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Abstract

The atmospheric chemistry general circulation model EMAC (ECHAM5/MESSy atmo-
spheric chemistry) is used to investigate the effect of height dependent emissions on
tropospheric chemistry. In a sensitivity simulation, anthropogenic and biomass burning
emissions are released in the lowest model layer. The resulting tracer distributions are
compared to those of a former simulation applying height dependent emissions. Al-
though the differences between the two simulations in the free troposphere are small
(less than 5%), large differences are present in polluted regions at the surface, in partic-
ular for NO, (more than 100%) and non-methane hydrocarbons (up to 30%), whereas
for OH the differences at the same locations are somewhat lower (15%). Global ozone
formation is virtually unaffected by the choice of the vertical distribution of emissions.
Nevertheless, local ozone changes can be up to 30%. Model results of both sim-
ulations are further compared to observations from field campaigns and to data from
measurement stations. The two simulations show no significant differences when com-
pared to aircraft observations. In contrast, for measurements from surface stations, the
simulation with emissions in the lowest model layer gives a 20% lower correlation to
the observations compared to the simulation with height dependent emissions.

1 Introduction

Emission data are essential for a realistic simulation of the chemistry in chemistry cli-
mate models. Accurate emission data require an appropriate spatial and temporal
resolution. Although the spatial resolution is generally confined in a two-dimensional
representation, the vertical distribution of the emissions is also an information which
needs to be addressed. This topic is well known and a plethora of case studies show
the importance of a correct vertical distribution of biomass burning plume emissions for
a realistic representation of tracers and aerosols (Fromm et al., 2000; Jost et al., 2004;
Fromm et al., 2005; Luderer et al., 2006). For global chemistry models, a simple and
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computationally affordable method is to arbitrarily distribute the emissions throughout
the tropospheric column (e.g. Cook et al., 2007; Pfister et al., 2005; Matichuk et al.,
2007; Generoso et al., 2007) Recently, more sophisticated approaches have been
used, with an online calculation of injection heights based on thermodynamics cal-
culations (Freitas et al., 2006; Hodzic et al., 2007).

Unlike the role of biomass burning plume emissions, the importance of the verti-
cal distribution of anthropogenic emissions for a correct tracer representation in global
models is still unclear. For these kind of emissions, only a few studies on the mea-
surements of emission heights exist (see Pregger and Friedrich, 2009, and references
therein). Hence, three-dimensional models have to rely on simple assumptions on the
height dependency of the anthropogenic emissions. Furthermore, also in the emission
models, information on the vertical distribution has only very recently and/or only partly
been implemented (Friedrich et al., 2000). Pregger and Friedrich (2009) showed that
this is a major issue in regional/urban models. Moreover, they showed that the dis-
tribution of the emissions into different model layers is particularly important for large
sources, which also play a major role in global models.

In this study two different simulations, one with emissions in the lowest model layer
and one with a height dependent emission distribution are compared. After a de-
scription of the model setup, resulting differences in the distribution of the reactive ni-
trogen family, (NO,=NO+NO,, NO,=NO+NO,+HNO;+PAN, peroxyacetylnitrate), the
hydroxyl radical (OH), ozone (O3) and non-methane hydrocarbons (NMHC) are anal-
ysed. Finally, results from the two simulations are compared to aircraft and station
measurements. It is shown that the choice of the vertical distribution of the emissions
into different model layers is essential for a correct representation of the chemistry in
the planetary boundary layer in polluted regions.
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2 Model description and setup

The ECHAM5/MESSy atmospheric chemistry (EMAC) model is a combination of the
general circulation model ECHAMS (Roeckner et al., 2006, version 5.3.01) and the
Modular Earth Submodel System (Jockel et al., 2005, MESSy; version 1.1). The de-
scription and evaluation of the model system has been published (Jockel et al., 2006).
More details about the model system can also be found at http://www.messy-interface.
org, where a comprehensive description of the model is provided.

The results evaluated here are based on data from the reference simulation S1, as
described by Jockel et al. (2006). The simulation period covers almost 8 years from
January 1998 to October 2005. Dry and wet deposition processes have been exten-
sively described by Kerkweg et al. (2006a) and Tost et al. (2006), respectively. The
emission procedure has been explained by Kerkweg et al. (2006b). The chemistry is
calculated with the MECCA submodel (Sander et al., 2005). The applied spectral res-
olution of the ECHAMS5 base model is T42, corresponding to a horizontal resolution
of the quadratic Gaussian grid of approximately 2.8°x2.8°. The applied vertical reso-
lution consists of 90 levels (up to about 80 km) of which about 25 are located in the
troposphere. The model setup includes feedbacks between chemistry and dynamics
via the radiation calculations. The model dynamics has been weakly nudged (Jeuken
et al., 1996; Jockel et al., 2006; Lelieveld et al., 2007) towards the analysis data of the
ECMWF operational model (up to 100 hPa) in order to represent the realistic meteorol-
ogy in the troposphere. This allows a direct comparison with observations. For more
details on the model setup we refer to Jockel et al. (2006). Here, we repeat briefly the
setup of the emissions.

We used the anthropogenic emissions from the EDGAR database (van Aardenne
et al., 2005, version 3.2 “fast-track”) for the year 2000 as described by Pozzer et al.
(2007). The emissions were, depending on the emission class and species, distributed
to 6 different heights (45, 140, 240, 400, 600 and 800 m above ground). The chosen
vertical distribution of the emissions is partly based on experiences from the EMEP
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model (Dimitroulopoulou and ApSimon, 1999; Simpson et al., 2003), applied after
the analysis of some stack data from Eastern Europe. These vertically distributed
emissions are based on the “effective” emissions, i.e. the effective elevation where
the emissions take part. The detailed vertical distribution by emission class is listed
in the electronic supplement (http://www.atmos-chem-phys-discuss.net/9/16051/2009/
acpd-9-16051-2009-supplement.pdf). Biogenic emissions, which are not on-line calcu-
lated (except for NO, ), are prescribed at the surface (lowest model layer) for all species
and do not have any vertical distribution. NO, produced by lighting is distributed on dif-
ferent vertical levels, based on the parametrization of Price and Rind (1992).

The biomass burning contribution was added using the Global Fire Emissions Database

(GFED version 1, Van der Werf et al., 2004) for the year 2000. No interannual variabil-
ity is present for biomass burning. In addition, biomass burning emissions are located
exclusively at 140 m elevation. Colarco and Andreae (2004) suggested a much higher
injection for boreal fires, while Ferguson et al. (2003) estimated a lower value for smoul-
dering fires. In addition, Labonne et al. (2007) showed that for the majority of the global
biomass burning activity, the injection occurs in the mixing layer, and direct injection into
the free troposphere is a rare phenomenon. Langmann et al. (2009, and references
therein) concluded that most of the fires deposit their emissions in the PBL, and only in
a few cases (i.e. under specific fire and meteorological conditions), the emissions are
located in the upper troposphere or even in the lower stratosphere. Focusing mainly on
the role of anthropogenic emissions, we applied a common constant emission height
of 140 m altitude for biomass burning emissions. This altitude, in fact, implies that more
than 60% of the biomass burning emissions are within the PBL (see Fig. 1), depending
on the meteorological conditions.

In Table 1 the total emissions are summarised, including their distribution on the
six vertical levels. Moreover, for the reference year 2000 the total amounts emitted
above the Planetary Boundary Layer (PBL) are listed. As Table 1 shows, around 20%
of the total carbon monoxide is directly emitted into the free troposphere. In Fig. 1,
the geographical distribution of the CO emissions outside the PBL is depicted. Strong
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sources are present in central Africa, India and partially China and the Amazonian
basin, whereas in North America, Europe and Australia emissions outside the PBL are
smaller.

The effect of vertically distributed emissions on the global distribution of trace species
is investigated with an additional simulation, further denoted as F1. For simulation F1
we applied the same executable used in simulation S1, and the same model setup. As
only difference, the namelist of the offline-emissions submodel (submodel OFFLEM)
was altered in order to emit the species entirely in the lowest model layer, i.e. without
any height dependency. This modification applies to NO, CO, C,H,, C,Hg, CsHeg,
C;Hg, C4H;0, CH3;CHO, CH3COCH3, CH;COOH, CH;0H, HCHO, HCOOH and MEK.
Because simulation F1 is nudged toward ECMWF analysis data, the meteorology is
comparable to the one in simulation S1. This implies that the on-line emissions (due
to biogenic processes) and the NO + NO, produced by lightning are similar in both
simulations.

For the analysis we focus on the year 2000, which is expected to be represented by
the model with the highest consistency, mainly because the chosen emission database
was compiled for this year. In addition, simulation S1 has already been extensively
evaluated using the model output of the year 2000 (Pozzer et al., 2007).

3 The global distribution of selected compounds
3.1 Reactive Nitrogen: NO,, HNO; and PAN

In the troposphere the reactive nitrogen compounds play a key role in the ozone for-
mation and in the recycling of the hydroxyl radical. While the NO, family (NO+NO,) is
important for these processes, HNO3; and PAN (peroxyacetylnitrate) are reaction prod-
ucts and reservoir species. HNO; represents one of the main sinks of reactive nitrogen
through its washout, and PAN represents an important NO, source in remote regions
due to its temperature dependent stability. Changing the vertical distribution of the
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ratios at the surface (lowest model layer), with about a factor of 2 to 3 higher NO, mix-
ing ratios in simulation F1 compared to simulation S1. This increase is compensated
by a strong decrease in the PBL above the surface model layer, where simulation F1
results in 10-20% lower mixing ratios than simulation S1. As shown in Table 2, the
emissions into the lowest model layer (simulation F1) result in a more efficient dry de-
position of the NO+NO,. For the very reactive NO,, the dry deposition in simulation F1
(5.5 Tg(N)/year) is almost double (67% larger) the dry deposition in simulation S1 (3.3
Tg(N)/year). Although this does not significantly change the global view of the NO,
distribution, other compounds (e.g. O3) are influenced by the strong changes in the dry
deposition of NO,.

The global burden of PAN, which is thermally unstable, is reduced (~ 5%) due to a
reduced formation near the surface, where the temperature is higher than higher up in
the PBL or free troposphere. This decreased burden reduces the transport into remote
areas and there the production of NO, by thermal decomposition of PAN.

The two model simulations show different characteristics for different regions (see
Fig. 2). Compared to simulation S1,

— at the surface, simulation F1 shows an increase of NO, (more than 100%) in
polluted regions and a decrease of NO, in remote regions (3-10%),

— in the PBL, simulation F1 shows a decrease of NO, due to the absence of emis-
sions in the PBL above the surface in both, polluted and remote regions,

— inthe free troposphere, simulation F1 shows a decrease of NO, and NO,, (1-5%).

An overall reduction of the reactive nitrogen species at locations away from the sources
is apparent in simulation F1 compared to simulation S1.
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3.2 Oxidation capacity

The HO, family (OH+HO,) and the NO, family are strongly coupled, mainly through the
reaction NO+HO,—NO,+0OH, leading to the recycling of OH and (with the photolysis
of NO,) to the formation of ozone. Since simulation F1 predicts higher NO, mixing
ratios at the surface in polluted regions, the OH mixing ratios are up to 20-30% higher
than in simulation S1. Consistently, the HO, mixing ratios are lower by about 30-40%.

Due to the lower mixing ratios of NO, in simulation F1 in the remote regions (sur-
face, PBL and free troposphere), the recycling of OH is less efficient. This induces
a decreased mixing ratio of OH by 2 to 6%. As shown in Fig. 3, the zonal average
decrease is overall about 5% and about 10% in the PBL over the northern subtropics,
where the emissions are large. In conclusion, although with height-independent emis-
sions OH increases locally in polluted regions at the surface, the oxidation capacity of
the atmosphere is globally reduced.

3.3 Carbon monoxide, CO

Carbon monoxide provides the most important sink for OH (Lelieveld et al., 2002; Lo-
gan et al., 1981; Thompson, 1992). A correct simulation of this tracer is very important
for the assessment of atmospheric oxidants.

The CO emissions change from 492 Tg/year at the lowest model level in simulation
S1to 1096 Tg/year in simulation F1 (see Table 1). The differences between simulation
S1 and simulation F1 apparent for CO are also present for the alkanes (C,Hg and
CsHg, not shown) and the alkenes (C,H, and CsHg, not shown).

In simulation F1, all emissions are concentrated at the surface. The mixing ratios
at the surface are therefore larger in simulation F1 as in simulation S1, despite the
enhanced OH induced by the increased recycling of OH due to the higher mixing ratio
of NO,. As shown in Fig. 4, the differences in polluted regions (especially where strong
biomass burning emissions occur) can be larger than 30%. Nevertheless, because
of the CO transported outside the polluted regions, simulation F1 results in lower OH
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mixing ratios compared to simulation S1 (see Sect. 3.2). This implies also a reduce
oxidation of CO and NMHCs. As a consequence, in remote regions the mixing ratios
of CO in simulation F1 are higher than in simulation S1. It must be stressed that the
differences for remote conditions are comparably small, only about 1-3% on annual
average (see Fig. 4). In summary, at the surface simulation F1 shows a global increase
of CO, ranging from about 30% in polluted regions to about 3% in remote regions.

In the PBL and the free troposphere the situation is similar. In polluted regions simu-
lation S1 shows higher mixing ratios for CO, as it does for NO,. This is restricted, how-
ever, to locations where strong emissions within the PBL are present (Central Africa,
East India, Amazonia). In fact, the comparable long lifetime of CO allows a very ef-
fective mixing. This, in combination with the reduced OH abundance in simulation F1
causes higher mixing ratios of CO at almost all locations. Hence, with the exception
of a few locations, CO is everywhere slightly (1-3%) higher in the PBL and the free
troposphere in simulation F1 compared to simulation S1.

3.4 Ozone O4

Ozone chemistry in the troposphere is highly dependent on precursor species like
NO,(=NO+NO,), CO and NMHCs (Atkinson, 2000; Logan, 1985; Houweling et al.,
1998; Seinfeld and Pandis, 1997). Although simulation S1 and simulation F1 show very
low differences in the free troposphere and in remote regions, large differences arise
over polluted regions at the surface and in the PBL. In Table 3 the ozone production
and loss terms are listed for simulation S1 and simulation F1. The results for the two
simulations are comparable in terms of production and transport. This implies that the
net exchange between troposphere and stratosphere (and likewise between the free
troposphere and the PBL) is hardly influenced by the choice of the vertical distribution
of emissions. The stratosphere-troposphere exchange (STE) of ozone changes only by
3% between the two simulations (10 Tg/year). This is less than the inter-annual vari-
ability of the STE of ozone simulated by the model, which is about 25 Tg/year (Jockel
et al., 2006). Also in the PBL the production and loss terms are similar in simulation F1
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and simulation S1. This implies that the total amount of ozone produced is the same
in both simulations, although the production is localised differently.

On the local scale, however, differences between the two simulations of up to 30%
arise in polluted regions. In simulation F1, O production is reduced at the surface in
polluted regions in comparison to simulation S1.

4 Comparison with observations

To provide an overview of the model performance for simulation S1 and simulation F1,
a statistical comparison between observations and model results is presented. Obser-
vations are taken from a collection of aircraft measurements (Emmons et al., 2000) and
from a large number of multi-year surface measurements collected from the literature.
The aircraft data provide information about the vertical distribution of many tracers (al-
though for relatively short periods) and the station data about the seasonality of the
same tracers at the surface. An additional global dataset of surface measurements
is the NOAA/ESSL flask sampling network (Novelli et al., 1998), which encompasses
several years of CO measurements. For a quantitative statistical analysis, correlations
between the model results and the aircraft observations are calculated with respect to
the altitude, while the correlations between the model results and the surface measure-
ments are calculated with respect to time.

4.1 Comparison with aircraft measurements

Table 4 summarises the comparison of model results from simulation S1 and simu-
lation F1 with measurements on board of aircraft. The majority of the measurements
included in this study have been collected in remote regions or downwind of polluted
regions, where, as shown in Sects. 3.1-3.4, the differences between simulation S1 and
simulation F1 are small or in the range of the measurements variabilities. In fact, no
significant differences between the two simulations are found when they are compared
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with these aircraft observations. In the measurement regions, the vertical distributions
of these tracers show the same patterns and the same magnitude. The correlation
between simulation S1 and the observations is overall larger (see C,H, and C3Hg)
or equal to (C,Hg, C4Hg, CH3COCH3, H,O,, HNO3, O3 and NO) than the respective
correlation calculated between the results of simulation F1 and the observations.

Since the aircraft campaigns took mainly place in remote regions, significant differ-
ences between simulation S1 and simulation F1 occur only at a few locations (see
Fig. 4). Only few aircraft campaigns present in the dataset include polluted/partially
polluted regions. An example is presented in Fig. 5, where vertical profiles at a pol-
luted location (left, TOPSE-May, Churchill) and at a location downwind of a polluted
region (right, TRACE-P, China) are shown. The mixing ratios at the surface calculated
from simulation F1 are larger than those from simulation S1 (a factor of 3 in TRACE-
P, China). In contrast, between 600 m and ~1.5km altitude, the opposite is visible,
the mixing ratios from simulation S1 being larger than those from simulation F1 (see
Sect. 3.1). Moreover, at the surface (see Fig. 5, TRACE-P, China), simulation S1 is
closer to the observed value, which is the average of 389 measurements taken during
the campaign period in the region at that level. In the free troposphere, however, no
substantial differences are noticeable between the two simulations.

In Fig. 6, results for CO from both simulations are compared with measurements
from the TRACE-A field campaign (Talbot et al., 1996). The same differences be-
tween the two simulations discussed above for NO are also present for CO. In Fig. 6
a comparably large difference between simulation S1 and simulation F1 in the PBL
and an insignificant difference in the free troposphere is apparent. This confirms the
low (less than 2%) sensitivity of the trace gas distributions to the vertical distribution of
emissions in remote regions and the free troposphere shown in Sect. 3. In particular,
the measurements at the surface (see TRACE-A, E-Brazil) show that simulation S1
better represents CO in this region than simulation F1. The Trace-A campaign took
place during the Southern Hemisphere dry season and some flights were influenced
by biomass burning (Talbot et al., 1996). It can be concluded that the vertical distribu-
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tion of the emissions (simulation S1) yields more realistic results than the setup with
emissions confined to the surface layer (simulation F1). This confirms previous find-
ings (see Turquety et al., 2007, and references therein) that biomass burning emissions
should be vertically distributed, although no real indication of an ideal vertical emission
distribution can be derived from this comparison.

4.2 Comparison with station observations

A striking different picture arises when simulation S1 and simulation F1 are compared
to surface observations. As mentioned in the previous sections (from Sect. 3.1 to
Sect. 3.3) simulation F1 shows higher mixing ratios at the surface in polluted regions
than simulation S1, in particular for CO, NOy and HO,. In contrast to the aircraft mea-
surements, the set of observational sites comprise also stations located in industri-
alised regions (e.g. Egbert, Canada) or downwind source regions (e.g. Rucava, Latvia),
giving the opportunity to evaluate the model at locations where the effect of changing
the vertical emissions distributions is large.

As shown in Table 5, results from simulation S1 agree by far better with the observa-
tions than the results from simulation F1. The correlations between the tracer mixing
ratios of simulation S1 and the observations are 20-30% larger than the respective
correlations of simulation F1. Moreover, the bias between simulation S1 and the ob-
servations is generally lower (about 30%) than the respective bias of simulation F1,
with the exception of acetaldehyde (CH;CHO) and formaldehyde (HCHO). In the case
of acetaldehyde,the model poorly represents this tracer (see Pozzer et al. (2007), con-
firmed by the very low correlation between model and observations). Hence no real
conclusion can be drawn for this specific tracer. In the case of formaldehyde (HCHO),
instead, the model is generally representing the observations quite accurately, although
with a certain overestimation. The differences between simulation S1 and simulation
F1 in bias and correlation for HCHO are due to the different behaviour of the two sim-
ulations at Zeppelin (see Fig. 7). In this location, while the correlation of the two sim-
ulations with the observations largely differ (the phase of the seasonal cycle of mixing
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ratios from simulation F1 and simulation S1 are different), the low values of mixing ra-
tios from simulation F1 balance the general overestimation obtained at other stations,
when the bias is calculated. Hence, it can be concluded that the decrease of the bias
between observations and simulation F1 compared to simulation S1 is an artefact. In
addition, Fig. 7 (Zeppelin station) shows a better agreement of results from simulation
S1 than from simulation F1 with the measurements.

Peculiar is acetone (CH3;COCH,;), which is mainly emitted biogenically, with only a
few percent contribution of anthropogenic origin (Jacob et al., 2002, and references
therein). Hence, the acetone mixing ratio shows differences between simulation S1
and simulation F1 mainly due to indirect effects, such as local changes in the oxidation
capacity and/or different degradation of acetone precursors.

Here, we only show ethane (C,Hg), one of the best simulated tracers in the model
(Pozzer et al., 2007). In Fig. 8 observations and model results are compared. The aver-
age values are comparable between the two simulations. Differences arise especially
during summer, e.g., in Rorvik, Birkenes, or Egbert, where simulation F1 shows larger
mixing ratios as simulation S1. Here, results from simulation F1 are in clear contrast to
the observations (see Fig. 8).

Also for CO the correlation between station measurements and simulated mixing
ratios is higher for simulation S1 than for simulation F1, yet the difference is smaller
than for other trace gases. As pointed out by Haas-Laursen and Hartley (1997), the
flask samples were supposed to be collected under non-polluted conditions, i.e. for
stations close to local sources only certain wind directions have been selected to avoid
local contamination. Hence, the effect of the different vertical distributions of emissions
is lower for CO at these locations (see also Sect. 3.2). As shown in Fig. 9, results
from simulation S1 and simulation F1 hardly differ. It can hence be confirmed that for
background conditions the different vertical emissions distributions do not change the
simulated surface mixing ratios considerably (about 1%, see Sect. 3.3).
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5 Conclusions

The ECHAM5/MESSy atmospheric chemistry (EMAC) general circulation model was
used to investigate the effect of height dependent emissions on tropospheric chem-
istry. Two simulations were performed and the results compared. In one simulation
(simulation F1) the anthropogenic and biomass burning emissions were confined to
the surface layer, while in the second (simulation S1) the emissions have been dis-
tributed vertically to 6 different altitudes. The resulting trace gas distributions of the two
simulations do not differ considerably in remote regions and in the free troposphere,
with differences of less than 5%. However, large differences occur at the surface in
polluted regions, with differences of more than 100%, depending on the species.

A comparison of the model results with data from various aircraft field campaigns
and surface stations confirm these results. The field campaigns mainly took place in
unpolluted regions, therefore results from both simulations correlate similarly to those
observations and no significant difference can be detected. In contrast to this, the
correlation of the model results to the surface observations, which include also polluted
locations, is significantly (10-30%, depending on the species) reduced, if the emissions
are confined to the surface. For alkanes and alkenes, a 20 to 30% percent decrease of
the correlation coefficient is calculated, while for CO a decrease of 10% is derived. The
lower sensitivity of CO can be traced back to the used database, since the observations
in the database have been filtered for non-polluted conditions.

In addition to the improved correlation, also the bias between simulated and ob-
served mixing ratios is reduced, if the emissions are vertically distributed. We conclude
that results of an atmospheric chemistry general circulation model in remote regions
are hardly affected by the chosen vertical distribution of the emissions, whereas the in-
formation about the vertical distribution of emissions is essential to reproduce correctly
the chemistry in polluted regions.

To improve the process of emissions in such models, further research is required.
A more realistic approach might be to connect the vertical distribution of emissions
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consistently to the simulated meteorological situation (e.g. vertical stability). Although
some work in this direction has been performed for biomass burning (Freitas et al.,
2006, 2007) already, more work on anthropogenic emissions is required. New emis-
sion (plume) models have to be applied and many more observations of “real world”
emissions are required to further constrain the models.
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Table 1. Distribution of total emissions on 6 emission heights as applied in simulation S1, in

ACPD
9, 16051-16083, 2009

Tg(tracegas)/year.
trace gas emission height in m total emission emissions outside
45 140 240 400 600 800 the PBL

CO 492,11 590.76 3.50 6.17 3.44 0.92 1096.90 207.31
C,H, 18.52 751 0.09 0.16 0.09 0.02 26.39 2.99
CyHg 7.59 444 013 0.20 0.11 0.02 12.49 1.80
CsHg 6.28 3.51 0.04 0.07 0.04 0.01 9.94 1.26
C3Hg 9.48 190 0.18 0.27 0.13 0.03 11.99 1.15
C4Hqo 65.09 5.73 1.29 1.92 094 0.21 75.17 5.99
MEK 6.05 640 0.10 0.17 0.09 0.02 12.82 2.34
CH;CHO 1.05 286 0.01 0.02 0.02 0.00 3.96 0.93
CH;COCH;  45.03 274 0.07 0.11 0.06 0.01 48.02 2.52
CH;COOH 6.86 9.16 0.03 0.08 0.06 0.01 16.20 3.10
CH;0H 68.06 9.39 0.09 0.16 0.10 0.02 77.82 5.39
HCHO 2.67 496 0.04 0.07 0.04 0.01 7.79 1.67
HCOOH 7.61 500 0.02 0.04 0.03 0.01 12.71 1.83
NO? 1735 1446 135 5.09 3.36 1.53 43.14 10.36

Tropospheric
chemistry and
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emissions

A. Pozzer et al.

& a unit of Tg(N)/year. The total does not include lightning and biogenic sources which are calculated on line ( 2.1.-2.3

and 6.7-7.0 Tg(N)/year,respectively.
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Table 2. Dry deposition of nitrogen compounds in simulation S1 and simulation F1 (in
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simulation F1

Tg(N)/year).
simulation S1
trace gas wet dry
deposition  deposition
NO - 0.40
NO, - 2.93
HNO; 24.35% 13.48
PAN - 0.96
sum (NO,) 24.35 17.77

? as nitrate formed from HNOj.
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Table 3. Annual tropospheric ozone budget in Tg for the year 2000. RO2 comprises C,H;0,,
CH;C(0)00, C4H,0,, CH;CH(O,)CH,OH, CH;COCH,0,, C,Hy0,, and peroxy radicals re-
sulting from oxidation of MVK, MEK and isoprene.

ACPD
9, 1605116083, 2009

Tropospheric
chemistry and
vertically distributed
emissions

A. Pozzer et al.

troposphere planetary boundary layer
simulation S1 simulation F1 simulation S1 simulation F1

NH SH Gilobal NH SH Gilobal NH SH Gilobal NH SH Gilobal
NO + HO, 1887 1248 3135 1854 1242 3096 724 323 1047 704 316 1020
NO + RO, 382 194 576 377 192 569 253 121 374 250 119 369
NO + CH;0, 683 456 1139 659 446 1105 275 141 416 265 137 402
Total Production 2952 1898 4850 2890 1880 4770 1252 585 1837 1219 572 1791
O; + OH -310 -219 -529 -297 -213 -510 -74 -40 -114 -69 -38 -107
O3 + HO, -824 -557 -1380 -814 -557 -1371 -208 -110 -318 -203 -108 -311
H,O + 0'(D) -1422 -1089 -2511 -1404 -1085 -2489 -498 -358 -856 -489 -355 -844
Total Losses -2556 -1865 -4421 -2515 -1855 -4370 -780 -508 -1288 -761 -501 -1262
net 396 33 429 375 25 400 472 77 549 458 71 529
dry deposition -507 -273 -780 -488 -268 -756 -507 -273 -780 -488 -268 -756
change in burden -3 1 -2 2 1 3 1 0 1 1 -1 0
burden 172 150 322 174 151 325 16 9 25 16 8 24
Transport® 108 241 349 115 244 359 36 196 232 31 196 227

& net downward; derived from budget closure; accounts also for upward transport.
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Table 4. Summary of the correlation coefficients (A7) and linear regression analysis of model
results versus aircraft observations (model=mxmeasurement+5b). Bias and b are in pmol/mol;
bias=model results minus observations.

ACPD
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Tropospheric
chemistry and
vertically distributed
emissions

A. Pozzer et al.

simulation S1 simulation F1 bias ratio R ratio
trace gas num. obs.  bias m b R? bias m b R®  (F1/S1) (F1/S1)
C,H, 454 -2387 026 997 041 -20.39 047 445 0.51 0.85 1.24
C,Hs 473 -174.03 069 7869 080 -1567 071 8212 080  0.90 1.00
CsHg 332 -1150 014 027 041 -10.36 0.37 -1.84 063  0.90 1.54
oHg 472 -18.82 092 -575 077 -13.32 0.94 -454 076 0.70 0.99
CH3;COCH, 246 -376.85 0.42 -28.72 0.38 -376.07 0.43 -32.68 0.38  1.00 1.00
CH,OH 116 44782 0.18 25518 0.31 -452.41 020 248.00 0.30  1.01 0.96
HCHO 213 641 074 5579 063 7.66 080 4516 060  1.19 0.95
H,0, 411 373 063 27581 055 26.83 065 289.34 055  7.19 1.00
HNO, 416 -13.05 053 6311 0.34 -16.61 053 5834 0.34 1.27 1.00
0, 506 11835 1.78 -28464 0.54 11740 1.8 -29496 0.53  0.99 0.98
co 456 -8621.8 051 36381 0.63 -7170.6 053 35868 0.59  0.83 0.93
NO 417 2.3 059 775 029 -061 080 447 030 1.94 1.03
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Table 5. Summary of the correlation coefficients and linear regression analysis of model re-
sults versus station observations (model=m(x)measurement+b). Bias and b are in nmol/mol;

bias=model results minus observations.
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A. Pozzer et al.

simulation S1 simulation F1 bias ratio R ratio
trace gas num. obs.  bias m b R? bias m b R? (F1/81)  (F1/81)
C,H, 138 020 053 050 040 028 050 060 0.30 1.40 0.75
C,Hg 150 024 083 054 054 032 077 072 042 1.33 0.77
CsHg 137 0.01 066 0.06 050 0.03 064 082 041 3.00 0.82
CsHg 150 0.61 1183 051 042 066 1.06 062 0.35 1.08 0.83
CH3;CHO 77 0.15 020 058 0.08 0.14 0.15 0.60 0.04 0.94 0.50
CH3COCH;4 81 -0.08 053 046 051 -0.09 054 043 047 1.13 0.92
HCHO 65 -0.11 047 050 055 -0.08 044 055 045 0.72 0.81
co? 4224 567 098 650 067 9.16 1.00 13.72 0.60 1.61 0.89

& from NOAA/ESSL flask sampling network (see Sect. 3.3).
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Fig. 1. Left: Annual emissions of CO (in g/mz) outside the PBL. Right: Total annual emissions

of CO (in g/m?).
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Fig. 2. Annually and zonally averaged relative differences (in %) of NO, mixing ratios between
simulation F1 and simulation S1 ((F1-S1)/S1).
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Fig. 3. Annually and zonally averaged relative differences (in %) of OH mixing ratios between
simulation F1 and simulation S1 ((F1-S1)/S1).
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Fig. 4. Annually averaged relative differences (in %) of CO mixing ratios between simulation
F1 and simulation S1 ((F1-S1)/S1) at the surface. The overimposed boxes show the regions
where the field campaigns used in this study took place.

16078

ACPD
9, 1605116083, 2009

Tropospheric
chemistry and
vertically distributed
emissions

A. Pozzer et al.

: III III


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/16051/2009/acpd-9-16051-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/16051/2009/acpd-9-16051-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

TOPSE-Mar,C130, Churchill
X 25I0."EI - IZBOI."E ;47"IN - 55:’N

TRACE—P,DC8, China

110.°E — 130.°E ,10°N — 30°N
PR T W St T ST S N 1

T
0. 20. 40. 60. 80.

pmol/mal
TOPSE—Mar,C130, Churchil

T
100.

250.%€ - 280.°E ,47°N - 65°N
I M T T N T SN SN S

110.°E — 130.°E ,10°N — 30°N
P W S i ST S

170L
1591
1461

86

611
103

1250

200. 400. 600. 800. 1000.
pmol/mol
TRACE—P,DC8, China

135

117,

101

2.40

d

190

89

pmol/mol

200, 400. 600, 800. 1000.
pmol/mol

ACPD
9, 1605116083, 2009

Tropospheric
chemistry and
vertically distributed
emissions

A. Pozzer et al.

Fig. 5. Vertical profiles of NO (in pmol/mol) for some selected campaigns from Emmons et al. (2000). Asterisks and
boxes represent the average and the standard deviation (w. r. t. space and time) of the measurements in the region,
respectively. The simulated averages are indicated by the red and blue lines, for simulation F1 and simulation S1
respectively. The corresponding simulated standard deviations w. r. t. time and space are represented by the dashed
lines. On the right axis the numbers of measurements are listed. The top and the bottom graphs represent the same
data with different vertical axes.
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Fig. 6. As Fig. 5 for CO in nmol/mol, for different regions.
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Fig. 7. Seasonal cycle (monthly averages) of HCHO (in nmol/mol) for some selected locations
at the surface (Solberg et al., 1996). Model: solid line; model standard deviation: dashed
line; measurements: circles. The red and blue lines indicate results from simulation F1 and
simulation S1, respectively.
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Fig. 8. Seasonal cycle (monthly averages) of C,Hg (in nmol/mol) for some selected locations
at the surface (Solberg et al., 1996). Model: solid line; model standard deviation: dashed
line; measurements: circles. The red and blue lines indicate results from simulation F1 and
simulation S1, respectively. The stations are ordered by latitude.

16082

ACPD
9, 1605116083, 2009

Tropospheric
chemistry and
vertically distributed
emissions

A. Pozzer et al.

S

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/16051/2009/acpd-9-16051-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/16051/2009/acpd-9-16051-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

ALT HUN 200 [rde} EIC
200 (82° N, 63° W) 400 (47° N, 179.E) (28° N, 16° W) (27°s, 109° W)
NS ~. // °

40 40 20
2000 2000 2000 2000

Fig. 9. Comparison of simulated and observed (black, Novelli et al., 1998) CO mixing ratios
in nmol/mol (ordered by latitude). The simulated average is indicated by the red and blue
lines, for simulation F1 and simulation S1 respectively. The corresponding simulated standard
deviations w. r. 1. time are represented by the dashed lines.
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