical

mechanism. Note, that the reduction in the atmospheric lifetime of CO is in line with the,reduction in the atmospheric lifetime

,(r'

of CHa (~3%), reflecting overall an increase in tropospheric OH mixing ratios for the MOGUNTIA configuration compared
to mCBOS5(KPP); i.e., higher OH levels in the atmosphere lead to a proportionally larger CO and CHs sinks.

Focusing further on the impact of the solver alone, we calculate roughly a 3% reduction in the CO atmospheric burden when

the EBI solver is applied on the mCB05 mechanism in the model. This is directly connected to the ~1% increase in OH mixing

ratios that is calculated when the Rosenbrock solver is used in the model. Furthermore, the CO tropospheric production is
increased by ~0.5% in mCBOS5(KPP) compared to mCBOS(EBI). Overall, the presented differences between the EBI and
Rosenbrock solvers confirm that the choice of solver may impact on the simulated mixing ratios, owing mainly to the use of a
constant versus a variable timestep in the chemistry integration (e.g., see Sandu et al., 1997).

Zonal mean CO mixing ratios at the surface for the year 2006 using the MOGUNTIA scheme are presented in Fig. 2 (a,b).
Compared to mCBO5(KPP), the results from MOGUNTIA show slightly higher surface CO mixing ratios (up to ~2 ppb) over

highly populated regions, such as India. This regional increase is due to the differences in surface OH mixing ratios, owing

mainly to the differences in NOx chemistry between the two simulations (see also Sect. 5.2). Jn contrast, in South America -~
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negative differences of ~5-15 ppb are calculated at the surface (Fig. 2¢). The effective HOx regeneration together with the

detailed VOCyepresentation and oxidation pathways considered in MOGUNTIA yesult in an increase of the surface OH mixing .- (I‘ leted: rather
ratios jn locations with high biogenic VOC emissions, This subsequently leads to a regional decrease in the tropospheric CO : (Deleted: speciation
mixing ratios compared to the mCBO5(KPP) configuration. Similar results are found for the zonal mean CO distribution. Free . ‘(Deleted: the
. L. .. . . . . . . " ( Deleted: scheme
tropospheric CO mixing ratios in the tropics are also affected due to effective tropical convection. Finally, the use of different - ED P
K eleted: where
solvers for the mCBO05 mechanism does not lead to any notable differences in the annual mean CO mixing ratios (Fig. 2e,f). ‘(D -
eleted: occur, leading thus
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5 Model evaluation

Model simulations are, evaluated with a series of surface, flask, aircraft, and sonde measurements, as well as with satellite

retrievals and climatological data. The simulated NO: tropospheric columns are compared with satellite retrievals from the
European project Quality Assurance for Essential Climate Variables (QA4ECV) project (Boersma et al., 2017), provided by
the Ozone Monitoring Instrument (OMI) and the SCanning Imaging Absorption SpectroMeter for Atmospheric CHartographY
(SCIAMACHY) instruments. The simulated OH mixing ratios are evaluated against calculations of global mean tropospheric
values from other modelling studies, as well as against climatological data compiled by Spivakovsky et al. (2000). Modeled
O3 mixing ratios are evaluated against surface observations and ozonesonde data for the year 2006, as compiled by the World
Ozone and Ultraviolet Radiation Data Centre (WOUDC; http://www.woudc.org; last access 20/08/2019); surface observations
from the European Monitoring Evaluation Program network (EMEP; http://www.emep.int; last access 20/08/2019) have been
also used. For the CO model evaluation, flask observations for the year 2006 are used, as compiled by National Oceanic and

Atmospheric ~ Administration Earth System Research Laboratory, Global Monitoring Division (NOAA,

https://www.esrl.noaa.gov/gmd; last access 20/08/2019). O3 and CO mixing ratios in the upper troposphere/lower stratosphere

(UTLS) are,compared to in-situ measurements from the MOZAIC (Measurement of Ozone and Water Vapour by Airbus In-

Service Aircraft) data record (Thouret et al., 1998). The modelled CO total columns are compared with satellite retrievals from
Measurement of Pollution in the Troposphere (MOPITT) instrument, version MOP02J_V008 (Deeter et al., 2013, 2019;
Ziskin, 2019), i.e., the combined thermal/near-infrared data product. Finally, light VOCs (i.e., C2H4, C2Hs, C3Hs, C3Hs) as

simulated for the year 2006 are evaluated against flask measurements from the NOAA database, and against climatological

CDeIeted:
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data from aircraft campaigns, as produced by Emmons et al. (2000). Overall, to quantify and discuss the model performance,

commonly used statistical parameters are calculated, such as the correlation coefficient (R), which reflects the strength of the

linear relationship between model results and observations (the ability of the model to simulate the observed variability), the

absolute bias (BIAS), the normalized mean bias (NMB), and the root mean square error (RMSE) as a measure of the mean

by the model
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model's

(Deleted:
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deviation of the model from the measurement due to random and systematic errors. All equations used for the statistical

analysis of model results are provided in the supplementary material (Eq. S1-S5).

5.1 Nitrogen dioxide (NOz)

NOx is a rate-limiting precursor of Os formation and thus an essential species for other tropospheric oxidants, such as OH.
NOx is emitted by both natural (lightning, soils, and fires) and anthropogenic combustion sources, with lightning mainly
impacting NOx mixing ratios at the top of convective up-drafts and anthropogenic fuel emissions being the principal source
of NO at the surface. Tropospheric NO2 vertical column densities retrieved from OMI (Boersma et al., 2017) are compared
against the MOGUNTIA and mCBOS5(KPP) simulations (Fig. 3). Note that since the differences between mCBOS(EBI) and
mCBOS5(KPP) are small for tropospheric NO2 columns, mCBO5(EBI) is not shown. NO2 column densities are retrieved using

a consistent set of retrieval parameters and validated against ground-based MAX-DOAS measurements (Boersma et al., 2018).
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To consider the vertical sensitivity of the satellite measurements to NO2 molecules at different altitudes, the tropospheric
column averaging kernels, provided in the QA4ECYV data product, are applied separately to both sets of modelled NO2 vertical
profiles, extracted from the hourly 3-D model output by linear and nearest-neighbor interpolation in space and time. The
resulting NO: tropospheric column density is what would have been retrieved by the satellite if the actual vertical profile of
NO: mixing ratios were identical to the modeled profile. The tropospheric NO2 columns retrieved from the satellite are
averaged per model grid cell and day, resulting in a comparison dataset consisting of one NO: vertical column density per
model grid cell and day.

For the MOGUNTIA configuration, the model shows a mean overestimation of 1.78x10' (R=0.71) and 1.96x10'* molecules
cm? (R=0.95) against OMI measurements for daily and annual values, respectively, performing slightly better than the
correlation of mCBO5(KPP) configuration (R=0.71 and R=0.94 for daily and annual values). An overview of the statistical
comparison of the three model simulations against OMI measurements is given in Fig. S1a. Some discrepancies, especially in

the Northern Hemisphere (NH) may be attributed to the absence of a significant seasonal cycle jn monthly anthropogenic

- (" leted: annual

- CDeIeted: are nevertheless expected in such a comparison. since not)

emissions, Over the biomass burning source regions in Africa, the model overestimates the satellite retrievals. When the model

(Deleted: is usually applied to

is compared against NO> tropospheric columns from the SCTAMACHY instrument using the QA4ECYV retrieval (not shown),
the MOGUNTIA configuration shows a similar improvement over mCBO05(KPP), as with the OMI data.

Deleted: which are the principal source of NOx, especially in the
Northern Hemisphere (NH).

Williams et al. (2017) showed ghat the TMS-MP model significantly underestimates the NO and NO2 mixing ratios, both at

) (" leted: Note also that when
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the surface and in vertical profiles, The model satisfactorily yeproduces the NOa mixing ratios in the boundary layer but - o~

Qoverestimates mixing ratios at higher altitudes and in pristine environments. The MOGUNTIA scheme shows generally a =

: (Deleted: as calculated by the TM5-MP model

better agreement with satellite retrievals compared to the mCBOS5(KPP) configuration, as expressed by a higher correlation
coefficient and a generally lower bias (Fig. S1a). The differences between the two chemistry schemes can be mainly attributed

to the yepresentation of organic NOx reservoir species (i.e., the organic nitrates; ORGNTRs) in the two mechanisms,(Fig. S2).
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Overall, since deep convection may efficiently yransport ORGNTRs; to the upper troposphere, the more explicit representation i
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of VOC chemistry in the MOGUNTIA chemistry scheme glters the distribution of ORGNTR, compared to the more lumped »

(Deleted: transports organic NOx reservoir species

chemistry of the mCBO0S5._Although production of ORGNTR is about 10% larger in the MOGUNTIA scheme, the ORGNTR

burden is dominated by the loss term (Table S4). Due to the more detailed ORGNTR representation in the MOGUNTIA

scheme, the destruction becomes significantly more efficient compared to the mCBO05 configuration. As a result, the global

ORGNTR burden calculated using the MOGUNTIA scheme in the model is about 60% smaller.

Several modelling studies have compared the simulated NO2 columns with iz situ and satellite observations (e.g., Travis et al.,
2016; Williams et al., 2017), These studies demonstrated an overestimate of the observed NO/NO; ratios compared to
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observations in higher altitudes, possibly due to a respective underestimate of peroxy radicals_in the upper troposphere that

contribute to the NO to NO2 conversion. A deviation in the NO/NO: ratio has also been reported for the GEOS-Chem model

(Silvern et al., 2018; Travis et al., 2016), This model significantly yinderestimated the observed upper tropospheric NO, .-
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observations from the SEAC*RS aircraft campaign over the southeast United States. Silvern et al. (2018) calculated that the

reaction with ozone accounts for roughly 75% of the NO to NO: conversion in the upper troposphere; thus, this deviation from
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the photochemical equilibrium could be due to an error in kinetic data, Overall, the authors indicated that reducing the NO2 - (l‘ leted: the

photolysis by 20% and increasing the low-temperature NO + Os reaction rate constant by 40%, improves the model simulation (Demed: used in the model
of the NO/NO: ratio in the upper tropospheric data significantly compared to the aircraft data. Another source of uncertainty, - (Deleted: R
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N yr''; Yienger and Levy, 1995) compared to the emissions of 7.9 Tg-N yr'! derived using a multi-constituent satellite data

assimilation.

5.2 Hydroxyl radical (OH)
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Figures 4a and 4b illustrate the zonal mean tropospheric distributions of OH for two seasons (i.e., boreal winter and boreal - (Deleted: and

summer) for 2006, as simulated with the MOGUNTIA chemistry scheme. The highest atmospheric mixing ratios of OH in the - (I‘ leted: by the model for
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higher NH/SH ratio of annual mean hemispheric OH mixing ratios in the troposphere is derived for the MOGUNTIA
configuration compared to Spivakovsky et al. (2000). The NH/SH ratios are calculated ~1.37 and ~1.35 for the MOGUNTIA

and the mCBO5(KPP) configuration, respectively, being on the high end of other modeling estimates, such as the multi-model

estimate of an NH/SH ratio of 1.28 + 0.10 by Naik et al. (2013) and the .20 ratio as reported by Lelieveld et al. (2016),
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5.3 Ozone (03)

The evaluation of modeled O3 mixing ratios against surface observations for the three simulations, for the year 2006 is presented

N CDeIeted: roughly 12-15% lower
(Deleted: for the year 2013.

in Fig. 5. The seasonal cycle across surface stations is generally well captured by all model configurations for most of the
cases. TMS-MP, however, generally overestimates O3 mixing ratios at most NH sites and for all model configurations, as, for
example, can be seen at the Barrow (Fig. 5a) and Mace Head (Fig. 5b) stations, especially during the summer (June-July-
August, JJA) season, when Os is overestimated by about 8 and 3 ppb, respectively. However, at Viznar (Spain) and Mauna
Loa (USA) (Figs. 5S¢ and 5d, respectively), model results are closer to the observed Os mixing ratios, showing overall lower
biases (i.e., ~1-3 ppb). In the SH (except for the polar circle), the model simulates the seasonal cycle of the O3 surface mixing
ratios well, however, with average positive biases of ~6-10 ppb in Cape Point (South Africa) and Baring Head (New Zealand)
(Figs. 5e,f). At the South Pole (USA) and Sayowa (Japan) stations in Antarctica (Figs. 5g,h), the model also captures the
observed seasonality well (R=~0.9), except for a negative bias of ~3 ppb during the local winter season. Focusing further on
the chemistry mechanisms applied in the model, a slightly better consistency is achieved for the MOGUNTIA chemistry
scheme in most of the cases. For the mCB05 chemistry scheme, the choice of the solver does not result in any notable difference

in simulated surface O3 mixing ratios. Considering all surface Os observations available for the year 2006 (Fig. S3), the
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MOGUNTIA chemistry configuration tends to overestimate the available observations with a mean bias of ~6.5 ppb. Note that

although the differences between the different chemistry configurations for surface Os; are small, the mCBOS5(KPP)
configuration shows the lowest bias (~5.2 ppb) whereas the mCBOS(EBI) bias is closer to that of the MOGUNTIA
configuration (~6.1 ppb).

Ozonesonde observations are used to evaluate the models' ability to reproduce the Os vertical profiles. Indicatively, Fig. 6
presents the comparison of model results with ozonesonde observations in 2006 at the Hohenpeissenberg in Germany and at
the Macquarie Island in the Southwestern Pacific Ocean, at five pressure levels (900 hPa, 800 hPa, 500 hPa, 400 hPa, and 200
hPa) covering the boundary layer and the low and high free troposphere. For this evaluation, all ozonesonde data have been

binned to the 34 model pressure levels (see Sect. 3). The seasonal cycle at the two stations is well captured by each model

configuration. For the highest model levels, above 200 hPa, all simulations are very close to the measurements, since O3 mixing
ratios are mainly determined by the upper boundary condition that is used (see Sect. 2.1). Comparisons for other WOUDC

stations around the globe for the year 2006 are presented in the supplementary material (Fig.,S4). Overall, all model simulations
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capture the Os distribution quite well at almost all sites in the lower troposphere. The MOGUNTIA scheme shows a slightly

better agreement with observations than the mCBOS5 configurations with smaller biases in most of the cases, especially at lower

levels (i.e. from ~900hPa and up to ~500hPa). Concerning the impact of the chemistry solver, the vertical Os concentration .- g
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simulated using the mCB05 mechanism shows no notable differences between the use of KPP and EBI in most of the cases.
Overall, considering all available ozonesonde data for the year 2006 (Fig. S4), the MOGUNTIA chemistry in TM5-MP results
in an overestimation of the ozonesondes observations by roughly 16% (R = 0.96, BIAS = 4.7 ppb, NME=15.6%), which is

=

slightly smaller compared to the mCBO05 chemistry configurations.
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Figure S5 presents a comparison of O3 mixing ratios in the upper troposphere/lower stratosphere (UTLS) simulated by TM5-

MP for the two chemistry configurations (i.e., mCBO5(KPP) and MOGUNTIA) with in-situ pbservations from the MOZAIC

airborne program (see Sect. 3.1), as a function of latitude. The accuracy of the MOZAIC O3 measurements is +2 ppb (Marenco |

et al., 1998). For this comparison, the MOZAIC measurements are binned on the vertical grid of TMS5-MP. The model
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Total CO columns from the MOGUNTIA and the mCBO5(KPP) model configurations are compared to the total column
densities retrieved from the MOPITT satellite instrument (Deeter et al., 2013, 2019; Ziskin, 2019) for the year 2006 (Fig. 8).
Co-sampling with averaging kernel has been applied to the modelled CO concentration profiles (i.e., in the same manner as
for NO2; see Sect. 5.1). Note that when the absolute difference in surface pressure between the MOPITT retrieval and the
TMS5-MP simulation is larger than 5 hPa, the measurements were excluded from the comparison. For the MOGUNTIA
configuration, the model shows a mean underestimation of -8.54x10'® (R=0.82) and -1.18x10'7 molecules cm? (R=0.91)
compared to daily and annual averages of MOPITT data, respectively. However, the correlation is slightly improved compared
to the mCBOS5(KPP) configuration (R=0.78 and R=0.88 for daily and annual values, respectively). As in the comparison with
surface data, the biases in total column CO in the MOGUNTIA and mCBO5(KPP) configurations deteriorated compared to the
mCBO5(EBI) configuration, albeit biases are still small (~-5% and ~-7% for daily and annual values, respectively). As this
pattern can be seen in both KPP configurations, this difference seems to be caused by the implementation of the more accurate
Rosenbrock solver. An overview of the statistical comparison of the three model configurations against MOPITT CO

measurements is given in Fig. S1b.

Figure S5 further presents the comparison of CO mixing ratios in the upper troposphere/lower stratosphere (UTLS) simulated

by TM5-MP with in-situ measurements from the MOZAIC airborne program (see Sect. 3.1). Model evaluation at pressure

levels <300 hPa shows a good correlation for both configurations in the SH, with a small positive bias (up to ~20 ppb) for the

mCBOS(KPP) configuration in April around the equator and a small negative bias (~10 ppb) for the MOGUNTIA configuration

for latitudes below 10°N. Both configurations present a strong negative bias (~30 ppb) for latitudes above 20°N (Fig. S5¢). In
October (Fig. S5d). both the mCBOS5(KPP) and MOGUNTIA configurations tend to underestimate the observations with a

negative bias of ~20 ppb, except for a small positive bias between 0-20°N. This positive model bias in the UTLS could point

to a stronger convective uplift (e.g., Krol et al., 2018) in tropical Africa in April, or to possible misrepresentations of biomass

burning emission strengths and horizontal and vertical distributions (e.g., Daskalakis et al., 2015; Nechita-Banda et al., 2018).

Indeed, MOZAIC data show an increase in CO mixing ratios from the NH (April) to the SH (October), mainly due to the

Deleted: Figure S4 further presents the comparison of CO mixing
ratios in the upper troposphere/lower stratosphere (UTLS) simulated
by TM5-MP with the in-situ measurements from the MOZAIC data
(see Sect. 3.1). Model evaluation at pressure levels < 300 hPa shows
a positive bias for mCB05(KPP) configuration in April of the order
of ~20 ppb and a small negative bias (~10 ppb) for the MOGUNTIA
for latitudes below 10°N, but a negative bias for both simulations for
latitudes above 20°N (Fig. S4c). For October, both configurations
show a good correlation for the SH, with a negative bias (~20 ppb)
for latitudes above 20°N (Fig. S4d). However, a strong positive bias
of roughly 30 ppb is simulated in the tropics, for latitudes up to 20°N.
The positive model bias in the UTLS in the tropics could point to an
excessively strong convective uplift in tropical Africa in April, and/or
during the summer monsoon over Southern Asia in October. The
model shows both positive and negative biases compared to the
MOZAIC observations, with the observations exhibiting larger
latitudinal CO variability. This might also point to a possible

impact of biomass burning processes. Overall, the model configurations of this work present both positive and negative biases

compared to the MOZAIC observations, with observations indicating larger latitudinal CO variability than simulated.

5.5 Volatile organic compounds (VOCs)
5.5.1 Ethane and propane

Ethane (C:2Hg) is the lightest alkane with emissions primarily of anthropogenic origin, associated mainly with fossil fuel
extraction and use. In the model, the global ethane emission is 11 Tg yr! (Table 3) with an atmospheric lifetime of about 56
days for all chemistry configurations, in close agreement with other studies (e.g., Hodnebrog et al., 2018). Flask measurements

indicate that C2He surface mixing ratios are strongly underestimated by all gonfigurations at Mace Head (Fig. 9a) by ~80%,

mainly during the winter, indicating also an opposite annual cycle. The latter can be attributed to the misinterpretation of
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upon the mCBO05 scheme.*
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seasonal variation of anthropogenic emission and/or to the C>He oxidation by OH radicals in the model. Significant

underestimations are also observed in the tropics at Mauna Loa, Hawaii (Fig. 9¢), of roughly 98% (R = -0.5). In contrast, at

Cape Grim, Australia (Fig. 9¢), the model is better yeproducing the measured C2He mixing ratios for all configurations, with a

higher correlation coefficient (R = 0.5) and an NME of around 63%. ,

The underestimation of the CoHe mixing ratio likely indicates that the model lacks primary emissions of C2He and can thus,

better reproduce atmospheric observations in the SH where the anthropogenic emissions are not as strong as in the NH.

Dalseren et al. (2018) showed recently that an increase of natural and anthropogenic fossil fuel emissions by a factor of two

to three may significantly improve the simulated CoHs and C3Hs mixing ratios compared to observations. Note that this increase

in emissions would result in source estimates close to those calculated by the first global 2-D modeling study of these two

hydrocarbons by Kanakidou et al. (1991). To investigate, here, how the model responds to an increase of ethane emissions

sensitivity simulations with the MOGUNTIA configuration are performed by 1) doubling and 2) quadrupling the

anthropogenic C>Hs fossil fuel emissions, resulting in total CoHe emissions of ~17.1 Tg yr'' and ~29.5 Tg yr'!, respectively.

The global tropospheric burdens have been also increased by a factor of ~1.4 and 2.2, respectively. The comparison, however.

with the with flask data (Fig. S7) indicates that the increase of CoHe anthropogenic emissions does not significantly affect the

simulated mixing ratios in the model at these specific stations. Overall, this means that even a more aggressive increase of

emissions (at least over specific regions) is required, other missing sources are needed to be considered in the model. or that

the oxidation of C>He is too fast in the model. The full set of CoHg comparisons with flask data is presented in the supplement

(Fig. S8),

Propane (C3Hs) is also emitted mainly from anthropogenic sources, and in the current simulations the total emission is 8.5 Tg

yr'! (Table 3),lower compared to other reported emission estimates of ~15 Tg yr'! (Jacob et al., 2002). Model comparison with

flask observations (Fig. 9) shows that the model tends to underestimate the measured mixing ratios for all simulations, however,

with higher correlation coefficients compared to C2He in most of the cases. C3Hs is underestimated in the NH at Mace Head

(Fig. 9b) during the winter and autumn seasons by 72-74%. In the tropics, strong negative biases of ~100 ppt are pbserved at

Mauna Loa (Fig. 9d). However, the model simulates the CsHs surface mixing ratios better in the SH at Cape Grim compared

to stations in the NH (Figs. 9b,d,f) due to the weaker impact of anthropogenic emissions, In contrast to the C2Hs evaluation

however, the model gatisfactorily simulates the observed CsHs mixing ratios at the South Pole (Fig. 9h), with a small

overestimation during the local summer season. The full set of CsHs comparisons with flask data is presented in Fig. S9. As

for the case of Co2He, to further investigate the impact of emissions on the simulated C;Hs mixing ratios, additional simulations

are performed by 1) doubling and 2) quadrupling the anthropogenic fossil fuel emissions, resulting overall in total CsHs

emissions of ~14.9 Tg yr'! and ~27.9 Tg yr'!, respectively. The global C3Hs tropospheric burdens have been increased by a
factor of ~1.7 and 3.2, respectively. Figure S7 indicates that an increase of CsHs emissions by two times tends to significantly

improve the model simulations, whereas a respective increase by four times tends to overestimate the observed mixing ratios.

Comparison with C2He and C3Hs aircraft climatological data (Fig. 10) further indicates that all chemistry configurations tend

to underestimate the observed mixing ratios (~20-60%) in most of the cases, especially in the upper troposphere. In more
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detail, at Boulder and East Brazil, the model significantly underestimates the observed mixing ratios for both compounds, ’ CDeIete d the
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6. Summary and conclusions

This study documents and evaluates the implementation of the gropospheric chemistry scheme MOGUNTIA in the global

chemistry and transport model TM5-MP. The MOGUNTIA scheme is a comprehensive gas-phase chemistry mechanism that
explicitly accounts for the oxidation of light hydrocarbons, coupled with an updated representation of isoprene oxidation, along
with a simplified representation of terpenes and aromatics chemistry. The newly coupled chemistry scheme in TMS-MP is

compared to the existing chemistry scheme of the model, the mCB05, Another feature implemented in the TM5-MP chemistry

code is the Rosenbrock solver, fhat replaces the classical EBI method. For this, a simple preprocessor directive has been

implemented in the model to choose between the two solvers during model compilation. In the case of the Rosenbrock solver,
the KPP software has been used to generate the chemistry code coupled with the TM5-MP. To further examine the impact of
the solver on the TMS5-MP atmospheric simulations and performance, the mCBO05 scheme is also tested using the Rosenbrock

solver,

Global budgets of O3, CO, and OH, for all simulations performed for this work, are calculated and compared with estimates
published in the literature. In more detail, the O3 budget calculated with the MOGUNTIA chemistry scheme falls within one
standard-deviation of mean estimates from other modelling studies. However, the new MOGUNTIA scheme reduces the

tropospheric Os burden by ~3% compared fo the mCBOS5 configurations. For tropospheric CO, a respective reduction in the

atmospheric lifetime (~6%) provides evidence that the implementation of the MOGUNTIA chemistry leads to an increase in
the oxidative capacity of the troposphere in TM5-MP. This also holds for the atmospheric CHs chemical lifetime that is
calculated here to be about 8.0 yr for the MOGUNTIA chemistry scheme, which is roughly 3-5% shorter compared to
mCBO05(KPP) and mCBO5(EBI) configurations.

The large-scale variability in space and time of modeled tropospheric NO2, OH, O3, CO, and light VOCs (i.e., C2He, C2Ha,
CsHs, C3He) has been evaluated for the year 2006 and compared to several sets of in-situ observations, satellite retrievals, and
climatological data. Overall, both the lumped-structure (i.e., the mCBO05) and the lumped-molecule (i.e., the MOGUNTIA)
mechanisms appear to be able to satisfactorily represent the tropospheric chemistry. In most of the cases, lower biases

compared to measurements are calculated when the MOGUNTIA chemistry configuration js used. The model simulates well
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atmospheric mixing ratios of some light VOCs, such as the CsHs. However, our results suggest that changes in emissions

should not just be based on fixing the model’s emissions using a specific (constant) value, but that scientifically accepted

methods should be used. Future studies should therefore aim at improving source estimates and a better understanding of the

processes that govern the budgets of light VOCs. From a chemistry point of view, it would be interesting to study the chemical

formation pathways from higher VOCs. Inverse modelling or data-assimilation studies might be also used to “optimize” the
emissions in order to minimize the differences between observations and model simulations.

The presented model configurations result in a benchmark of the TM5-MP tropospheric chemistry version upon which future«
model improvements may take place. Inherent uncertainties need to be reduced and further work is required, focusing mainly
on the most poorly understood chemistry-related processes. For example, further attention concerns the uncertainties in NO-

NO2-O; cycling along with the atmospheric fate of ORGNTRs and their impacts on the oxidative capacity of the troposphere,
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Code availability. The TMS5-MP code used for this study can be downloaded from Zenodo (doi:_10.5281/zenodo 3759200); a

= C" leted: 3759201

request to generate a new user account for access the SVN server hosted at KNMI, the Netherlands, can be made by e-mailing
to P. Le Sager (sager@knmi.nl). Any new user groups need to agree to the protocol set out for use, where it is expected that
any developments are accessible to all users after the publication of results. Attendance at 9-monthly TMS5 international

meetings is encouraged to avoid duplicity and conflict of interests.
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Tables

Table 1. Photolysis reactions (J) in the MOGUNTIA chemistry scheme.

# Reactants Products® References
J1 Os+hv o('D) 1

12 H20: + hv 20H 1

13 NO: + hv NO+0 1

J4 NOz + hv NO:+0 1

15 NOs + hv NO 1

16 NaOs + hy NO: +NO3 1

17 N2Os + hy NO +NOs 1

18 HONO + hv OH +NO 1

19 HNO; + v NO; + OH 1

110 HNO4+ hv NO: + HO:» 1

Ji HCHO + hv co 1

Ji2 HCHO + hv CO +2HO: 1

J3 CH3O0H + hv HCHO + HO: + OH 1

Ji4 CH30NO> + hv HCHO + HO: + NO> 1

JIs CH300NO: + hv CH300 + NO2 1

Ji6 CH300NO: + hv HCHO + HO:z + NOs 1

n7 CH3C(O)OONO: + hv CH3C(0)00 + NO> Jio

JI8 CH3C(O)OONO2 + hv CH;00 + NOs+ COz J10

J19 CH3C(O)OOH + hy CH3C(0)00 + OH J3

120 C2HsOO0H + hv CH3CHO + HO: + OH J3

21 C:HsONO2 + hy HCHO + CO + HO2 + NO; 1

122 HOCH:CH200H + hv 2 HCHO + HO: + OH f0.5*J13
123 HOCH>CH200H + hv HOCH:CHO + HO> + OH (1-H0.5*113
124 HOCH:CH20NO: + hv 2 HCHO + HO: + NO; f 0.5 * JORGN
125 HOCH:CH20NO:; + hv HOCH>CHO + HOz + NO2 (1-f) 0.5* JORGN
126 CH3CHO + hv CH;00 + CO + HO2 1

127 HOCH:CHO + hv CH;OH + CO 1

128 CHOCHO + hv 2CO+2HO: 1

129 CHOCHO + hv HCHO + CO 1

130 CHOCHO + hv 2CO0 1

131 CH3C(O)CH; + hv 2 CH;00+ CO 1

J32 CH3C(O)CHs + hv CH3C(0)00 + CHs00 1

133 HOCH:C(O)CHs + hv CHsC(0)00 + HCHO + HO2 1

134 CH3C(O)CH200H + hv 0.3 CH3C(O)CHO 0.7(CH3C(0)00+ HCHO) + OH J3

135 n-CsH7;00H + hv C:HsCHO + HOz + OH 0.5*J13
136 n-CsH70NO; + hv C>HsCHO + HOz + NO» 1

137 i-CsH700H + hv CH;3C(O)CH; + HO2 + OH 0.5*J13
138 i-C3H70NO: + hy CH3C(O)CHs + HO: + NO» 1

139 C2HsCHO + hv C:Hs00 + CO + HO2 1
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J40 HOC3HOOH + hy CH3CHO + HCHO + HO; 13

41 CH3COCHO + hv CH;C(0)00 + CO + HO, 1

142 CsHoOOH + hv 0.67(CH;CHCOCH+ HOy) + 0.33(C2Hs00 +CH;CHO) + OH 13

143 CsHoONO; + hv 0.67(CH;CH,COCH; + HO) + 0.33(C2HsOO +CH;CHO) + NO» Joran

J44 CH3CH2C(O)CH; + hv CH:C(0)00+ C;Hs00 1

145 CH3CH(OOH)COCH:; + hv CH3CHO + CH;C(0)00+ OH 3

146 CH3CH(ONO2)COCH; + hv CH3CHO + CH;C(0)00+ NO; Joran

147 ISOPOOH + hv HCHO +0.64 MVK + 0.36 MACR + HO, + OH 13

148 ISOPONO: + hv HCHO + 0.64 MVK + 0.36 MACR + HO2 + NO2 Joran
0.5 MACROO + 0.5 HCHO + 0.175 CH:C(0)0O+ 0.325 CH;00 +

J49 MACR + hv 1
0.825 CO + HO»

150 MACROOH + hv CH3COCH:0H + CO + HO»+ OH J13

Js1 MACRONO; + hv CH3COCH;0H + CO + HO; + NO2 Joren

152 MVK + hv 0.6 (C3Hg + CO) + 0.4 (CH:C(0)00 + CH;00 + HCHO) 1
0.7(CH;C(0)00+ HOCH:CHO) + 0.3(CH;COCHO + HCHO + HO2) +

153 MVKOOH + hv 3
OH
0.7(CH;C(0)00+ HOCH:CHO) + 0.3(CH;COCHO + HCHO + HO») +

J54 MVKONO + hv Joran
NO,

155 CH3C(O)C(O)CH: + hv 2 CH;C(0)00 1

156 CH3C(O)COOH + hv CH:C(0)00 + HOz + CO; 1
0.5 HOCH,C(O)CH; + 0.5 CHsCOCHO + 0.25 HOCH:CHO + 0.25

157 HPALD + hv 4,5
CHOCHO + HCHO + HO; + OH

158 O2+ hv 03 1

* The reaction products O2, Hz, and H20 are not shown.
! http://iupac.pole-ether.fr
2Atkinson, (1997):

Ri=2.7 x 10"exp(-6350/T)
R2=6.3 x 10" %exp(-550/T)

f=RiJ/Ri+Rax[02])
3 Joran is calculated based on average of 6-values for 1-CsHyONO2 and 2-C4HsONO: as described in Williams et al. (2012)
4 Browne et al. (2014)
3 Peeters and Miiller (2010)
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Table 2. Thermal reactions (K) in MOGUNTIA chemistry scheme.

# Reactants Products” Rate expression® References

on 00Dy (- M) o 3.3x10" exp(55/T)[02] + .
2.5%10 Mexp(110/T) [N2]

Kob 0O('D) +H.0 OH + OH 1.63x107%exp(60/T) 1

Kl 03+ OH HO» 1.7 x 10"%exp(-940/T) 1

K2 HO2+ 03 OH 2.03 x 10°° (T/300)*7 exp(693/T) 1

K3 HO: + OH H.0 4.8 x 10" exp(250/T) 1
2.2x10 Bexp(600/T)

K4 HO; + HO» H:0, 1.9%107%3 [N2] exp(980/T) 1
1.4x10' [H:0] exp(2200/T)

K5 H,0; + OH HO» 2.9 x 10™exp(-160/T) 1

K6 HO: +NO NO: + HO 3.45 x 10"2exp(270/T) 1

K7 NO + 03 NO: 2.07 x 10"2%exp(-1400/T) 1

K8 NO +NOs 2NO> 1.8 x 10" exp(110/T) 1

K9 NO:+ O3 NOs 1.4 x 10"%exp(-2470/T) 1
7.4x10" X(T/300)>* [N3]

K10 OH +NO {+ M} HONO 3.3x1071(T/300)"3 1
Fc=0.81
3.2 x 10°(T/300)*3[N2]

K11 OH +NO; {+M} HONO; 3.0x 10 1
Fc=0.41
3.6 x 10°(T/300)*![N2]

K12 NO: + NO; {+ M} N:0s 1.9 x 107%(17300)° 1
Fc=0.35
1.4 x 10°31(T/300)*'[N2]

K13 NO: + HO> HO:NO> 40x 10" 1
Fc=0.40

K14 HO: + NO; OH +NO2 40x 10" 1

K15 HONO + OH NO: 2.5%102exp(260/T) 1
2.4x10™exp(460/T)

K16 HNO;+ OH NOs 6.5%10exp(1335/T) 1
2.7x10 exp(2199/T)

K17 HO2NO: + OH NO: 1.9 x 10"2%exp(270/T) 1
4.1 x 10%exp(-10650/T)[N2]

K18 HO2NO2 HO:z + NO2» 6.0 x 10"exp(-11170/T) 1
Fc=0.40
1.3 x 10(T/300)Sexp(-11000/T)[N:]

K19 N20s NO: +NO3 9.7 x 10%(77300)*!exp(-11080/T) 1
Fc=0.35

K20 OH +Ha HO: 7.7%102exp(~2100/T) 1

K21 CHs+ OH CH;00 2.45 x 102 exp(-1775/T) 2
3.8 x 10" %exp(780/T)*

K22 CH;00 + HO» CH:;00H (1-1/(1+498.0exp(-1160/T))) 1,3
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K23 CH:;00 + HO» HCHO 1,3
(1/(1+498.0exp(-1160/T)))
0.999 (HCHO + HO; + NO2) +
K24 CH:00 +NO 2.3 x 10™%exp(360/T) 1,3
0.001 CH;ONO>
2.5 x 107(T/300) 55[N>]
K25 CH;00 + NO» CH;0:NO; 1.8x 10" 1
Fe=0.36
K26 CH;00 +NOs HCHO +NO: 12x 10" 1
7918 exp(3385/T) X ( 1oted
K27 CH;00 + CH;00 2HCHO + 2HO» 1':)3 1po‘2 oo ) D 4
103 x 10™%exp(365/T N
i ) T, (Deleted: 520
(1-748 exp($85/T) x .
K28 CH;00 + CH;00 CH;OH + HCHO ) (r leted: 1
1.03 x 10"%exp(365/T) >
K29 CH3;00H + OH HCHO + OH 0.4x 5.3 x 10"2exp(190/T) 1 (Deleted: 4
K30 CH;00H + OH CH;00 0.6 x 5.3 x 10"2%exp(190/T) 1 . (Deleted: 520
K31 CH;0NO> + OH HCHO +NO 4.0 x 10" 3exp(-845/T) 1 (Deleted: 1,
9.0 x 10 %exp(-9690/T ) [N2]
K32 CH;00NO> CH0: + NO> 1.1 % 10"%exp(-10560/T ) 1
Fe=0g6, C,\ leted: 40
K33 HCHO + OH €O +HO> 5.4 x 10" %exp(135/T) 1
K34 HCHO + NOs CO + HO» + HNOs 2.0 x 10 2exp(-2440/T) 1
K35 CH;0H + OH HCHO + HO» 2.85 x 10" 2exp(-345/T) 1
K36 CH;0H + NO3 HCHO + HO2+ HNOs 9.4 x 10 %exp(-2650/T) 1
K37 HCOOH + OH €O, +HOx 45x 10" 1
5.9 x 109(300/T)'+
1.1 % 1072(300/T) 2
K38 CO +OH €O+ HO> 2
1.5 x1073(300/T) 0
2.9 % 10°(300/T) ¢!
K39 CaHg + OH C2Hs00 6.9 x 10"2exp(-1000/T) 1
K40 C2H500 + HO» C2HsOOH 6.4 x 10" %exp(710/T) 1
K41 C2H500 +NO CH3;CHO + HO; + NO» (1 -RTC2P) x 2.55 x 1072 exp(380/T) 1,4
K42 C2Hs00 +NO —  CaHsONO» RTC2P x 2.55 x 1072 exp(380/T) 1,4
08 x (64 x 104 x 1.03 x 10°
K43 C2Hs00 + CH:00 CH3;CHO + HCHO + 2HO»
Bexp(365/T))05
02 x (64 x 104 x 1.03 x
K44 C2Hs00 + CH:00 0.5 CHsCHO + 0.5 CHsCH20H + CH;0H 3
Bexp(365/T))%
K45 C2Hs00H + OH C2H500 1.90 x 10"2exp(190/T) E] (,. leted: 1
K46 C2HsOOH + OH CH3;CHO + OH $.01x10712 3 —
\" 6.0
K47 C2H;ONO; + OH CH;CHO +NO; 6.7 x 10" 2exp(-395/T) 1
K48 CH:CHO + OH CH;C(0)00 4.7 x 10"2exp(345/T) 1
K49 CH:CHO + NO3 CH:C(0)00 + HNO3 1.4 x 10"2exp(-1860/T) 1
K50 CH;C(0)00 + HO» CH;C(0)OOH 0.41 % 5.2 x 10"2exp(980/7) 3
K51 CH3C(0)00 + HO2 CH3;COOH + 05 0.15 * 5.2 x 10™3exp(980/7) 3
K52 CH;C(0)00 + HO» CH;0:+ CO» + OH 0.44 % 5.2 x 10"2exp(980/7) 3
K53 CH:C(0)00 +NO CH3;00 + CO; + NO2 7.5 x 10"2exp(290/7) 1
K54 CH3C(0)00 +NO2 CH3C(0)OONO> 3.28 x 1024(T/300)*4[N2] 1

45

3.8 x 10 %exp(780/T)*
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K58

K59

K60

K64

K68
K69

K71

K76
K77

CH3C(0)00 + NOs
CH3C(0)00 + CHs00
CH3C(0)00 + CH;00
CH3C(0)00 +
CH;C(0)00
CH3C(0)00+
CH3COCH:20:
CH3C(0)00+
CH3COCH20;
CH3C(0)00 +
C:Hs00

CH3C(0)00 +
C:Hs00
CH;3C(0)OONO: + OH

CH3C(0)OONO,

CH3C(0)OONO;
CH3C(0)OOH + OH

C:Ha+ OH

C2Ha +NOs

CaHa + 05
HOCH:CH:00 + HO>
HOCH:CH:200 + NO

HOCHCH,00+ NO

HOCH>CH.00+ NO
HOCH;CH200 +
CH;00
HOCH:CH200 +
CH;00
HOCH:CH>O0H + OH
HOCH>CH>OOH + OH
HOCH.CH:ONO; ~ +
OH

C:H> + OH

CoHa + NOs

CHz + 03

CH300 + NO»
CH3C(0)OOH + HCHO
CH3;COOH + HCHO

2 (CH;00 + CO»)

CH3COOH + CH;COCHO

CH300 + CH;COCH20H + CO>

CH;CHO + 2 CH;00

CH3CHO + CH;COOH

HCHO + CO +NO2

CH;C(0)00 + NO»

CH3;0NO; + CO,
CH3C(0)00

HOCH:CH00

HOCH:CH>ONO>

1.37 HCHO + 0.63 CO + 0.13 HO2 + 0.13 OH
HOCH>CHO0H

NO: +2HCHO + HO»

NO: + HOCH2CHO + HO2
HOCH>CH>ONO>

HOCH:CHO + HCHO + 2HO>

HOCH>CHO + CH;0H

HOCH:CH,00
HOCHCHO + OH

HOCH>CHO + NO2
0.636(CHOCHO + OH) + 0.364(HCOOH +
CO +HO2)

0.635 CHOCHO + 0.365(HCOOH + CO) +
HNOs
0.635 CHOCHO + 0.365(HCOOH + CO)

46

1125 x 10°11(7/300) 105
Fe=03

40x1012

0.9%2.0 x 10 2%exp(S00/T )
0.1%2.0 % 10" 2exp(S00/T )

2.9 x 102exp(500/7)

25x 10"

25x 101

0.7 * 4.4 x 10"%exp(1070/7)

03 * 4.4 x 10exp(1070/7)

3.0x10M

1.1 x 10%exp(-10100/T)[N:]
1.9 x 107exp(-14100/7)
Fc=03

2.1 x 102 exp(~12525/T)
Llx 10"

8.6 x 102(7/300)>[N2]
9.0 x 10°2(7/300)0%5
Fe=048

3.3 x 10"%exp(-2880/T)
6.82 x 10"%exp(-2500/T)
13x 107

(1-RTC2P) x /x 2.7 x 10”2 exp(360/T)
(I-RTC2P) x (1) x 2.7 x 1012

exp(360/T)
RTC2P x 2.7 x 1072 exp(360/T)

0.8 * (7.8 x 10"exp(1000/T) * 1.03 x

10™3exp(365/T))"S

0.2 % (7.8 x 10"exp(1000/T) * 1.03 x

10"3exp(365/T))"S
K45
1.38x 1071

K47

5.0 x 10°%(T/300)"5[Na]
1L0x 10712
Fe=037
1.0 x 100

1.0 x 1020



K91

K92

K93

K94

K95

K96

K97

K99

K100

K101

K102
K103
K104
K105
K106

K107

K108
K109
K110

K111

K112

K113

K114

K115

K116

K117

HOCHCHO + OH
HOCHCHO + OH
CHOCHO + OH
CHOCHO + NOs
CH3;COOH + OH
CH3CH20H + OH
Cs;Hs + OH
n-CsH702+ HO2
n-C3H702 + NO
n-CsH702 + NO
n-C3H70: + CH;00
n-C3H702 + CH;00
n-CsH700H + OH
n-CsH700H + OH
n-C3H70NO: + OH
i-C3H702 + HO2
i-C3H702 + NO
i-C3H702 + NO

i-C3H702 + CH;00

i-C3H702 + CH;00

i-C3H700H + OH
i-C3H700H + OH
i-C3H7,0NO> + OH
C>HsCHO + OH
C:HsCHO +NOs

CH3COCH3 + OH

CH3COCH200+ NO
CH3COCH200+ HO»
CH3COCH:00H + OH

CsHs + OH

CsHes + NO3

C3He + 03

HOC3HsOOH + OH

HOC;Hs00 + HO:

HOC;H00 + NO

HOC3Hs0O0 + NO

HCHO + CO2

CHOCHO + HO»

2CO + HO:

2CO + HOz + HNOs

CH300 + CO2

0.95 (CH3CHO + HO2) + 0.05 HOCH.CH.00
0.264 n-C3H702 + 0.736 i-C3H702
n-C3H,00H

C2HsCHO + HO2 + NO»
n-CsH/0NO2

C>HsCHO + CH;0H

C>HsCHO + HCHO + 2HO»
n-CsH702

C>HsCHO + OH

C2HsCHO + NO2

i-CsH,00H

CH3;COCH; + HO> + NO»
i-C3H70NO2

CH3COCH;3 + HCHO +2HO»

CH3COCH;3 + CH30H

i-C3H70;
CH3COCH; + OH
CH:COCH; +NO;
CH3C(0)00 + CO
CH3C(0)00 + CO + HNOs

CH3COCH200

CH3;COCHO + NO: + HO>
CH3COCH200H
0.7 CH3COCHO + 0.3 CHsCOCH200 + OH

HOC;H:00

0.35 n-C3H70NO; + 0.65 i-C3H70NO2

0.62 HCHO + 0.62 CH3;CHO + 0.38 CH;00 +
0.56 CO +0.36 HO2 + 0.36 OH + 0.2 CO2
0.928 CH3COCH20H + 0.072 HOC3Hs00 +
0.928 OH

HOC;HsOOH

CH3CHO + HCHO + HO> + NO»

0.35 n-C3H70NO; + 0.65 i-C3H70NO>

47

6.4x 1012

16x 107

3.1 x 1072 exp(340/T)

40x 1071

4.0 x 10 %exp(850/T)

3.0 x 1012%exp(20/T)

7.6 x 101 2%exp(-585/T)

052 x2.91 x 10™%exp(1300/T)
(1-RTC3P) x 2.9 x 10" %exp(350/T)
RTC3P x 2.9 x 10"%exp(350/T)
0.8x(3.5x1013x3.0x 10135
02x(3.5x1013x3.0x 10135
K76

1.66x 1011

58x 101

K89

(1-RTC38) * 2.7 x 10" 2%exp(360/T)
RTC3S * 2.7 x 10"%exp(360/T)
0.8 * (1.03 x 10%exp(365/T) *
1.6 x 10°12%exp(-2200/T))"S

0.2 % (1.03 x 10%exp(365/T) x
1.6 X 10"2exp(-2200/T))"S

1.9 x 10"2exp(190/T)

1.66 x 10

6.2 x 10" %exp(-230/T)

4.9 x 10°1%exp(405/T)

63x 1075

8.8 x 10"2exp(-1320/T) +

1.7 x 10" exp(423/T)

2.7 x 10" %exp(360/T)

136 x 10"%exp(1250/T)

1.90 x 10"2exp(190/T)

8 x 1077(T/300)*5[N2]

3.0 x 10°11(7/300) 0

Fe=05

4.6 x 10" %exp(-1155/T)

5.77 x 10" %exp(-1880/T)

2.44x 101"+ 1.9 x 10" 2exp(190/T)

K89

(1-0.35RTC3P — 0.65RTC3S) *
2.55 x 10"2%exp(380/T)
(0.35RTC3P + 0.65RTC3S) *

1,4
1,4



K118
K119
K120
K121
K122
K123
K124
K125
K126

K127

K128

K129

K130
K131
K132
K133
K134

K135

K136

K137

K138

K139

K140

K141
K142

K143

K144

K145

K146

K147

K148

HOC3Hs00 + CH;00
HOC3H,00 + CH;00
CH3COCH,OH + OH
CH:COCHO + OH
CH;COCHO + NO3
CH3C(0)COOH + OH
CsHio + OH

CaHio + NO3

C:Hs00 + HOz

CsHe00 +NO

CsHe00 +NO

CsHys0O0 + CH:00

C4Hs00 + CH;00
C4HyOOH + OH
C4HyOOH + OH
C4HyONO: + OH
CH3CH:COCH;s + OH
CH3;CH(OO)COCH;3 +
HO:
CH3;CH(0O0)COCH; +
NO
CH3;CH(OO)COCH; +
NO
CH3CH(OOH)COCH;
+OH
CH3;CH(OOH)COCH3
+OH
CH3CH(ONO;)COCH3
+OH

ISOP + OH

ISOP + NO3

ISOP + O3

ISOPOO + HO»

ISOPOO +NO

ISOPOO +NO

ISOPOO +NO3

ISOPOO + CH:00

—

—

—

—

—

—

—

CH3CHO + 2HCHO +2HO;
CH3COCH,OH + CH;OH

CH3COCHO + HO,

CH3C(0)00 + CO

CH3C(0)00 + CO + HNO;

CH3C(0)00 + €Oz

C:Hs00

C3Ho00 + HNO

C:HsOOH

NO; + 0.67(CH:CH.COCHs + HO») +
0.33(C2Hs00 + CH;CHO)

CsHyONO;

HCHO + HO»+ 0.67(CH;CH:C(0)CH; + HO2)
+0.33(CH;CHO + CH;CH,00)
CH3CH:COCH; + CH;OH

C:Hs00

CH3CH:COCH; + OH

CH3CH2COCH; + NO»

CH3CH(00)COCH;3

CH3CH(OOH)COCH3

CH3CHO + CH3C(0)00 + NO2

CH3CH(ONO>)COCH3

CH3CH(OO)COCH3

CH3C(0)C(O)CHs + OH

CH3C(0)C(O)CH; + NO»

0.98 ISOPOO +0.0003 ELVOC +0.007 SVOC
ISOPONO:

0.98 * (0.3 MACR +0.3 MACROO + 0.2 MVK
+ 0.2 MVKOO + 0.78 HCHO + 0.22CO +
0.125 HO2 + 0.1250H) + 0.0001 ELVOC +
0.009 SVOC

ISOPOOH

HCHO + 0.64 MVK + 0.36 MACR + HO> +
NO:

ISOPONO>

HCHO + 0.64 MVK + 0.36 MACR + HO> +
NO>

0.64 MVK +0.36 MACR + 2HCHO + 2HO>

48

2.55 x 10"2exp(380/T)
0.8*6.0x10"3
02*%6.0x10"3

1.6 x 10"2exp(305/T)

1.9 x 10"%exp(575/T)
5.0x107

8.0x 103

9.8 x 10"%exp(-425/T)

2.8 x 1072 exp(-3280/T)

0.625 * 2.91 x 10"%exp(1300/T)

(1-RTC4P) x 83 x 102

RTC4P x 8.3 x 10712

0.8*1.3x 10"
02*13x 10"

1.90 x 10"2exp(190/T)
2.15x 10"

8.6x 101

1.5 x 10"%exp(-90/T)

K126

(1 -RTC4S) x 2.55 x 10712 exp(380/T)

RTCA4S x 2.55 x 1072 exp(380/T)

K131

1.88 x 101!

12x 101

2.7 x 10exp(390/T)
2.95 x 102 exp(-4350/T)

1.05 x 10" 4exp(-2000/T)

2.06 x 10"%exp(1300/T)
(1-RTCSS) * 2.7 x 10"%exp(360/T)
RTCSS * 2.7 x 10"2exp(360/T)
23x10"

0.8*2.65x 10"

wow oW W

1,4

1,4



K149
K150
K151
K152

K153

K154

K155

K156

K157

K158

K159

K160

K161

K162

K163

K164

K165
K166
K167
K168
K169

K170

K171

K172

K173

ISOPOO + CH;00
ISOPOO
ISOPOOH + OH
ISOPOOH + OH

ISOPOOH + OH

ISOPONO: + OH

HPALD + OH

IEPOX + OH

IEPOXO0O + HO»

IEPOXO00 +NO

IEPOXO0O0 + NO3

MVK +OH

MVK +NOs

MVK + 03

MVKOO + HO:

MVKOO +NO

MVKOOH + OH
MVKOOH + OH
MVKONO: + OH
MACR + OH
MACR +NO;

MACR + O3

MACROO + HO»

MACROO +NO

MACROOH + OH

—

0.64 MVK +0.36 MACR + HCHO + CH;OH
HPALD + HO>

TEPOX + OH

ISOPOO

0.64 CH;COCHO + 0.64 HOCH:CHO + 0.36
HOCH:C(O)CH;+ 0.36 CHOCHO + OH

0.64 CH;COCHO + 0.64 HOCH:CHO + 0.36
HOCH:C(0)CHs + 0.36 CHOCHO + NO2

0.5 HOCH:C(O)CH3 + 0.5 CH;C(O)CHO +
0.25 HOCH2CHO + 0.25 CHOCHO + HCHO
+HO,+OH

IEPOX00

0.725 HOCH2C(O)CH3+ 0.275 HOCH2CHO +
0.275 HOCH:CHO + 0.275 CH3C(O)CHO +
1.125 OH + 0.825 HO: + 0.2 COz + 0.375
HCHO +0.074 HCOOH + 0.251 CO

0.725 HOCH2C(O)CHx+ 0.275 HOCH2CHO +
0.275 HOCH>CHO + 0.275 CH3C(O)CHO +
1.125 OH + 0.825 HO: + 0.2 CO2 + 0.375
HCHO +0.074 HCOOH + 0.251 CO + NO2
0.725 HOCH2C(O)CH3s+ 0.275 HOCH.CHO +
0.275 HOCH:CHO + 0.275 CH3C(O)CHO +
1.125 OH + 0.825 HOz + 0.2 COz + 0.375
HCHO +0.074 HCOOH + 0.251 CO +NO>
MVKOO

0.65 HCOOH + 0.65 CH3COCHO + 0.35
HCHO + 0.35 CH3;C(0O)OOH + HNO3

0.38 CH3;COCHO + 0.2088 CH;C(0)0O +
0.26 CH:COCOOH + 0.26 CO + 0.0432
CH3COOH + 0.108 CH;CHO + 0.62 HCHO +
048 CO: +0.54 HO: +0.1008 OH

MVKOOH

0.295 CH3C(O)CHO + 0.295 HCHO + 0.670
CH3CHO + 0.670 HOCHCHO + 0.295 HO2 +
0.965 NO: +0.0352 MVKONO;
CH3C(O)CHO + CO + 2HO: + OH

MVKOO

CH3C(O)CHO + CO + HO2 + NO2

MACROO

MACROO + HNOs

0.90 CH;COCHO + 0.5 HCHO + 0.5 CO
+0.14 HO2 + 0.24 OH

MACROOH

0.987 (CH;COCHOH + CO + NO: + HO») +
0.013 MACRONO:>

CH3;COCH,OH + CO + OH
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0.2*2.65x 102 3

N AN

412x10%xp(-7700/T) 6,7

1.9x107exp(-390/T) 8

0.7% 3.8x10"2exp(-200/T) 8

0.3 % 3.8x10"2exp(-200/T) 8,9

1.77%10 exp(-500/T) 8

4.6x1071 6

5.78x10lexp(-400/T) 8

7.4x10-exp(700/T) 8

2.7%10"%exp(360/T) 3

174 23102 3

2.6 % 10" 2exp(610/T) 1

6.0 107 1

8.5 x 10%exp(-1520/T) 1.3

K44

27 x 10" 2exp@60/T) 3 C,. leted: 6
‘ (Deleted: 380

2.55x 107! 3

1.9 x 102exp(190/T) 3

133x 107 3

8.0 x 10™2exp(380/T)

34x1071 1
1.4 x 10"%exp(-2100/T) 1,3
0.625 * 2.91 x 10" %exp(1300/T) 3
K164 1,3
377x 10



K174
K175

K176

K177

K178

K179

K180

K181

K182

K183

K184

K185

K186

K187

K188

K189

K190

K191

K192

K193

K194

K195

K196
K197
K198

MACROOH + OH
MACRONO; + OH

TERP + OH

TERP + NOs

TERP + O3

TERPOO + HO>»

TERPOO + NO

TERPOO + NO

TERPOO + NO3

TERPOO + CH;00

TERPOO + CH;00

AROM + OH

AROM + NO3

AROM + O3

AROMOO + HO»

AROMOO +NO

AROMOO +NO

AROMOO + CH;00

AROMOO + CH300

SO; + OH

DMS + OH

DMS + OH

DMS + NOs
NH; + OH
NH: + 02

—

—

MACROO
CH3COCHO + CO + HOz + NO2

0.81 TERPOO + 0.05 ELVOC +0.14 SVOC

TERPOO + HNO;

0.915 MACR + 0.36 MVK + 0.24 PRV + 1.68
HCHO +0.16 CO + 0.6 HCOOH + 0.08 C3H6
+0.68 OH +0.05 ELVOC +0.14 SVOC

2 1SOPOOH

2 (HCHO + 0.64MVK + 0.36MACR + HO2) +
NO»

2 ISOPONO>

2 (HCHO + 0.64MVK + 0.36MACR + HO2) +
NO»

2(0.64MVK + 0.36MACR + 2HCHO + 2HO2)
2 (0.64MVK + 0.36MACR + HCHO +
CH;0H)

AROMOO + HO>»

AROMOO + HNOs

AROMOO

CsHyOOH + CHOCHO + HCHO
NO; + 0.67CH;CH,COCH; + 0.67 HOz +
0.33C2H500 + 0.33CH:;CHO + CHOCHO +
HCHO

CsHyONO; + CHOCHO + HCHO

HCHO + HO, + 0.67(CH3CH2C(O)CH;3 + HO2)
+0.33(CHsCHO + CH;CH,00) + CHOCHO +
HCHO

CH3CH:COCH; + CH;OH + CHOCHO +
HCHO

HO: + H2804

CH300 + HCHO + SO

0.75 CH300 + 0.75 HCHO + 0.75 SOz + 0.25
MSA

CH3;00 + HCHO + SO2+ HNO3

NH:+ HO2

NH:0,
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K166
434x 10 3
0.5% 1.34 x 101 exp(410/T) +

0.5% 1.62 x 1071 exp(460/T)

0.5 % 1.2x 102 exp(490/T) +

05%2.5x 107

0.5 % 8.22 x 1076 exp(-640/T) +
0.5 % 1.39 x 1015 exp(-1280/T)

K144
K145
K146
K147
K148
K149

AL* 1.8 x 10"%exp(340/T) +

A2* 172X 1071 + L1
A3 *2.3 x 10"2exp(-190/T)

AL*7.8x 1077+

A2*3.54x 10710

AL*1.0x 102 +

A2 * (2.4 x 10" exp(-3586/T)

+5.37 x 10" %exp(-6039/T)

+1.91 x 10" exp(-5586/T))/3

K126

1,11, 12

K127

K128

K129

K130

3.3 x 1031(1/300)*3[N2]

1.6 x 102 (T/300)7 2
Fe=0.6
L1 x 10" exp(-240/T) 2

1.0 x 10[0:] exp(5820/7) /
(1+5.0 x 10°°[0:] exp(6280/7))

1.9 x 10 %exp(520/T) 2
1.7 x 10"2exp(-710/T) 2
6.0x 102 2



20

25

30

K199 NH; + 03 - NH0, 43 x 10" %exp(-930/7) 2
K200 NH: + OH — NH0; 34x10M 2
K201 NH: + HO, — NH; 34x10M 2
K202 NH; + NO — NH:0:+NO; 4.0 x 10 2%exp(450/T) 2
K203 NH:z + NO2 —  NH20:+NO 2.1x IO"zexp(GSO/T) 2
K204 NH:0: + 03 — NH K199
K205 NH:0:+ HO» —  NHx K201
K206 NH:0:+NO —  NH:2+ NO: K202

* The reaction products Oa, Hz, and H>0 are not shown.

! The chemical kinetic data and mechanistic information was taken from the website of the IUPAC Task Group on Atmospheric Chemical Kinetic Data
Evaluation: www.iupac-kinetic.ch.cam.ac.uk

2 The chemical kinetic data and mechanistic information was taken from the website of the NASA Panel for Data Evaluation (Evaluation No. 18, JPL

Publication 15-10) http://jpldataeval.jpl.nasa.gov

3 The chemistry mechanistic information was taken from the Master Chemical Mechanism (MCM v33.1): (r I
. for non-aromatic schemes: Jenkin et al. (1997); Saunders et al. (2003)
. for the isoprene scheme: Jenkin et al. (2015)
. for aromatic schemes: Jenkin et al. (2003); Bloss et al. (2005)

and via the website: http://mcm.leeds.ac.uk/MCM
4 Atkinson (1997):

Ri=2.7 x 10"exp(-6350/T)
R2=6.3 x 10™%exp(-550/T)

f=Ri/(Ri+R2x [02])

Ri= 1.94 x 102 [AIR] exp(0.972 x No)
Rz = 0.826 x (T/300)*!

A = 1/(1+logi(Ri/R2)%)
RTC(No)P = 0.4 x Ri/(1+R1/R2) 0.4114
RTC(N:)S = R1/(1+R1/R2) 0.4114
where, N, is the number of carbons (i.e., 1-5)
3 Orlando et al. (1992); Poisson et al. (2000)
¢ Peeters and Miiller (2010)
7 Crounse et al. (2011)
$ Paulot et al. (2009)
° Browne et al. (2014)
10 Average of a- and B-pinene
" Al, A2, A3 represents the relative contributions of ortho-, meta-, and para-xylene, toluene and benzene (roughly 0.4, 0.6 and 0.4, respectively, for the year
2006)

12 Average of ortho-, meta- and para-isomers of xylene
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Table 3. Global annual emissions of trace gases used for the MOGUNTIA chemistry scheme in TM5-MP for the year 2006, in Tg
yr ! unless specified otherwise.

Species Long name Emissions
Anthropogenic® Biomass  Biogenic  Soil Oceanic ~ Other Total
Burning
Cco carbon monoxide 600.5 386.4 90.2 19.9 1097
HCHO formaldehyde 2.4 52 4.7 12.3
HCOOH formic acid 4.6 1.8 3.5 9.8
CH3;0H methanol 4.7 9.8 131.9 146.4
CaHe ethane 6.2 34 0.3 1.0 10.9
C2Ha ethene 53 4.8 183 1.4 29.8
CoHa acetylene 33 33
CH3;CHO acetaldehyde 1.2 4.4 219 27.5
CH3COOH acetic acid 4.6 18.0 35 26.1
CH3CH.0H ethanol 0.5 0.1 18.6 19.3
HOCH>CHO glycol-aldehyde 1.4 43 5.7
CHOCHO glyoxal 24 52 7.6
CsHsg propane 6.5 0.7 0.03 13 8.5
CsHe propene and higher 83 4.8 17.5 15 32.1
alkenes

CH>COCH5 acetone 2.7 1.7 377 42.1
CH3;COCHO methylglyoxal 1.6 34 5.0
CaHio butane and higher 52.8 0.5 0.1 534

alkanes (including
butane, pentane,
hexane, higher alkanes,
and other vocs)

CH;CH:COCHs methyl-ethyl-ketone 1.4 1.4 0.9 3.7
(including higher
ketones except for
acetone)
CsHg isoprene 579.4 579.4
CioHis monoterpenes 97.9 97.9
C7Hs toluene and aromatics 253 4.0 1.5 30.8

(including toluene,
xylene benzene,
trimethylbenzene and
higher aromatics)
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NOx # nitrogen oxides 42.3 6.6 5.0 6.0" 59.9

NH3 ammonia 56.1 4.4 23 8.1 70.9
SOz sulfur dioxide 120.5 23 9.3% 132.1
CHsSCHs dimethylsulphide 1.7 95.8 97.5

*including aircraft emissions
*in Tg-N yr!
"NOx production from lightning

% 80: from volcanoes
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Figure 1: Simulated annual mean surface (left columns) and zonal mean (right columns) O3 mixing ratios (ppb) for the MOGUNTIA
chemistry scheme for the year 2006 (a,b), and the respective differences compared to mCB05(KPP) (¢,d); the surface and zonal mean
5 absolute differences between mCBOS(KPP) and mCBOS5(EBI) are also presented (e,f).
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Figure 2: Simulated annual mean surface (left columns) and zonal mean (right columns) CO mixing ratios (ppb) for the MOGUNTIA
chemistry scheme for the year 2006 (a,b), and the respective differences compared to mCB05(KPP) (¢,d); the surface and zonal mean
absolute differences between mCB05(KPP) and mCBO05(EBI) are also presented (e,f).
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Figure 3: Annual mean parison of tropospheric NO; vertical columns (molecules cm?) for the two chemistry schemes
MOGUNTIA and mCBO05(KPP) (a,b), against the Ozone Monitoring Instrument (OMI) satellite data (c,d), using the respective

averaging kernel information for 2006. The absolute (e,f) and relative (g,h) differences are also presented.
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a) OH, Zonal Mean, DJF Mean b) OH, Zonal Mean, JJA Mean
MOGUNTIA MOGUNTIA
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Figure 4: Zonal mean OH mixing ratios for December-January-February (DJF; left) and June-July-August (JJA; right) 2006, as
simulated by the TM5-MP model with the MOGUNTIA chemistry scheme (top), the differences (%) between the mCB05(KPP) and
the MOGUNTIA chemical configuration (middle), and the optimized climatological average from Spivakovsky et al. (2000), up to

200 hPa (bottom).
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Figure 5: Monthly mean comparison of TM5-MP surface O3 (ppb) against surface observations (black line) from EMEP and
WOUDC databases for the two chemistry schemes, mCBO05(KPP) (green line) and MOGUNTIA (blue line), using co-located model
output for 2006 pled at the ement times; error bars indicate the standard deviation in the monthly means. For
comparison, model results of the mCBOS with the EBI solver (red line) are also presented.
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Figure 6: Monthly mean comparison of TM5-MP O3 (ppb) against sonde observations (black dots, mean and standard deviation) at
a) Hoh i berg and b) Macquarie Island, for different pressure levels (900; 800; 500; 400; 200 hPa) for the two chemistry
schemes, mCBOS(KPP) (green line) and MOGUNTIA (blue line), using co-located model output for 2006 sampled at the
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measurement times; error bars indicate the standard deviation in the monthly means. For comparison, the results of mCB05 with
the EBI solver (red line) are also presented.
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Figure 7: Monthly mean comparison of TM5-MP surface CO (ppb) against flask (black line) for the two chemistry
schemes, mCBO05(KPP) (green line) and MOGUNTIA (blue line), using co-located model output for 2006 sampled at the
measurement times; error bars indicate the standard deviation in the monthly means. For comparison, model results of the mCB05
with the EBI solver (red line) are also presented.
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Figure 8: Annual mean comparison of total CO vertical columns (molecules cm?) for the two chemistry schemes of TM5-MP,
MOGUNTIA and mCBO05(KPP) (a,b), against MOPITT satellite data (c,d), using the respective averaging kernel information for
2006. The absolute (e,f) and relative (g, h) differences are also presented.
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Figure 9: Monthly mean comparison of TM5-MP surface C;Hs (left column) and C3;Hs (right column) against flask t: C
(black dots) in ppt for the two chemistry schemes, mCB05(KPP) (green line) and MOGUNTIA (blue line), using co-located model
output for 2006 pled at the ement times; error bars indicate the standard deviation in the monthly means. For

comparison, model results of the mCB05 with the EBI solver (red line) are also presented.
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Figure 10: Comparison of TM5-MP vertical profiles (in km) of C;Hs (left column) and C;Hsg (right column) against aircraft
observations (black line) in ppt, for the two chemistry schemes, mCB0OS(KPP) (green line) and MOGUNTIA (blue line), using co-
located model output for 2006 pled at the ement times; error bars indicate the standard deviation. For comparison, model
results of the mCBO0S with the EBI solver (red line) are also presented. The numbers on the right vertical axis indicate the number
of available measurements.
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Figure 11: Comparison of TM5-MP vertical profiles (in km) of C:H4 (left column) and C;Hg (right column) against aircraft
observations (black line) in ppt, for the two chemistry schemes, mCB0OS(KPP) (green line) and MOGUNTIA (blue line), using co-
located model output for 2006 pled at the ement times; error bars indicate the standard deviation. For comparison, model
results of the mCBO0S with the EBI solver (red line) are also presented. The numbers on the right vertical axis indicate the number
of available measurements.
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Supplementary Tables

Table S]: Selection of effective Henry law coefficients (H") used in TM5-MP for the MOGUNTIA ch
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Trace gas H* (M atm™) AHR™ (K) Reference
CH3;00H, n-C3H;00H, i-C3H;00H, CH;COCH:0H, CsHOOH, MEKOOH, 29x 102 5200 1
ISOPOOH, MVKOOH, MACROOH :

CH;0NO, 2.0 4700 1
CH;00NO> 2.0 4700 1
HCHO 32x 108 6800 1
CH;0H 20x 102 5600 1
HCOOH 88x 10° 6100 1
CH;CH00H 33 6000 1
CH;CH:0NO» 1.6 5400 1
HOCH:CH:00H 1.7x 106 9700 1
HOCH,CH:0NO; 3.9x 10 1
CH3;CHO 13 5900 1
CH;COOH 83x 102 5300 1
HOCH,CHO 4.1x10° 4600 1
CHOCHO 419x10° 7500 1
CH;CH,0H 190 6400 1
CH;COOH 40x10% 6200 1
n-CsH,0NO> 11 5500 1
i-C3H70NO> 0.78 5400 1
HOC;HOOH 1.7 x 100 9700 1
CH3COCH; 27 5500 1
CH3;CH,CHO 9.9 4300 1
CH;COCHO 32x10° 7500 1
CH3C(0)COOH 3.1x10° 5100 1
C4HyONO> 1 5800 1
MEK 18 5700 1
MEKONO: 0.7 5200 1
CH;COCOCH; 73 5700 1
ISOPONO2, MACRONOz, MVKONO; 1.7x 104 9200 2
IEPOX 9.1x 10 6600 3
HPALD 23 1
MVK 26 4800 1
MACR 4.8 4300 1

TSander (2015) and references therein
2 Ito et al. (2007) for all biogenic hydroxy nitrates
3 Browne et al. (2014), as for 0,
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Table S2: Soil, water, snow/ice and

phyl resistances (s m™") used in TM5-MP for the CB05 and MOGUNTIA ch

Trace gas Tsoil Twat Fsnowlice Fmes Teut
0s 400 2000 2000 1 10°
co 5000 10° 10° 5000 10°
NO 10° 10° 10° 500 10°
NO/NOs 600 3000 3000 1 10°
HNOYN;0s 1 1 1 1 1
H:0,, IEPOX 80 72 80 1 10°
0. 100 i i i 10°
CH:ONO;, CH;00NO;, CH;C(O)OONO, 1-CsH:ONOs, S
i-C3HONO, C:HYONO,, MEKONO:, ISOPONO> 3994 295 3394 ! 10
CH:CHO, C2HsCHO, CH:C(O)CHs, CH;C(0)C(O)CH:, : s s
HOCH;C(O)CH;, MEK, MVK, MACR, HPALD 10 300 10 200 10
HCHO, CH;COCHO, CHOCHO, HOCH:CHO, 1666 254 1666 1 10°
CH:00H, CH;0H, HCOOH, CH;CH,00H, CH;CH:0H, CH;COOH, n-

CH:00H, i-CsHyOOH, CH;C(O)CH:00H, S
1-CsH,00H, i-C3H:00H, HOCsH(OOH, CH:C(O)COOH, C4HsOOH, 030 293 3650 ! 10
MEKOOH, MVKOOH, MACROOH, CH:C(O)OOH, ISOPOOH

NH; 100 1 10° 1 10°
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Table S3: TM5-MP performance lations of the mCBO5(EBI), mCB05(KPP) and MOGUNTIA configurations for the differente-. (r leted: 3
components, i.e., the transport (advection in the x-, y- and z-directions along with the vertical transport), the chemistry as well as -
all other procedures contribution, the si d years per day (SYPD), and the core-hours per simulated years (CHPSY) using a)
360 cores, and b) 450 cores. Timings are in seconds and changes are in %. In parentheses, the runtime and the SYPD without the
meteorology reading are also presented. All simulations have been performed in the ECMWF CRAY XC40 high-performance
computer facility.

NN

‘(Formatted: Right: -0.05 cm

a e KFormatted: Right: -0.05 cm, Line spacing: single )
360 cores Transport . -«
v p Oth R SYPD CHPSY
Configuration Advs | Adv, | Adv, | Vertical | Total Other ST CHPSY T (Deleted. )
CBO5(EBI) 1322 | 948 | 165 364 2799 3338 3925 | 10062 (6723) | 0.73 (1.10) 12000 <. : (Formatted Table )
CB05(KPP) 1312 934 165 362 2773 5301 4222 12296 (9105) 0.60 (0.81) 14000 <
MOGUNTIA 1892 1303 233 527 3955 8230 4680 16865 (13556) 0.44 (0.54) 20000 <, f A (Formatted: Right: -0.05 cm, Line spacing: single )
% solver changes -1% -1% 0% -1% -1% -1% 59% 8% (35%) -18% (-26%) 17% <« R ( )
% ch y scheme changes | 44% [ 40% | 41% 46% 43% 43% 55% 11% (49%) | -27% (-33%) 43% <, . Formatted Table
< '(Formatted: Right: -0.05 cm, Line spacing: single )
b 50 T n (Formatted: Right: -0.05 cm, Line spacing: single )
v - 50 cores ransport Chemistry-{- Other Runti SYPD CHPSY N - - - -
Configuration Advx | Advy | Adv, | Vertical | Total (Formatted: Right: -0.05 cm, Line spacing: single )
CBO5(EBI) 1268 | 860 | 138 292 2558 2639 3687 8884 (5696) 0.83 (1.30) 13000 i — - —
CB05(KPP) 1292 | 853 | 133 | 300 | 2578 4320 4079 | 10977 (7733) |_0.67(0.95) | 16000 % (F"""‘atte"- Right: -0.05 cm, Line spacing: single )
MOGUNTIA 1806 | 1126 193 423 3548 6526 4376 14450 (11211) 0.51 (0.65) 21000 \ X (Formatted' Right: -0.05 cm, Line spacing: single )
% solver changes 2% -1% -4% 3% 1% 64% 11% 24% (36%) -19% (-27%) 23% J
% chemistry scheme changes | 40% 32% | 45% 41% 8% 51% 7% 32% (45%) -24% (-32%) 31% kS (Deleted: )
A \ (Formatted Table ]
Ly (Formatted: Right: -0.05 cm, Line spacing: single )
;l'able S4: T:‘opt;spTheric cl;]em_iczll]l bl(lidget_ ol;}OR\E}.\JTIIT for the vear 2006 in Tg(N) yr™!, using the 150 ppb O3 mixing ratio to define ; (Formatted Table )
ropopause level. Tropospheric burdens in Gg(N) yr™". :
E (Formatted: Right: -0.05 cm, Line spacing: single )
Production mCBOS  mCB0S MOGUNTIA Loss mCBOS  mCB0S MOGUNTIA (Formatted: Right: -0.05 cm, Line spacing: single )
)\ 5UD 5
terms EBI KPP terms EBI (KPP) (Formatted: Right: -0.05 cm, Line spacing: single )
XOoN/RO> + NO 8.6 8.1 70 ORGNTR + hv 4.1 4.0 2.6 (Formatted: Right: -0.05 cm, Line spacing: single )
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Tropospl Page Break-
159.6 159.8 63.0 Deposition 7.4 7.6 5.1
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Supplementary Equations

Statistics Formulas: Correlation coefficient (R; Eq. S1), mean normalized bias (MNB; Eq. S2), root mean square error (RMSE; Eq.
S3), mean normalized error (MNE; Eq. S4) and standard error (STD; Eq. S5) values have been calculated to compare the model
5 calculations, where O; and P; stand for observations and predictions respectively and N is the number of pairs (observations,

predictions) that are compared.

yXlo,-0)r-7)

R= (Eq. S1)
C,0p
. ;
Z(Mi - 0[)
NMB = ’:lvi x100 (Eq. S2)
2.0,
. i=1
1 N 2
10 RMSE = ,NZ(P" -0,) (Eq. $3)
N i=1
Z‘M =0
NME = ’:lNi x100 (Eq. S4)
30
. i=1
[,
NZ(OI - O)
STD = = (Eq. S5)
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Supplementary Figures
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Figure S_1: Comparison of simulated a) tropospheric NO; columns with OMI retrievals from the QA4ECYV dataset and b) si

e (Formatted: Right: -0.05 cm

total CO columns with MOPITT retrievals (vers. MOP02J_V008) for the year 2006. Green, orange, and blue bars show the
comparison of OMI with the MOGUNTIA, mCBO05(KPP), and mCBO5(EBI) chemistry mechanisms, respectively: Pearson
correlation coefficient (top left), root mean square error (top right), mean bias (measurement minus model, bottom left), and
normalized mean bias (measurement minus model, bottom right) are given for both daily (D) and yearly (Y) averages per model grid
cell.
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Figure S2: Simulated annual mean surface (left columns) and zonal mean (right columns) mixing ratios b) of organic nitrates
(ORGNTR) for the MOGUNTIA chemistry scheme for the year 2006 (a,b), and the respective differences compared to mCB0S(KPP)
(c,d). For the MOGUNTIA configuration, ORGNTR represents the sum of CH3;0NO,, C,HsONO,, OHCH,CH,ONO,,
CH3;CH3CH>,ONO», CH3CH(ONO»)CH3, CH3;CH,CH(ONO>)CH3, nitrates from isoprene (ISOPNQ3), nitrates from methyl-ethyl

nitrates from methyl vinyl ketone (MVKNOQO;
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[mcsosikep): R=0.76, Bias=9.7 ppb, Nme=30.6% | 100 fmcsos(kep): R=0.50, Bins=3.5 ppb, NE=16.7% | 100 [mcBos(KPP): R=0.72, BIAS=5.5 ppb, NME=226%

L = L i L i
.
II :{ 3 k3
- II 4 20} 4 2} IIf
J FMAM] JASOND J FMAM) JASOND JFMAM) JASOND
Sulzberg, Austria e) Sonnblick, Austria f) Zillertaler Alpen, Austria
(48N, 10" E) (47°N, 13°E) 47°N,12°E
T T T T T 120 T T T T T 120 T T T T T
MCBOS(EBI: Re0.64, BIASS-1.1 ppb, NHE13.6 % mCBOS(EBI: R0.60, BIAS=-8.0 ppb, NME19.8 % mCBOS(ERI: R=0.50, BIAS=-4.7 ppb, NME=17.1%

[Fmcaosike): n=0.64, au
MOGUNTIA: R=0.65,

[FmcBos(KeP): R=0.50, BiAS=-5.6 ppb, NiME=15.5 %

MOGUNTIA: R=0.51, BIAS=-4.0 ppb, NME=14.0 %

2.
4 ok
P S T S SR R R
JFMAM]) JASOND
Gerlitzen, Austria h) Haunsberg, Austria i) Heidenreichstein, Austria
(47°N, 14" E) (48°N, 13"E) 7N, 15° E)
T T T 120 120

[Fmcaoscee)

T
mCBOS(EBI): R=0.73, BIAS=-8.0 ppb, NME=19.8 %

MOGUNTIA: R0

T
mcBos(ee
100 [mcsoser

MOGUNTIA: R

T
R=0.69, BIAS=4.9 ppb, NME=20.3 %

T T T T T
mCBOS(EBI): Re0.70, BIAS=8.1 ppb, NMES25.3 %

T T
mCBS(EBI): R=0.73, BiAS

[Fmcaoscee).

20 1 1
ol v
JFMAM]) J ASOND
Forsthof, Austria k) Graz Platte, Austria )] Dunkelsteinerwald, Austria
(48°N, 16" E) (47°N, 15" E) 48"N, 16" E
T 120 T 120 = T T T

J FMAM])] J ASOND J FMAM]) J] ASOND J FMAM])] J] ASOND
Ganserndorf, Austria n) Stixneusiedl, Austria 0) Zoebelboden, Austria
(487N, 17° E; (48N, 17°E) (48°N, 14" E)
T 120 T L B B B B T
D 13 > 11} >
+ II 4 20} 4 2} E
J FMAM]) J] ASOND J FMAM]) J] ASOND J FMAM])] J] ASOND

e—e mCBO5(EBI)

+—+ mCBO5(KPP)

- = MOGUNTIA

(Formatted: Right: -0.05 cm, Line spacing: single



p) Offagne, Belgium q) Eupen, Belgium r) Vezin, Belgium
(50°N, 5" E) (51°N, 6" E) (50°N, 5" E)
0T T T T T T T T T T T 20T T T T T T T T 20T T T T T T T T T T T
mCBOS(EBI: R0.71, BIAS10.7 ppb, NME<39.1 % mCBOS(EBI: R-0.72, BIAS<12.2 ppb, NME=46.5 % mCBOS(ERN: R=0.74, BIAS~17.4 pob, NME=75.0 %
100 [mcsos(kpe): .71, BIAS=10.0 ppb, NME=37.0 % 100 [ancaosikep): 7, 5 ppb, NME=44.2 % * 100 [mcBos(kPP): R=0.73, BIAS=16.7 ppb, NME=72.0 % 1

MOGUNTIA: R=0.65, BIAS=12.0 ppb, NME=44.0 %

MOGUNTIA: R=0.66, BIAS=13.6 ppb, NME=52.0 %
ol

MOGUNTIA: R=0.68, BIAS=10.6 ppb, NME=80.5 %
o |-

L, i L
.
2| t 2f 1
P S T R Bl o
JFMAM]) JASOND
s) Rojen Peak, Bulgaria t) Jungfraujoch, Switzerland u) Payerne, Switzerland
(42N, 25" E (47°N, 8" E) (47°N, 7E)
120 L L AL AL A N 120 120

MCBOS(EBI): R=0.30, BIAS=17.1 ppb, NME=64.7

T T
mCBOS(EBI): R=0.71, BIAS=4.0 ppb, NME=15.4 %

T T T
mCBOS(EBI): R=0.75, BIAS=14.8 ppb, NME=54.1%

v) Tanikon, Switzerland w) Chaumont, Switzerland x) Rigi, Switzerland
(48" N, 9" E) (48"N, 7° E| (47°N, 9°E)
120 L, L AL AL AL A B B 120 L, L AL AL A B B 120 LA, L NL AL B B B B B
mCBOS(EBI): R=0.76, BAS=12.3 ppb, NME=44.9 % MCBOS(EBIN: R0.64, BIAS=-2.5 ppb, NWE=13.4 % mCBOS(EBI): R=0.67, BIAS=-0.8 ppb, NME=13.3 %
100 [mcsos(kee): 76, BIAS=11.6 ppb, NME=42.5 % 100 [ncaosixes | 100 fmcsos(xer): 67, BIAS 6 ppb, NME=13.8 % 1

MOGUNTIA: R=0.75, BIAS=13.3 ppb, NME=48.9 %

MOGUNTIA: R=0.64, BIAS=-1.5 ppb, NME=11.5 %

{ |

MOGUNTIA: R=0.66, BIAS=0.0 ppb, NME=12.7 %

f )

- I T
2l iy 1 i 1w ,
ol i v ol v
J FMAM] JASOND JFMAM) JASOND
y) z) Svratouch, Czech Republic
(49°N, 16° E)
120 T T T 120 L, L AL AL A B B N
mcaosie mCBOS(EBIN: R=0.70, BIAS=10.1 ppb, NME=36.7 %

100 [mcsoske)

MOGUNTIA: R=0.49, BIAS=8.8 ppb, NME=24.4 %

TN

69, B1AS=9.4 ppb, N

%

20 1
ol
J FMAM] J ASOND
ab) Westerland, Germany
(55" N, 8" E)

MOGUNTIA: R=0.71, BIAS=12.7 ppb, NME=48.0 %
ol

T T T T T
mesos(ee:

e—e mCBO5(EBI) +— mCBO5(KPP)

- - MOGUNTIA|

(Formatted: Right: -0.05 cm



(Formatted: Right: -0.05 cm, Line spacing: single

ae) Neuglobsow, Germany af) Schmucke, Germany ag) Zingst, Germany
(53"N, 13" E) (50°N, 10 E) (54”N, 12" E)
20T T T T T T T T T T T 20T T T T T T T T T T 20T T T T T T T T T T T
mCBOS(EBI): R=0.75, BIAS=11.9 ppb, NME=45.1 % mCBOS(ERI): R0.71, BIAS=2.1 prb, NME=16.2 % mCBOS(EBI): R=0.85, BIAS=0.4 ppb, NME=27.0 %

100 [mcsosixer): a% - 100 fmcaosiee): r=

78, mias-111ppb, =25 % | 100 [amcaosikery: 1.4 ppi, 1 5, BIAS=7.5 ppb, NME-24.6 %

MOGUNTIA: R=0.73, BIAS=13.0 ppb, NME=45.7 % MOGUNTIA: R=0.66, BIAS=3.4 ppb, NME=19.8 % MOGUNTIA: R=0.84, BIAS=5.3 ppb, NME=30.6 %
0 - o | ol

L I i

ol v ol v
JFMAM) J ASOND JFMAM) J ASOND
ai) Keldsnor, Denmark aj) Ulborg, Denmark
(54°N, 10° E) (56°N, 8°E)
20— T T T T T T T 120 T T T T T T 20— T T T T T T T T
CBOS(EBI): R0.59, BAS=-1.3 ppb, NME=15.0 % mCBOS(ERI): R0.85, BIAS=5.0 ppb, NME=32.9 % mCBOS(ERI): R=0.82, BIAS=7.5 ppb, NME=24.4 %

100 [mcsos(ke)

MOGUNTIA: R=0.62,

20 - 1
ol v !
J FMAM] J ASOND D
ak) Lille Valby, Denmark al) Lahemaa, Estonia am) Vilsandi, Estonia
(557N, 12° E) (59"N, 25" E) (58"N, 21° E)
W T T T T T T 120 ——r—T—TTT T T T T 20— T T T T T T
mCBOS(ERI: =076, BAS-11.1 ppb, NME=35.5 % mCBOS(EBI): 120,85, BAS~5.1 ppb, NME-167 5% mCBOS(EBI: R-0.83, BlAS=0.2 o, NME5.8 %
B 100 [ncaosixes | |
wocunT:
<
ol !
JFMA M D
an) Viznar, Spain ao) Niembro, Spain
(37°N, 3°W) (43’ N, 4" W)
120 LN N B B B B B 120 LN B S B B B B B
mcos(ean: n-0.1, 1A [ ——

100 [mcsoske) 1 100 fmcsosicee

54, BIAS=6.5 ppb, N

MOGUNTIA: R=0.53, BIAS=7.5 ppb, NME=23.2 %

Barcarrola, Spain
(39°N, 7°W)

MOGUNTIA: R=0.89, BIAS12.2 ppb, NME=37.6 %

e + OBS e—e mCBO5(EBI) +— mCBO5(KPP) -- MOGUNTIAl




at) Penausende, Spain au) Els Torms, Spain av) Risco Liamo, Spain
(41°N, 5° (41°N, 0" E) (39°N, 4°W)
120 L 120 L L L L 120 L L L L
mCBOS(EBI): R=0.80, BAS=12.1 ppb, NME=34.0% mCBOS(EDI): R0.91, BIAS=5.1 b, NME=23.7 % mCBOS(EBI): R=0.83, BIAS=7.4 ppb, NME=20.5 %
100 |rncaosikee): R-0.78, o1as-10.4 pob, wme=25.3% | 100 [rmcaos(key: n-0.90, Bas=7.5 ppb, wme-199% | 100 famcaosxee: B
MOGUNTIA: R-0.80, BIAS=11.1 ppb, NME-31.3 % "MOGUNTIA: R-0.88, DIAS-8.1 ppb, NME-22.7 % MoGUNTIA 0.5
_sof 4 _sof B B
£ 60 4560 B H B
ol I 1w} FEPNG{° o} ,
ot t {1 1w} 1
b v b v v b v v T 1T
JFMAM] JASOND JFMAM) J ASOND JFMAM) J ASOND
aw) 0 Savinao, Spain ax) Uto, Finland ay) Virolahti Ii, Finland
(44°N, 8" W) (60°N, 22° E) (61"N, 27" E)
120 L L AL ALALAL A N 120 LABLL B B B B B 120 L, L LAL AL E B R B
mCBOS(EBI): R=0.48, BIAS=11.1 ppb, NME=38.3 4 CBOS(ERI): R0.90, BIAS-2.0 ppb, NME=7.7 4 mCBOS(ERI): R=0.81, BIAS=5.2 ppb, NME=17.9 %
100 [mcBos(kpp): R=0.46, BIA: 1 100 [ancaosixes 89, BIAS=-2.7 ppb, NME=9.0 % | 100 fmcsos(ker): 80, BIAS=4.6 ppb, NMi 5% 1
MoGUNTIA: R-0.82, MOGUNTIA: R=0.75, BAS=-1.4 po, NME=5.1 % MOGUNTIAS R-0.83, BAS 5.9 ppb, NME-
_sof H B + B
3
<60l i L 1 L 1
Saol = R - g - g
2 (XX} 3
20 - B 20 - 4 20F [ I B
b v b v v b v v v
J FMAM])] J ASOND J FMAM])] ] ASOND J FMAM]) ] ASOND
az Oulanka, Finland ba Sammaltunturi, Finland bb Donon, France
) (667N, 29" E) ) (68" N, 24° E) ) (48°N, 7°E)
120 T L B B B T 120 LA B B B B B B 120 LN A B B B B
CBOS(EBI): R=0.48, BIAS=2.0 ppb, NME=217 % MCBOS(EBIN: R0.31, BIAS=-1.8 ppb, NWE-15.8 % 2 ppb, NME=18.3 %
100 [mcBos(kPP): R=0.44, BIAS=1.6 ppb, NI 1.2% 1 100 [ncaosixes 32, BIAS=-2.2 ppb, NME=15.5 % | 100 0% 1
MOGUNTIA: R=0.50, BIAS=2.8 ppb, NME=17.0 % MOGUNTIA: R=0.50, BIAS=1.0 ppb, NME=12.6 % MOGUNTIAS R0.70, BAS=3.2 pp, NME=18.3 %
S aol
20
ol
J
bc) Revin, France bd) Morvan, France be) Iraty, France
(49°N, 4" E) (47°N, 4°E) (437N, 1 W)
U — LU — T
2.4 pob, NME=44.7 % 64, BIAS8.9 ppb, NME=26.9 %

La Tardiere, France
67N, 07

1 i i
1wl i L i
A wof L I R - ¥4
4 2 4 a0 R
ol v v ol v v v
J FMAM) JASOND S FMAM) JASOND

bg) Montandon, France

MOGUNTIA: R=0.60, BIAS=14.9 ppb, NME=53.2 %
ol

(47°N, 6" E) (af °
120 T T T T T T T T T
mCBOS(EBI): R=0.65, BIAS=14.1 ppb, NME=50.2 %
100 fncaosikee: R=0.6s, Bias=13.3 ppb, nme=s7.2% B

Sol , 1
,540,,_ i i
{ =tf] pii XSRS ,
B
< « OBS e mCBO5(EBI) +~—— mCBO5(KPP)

- - MOGUNTIA|

10



bo)

Le Casset, France
(45°N, 6”E)

Montfranc, France

bk)

Eskdalemuir, United Kingdom
(567N, 3" W)

T T T T T T T
meBos(EBI): R=0.62,

T
BIAS=-4.9 ppb, NME=15.6 %

[mcaoske):

62, B1AS=-5.9 ppb, NME=16.8%

47 ppb, NME=13.7 %

3

MOGUNTIA: R=0.67,

k2

(45°N, 2" E)
120 L L L
MCBOS(ERIN: R0.53, BIAS5.6 prb, NME=17.5 %
100 fncaosixpe): R-0.53, B1aS=4.6 pob, NME-16.5%

MOGUNTIA: R=0.51, BIAS=5.8 ppb, NME=16.1%
ol

I 1

T T T T T T T T T T T
mCBOS(EBI): R=0.51, BIAS=0.3 ppb, NME=32.8 %

[mesosixer: a=

9, B1AS=5.5 ppb, NME=30.1%

MOGUNTIA: R=0.56, BIAS=10.1 ppb, NME=34.7 %
o |-

MOGUNTIA: R=0.62, 6.1 ppb, NME=67.9 %

I 4

- 4 20f 4 2

L ol v ol v

JFMAM] JASOND JFMAM) J ASOND JFMAM) J ASOND

Lough Navar, United Kingdom bm)  Yarner Wood, United Kingdom bn)  High Muffles, United Kingdom
(55N, 8" W) (51N, 4" W) (54" N, 1" W)

L L L AL AL AL A N 120 T T T T T T 20— T T T T T T T T
mCBOS(EBI): R=0.50, BAS~15.3 ppb, NME=64.5 MCBOS(ERI): R0.43, BIAS=5.1 b, NME=31.2 % mCBOS(ERI): R=0.33, BIAS=12.8 ppb, NME=48.1 %
[mcsos(kpe): 48, B1s .4 ppb, NME=60.7 % | 100 fmcsos(ker):

i i

Aston Hill, United Kingdom
(52N, 4" W)

Bush, United Kingdom
bp) (56" N, 3" W)

bq)

120

Great Dun Fell, United Kingdom
(54N, 2° W)

LI B B s e
MCBOS(EBI): R=0.32, BIAS=5.8 ppb, NME=23.0 %

T T T T
mCBOS(EBI): R=0.50, BIAS=.4 ppb, NME=32.9 %
[ncsosixe:

MOGUNTIA: R

T T T
mCBOS(EBI): Re0.03, BIAS=7.8 ppb, NMES25.9 %

Harwell, United Kingdom
(51°N, 1" W)

Ladybower Res, United Kingdom
(54N, 1" W)

T T
mcsos(es:

T
137 ppb, NME=51.9

[Fmcaoscee).

~13.0 ppb, NME=49.1 %

MOGUNTIA: R=0.51, BIAS=15.0 ppb, NME=56.9 %

120 r r r

T
15.5 ppb, NME=60.6 %

MOGUNTIA: R=0.64, BIAS=16.4 ppb, NME=t

120 T T T

mesos(ee:

MOGUNTIA: R=0.39, BIAS=5.2 ppb, NME=26.4 %
ol

207’ II III 1 20
JFMAM]) ] ASOND J
e + OBS e—e mCBO5(EBI) +— mCBO5(KPP) -- MOGUNTIAl

11




bx) St Osyth, United Kingdom by) Market Harborough, United Kingdom  fz) Lerwick, United Kingdom
(52°N, 2 E) (52N, 1 W) (60” N, 1” W)
120 L L L 120 L L 120 L L L L
CBOS(EBI): R=0.73, BIAS=13.0 ppb, NME=48.0 % MCBOS(ERI): R0.52, BIAS12.3 ppb, NME=44.2 % mCBOS(EBI): R=0.60, BIAS=2.8 ppb, NME=14.8 %
100 [mcsos(kpe): .73, BIAS=12.2 ppb, NME=45.1 % N 100 [ancaosikep): 51, 5 ppb, NME=41.4 % * 100 [mcBos(KPP): R=0.57, BIAS=2.1 ppb, NME=14.5 % 1

=14.2 ppb, NME=52.4 %

MOGUNTIA: R=0.38, BIAS=1.5 ppb, NME=48.5 %

MOGUNTIA: R=0.55, BIAS=3.4 ppb, NME=16.3 %
o |-

g 1 b 4 g 4 g
A1t}
ol EE53 b I T3] sl ]
e s e s T e
ca) Valentia Observatory, Ireland cb) Mace Head, Ireland cc) Montelibretti, Italy
52°N, 10" W) (53”N, 9" W) (42°N, 12" E)
120 120 ——r 120

T
meBoS(EBN): R=0.01,

T
BIAS=.5 ppb, NME=23.2 %
[FmcBos(kep): R=0.02, B1AS=3.7 pp, NME=22.3 %

MOGUNTIA: R=0.06, 7 ppb, NME=19.7 %

T T
mCBOS(EBI): R=0.24, BIAS=2.2 ppb, NME=19.0 %

T T T
mCBOS(EBI): R=0.92, BIAS=19.5 ppb, NME=76.5 %
[Fmcaos(kpP): R=0.52, B1AS=17.5 ppb, NME=70.2 %

MOGUNTIA: R=0.89, BIAS=10.6 ppb, NME=72.9 %

Ispra, Italy
(45" N, 8" E)

Preila, Lithuania
(55°N, 21° E)

Rucava, Latvia
(56" N, 21" E)

T T T T
mCBOS(EBI): R=0.75, BIAS=5.8 ppb, NME=19.7 %

MOGUNTIA: R

T T T
mCBOS(EBI): Re0.36, BIAS=16.2 ppb, NME=72.8 %

4 ol 4
ol v
JFMAM]) JASOND
Lazaropole, North Macedonia ch) Giordan Lighthouse, Malta ci) Kollumerwaard, The Netherlands
(41°N, 20° E) (36°N, 14°E) (53N, 6°E)

T T T
mcsos(es:

T T
0.0, BIAS=-12.8 ppb, NME=21.8 %

[Fmcaoscee).

MOGUNTIA: R=0.41, BIAS=-13.8 ppb, NME=22.9 %

BExs!
WII

T
0.65, BIAS=6.3 ppb, M

T
13.8 ppb, NME=54.0 %

20 - B .
ol
J FMAM] J ASOND

cj) Vredepeel, The Netherlands ck) Birkenes, Norway Tustervatn, Norway
(52°N, 6" E) (58N, 8" E) (65°N, 13" E)
120 LN B B B B B T
mCBOS(EBI: 120,76, BAS-5.0 o, M
B 100 [ancsos(ker): 75, BIAS=4.3 ppb, NI 1 1

MOGUNTIA: R=0.74, BIAS 5.6 ppb, NME=19.4 %

e—e mCBO5(EBI)

+—t

mCBO5(KPP)

- - MOGUNTIA|

12



cm) Karvatn, Norway cn) Spitsbergen, Norway co) Prestebakke, Norway
(62°N, 8" E) (78°N, 11°E) (59°N, 11°E)
0T T T T T T T T T T T 20T T T T T T T T T T 20T T T T T T T T T
mCBOS(EBI: R0.54, BIAS=6.7 pob, NME=27.6 % mCBOS(EBI: R0.36, BIAS«-2.2 ppb, NME14.5 4 mCBOS(ER: R=0.77, B1AS=5.3 pob, NME=17.4 %
100 [mcsos(kpe): .55, Bl 100 [ancaosikep): 36, 2.5 ppb, NME=14.6 % * 100 [mcBOS(KPP): R=0.77, BIAS=4.6 ppb, NME=15.0 %

MOGUNTIA: R=0.71,
ol

MOGUNTIA: R=0.56, BIAS=-1.6 ppb, NME=12.0 %

3

MOGUNTIA: R=0.7, BIAS=5.9 ppb, NME=19.3 %
o |-

it

2l i1y 2| 1 o}
JFMAM] JASOND JFMAM) J ASOND JFMAM) J ASOND
cp) Sandve, Norway cq) Karasjok, Norway cr) Hurdal, Norway
(59°N, 57 E) (69°N, 25° E) (60" N, 11" E)
120 120 120 —p—1—

T
meBos(EBN): R=0.87,

T T
BIAS=1.9 ppb, NME=10.3 %

T T
mCBOS(EBI): R=0.15, BIAS=0.4 ppb, NME=21.9 %

T L
mCBOS(EBI): R=0.78, BIAS=5.9 ppb, NME=20.8 %

[mcsosiee:

5, B1AS=5.2 ppb, NME=19.1%

MOGUNTIA: R=0.86, BIAS=6.4 ppb, NME=23.0 %

iX3

20 |- I
ol v T ol v ol v
J FMAM])] J] ASOND J FMAM]) J] ASOND J FMAM])] ] ASOND
cs) Jarczew, Poland ct) Sniezka, Poland cu) Leba, Poland
(517N, 21° E) (50" N, 15" E) (54"N, 17° E)
120 120 120

T T T T T T
mCBOS(EBI): R=0.68, BIAS=118 ppb, NME=41.9 %

T T T T T
mCBOS(EBI): R=0.51, BIAS=-3.9 ppb, NME=17.4 %
[ncsosixe:
MOGUNTIA: R

T T T T T
MCBOS(EBI): Re0.77, BIAS=6.8 ppb, NMES21.3 %

MOGUNTIA: R=0.49, BIAS=13.0 ppb, NME=:

Diabla Gora, Poland cw) Monte Velho, Portugal Bredkalen, Sweden
(547N, 22" E) (38" N, 8 W) (63" N, 15" E)
T T T T T T T T 120 LU L AL AL A B B N L B B B B
meaos(een MCBOS(EBIN: R=0.53, BIAS=14.5 ppb, NME=50.0% 0.75,B1AS=5.4 po, NME=20.1 %
[ncaos(kee): 100 [ancaos(ker): 51, BIAS 3 ppb, NME=44.0 % | 'S, BIAS=4.8 ppb, NME=18.6 %

MOGUNTIA: R=0.82, BIAS=6.1 ppb, NME=21.6 %

MOGUNTIA: R=0.65, BIAS=4.0 ppb, NME=16.2 %

r I 20 1 20 |-

o ol v ol v
J FMAM])] J ASOND J FMAM]) J] ASOND J FMAM])] | ASON
Vavihill, Sweden cz) Aspvreten, Sweden Esrange, Sweden
(56°N, 13" E) (58"N, 17°E) (67°N, 21°E)

T 120 LN N B B B B
mCBOS(EBI: 120,70, BAS-3.4 o, N
100 [ancsos(ker): 69, BIAS=2.6 ppb, NI 1

e—e mCBO5(EBI)

+—t

mCBO5(KPP)

- - MOGUNTIA|

13




db) Rao, Sweden dc) Norrakvill, Sweden dd) Vindeln, Sweden
(58°N, 12" E) (57°N, 15°E) 64N, 19" E)
20T T T T T T T T T T T 20T T T T T T T T 20T T T T T T T T T
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Figure S3: Comparison of monthly mean surface O; observations (black dots) in ppb with model results (red-line for mCB05(EBI);«

green-line for mCB05(KPP) and blue-line for MOGUNTIA) at various stations around the globe, as obtained from the European
Monitoring and Evaluation Programme (EMEP; http://www.emep.int) and the World Data Centre for Greenhouse Gases (WDCGG;

http://ds.data.jma.go.jp/gmd/wdcgg/introduction.html), for the year 2006.

18

(Formatted: Right: -0.05 cm

. (Deleted: 1

NN




a) RHBROWNRESEARCHSHIP, *IW
(28”N, 95" W)

SAPPORO, JPN

c) TATENOlTSUKUl?A;, JPN

(43" N, 141 E) (36" N, 140" E;
0 T T o T T 0 T T
200
£ £ a0
H H H
e g #600
& mCBOS(EB: =100, BAS 6. b, RSME-152.6 s £ [ I OSB8I R-1.00, BAS7. b, RSME-105. o
a0 | mere oo o s s a0 | e s s - a00 | e s sws-r o wesasom |
1000 . . . . 1000 . . . . 1000 . . . .
200 aﬂzoune mg%\) 800 1000 200 ﬁOZ%ne 1[)?)%? 800 1000 o 200 6(}%’_‘& (D?J%? 800 1000
d) Alert, CAN e) StonyPlain, CAN f) Resolute, CAN
(82°N, 62" W) (53°N, 114° W) (74°N, 94° W)
0 T T T T o T T T T 0 T T T T
200 - B
£ < Sao0 |- |
2 @ $600 b
& mCBOS(EB: o100, BlAS23.1 o, RSME-57.6 s £ mCBOS(EB: =100, BAS18.8 b, RSME-68.7 s & OSBRI R-1.00, BAS-12.4 b, RSME-108.3 s
a0 | e PO B e U ST
1000 . . . . 1000 . . . . 1000 . . . .
T T 00 G 0 20 Ry
g)  Macguarielsland, AUS h) Lerwick, GBR i) UCCLE, BEL
(54°S, 158" E) (60" N, 1° W) (50°N, 4° E)
0 T T T T o T T T T 0 T T T T
200 - 200 - B
£400 [ £ E400 |- E
mCBOS(KPPI R-0.9,BIAS 100, pp, RSME=361.6 pos mCBOS(KPPI: R-0.9, BIAS=70.0 po, RSHE=248.8 pob mCBOS(KPP): R-1.00, BIAS=10.0 pob, RSME=42.0 pob
800 B 800 |~ 800 B
OGUNTIA: R-0.9, BIAS98.6po, REME-361.0pois HOGUNTIA: R-0.95, IAS~55.7pob, RSHE=348.8 poo MOGUNTIA: R1.00, B1AS~3.6 pob, RSHE=42.8 pos
1000 . . . . 1000 . . . . 1000 . . . .
o 200 00 6% 800 1000 0 200 00 6% 800 1000 o 200 00 ég(? 800 1000
Z0ne (ppl zZone (ppl zone (pp
j) GooseBay, CAN k) Churchill, CAN 1) NyAalesund, NOR
(53" N, 60" W) (58" N, 947 W) (78"N, 11"E)
0 T T T T o T T T T 0 T T T T
200
£ £ Za00
Je— mcBOS(K0P): =100, s - 27,0 o, RsME=2943 o
800 800 B 800
MOGUATI: 1.0, BAS 1.8 po, REWE- 329 o wocunTa: n S—— MOGUNTIA: R-0.95, B1AS~37.7 g, RSME#294.1 o
1000 . - . . 1000 - . . - 1000 . . . -
O gy 00 00 0 20 R g G0 doeo o w0 o ggp o0 10
m) Hohenpeissenberg, DEU n) SYOWA, JPN o) Wallopslsland, USA
(47°N, 11°E) (69"S,39"E) (37"N, 75" W)
0 T T T T o T T T T 0 T T T T
200
£ £ £a00
b4 L0, a1 203 ppb, RSMEL33 7 o ¢ mCBOSIE: 100, 818530, b, RSHE-97.2 o B0 T ccvoscon nes oo, msezs s s o
mCBOS(KPP) R-100,BAS19.7 o, RSWE-25.7 mCBOS(KPPI: R-1.0, B1AS=30. p, RSHE-87.2 s mCBOS(KP): R-1.00, BIAS=21.2 p,RSME=56.8 pos
800 800 800 |~ B
MOGUNTIAS R-1.00, BIAS 10,5 pp, RSME-95.4 s MOGUNTIA:R-1.00, 1AS29.¢ pob,RSME=87.1 oo MOGUNTIA: K106, B1AS~20.4 pob, RSME=56.3 o
1000 - . . . 1000 - - . - 1000 - . - .
o 200 ﬁuz?me (Dgg? 800 1000 0 200 6(;(‘)"‘9 wspgs) 800 1000 o 200 ﬁ%ne (pgg? 800 1000

[ — oBs

e—e mCBO5(EBI)

+—t

mCBO5(KPP)

- = MOGUNTIA

19

(Formatted: Right: -0.05 cm, Line spacing: single



(Formatted: Right: -0.05 cm

Hilo, USA Payerne, CHE r Lindenberg, DEU
p) (19" N, 155" W) a) (46" N, 6°E) ) (52°N, 14" E)
0 T T o T T 0 T T
200 B 200
E400 [ 4 & £400
H H H
& £ &
aoo [J merserm oo sz vmcssrsnmn || ocsonnonnesso musesns s vonsme || B acavsaom e onsuse o e
1000 . . . . 1000 . . . . 1000 . . . .
200 ‘602%718 ‘WS)%\) 800 1000 0 200 ﬁOZ%"e 1[)?)%? 800 1000 o 200 6(}%’_‘& (D%%? 800 1000
Nairobi, KEN t NAHA, JPN Samoa, ASM
s) (1°S, 36°E) ) (26°N, 127°E) u) (1475, 170" W)
0 T T T T o T T T T 0 T T T
200 B B 200 B
E400 E - E400 E
& &
a0 [E meroen saomrometioron | wcssuomson ams-vsmo mesnme [ oo noson ssan o rowesna |
1000 . . . . 1000 . . . . 1000 . . . .
o 200 ‘&UZ%HE ‘Dg%? 800 1000 0 200 ﬁ(}%ne 1p6p%? 800 1000 o 200 6(}%’_‘8 ng? 800 1000
v) MARAMBIO, ATA w) Praha, CZE x)  TableMountain(CA), USA
(64°S, 56” W) (50°N, 14° E) (34°N, 117° W)
0 T T T T o T T T T 0 T T T T
200
£ £ Za00
B H H «
nCBOS(KPPI R-100,BIAS =57, o, RSME-142.5 pss nCBOS(KPPI: R-1.00, BIAS-16. pp, RSME=58.0 pis CBOS(PP): R-1.0, BIAS—10.3 pob, RSME-1923 oo
800 B 800 B 800 - B
MOGUITI: 1.0, B 565 pob, RSME 1421 3 HOGUNTIA: R-1.00 IAS~17.6 pob, RSHE=<7.8 pos MOGUNTIA: K100, B1AS=-15.7 b, REME193: b
1000 . . . . 1000 . . . . 1000 . . . .
200 00 6% 800 1000 0 200 00 6% 800 1000 o 200 00 6%&? 800 1000
Z0ne (ppl zZone (ppl zone (pp
Sodankyla, FIN Irene, ZAF Eureka, CAN
) (67°N, 26 E) 2) (25", 28" E) aa) (79" N, 85" W)
0 T T T T o T T T T 0 T T T T
200 4 200
€ E400 - Z400
a0 | J s s s romesaaen [ - 1 w00
1000 . . . . 1000 . . . . 1000 . . . .
o 200 %nz%ne ‘Dg%? 800 1000 0 200 6(;%ne 19%%9 800 1000 o 200 gg%ne (pgg? 800 1000
DeBilt, NLD ValentiaObservatory, IRL Isfahan, IRN
ab) (52°N, 5°E) ac) (517N, 10° W) ad) (32°N, 517 E)
0 T T T T o T T T T 0 T T T T
200 - 4 200 200 - B
Za00 |- 4 Z400 Za00 | -
geo [ I Sl b (F— 000 T oo neose, mnsesass oo, nmeeesr on
nCBOS(KPP) R-100,BAS 1.6 p, RSME-94. g mCBOS(KPP): R-1.00, B —15.0pob, RSHE=812.4ps mCBOS(KP): R-0.36, BIAS-115.1pob, RSME=617.8 o
800 |- B 800 B 800 |- B
. . . . .

1000 L L L 1000 L L 1000 L L
200 400 609 800 1000 0 200 400 609 800 1000 0 200 400 600 800 1000

— OBS e—e mCBO5(EBI) +— mCBO5(KPP) - = MOGUNTIA

20



ae)HongkongObservatory, HKG af) Ankara, TUR ag) MAITRI, ATA

(22°N, 114°E) (39°N, 32°E) (70°5,11°E)
o T T T 0 T T 0 T T T
200 - 200 - B
E400 - £ £400 | B
H H H E
EO0 TN ccvoscon nevoo. omsersz s noeczons o g wcasseon nevoo mnsesss e nsecionarss | B0 [HL meamsteon nco e snssse s e o |
& £ &
a0o | rerserm oo mmsnsomomecionsomn || F ocsonsonnesso s wcsenapon | ncaosuon neoan masease o s o |
[ —— MOGUNTIA .00, B 488 pob,RSHER1607 o [ tocunmin o, sinse 158 o, sse-sons.2
1000 . . . . 1000 . . . . 1000 . . . .
200 409 | 609 800 1000 0 200 490 690 800 1000 O 200 490 - €py 800 1000
h Huntsville, USA i Beltsville(MD), USA i SanCristobal, ECU
ah) (34N, 86" W) ai) °N, 76" W) aj) (0°S, 89" W,
o T T T T 0 T T T T 0 T T T T
200 - 1 2ol £ IPAE § B
Sa00 | - Ea00 | A £400 J
[l ) SRR ’1 wcoostan e on, s s ez | 8000 |l mcsoson nes oo, mseses g s oo
& & &
N senamnsmeznsn [ | Rocroion oo musesss o i | wcaosuon nessn snseseaon sonesom |
1000 . . . . 1000 . . . . 1000 . . . .
200 409 o eg9 800 1000 0 200 400 6p0 800 1000 O 200 490 - €p9 800 1000
Paramaribo, SUR LaReunionlsland, REU Watukosek(Java), IDN
ak) (5" N, 55 W) al) (21", 55" E) am) (7°S,112°E)
o T T T T 0 T T T T 0 T T T T
200 4 200} 4 200 B
£400 + Zaoo |- - 400 4
AL (RN [ A I (RPN I Sl (S ———
nCBESIKPI: R=100,BAS=35.4 o, RSME=201.0 nCBOS(KPP:R-10,BAS=-11.2 b, RSME-1103 o nCHOS(KPP): R=1.0,BAS=21.0 5, RSME-127.3 o
800 - s00 4 s00
HOGUNTIA e300, BAS3. ot RS 30083 MOGUNTIA 100, B1~-24. b, RSME=110.1 o MOGUNTIA .00, BIAS 101 o, RSMES1267 o
1000 . . . . 1000 . . . . 1000 . . . .
0 200 490 o600 800 1000 0 200 400 ' epg 800 100" O 200 400 609 800 1000
zone (pp! zone (ppl zone (pp
SepangAirport, MYS TrinidadHead, USA Malindi, KEN
an) (2°N, 1017 E) ao) (40° N, 124° W) ap) (2°5,40°E)
o T T T T 0 T T T T
200 g 200 - B
Za00 q & Z400 b
| | ———— I | I [ Lol | SRR
nCBESIKP: R=100, BAS=90.3 3, RSME=276.0 5 nCHOS(KPP:R=1.0,BAS=-41.8pob, RSME=308.8 o nCHOS(KPP): =10, BAS~0.3 pob, RSHE-101.2 o
800 - so0}- 4 s00
MOGUITI: 1.0, B 883 pob, RSME 2751 o OGUNTIA .00, BiS43:3 b, RSMES209.7 b MOGUNTIA 100, BIAS 1.9 b, RSMES191.4 b
1000 - - - - 1000 - - - - 1000 - - - -
200 408 o609 800 1000 0 200  4o0 . 6p0 800 1000 O 200 490 - €pg 800 1000
Davis, ATA Kelowna, CAN Yarmouth, CAN
aq) (68°S, 77° E) ar) (497N, 119° W) as) (43"N, 66° W)
o T T T T 0 T T T T 0 T T T T
200
£ £a00
¢ nCBOS(EI: 1,00, 8RS 12.0 i, RSE3: AL ) (S ———
nCBOS(KPP:R=3.0,BAS=-12.3 o, RSHE=33.4 oo nCBOS(KPP): R=1.0,BAS 188 pob, RSME=367 o
800 4 o0t B
MOGUITI: 1.0, B 57.2 pob, RSME 1634 o MOGUNTIA: .00, BIAS—13.1 b, RSME=33.4 1 MOGUNTIA Rr1.00, B1AS10. o, RSME=37.8 o
1000 L L 000 L - 000 - L

L L 200 L L N L L
0 20 400 609 800 1000 0 200 400 609 800 1000 0 200 490 609 800 1000

— OBS e—e mCBO5(EBI) +— mCBO5(KPP) - = MOGUNTIA

21



(Formatted: Right: -0.05 cm, Line spacing: single

Maxaranguape(Natal), BRA Heredia, CRI Sablelsland, CAN
at) (575, 35" W) au) (10 N, 84° W) av) (43°N, 60° W)
o T T T T o T T T T o T T T T
200 4 200 4 200
La00 1 £a00 A £ano |
B H H
Fooo o i Fooo § i} Gooo | o i}
1000 . . . . 1000 . . . . 1000 . . . .
0 200 400 " eps 800 1000 0 200 400 " epg 800 1000 0 200 oo " eon 800 1000
Walsingham, CAN Barbados, BRB Tecamec(UNAM), MEX
aW) (42°N, 80° W) aX) (13" N, 59° W) ay) (19° N, 99° W)
o T T T T 0 T T T T o T T T T
200 4 200 4 200 R
Laoo|- 4 Eano | I ETHE i
O e a0 w0 100" 0 200 o5 e w00 o000 200 geg_ cor  s00 5000
Wne (ol e 028 $ne (307
Narragansett, USA Paradox, USA Richland, USA
az) 41" N, 71" W) ba) (43°N, 73° W) bb) (46°N, 119° W)
o T T T T o T T T T o T T T T
200 -
£ £ Saoo -
B £ H <
i - - = 48 B ~ Fe00 |- 3 B . B
1000 L L L L 1000 L L L 1000 L L L L
0 200 400 " ey 80 1000 0 200 0o " epg 800 1000 0 200 400 " 6o0 800 1000
zone (ppl zone (pp! zone (ppl
Valparaiso(IN), USA Thiruvananthapuram, IND Barajas, ESP
be) (417N, 87" W) bd) (8°N, 76" E) be) (40° N, 3°W)
o T T T T o T T T T o T T T T
200 4 200 4 200
Laoo | | Laoo - 1 £a00
1000 L L L 1000 L L L 1000 L L L L
o 00 -8By 800 1000 0 200 400 " eoo 800 1000 0 200 400 " epg 00 1000
2one (pp! Zone (ppl Yone (pp!
BrattsLake, CAN
bf) (50" N, 104" W)
o T T T T
1000 . . . .
0 200 490 " e00 800 1000
zone (ppk
[— oBS —— mCBO5(EB) +— mCBO5(KPP) - - MOGUNTIA|
Figure S4: Comparison of monthly mean ozone sonde observations (black line) in ppb with model results (red-line for mCB05« CFormatted: Right: -0.05 cm

configuration using the EBI solver, green-line for mCB05 configuration using the solver as generated by the KPP software and blue-
line for MOGUNTIA configuration) at various stations around the globe, as obtained from the World Data Centre for Gr

Gases (WDCGG:; https://gaw.kishou.go.jp), for the year 2006.
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Figure S5: Monthly mean comparisons of TM5-MP UTLS O3 (top) and CO (bottom) mixing ratios (ppb) for the two chemistry

schemes; mCBOS5(KPP) (blue line) and MOGUNTIA (red line),

pled at the

ement place and time against MOZAIC flight

data (black line) between Frankfurt (50.0° N, 8.6° E) and Windhoek (22.5° S, 17.7° E) for April (left column) and October 2006 (right
column). Data at pressures (P) lower than 300 hPa has been filtered out.
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10  Figure S7: Monthly mean comparison of TM5-MP surface C,Hg (left column) and C;Hs (right column) using the base case emission
scenario, doubling (2x) of the anthropogenic fossil fuel emissions, and quadrupling (4x) of the anthropogenic fossil fuel emissions of
C,H; and C;Hg ,against flask measurements (black dots) in
model output for 2006 sampled at the measurement times. Shaded areas indicate the range of model results due to the different
emission strengths. For this sensitivity analysis, the model runs in 3° x 2° horizontal resolution in longitude by latitude, and 34 hybrid
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Figure S11: Comparison of TM5-MP vertical profiles (in km) of C;Hg
results (red-line for mCBOS5(EBI), green-line for mCB0S5(KPP) and blue-line for MOGUNTIA), using co-located model output for
ement times; error bars indicate the standard deviation. The numbers on the right vertical axis i
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Figure S12: Comparison of TM5-MP vertical profiles (in km) of C;Hy
results (red-line for mCBOS(EBI), green-line for mCBO05(KPP) and blue-line for MOGUNTIA), using co-located model output for
ement times; error bars indicate the standard deviation. The numbers on the right vertical axis i
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