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Abstract. The emission of nitric oxide (NO) by soils 1 Introduction ©
(SNOx) is an important source of oxides of nitrogen 3
(NOx=NO+NGQ,) in the troposphere, with estimates rang- Nitric oxide (NO) in the soil is produced by the mlcrobi‘él
ing from 4 to 21 Tg of nitrogen per year. Previous stud- processes of nitrification and denitrificatioRirestone anH’
ies have examined the influence of SNOx on ozong) (O Davidson 1989. The NO emission originates from a nat-
chemistry. We employ the ECHAM5/MESSy atmospheric ural pool of nitrogen and a fraction from fertilizer apphc@
chemistry model (EMAC) to go further in the reaction chain tion (Yienger and Levy 1] 1995 Stehfest and Bouwmarg
and investigate the influence of SNOXx on lower tropospheric200§. The estimates of NO emitted yearly by soils (heze-
NOy, Oz, peroxyacetyl nitrate (PAN), nitric acid (HN{p the  after called SNOX) ranges from 4 to 21 Tg(NJjiénger an(é
hydroxyl radical (OH) and the lifetime of methanec(,). Levy II, 1995 Davidson and Kingerlee 997 and references
We show that SNOX is responsible for a significant contri- therein). NO reacts rapidly with other atmospheric cem-
bution to the NQ mixing ratio in many regions, especially pounds, establishing an equilibrium between NO and rjifric
in the tropics. Furthermore, the concentration of OH is sub-dioxide (NG). These two species are frequently refered to
stantially increased due to SNOX, resulting in an enhancedhe oxides of nitrogen (NQ. Through reactions, depog?w-
oxidizing efficiency of the global troposphere, reflected in ation and stomatal uptake directly within the vegetation Igyer
~10% decrease imcy, due to soil NO emissions. On the not all NO emitted by the soil escapes the canopy Iayg as
other hand, in some regions SNOx has a negative feedbackOy (Yienger and Levy 1] 1995 Ganzeveld et al2002b. &

on the lifetime of NQ through @ and OH, which resultsin  SNOXx is topped by the anthropogenic combustion of f(%sn
regional increases in the mixing ratio of N@espite lower  fuels (20-24 TgN) yr—1) (Denman et a).2007 and is comzD
total emissions in a simulation without SNOX. In a sensitivity parable to the production of NGrom lightning and biomass
simulation in which we reduce the other surface Ngnis-  burning, but especially in remote continental regions ofZhe
sions by the same amount as SNOx, we find that they have &nid- and low-latitudes SNOX is the dominant source of,N®
much weaker impact on OH andy, and do notresultinan In this work SNOx refers to the flux from the canopy&o
increase in the N@mixing ratio anywhere. the atmosphere. The fraction of N@&hat reaches the atme-
sphere reacts as a catalyst for production of ozong, (@n,
important greenhouse gas. Thig @roduction is driven b)&
the oxidation of carbon monoxide (CO) and volatile orgdhic
compounds (VOC), if the concentration of NO is higher than
about 5-30 pmolmof! (Brasseur et al.1999. The umto
used in this work is the molar (or “volume”) mixing ratio gs
mol tracer per mol air (e.g. pmol mot). Atmospheric NQ

Correspondence taJ. Steinkamp is also involved in the production of the hydroxyl radical
m (steinkam@mpch-mainz.mpg.de) (OH), which is responsible for the oxidation and depletion
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of methane (CH), another greenhouse gas. Beyond theseof CHs (zcH,), is expected to decrease:(y, increases) if we
climate related issues, high N@nd G mixing ratios also  exclude NQ emission from soils. To investigate whether
have a direct impact on human health and on the vegetationther surface NQ emissions result in similar effects, or if
(Sitch et al, 2007). NOy is removed from the atmosphere by they differ due to differences in their distribution, we per-
reaction with hydroxyl radicals (OH) or oxidation to dinitro- formed a third simulation (REDOTHER) in which we re-
gen pentaoxide (pDs) and subsequent deposition as nitric duced the NQ emission from all other sources by the same
acid (HNGs). It can also react with organic tracers to form amount as is emitted by the soils.
peroxyl nitrates, mainly peroxyacetyl nitrate (PAN), which, In the following section we briefly describe the model
once it is lifted to higher altitudes, can be transported oversetup. We then compare the relevant tracer mixing ratios
large distances releasing N@vhen it is transported back from the BASE simulation versus the NOBIONO and RE-
downward again. DOTHER simulations. In the final section we present our
Previous model studies of the influence of SNOx on atmo-conclusions and outlook.
spheric chemistry mainly focused either on the,\8durce
itself, on G, mostly on a regional scaleGanzeveld et al.
(2002ab) investigate two different modeling approaches o
the role of canopy processes on the effective exchange o
NOy between the canopy and atmosphere. They conclude

that the application of the big leaf approach with a separatg-; this study the Modular Earth Submodel System ver-
treatment of dry deposition and biogenic emissions, in whichg;q, 1 6 (MESSy) coupled to the general circulation model
the canopy reduction factor accounts for the fraction of these=cyanms is employed. MESSy connects, through a stan-
emission that escapes the canopy, provides a reasonable fifghqised interface, submodels for different processes with
order estimate of NQcanopy top fluxeslaege et al(2003  gjrectional feedbackslgckel et al, 2005 200§. The com-
examined the global partitioning of NGsources using in-  pinaq system is refered to as the ECHAMS/MESSy atmo-
verse modelling and the space-based,N®@®lumn derived spheric chemistry (EMAC) model. The meteorology for

by GOME (Global Ozone 'V'fjfl“tf_’”ng Experiment). Their a hese simulations is driven by sea surface temperature (SST)
posteriori SNOx (8.9 TGN) yr—~) is 68% greater than their  ¢om the AMIPIIb datasetTaylor et al, 2000. The calcu-

. . -1 .

a priori SNOx (5.3 TgN) yr™7). Based on thisJaegé etal. = |5i0n of SNOX in the BASE simulation is based on the al-
(2009 suggest that the influence of SNOx on backgrougd O gorithm of Yienger and Levy 11(1995, which is the most
could be underestimated in current chemistry transport mOd\'Nider used SNOx algorithm in CTMsGanzeveld et a|.
els (CTMs). Bertram et al.(2009 come to a similar con- 20023 Jaegé et al, 2005 Delon et al, 2008. This cal-

clusion by inverse modelling using another satellite sensor,|ation is performed in the submodel ONLEMgrkweg
(SCIAMACHY) above the Western United States, comput- o al, 2006D. NOy produced by lightning is calculated

ing an underestimation of 60%elon et al (2008 modelled  ;, the submodel LNOX (1.6T@N)yr-Y). The remaining
higher @ concentrations with higher SNOx above Western g rces of NQ (43.5TgN) yr1) are read in from the of-
Africa. For EuropeSimpson(1999 found that SNOx hardly  fine EDGAR databasedjivier et al, 1994 by the submodel

has any influence on controling the @ixing ratio. Isaksen e EM (Kerkweg et al. 20068. NO emission from fos-
and Hov(1987) already investigated the influence of changesg;| fye| combustion, biomass and biofuel burning are com-

in the emission intensity of different relevant trace gases on,inad and account for 43 Thy) yr—2, while aircraft emit only

the oxidizing efficiency through an increase in OH concen- g TgN) yr—1. Other relevant emissions are calculated ei-
tration with increased NPemissions, but they did not con- ., by the ONLEM or OFFLEM submodel.

sider SNOXx separately in their assessmenglestvedt et al. A model spinup time of eleven months (January—
(1999 demonstrate the importance of the geographical rewgvember 1994) was chosen and the data of the period
gion of NG sources for the changes in the ozone concentrapacember 1994—Decmeber 1995 is analyzed here. To

tion and the oxidizing efficiency. achieve an identical meteorology of both simulations feed-

In this study, we take these analysis a step further and foly, 5 through trace gases and water vapor is switched off.
low the reaction chain from SNOx throughs@nd OH 10 Tpje1 recapitulates the setup of the two simulations.

its global influence on the oxidizing efficiency of the atmo- |, ihe BASE simulation a yearly emission flux of

sphere. To do so, we compare two model runs with a state-ofg 7 Tg(N) was calculated. In the REDOTHER simulation

thg—art 3—D global chemis_try.climate mode!. Oneisa Simu'the offline surface NO emission (43) yr—1) are reduced
lation with all relevant emissions and reactions (BASE), a”dglobally by 22.5%, which corresponds to 9.7(Rg yr—1.

the second simulation is without SNOx (NOBIONO = “No

biogenic NO”). We expect a considerable influence of SNOX2.2  Soil NO emission algorithm

on the mixing ratios and distribution of related global tropo-

spheric trace gases (N@PAN, HNG;, Oz and OH). Further-  The emission of NO from soils is calculated based on the
more the global oxidizing efficiency, indicated by the lifetime algorithm developed byrienger and Levy 11(19995 and

£2 Model description and setup

.1 General
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Table 1. Setup of the ECHAM5/MESSy model and applied submodels.

Horizontal resolution
\ertical resolution
Internal timestep
Timestep of output
Period of simulation

T42+2.8°x2.8°)
L31 (up to 10 hPa)
20min

5h

1994-1995

Used submodels

Calculation of

Literature ref.

CLOUD
CONVECT
CVTRANS
DRYDEP
JVAL
LNOX
MECCA
OFFLEMP
ONLEMS
RAD4ALL
SCAV
TNUDGE
TROPOP

Clouds and precipitation
Convection
Convective tracer transport
Dry deposition
Rates of photolysis
Lightning NOy
Chemical atmospheric reactiéns
Offline emissions
Online emissions
Radiation
Wet deposition
Tracer nudging
Calculation of the tropopause

Jockel et al(2009
Tost et al.(2006h
Tost (2009

Kerkweg et al(20063
Jockel et al.(2009
Tost et al(2007)
Sander et al(2005
Kerkweg et al(2006H
Kerkweg et al (20068
Jockel et al (2009
Tost et al.(20063
Kerkweg et al (20068
Jockel et al (2009

@ Tropospheric reaction with NMHC and without halogens.
b Biomass burning and fossil fuel NO emission reduced in REDOTHER.
¢ Soil NO emissions switched off in NOBIONO simulation.
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depends on ecosystem type, SQ'I moisture state and_ the SUfaple 2. Ecosystems and emission factors accordingémger and
face temperature. Our underlying ecosystem map is COM gy 11 (1995.

piled from Olson (1992 (Ganzeveld et al2006, which 72

ecosystem classes have been reduced to the twelve ecosys-

emission factor
tems defined byrienger and Levy 11(1995, with corre-

Ecosystem wetp, dryAy,
sponding dry and wet emission factors (TaBleAgriculture
and (tropical) rainforest is treated separately. In the original 1 water 0 0
algorithm the precipitation history is used to distinguish be- é :;36 . 00 00
tween the dry and wet soil moisture state. In our implementa- 4 ssrsuebrland 0 0
tion we define the dry state to be when the soil moisture is be- 5 tundra 0.05 0.37
low 10% volumetric soil moisture and wet above 10%. The 6 grassland 0.36 265
temperature dependence is calculated according to Bq. ( 7  woodland 017 1.44
for wet soil conditions and? for dry soil conditions. 8 decidous forest 0.03 0.22
" 9 coniferous forest 0.03 0.22

O(’)E(;&:,}TW.A“’ 0"C<T=10°C 10  dry decidous forest  0.06 0.4
Fno(T, Ay)=ye> Aw 10C<T=30°C (1) 11 rainforest 2.6 8.6

21,97-A, T>30°C 12  agriculture 0 0

T o
Fno(T, Ag)= {g(;Ad 0 C<;§§gg (2)

In the rainforestrienger and Levy 1(1995 assumed SNOXx

to be constant: a dry emission factor is applied for the

five driest months (Northern Hemisphere: May—September, |f, after a certain period of dryness, the soil receives a suffi-
Southern Hemisphere: November—March) and a wet emiscient amount of precipitation a burst of NO emission occurs.
sion factor for the remaining seven months. For agriculturalBased on the precipitation history of the last 14 days and if
areas wet grassland conditions are assumed for the wholge soil moisture state is defined as dry, this burst is imple-
year. On top of that, fertilizer induced emission based onmented as pulsing factor, depending on the amount of pre-
Bouwman and Boumar(2003) is added. cipitation during the last day (E®) and lasting ford days.

www.atmos-chem-phys.net/9/2663/2009/ Atmos. Chem. Phys., 9, 2683-2009
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grassland coniferous forest rainforest

T Nna=23 —_*'

Nane =2

Npat= 78
Ngnt= 41

Npat= 23
Ngnt= 29

TT 11 TT 11 T T T T T T T
5e-02 1le+00 5e+01 le-04 1le-02 1e+00 5e-03 1le-01 5e+00

5e+00

1e+00

5e-03 1e-01

NO flux (model) [ ng/(m?sec) |
5e+00
L
&
o
NO flux (model) [ ng/(m?sec) |
NO flux (model) [ ng/(m?sec) |

5e-02
1le-04

NO flux (meas.) [ ng/(m?sec) | NO flux (meas.) [ ng/(m?sec) ] NO flux (meas.) [ ng/(m?sec) |

decidous forest dry decidous forest agriculture

5e+02

] Nnat = O
] Nane=76

Npa =5
Nane =3

1T T 1T 17T T 1T 17T T T T T 171 ' T1TT7T TT1T TT1T 1
0.05 0.50 5.00 0.2 1.0 5.0 20.0 5e-02 1e+00 5e+01

| Nna=10
4 Nane=0

5.00
|

NO flux (model) [ ng/(m?sec) |
L L

NO flux (model) [ ng/(m?sec) ]
50 20.0

0.50
1.0
5e+00
|

0.05
0.2

NO flux (model) [ ng/(m?sec) |

5e-02

NO flux (meas.) [ ng/(m?sec) | NO flux (meas.) [ ng/(m?sec) ] NO flux (meas.) [ ng/(m?sec) |

Fig. 1. Scatterplots of measured versus modeled NO emission flux from soils in different ecosystems. Measurements under natural conditions
are colored in green and anthropogenicaly influenced measurements are in blue, mean and standard deviation slightly darker.

If this pulse is not active, the pulsing factor equals one. empirically based, comparison on a point by point basis are
not appropriate, but the overall distribution can be compared,
11,19708%¢ 1<q<3; 1-530 in general the emission flux tends to be underestimated in all
pulse= { 14,68¢ 34 1<q<7; 5-15G0 (3)  ecosystems, except for the rainforest.
18, 46.¢70208d 1 g 14; >15 5y

This is the direct modeled SNOx. Within the vegetation layer3 Results and discussion
the NO emitted by the soil rapidly reacts to lénd is partly
deposited back on the vegetation and the ground. This i
reflected by the canopy reduction factor (CRE@RF<1),
calculated depending on the leaf area index (LAI) and the
stomatal area index (SAl).

The NO flux reaching the atmosphere is therefore calcu
lated as:

Jhe emissions of NO from soils in the BASE simulation ac-
counts for 18% of the total annual global NO emissions (Ta-
ble 3). The interannual variability of SNOx is low in the
model Steinkamp 2007). The largest SNOx emissions are
calculated for tropical regions. During JJA there are some
exceptions further north in Northern America, Europe and
North-Eastern China. These are fertilizer induced emissions
flux=CRFpulse Fno(T, Ag/w) (4) in agricultural regions (Fig2 and Table3).

The data is analyzed by season with a focus on the win-
We have made a preliminary comparison of the model simu-ter and summer season. There is a notable seasonal varia-
lated soil NO emissions versus measurements for the periotion with larger SNOx in the summer period of each hemi-
1990 to 2000 without canopy reductioBtéinkamp 2007). sphere and with a larger contribution of SNOXx to the total
Figurel shows an overview of these comparisons. We foundNO emissions during the northern hemispheric spring and
that the yearly averaged flux in the tropics compares wellsummer (Table). The first point can be explained by the
with measurements, whereas the fluxes in temperate regiortemperature dependence of SNOx and the second one by
seem to be underestimated. Since the applied algorithm ithe greater landmasses in the Northern Hemisphere. In the

Atmos. Chem. Phys., 9, 2663677, 2009 www.atmos-chem-phys.net/9/2663/2009/
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Table 3. Simulated total N@ emissions, SNOx in Tg(N) in the BASE simulation and in brackets relative contribution of SNOX to the total
NO emissions for different regions and periods.

Global Low-latitudes Mid-latitudes

(B30°N-3C* S) (30 N-6C° N) (30° S-60 S)
Seasofi  total soil total soil total soil total soil
DJF 13.08 1.78(14%) 7.64 1.60(21%) 4.94 0.06 (1%) 0.46 0.12(26%)
MAM 13.42 2.38(18%) 7.27 1.72(24%) 5.68 0.59(10%) 0.42 0.07 (17%)
JIA 1526 3.35(23%) 7.72 1.76(23%) 7.04 1.64(23%) 0.33 0.03(10%)
SON 14.84 2.13(14%) 8.75 1.70(19%) 5.61 0.36 (6%) 0.40 0.07 (18%)
All 54.79 9.74(18%) 29.90 6.78(23%) 22.99 2.65(12%) 1.58 0.30 (19%)

8DJF = December 1994, January, February 1995; MAM = March, April, May 1995; JJA = June, July, August 1995; SON = September,
October, November 1995

northern mid-latitudes SNOXx plays a less important role rel- 9
ative to other NQ emissions, except during the JJA period.  go =% =

3.1 Influence of NO emissions on related trace gases 0%

ok
The column mean mixing ratios of NOPAN, HNO; and G anl
and the column mean concentration of OH in the gridcells
(weighted by the air mass in the gridcells) in the lower tropo-~
sphere (below 500 hPa; hereafter “LT”) from the BASE sim- -9
ulation are compared with the values from the NOBIONO ¢
and REDOTHER simulations in this section. Here we first %
consider the overall correlations between the changes in the
trace gas columns and the SNOX distribution (Ta)|ghen s0%
we discuss the changes in the individual gases in the follow- o+
ing subsections. ’
As expected, in the surface layer (hereafter “SL") as
well as in the LT the difference between the N®©ol-

60 +

-30+

-60 +

umn mean mixing ratio in the NOBIONO simulation ver- -9 50 5 % 150
sus the BASE simulation is well-correlated with SNOx | 1 1 ] 1 B e
in all regions (Table4; scatterplots are included in the 0 125 25 375 5 625 75 875 10

supplementhttp://www.atmos-chem-phys.net/9/2663/2009/ _
Fig. 2. Simulated SNOXx flux foa) December 1994 to February

acp-9-2663-2009-supplement.pdf A low correlation is b !
computed for the Northern Hemisphere LT during DJF, as ex-L 292 andb) June to August 1995 in" .

pected due to the small SNOx compared to the anthropogenic
emissions.

There is hardly any correlation in the low-latitudes and in The correlation between SNOx and the difference in the
the northern mid-latitudes of SNOx and the difference in the 1 O3 column mean mixing ratio is lower than for NO
column mean mixing ratio of PAN in the two simulations s js partly due to the longer lifetime ofOwhich is bet-

(Table 4). In contrast, there is a better correlation in the (o1 mixed in the LT. Furthermore the production of 8 not
southern mid-latitudes between the difference in the LT PANomy determined by the NOmixing ratio, but also by the

column mixing ratio and SNOx. This suggests a dominatingconcentration of VOC. The correlation of the OH column
role of SNOx in the formation of PAN in the mid-latitudes mean concentration difference in the LT with SNOX is simi-
of the Southern Hemisphere. The other precursor of PAN,5¢ 5 0,. OH is a very short lived tracer, whose production
per_oxy_acyl radicals, depend on the photooxidation of VOCS’depends mainly on: 1.) the photolysis of @nd the water
which in turn depends on4and OH Roberts et al.200%  \ap0r concentration in the lower troposphere, 2.) the reaction
Cleary et_ gl,. ZOQD. At low Iatm_Jdes, gonvectwe updrafts 4t NO with HO, in the upper troposphere and 3.) the reac-
and subsiding airmasses, comblne.d_ with the strong temperg;op, of Os with HO; (Fig. 3). This results, depending on the
ture dependence of the decomposition of PAN decreases thgominating reaction, in a higher or lower correlation of the

correlation. OH column concentration difference versus SNOx than the

www.atmos-chem-phys.net/9/2663/2009/ Atmos. Chem. Phys., 9, 2683-2009
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Table 4. Correlation coefficient®?) between surface SNOx flux values and the difference (NOBIONO-BASE) of the tracer burden in the
overlying model surface layer (SL) lower troposphere (500 hPa) by gridcell, averaged over the corresponding period; only gridcells
with a land surface fraction of at least 75% were included.

Seasoft NOx PAN HNO3 O3 OH
SL LT SL LT SL LT SL LT SL LT
Global (v=2462)

DJF 082 083 054 043 041 046 044 053 048 051
MAM 090 088 042 034 056 052 031 040 041 0.49
JIA 090 087 030 022 050 033 015 026 0.24 0.35

SON 0.88 089 054 042 049 042 044 052 047 0.60

Year 092 089 048 037 056 046 032 043 038 053
Low-latitudes, 30 N-30° S (N=646)

DJF 0.68 066 019 0.14 0.15 0.15 0.12 0.16 0.14 0.14
MAM 0.79 075 0.16 005 041 031 0.08 0.11 0.19 o0.18
JJIA 0.72 0.77 028 0.18 0.16 0.08 0.17 0.22 0.07 0.23
SON 0.75 078 0.26 0.15 0.18 0.08 0.12 0.14 0.09 0.18
Year 0.81 078 025 015 023 0.11 0.09 0.14 o0.06 0.21
Northern mid-latitudes, 30N-6C° N (N=637)
DJF 0.83 030 003 0.01 051 037 0.03 011 0.06 0.37
MAM 092 090 0.03 013 043 0.32 0.00 0.10 0.04 0.22
JJA 091 08 006 002 043 020 0.00 0.03 0.07 0.12

SON 090 081 013 012 059 049 010 023 020 0.35

Year 093 089 004 0.04 044 026 0.00 0.06 0.07 0.17
Southern mid-latitudes, 3G6-60 S (N=46)

DJF 095 088 040 047 073 078 069 075 040 0.72
MAM 094 090 0.76 075 068 068 0.72 0.77 059 0.78
JJA 072 078 059 056 036 036 033 064 046 0.78
SON 095 089 078 071 051 061 0.77 078 0.61 0.83
Year 095 090 074 073 069 073 0.77 080 054 0.82

2 See Table for abbreviations.

correlation for the @ column mixing ratio difference versus spectively (figures with absolute differences can be found
SNOx. The correlation of the changes in the mixing ratios ofin the supplemertttp://www.atmos-chem-phys.net/9/2663/
O3 and OH versus SNOXx is lower in the SL than in the LT. 2009/acp-9-2663-2009-supplement)pdhterestingly, dur-
Due to the longer lifetime of @compared to NQ, the & ing DJF the mixing ratio above large parts of the North-
distribution depends more on transport away from the sourcern Hemisphere increases, by up to 7% (Hg) in the
regions. The horizontal transport explains the lower correla-NOBIONO simulation, with the largest absolute increase
tion compared to NQand vertical transport can explain the of 12.3pmolmot?! above Europe. In the JJA period the

higher correlation in the column compared to the SL. maximum relative increase of 7.6% is larger than in the
DJF period, but the maximum absolute difference is only

3.1.1 NO 7.0 pmol mot! (Fig. 4b).

The global mean mixing ratio of NQin the LT during A similar result has been noted for model sensitivity sim-

DJF decreases by 7% in the NOBIONO simulation com- ulations with and without NQ from lightning Stockwell
pared to the BASE simulation. During JJA it decreaseset al, 1999 Labrador et al.2005, in which a decrease in

by 17%. In both cases the decrease in the mixing rationear-surface NOmixing ratios was computed for similar re-

is less than the contribution of SNOx (14% and 23%, re-gions with increasing production of NQby lightning. Al-
spectively). The maximum decrease is 81% in DJF andthough NQ produced by lightning is formed in the free tro-
78% in JJA, while the maximum absolute decreases inposphere and SNOXx originates from the surface, we achieve
the DJF and JJA periods are 365 and 319 pmolthote- comparable results with SNOx as with lightning N®y

Atmos. Chem. Phys., 9, 2663677, 2009 www.atmos-chem-phys.net/9/2663/2009/
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H20 + O'D -2 OH NO + HO2 - NO2 + OH
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Fig. 3. Zonal mean relative contribution of the eight major OH producing reactions in the BASE simulation integrated over one year.

Labrador et al(2009. To explain why the N@ mixing ratio

decreases less than the relative decrease in the emission of

the NOBIONO simulation compared to the BASE simula- NO2+05 — NO3+02
tion, and why it even increases during the DJF period in large NO3+NOz — N20s
areas in the Northern Hemisphere, the feedback through O N2Os5+H20 — 2HNO;3
and OH has to be taken into accouBtockwell et al(1999
assumed that the general increase #§wath lightning NOy 2NOz+03+H20 — 2HNGs+02 (R2)
causes an increase in OH. This OH reduces the lifetime OfSimiIarIy we find that without SNOXx, ©and OH levels de-
NOx (eno,) through ReactionR1) above regions with high  ¢rease over large regions due to the longgliftime, result-
non-lightning NQ_ sources.La_brador et al(2009 _showed ing in enhancedyo,, and due to Reaction®() and R2) the
that the conversion to HNvia N>Os also contributes 0 No, mixing ratio increases in some regions with low SNOX.
the shorterno, (ReactionR2) with higher NG, emissions. The changes in HN§ Os and OH related to this are dis-

NO2+OH—HNO3 (R1)  cussed in the following sections.
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Fig. 4. Relative difference ¥YOBIONO=BASE . 1000) of the lower | IR |
tropospheric mixing ratio of NQin % (regions with values be- -0 -25 -10 -5 -25 -1 -05 05 1 25

low 30 pmol mot? in the BASE simulation are excluded from the ) ] BIONO_BASE .
calculation) averaged fqg) December, January, February ay ~ Fi9- 5 Zonal mean relative differencé'PEIQRE * 100%)
June, July and August. of the NG mixing ratio in % averaged fafa) December, January,

February andb) June, July and August. Note that the y-axis is
linearly scaled, since the focus of this work lies in the lower tropo-

In the vertical direction the strongest effects of SNOx are SPhere-

simulated near the surface (DJF: 59%, JJA: 55%), and a de-
crease of up to 10 to 25% at higher altitudes in the zonal3 12 PAN
mean is calculated when SNOXx is switched off (Fi. o

The effect of convective transport to higher altitudes has arpe LT PAN mixing ratio decreases globally by 4% during
stronger influence on the difference in the total burden bepjr and 10% during JJA without SNOx. In both periods
tween 500 and 250hPa during DJF (relative: 11.3%, abyhe pAN mixing ratio decreases nearly everywhere above the
solute: 1.6 Gg) than during JJA (relative: 9.0%, absolute:cqontinents (Fig8). Above the tropical oceans, especially
1.1Gg). This is because the main regions where the congyring JJA, there is a high relative but a negligible absolute
vective transport is most effective are in the Southern Hemih~rease in the PAN mixing ratio associated with a decrease
sphere, especially the Amazon Basin and the southern tropy, sNOx. As mentioned above, the formation of PAN in the
ics of Africa (not shown). In the REDOTHER simulation the qrthern mid- and low latitudes relies more on other trace
relative decrease between 500 and 250 hPa is much Sma"%rases than on SNOX, but more on SNOX in the southern mid-
(DJIF: 5.2%, ‘],JA: 2.9%). o o ] latitudes. This explains the larger decrease during DJF than
The reduction of all remaining surface emissions in the qyring JJA. There is also no increase of PAN in the Northern
RI_E[_)OTHI_ER S|mulat|on'leads to a decrease in the LTyNO Hemisphere during DJF despite higher Nfixing ratios,
mixing ratio of 19% during DJF and 12% during JJA com- \hich confirms a dominating role of VOC in PAN formation.
pared to the BASE simulation. A small relative increase, by Interestingly, in the upper troposphere between 500 hPa
less than 1%, occurs only in oceanic regions where the abs g 550 hpa the largest decrease in the PAN mixing ratio is
solute mixing ratio is below 30 pmolmot. The main de-  qyring DJF (6.5%), whereas it is 5.1% during JJA. In the
creases are located above the (northern hemispheric) langy 4 mean of the relative difference in PAN mixing ratio
surfaces (Fig6). In the zonal mean the maximum extent of \ith and without SNOXx (Fig9), the effect of convective
the relative decrease is located closer to the surface, beca“%nsport in the lower latitudes is more effective during DJF
the major changes are outside the tropics and are not lifted ag,5, during JJA. At the higher altitudes PAN does not in-
effectively by deep convection (Fig). crease anymore, due to its longer lifetime resulting in better
mixing. In the REDOTHER simulation the decrease (DJF:
4.1%, JJA: 1.4%) is smaller between 500 and 250 hPa.
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Fig. 6. Relative difference REROTHER-BASE .. 10005) of the lower | IR |
tropospheric mixing ratio of NQin % (regions with values be- -0 -25 -10 -5 -25 -1 -05 05 1 25

low 30 pmol mot? in the BASE simulation are excluded from the ) ) DOTHER_BASE .
calculation) averaged fqg) December, January, February gy~ Fi9- 7- Zonal mean relative differenc&EPOFASE *100%)
June, July and August. of the NG mixing ratio in % averaged fofa) December, January,

February andgb) June, July and August.

The differences in the PAN mixing ratio should be in- o0
terpreted with caution, because the model generally over- &
estimates its levels compared to observatiakisKel et al,
2006, though this may improve with a new isoprene oxida-
tion schemeTaraborrelli et al.2008. 0+

-30+

o
|

30+

3.1.3 HNG;
s0l
The global LT mean mixing ratio of HN§decreases by 15% -go
(DJF) and 19% (JJA) without SNOx. The greatest decreasegolf30
occurs above continental regions of the low-latitudes and in .
the summer months in the Northern Hemisphere (E@).
The amplified decrease in the mixing ratio of Hh@om-
pared to the decrease of N@nixing ratio is because the
formation of HNG; is not only determined by the NQmix-
ing ratio, but also relies on the mixing ratios of @nd OH,
which also decrease, as discussed in the following sections. ¢°
Nitric acid is mainly deposited on aerosol particles, taken—saolt‘30 ‘
up by cloud water or directly deposited on the earth’s surface. T o N —
The deposition of HN@ is decreased by 18% throughout -50 -25 -10 -5 -25 -1 -05 05 1 25 5 10
the year without SNOx. During DJF the decrease is 15%
and during JJA it is 25%. In the REDOTHER simulation the Fig. 8. Relative difference ¥OBIQRI=BASE . 1009) of the lower
deposition decrease does not substantially change during tHEoPospheric mixing ratio of PAN in % (regions with values below

year (18%, DJF: 19%, JJA: 17%). 50 pmol mot~1 in the BASE run are excluded from the calculation)
averaged fo(@a) December, January, February afi) June, July
and August.
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D [ [ [ e Fig. 11. Relative difference ROBIQNO-BASE . 100%) of the lower
-5 -10 -5 -25 -1 -05 05 1 25 5 tropospheric mixing ratio of @in % (regions with values below

] ) ) BIONO_BASE 25 nmol mot~1 in the BASE simulation are excluded from the cal-
Fig. 9. Zonal mean relative dlﬁerencMBASE *100%)  cylation) averaged fota) December, January, February afi
of the PAN mixing ratio in % averaged fg¢a) December, January,  j ne July and August.

February andgb) June, July and August.
314 O

The mixing ratio of Q in the NOBIONO simulation com-
pared to the BASE simulation decreases by 5% in the LT
during both seasons, with the greatest decline above the con-
tinents (Fig11). The maximum relative decrease during DJF
is 38% and during JJA it is 33%. The maximum absolute de-
crease (16.2 nmol mol) occurs during DJF above Australia
(Fig. 11a). In contrast to what was found for NCthere is
no region with increasing ©mixing ratios. The removal of
SNOXx is less effective in reducing the @ixing ratio during
JJA (17%) than during DJF (7%). This is because the forma-
tion of O3 through SNOx competes with other strong sources
of NOx during JJA in the Northern Hemisphere, whereas
SNOXx is relatively much more important the formation of
O3 during DJF in the Southern Hemisphere. Furthermore,
as was noted above for the PAN formation in the Northern
Hemisphere the simulateds@roduction depends more on
‘ ; ; ; VOC and other N@ sources than SNOxXBeekmann and
O | ‘ ‘ ‘ Vautard (2009 show for example different photochemical
50 -25 -10 -5 25 -1 05 regimes in Europe.
In the zonal mean distribution (not shown) a similar pat-

Fig. 10. Relative difference ROBIGNG=BASE . 1009) of the lower  tern of the influence of convection can be seen as already dis-
tropospheric mixilng ratio of HNg)in %. (region with values be- ¢ ssed for NQ and PAN. But due to the longer lifetime of
low 30 pmol mof -~ in the BASE simulation are excluded from the Os the relative change is a maximum decrease of 13% (DJF)
jif:liﬂ?;ézgiﬁgigtm) December, January, February & and 10% (JJA), which is not as strong and is more evenly

' ' distributed above all latitudes, as well as in the vertical direc-
tion. In the zonal mean there is, as with the horizontal, no
region in which the mean $£mixing ratio increases.
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Fig. 12. Relative difference YOBIGNO-BASE , 10006) of the lower [
tropospheric concentration of OH in % (regions with values be- -10 -5 -25 -1 -05-025025 05 1 25 5 10 25

low 10* molec cnv 3 in the BASE simulation are excluded from the ) ) ] BIONO_BASE .
calculation) averaged fqg) December, January, February iy~ F19- 13- Zonal mean relative differencé'@EIQNG * 100%)
June, July and August. of the OH concentration in % averaged fa) December, January,

February andgb) June, July and August.

Interestingly, in contrast to these results for SNOX, in the H0 + 0D -2 0H NO + HO3 - NOa + OH
REDOTHER similation the mean LT £Omixing ratio only LR s i ‘ o
decreases by 2.7% (DJF) and 1.8% (JJA). In the zonal mean”" |
the increase does not exceed 5%.

3.1.5 OH 1000

-90 -6 3 0 ¥ ¥ 0 60 -30 0 30

When we exclude the contribution of SNOx, the mean LT
OH concentration decreases by 10% during DJF and 9% dur-,,
ing JJA. The largest relative decrease is 65% during DJF .0
and 62% during JJA above the tropical land regions. Dur- e+ |
ing DJF the decrease is shifted to the southern tropics andso} \ /|
to the northern tropics during JJA (Fid2). Note that 000 e e 1000 e
during JJA an absolute increase above the Antarctic region NN | | [ | [ ]

is calculated, but the OH concentration here is less than —° 730 ~20 10 -75 =5 -25 -1 1 25 5 75 10 20 30

3
1X'I'1f?4 rgolec cm o ind d di v b h Fig. 14. Zonal mean relative change in the OH production of the
e decrease is in part induced directly by NtBroug four major OH producing reactions in the NOBIONO simulation

Eqg. R3), and in part indirectly by the lower£mixing ratio, compared to the BASE simulation over one year.
leading to less primary OH production, and therefore to a

decrease of the OH concentration in the LT.

H202+hv -2 0OH

NO+HO,— OH-+NO, (R3) while at higher altitudes it depends more on the reaction of
NO with HO, (Eq.R3, see also Figd). In the zonal mean the
The largest relative decrease in the zonal mean concentratioshift to the Southern Hemisphere during DJF is stronger than
of OH is 19% during DJF and 16% during JJA. This maxi- the shift during JJA to the Northern Hemisphere. The major
mum of the relative decrease in the OH concentration with-driving reactions for the absolute decrease are the reaction of
out SNOXx is nearly detached from the surface, despite thé4,0 with O(*D), reactionR3, and HQ with O3 and pho-
surface source of SNOx (Fid.3). At the surface OH pro- tolysis of HbO,. The relative contribution of the four major
duction is mainly related to the reaction of ‘@) with water, OH producing reactions shows their strongest decrease in the
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Fig. 17. Relative increase afcyy, (~Ha:smuator_"CHy BASE . 1 00os)

TCH,,BASE

Fig. 15. Zonal mean relative change in the OH production of the for the NOBIONO (red) and REDOTHER (blue) simulation in var-
four major OH producing reactions in the REDOTHER simulation ious zonal subdomains of the atmosphere (calculated according to
compared to the BASE simulation over one year. Lawrence et a).2001).

o
- and NOBIONO simulation with the SNOx source declines.
The strongest correlations can be found in the southern hemi-
@ spheric mid-latitudes, which indicates an important role of
SNOXx in that region.

BASE Although the total N@Q emission decreases in the NO-

§ — NOBIONO BIONO simulation, we simulate an increase in the LT
S e ASE NOx mixing ratio during DJF in the Northern Hemisphere.
% < d -- REDOTHER - BASE When reducing the other surface N@missions in the RE-

DOTHER simulation, we did not see an increase in the mix-
ing ratio. This is because the influence on theand OH
N mixing ratios in the NOBIONO simulation is stronger than
_______________ for the REDOTHER simulation and the feedback oo,

m----------olTTIIITIIIZZZCZ-o-- is not strong enough in the REDOTHER simulation to in-

‘ ‘ ‘ ‘ ‘ ‘ crease the mixing ratio with reduced surface,\Ngbnissions.
Our results suggest that SNOx has a stronger influence on the
Date from Dec 1994 to Dec 1995 related chemical processes than the remaining siddirces

due to the geographical distribution.

Fig. 16. Seasonal cycle of monthly mean lifetime of gtom
December 1994 to December 1995 in years (calculated accordin% 2

to Lawrence et aJ.2001. Influence of SNOXx on the oxidizing efficiency

The oxidation of CO and VOC in the atmosphere is mainly

lower latitudes throughout the year for the NOBIONO sim- driven by OH. As a measure for the oxidizing efficiency of
ulation (Fig.14), whereas the the largest changes in the RE-the atmospherecyy, is calculated for all simulations accord-
DOTHER simulation are located much closer to the surfacd"d t0 Lawrence et al(200]). The trend of monthly mean
(Fig. 15) and are not as large as in the NOBIONO simulation. Values is depicted in Fidlé. The mearccy, averaged for

In the REDOTHER simulation, with a 4% decrease during ©N€ Year (December 1994 to November 1995) for the BASE
both seasons in the LT, the region with the strongest decreasamulation is 7.25 years. ltis 7.96 years in the NOBIONO

is always located over the Northern Hemisphere and the maxSimulation, @ 9.8% increase without SNOx and 7.6 years (a
% increase) for the REDOTHER simulation. The maximum

imum relative decreases are only 15% and 11%, respectivelf' X ,
prolongation of 0.97 years (12%) occurs in Febuary 1995 for

3.1.6  Summary for the trace gases the NOBIONO simulation and 0.38 years (4%) in December
1994 for the REDOTHER simulation.
By following the reaction chain from N©Othrough @Q and The changes incn, are not equally distributed over the

OH, including the branches of HNCand PAN, the corre- globe. In the Southern Hemisphere and low-latitudes the
lation of the change in the mixing ratio between the BASE relative influence is noticeably greater than in the northern
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latitudes for the NOBIONO simulation (Fid7). This agrees ably, and the influence of SNOx on the tropospheric oxidiz-
with the smaller relative change in the OH concentration ining efficiency is considerable, approximately 10%. Reducing
the northern latitudes (Fid.2). In the zonal mean, the rel- the other surface NO emissions by the same amount only lead
ative changes are slightly larger above 500 hPa for the NO+o an increase of 4% ifch,.

BIONO simulation, despite the origin of SNOx at the sur-  The notable modelled influence of SNOx on directly and
face. Beginning from the surface source of SNOx and fol-indirectly related trace gases shown in this work supports
lowing the reaction chain from NQover O; and OH in each  further efforts to improve the parameterization of SNOx in
step, the relative difference of our two simulations becomesCTMs, as also proposed Byege et al.(2005.

smaller near the surface and larger at higher altitudes. This

trend corroborates the larger relative change of the oxidizingAcknowledgementsie thank the anonymous referees for their
efficiency at higher altitudes. However, onlyl5% of the  constructive and fruitful comments. We appreciate the help of the

absolute amount of CHn the troposphere is oxidized above modellers and the MESSy team, especially T. Butler, A. Kerkweg,
500 hPa [lawrence et a).2001). P. Bckel and M. Tanarhte. We acknowlegde the International Max

Planck Research School on Atmospheric Chemistry and Physics

Labrador et al(2004 modelled a decrease of 15%iigH, for financial support

in a simulation with 5 Tg(N) N produced by lightning rel-
f"‘tive to one with no Iigh_tnin_g NgQ Qompareq tP .this, S,N,OX The service charges for this open access publication

is somewhat less effective in altering the oxidizing efficiency paye been covered by the Max Planck Society.

of the atmosphere, which is interesting, given that,@bdi-

dation is more effective near the surface where SNOX is emit£dited by: R. Vautard
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