Atmos. Chem. Phys,, 13, 6138150 2013 Atmospheric Q

°
[©]

www.atmos-chem-phys.net/13/6139/2013/ Ch ist £
doi:10.5194/acp-13-6139-2013 emistry »
© Author(s) 2013. CC Attribution 3.0 License. and Physics &

Impact of a future H ,-based road transportation sector on the
composition and chemistry of the atmosphere — Part 2:
Stratospheric ozone

D. Wang!, W. Jial, S. C. Olsenrt, D. J. Wuebbleg, M. K. Dubey?, and A. A. Rockett?

IDpepartment of Atmospheric Sciences, University of lllinois at Urbana-Champaign, Urbana, IL, USA
2Earth Systems Observations, Los Alamos National Lab, Los Alamos, NM, USA
3Department of Materials Science and Engineering, University of lllinois at Urbana-Champaign, Urbana, IL, USA

Correspondence td. J. Wuebbles (wuebbles@atmos.uiuc.edu)

Received: 16 March 2012 — Published in Atmos. Chem. Phys. Discuss.: 6 August 2012
Revised: 14 May 2013 — Accepted: 23 May 2013 — Published: 1 July 2013

Abstract. The prospective future adoption of molecular hy- stratospheric column ozone, is found with afidel cell type
drogen (H) to power the road transportation sector could road transportation sector in the A1FI scenario; whereas the
greatly improve tropospheric air quality but also raises thesmallest impact, a 0.04 % increase in stratospheric ozone, is
guestion of whether the adoption would have adverse effound with applications of Hl internal combustion engine
fects on the stratospheric ozone. The possibility of undesirvehicles in the B1 scenario. The impacts of the other two
able impacts must be fully evaluated to guide future policy scenarios fall between the above two boundary scenarios.
decisions. Here we evaluate the possible impact of a futurdHowever, the magnitude of these changes is much smaller
(2050) H-based road transportation sector on stratospherithan the increases in 2050 stratospheric ozone projected, as
composition and chemistry, especially on the stratospheristratospheric ozone is expected to recover due to the limits
ozone, with the MOZART (Model for OZone And Related in ozone depleting substance emissions imposed in the Mon-
chemical Tracers) model. Since future growth is highly un- treal Protocol.
certain, we evaluate the impact of two world evolution sce-
narios, one based on an IPCC (Intergovernmental Panel on
Climate Change) high-emitting scenario (A1FI) and the other
on an IPCC low-emitting scenario (B1), as well as two tech-1 Introduction
nological options: H fuel cells and H internal combustion
engines. We assume g Heakage rate of 2.5% and a com- Molecular hydrogen (b) is being considered as a key en-
plete market penetration ofHsehicles in 2050. The model ergy carrier for transportation systems of the future because
simulations show that a Hbased road transportation sector it is potentially cleaner and more efficient than fossil fuels.
would reduce stratospheric ozone concentrations as a resulthe large-scale adoption of;Ho replace fossil fuel in the
of perturbed catalytic ozone destruction cycles. The magnifoad transportation sector would change the composition of
tude of the impact depends on which growth scenario evolveghe atmosphere through changes in the emissions of several
and which H technology option is applied. For the evolu- important chemical species. Atmospherig ¢bncentrations
tion growth scenario, stratospheric ozone decreases more would likely increase due to leakage during its production,
the H fuel cell scenarios than in thesHnternal combus-  transportation and storage processes while emissions of fos-
tion engine scenarios because of the,Nnissions in the  sil fuel combustion byproducts, including nitrogen oxides
latter case. If the same technological option is applied, thefNOx =NO+ NO), carbon monoxide (CO) and volatile or-
impact is larger in the A1FI emission scenario. The largestganic compounds (VOCs), would likely decrease.
impact, a 0.54% decrease in annual average global mean There have been a number of studies on the possible
impacts of such a transition on stratospheric composition
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6140 D. Wang et al.: Part 2: Stratospheric ozone impact of future H-based road transport

and chemistry due to concerns that significant reductiongortation sector with emphasis on the stratospheric ozone,
in stratospheric ozone from asHeconomy would lead to  the first focused on tropospheric chemistry (Wang et al.,
increased UV radiation reaching the earth’s surface. How-2013).

ever, no consensus has been achieved on how stratospheric

ozone would change as a result of application gfteich-
nologies. Under a somewhat extreme assumption of mor
than quadrupled surfacesHoncentration (2.3 ppmv), and

: . . . . .~ Here we carry out model simulations along with the high-
with no changes in fossil fuel combustion related emissions, :
. . est and lowest Intergovernmental Panel on Climate Change
a 2-D coupled chemistry-climate model study by Tromp et

al. (2003) found spatial and temporal enhancement of polar(IPCC) Special Report on Emlssm_)ns Scenarios (SRES)
. ! (IPCC, 2000), A1FI and B1, respectively. For each of these
ozone holes, leading to ozone depletion of 3—8 %, due to low- ; : )
two IPCC scenarios, a baseline and twpddenarios are fur-
fher assumed. (1) The baseline (BL) scenario is the refer-
ence scenario for 2050 in which fossil fuel powered vehicles
are still the dominant mode of transportation. (2) In the H

fuel cell (Hz-FC) scenario, energy demands of the road trans-

g Emission scenarios

spheric water vapor from oxidizecbHWarwick et al. (2004)
found a slight increase (0.1-0.6 %) in stratospheric ozone
considering associated changes in CO,xN@OCs emis-

sions with H fuel cells in a 2-D chemistry transport model, ; ) .
) portation sector are met by,Huel cell technology; H emis-
with an assumed Fleakage rate of 5%. Based on a coupled . . . .
sions due to leakage as well as reductions in combustion-

chemistry-climate model study, Jacobson (2008) reported a o -~
0.41% increase in global column ozone, assuminduél related emissions of  NO, VOCs, CO and S@are in

cell vehicles with their associated decrease in fossil fueICIUded' (3) In the K internal combustion engine gHCE)

. e - scenario, energy demands of the road transportation sector
combustion related emissions and a 3.2 % decrease in atmo- 9y P

. : are met by H using internal combustion technology. In this
0,
spheric b concgntranons_due a3 A’ I_eakage rate. scenario, H emissions due to leakage as well as reductions
In these previous studies the transition tg tdchnology

: . . in combustion-related emissions 0p H/OCs, CO and S®
was assumed to take place immediately with the then current . } . :

are included, as in H#FC; however, unlike BFC scenario,

(ca. 2000) background atmosphere. In the real world, how- . . ! i

. . : ) there are no reductions in N@missions because NG still

ever, this transition will take some time to occur, because the

industry of kb production and the infrastructure ofldeliv- a byproduct of internal combustion process regardless of the

ery are not ready, and several technological barriers need ya{pe of fuel.
: The future emissions of H NOy, CO, and several

to be tackled. Considering these factors, we assume a graduRlIMVOCs (non-methane VOCSs) in these assumed scenarios

rather. than an abrgpt transition to 2 blower.ed road trans- are the same as described in Wang et al. (2013), with the
portation sector, with an assumed completion by 2050. Tha . o ; ! .
exception of aerosol emissions, which are not included in

is, all on-road vehicles operating in 2050 will be powered MOZART 3.1: we assume aH CO mass emission factor

by H22 Th|s IS parpcularly relevant. t.o evaluating the strato of 0.03 for fossil fuel combustion and ayxHeakage rate of

spheric impacts since the composition of the background at: .
) . . .5%. For more details see Wang et al. (2013). A short de-

mosphere in 2050 is expected to be different than the current .~ . o .

scription of related emissions is presented here.

atmosphere, espemally with regards to the decllne of CFCs Annual global emissions of # CO, NMVOCs and N@
and other ozone depleting substances due to the implementa- ) :
. of current (2000) and 2050 (baseline ang $tenarios) are
tion of the Montreal Protocol. . . A . .
We investiaate potential chanaes in catalvtic cvcles that“Sted in Table 1. Global emissions increase relative to 2000
gate p 9 yue cy n the 2050 A1FI baseline (ALFI BL) scenario fop k42 %),

determlne_ stratospheric ozone concentrations in response 0 (35%), NMVOCs (28 %) and NO(115 %). In the 2050
the adoption of a htbased road transportation sector, as- ; . o
B1 baseline (B1 BL) scenario, global emissions decrease

suming a perhaps more realistic eakage rate of 2.5% o o o
(Schultz et al., 2003; Warwick et al., 2004). Given the un- from 20(.)0 _for HZ (19%), CO (10%) and NMVOCs (6 %);
NOy emissions increase by 5 %.

certainties in projections of future growth and emissions, we Inthe A1FI scenarios with a foad transportation sector,

evaluate emissions scenarios that encompass several posa‘bb:’:ﬂ H, emissions increase by 81 % relative to the 2050

blelgrowth and technology. adoption paths.. The growth SCEALFI baseline (A1F1 BL) scenario, or increase by 157 %
narios are based on the high and low emitting Intergovern-,

mental Panel on Climate Change (IPCC) Special Report orfbrggz)tr;;igognedml_f_slggsécl\gﬁgz\gg'(;G;C%E:Sa; ?(;?'éscl)o?zsslg /: )h €
Emissions Scenarios (SRES), A1Fl and B1, respectively. Th?\IMVOCs (14%) and NQ (29 % in Hp-FC: 0% in Hy-ICE) '

technological adoption scenarios include el cell and compared to the 2050 A1FI baseline (AiFl BL) scenar,io If
H> internal combustion engine options. The impacts of these '

emissions are evaluated using the Model for OZone and Regompared with the 2000 emissions, in a 2050 A1FI world

lated chemical Tracers version 3.1 (MOZART 3.1) three- with a Hp road tran_sportatlon sector_, emissions l.ncrease toa
: . . o esser extent than in the A1FI baseline scenario: CO (1.6 %),
dimensional chemistry transport model. This is the secon

0, 0% | -
paper of two papers on the impacts of abhsed road trans- MVOCs (10%) and NQ (53 % in Hp-FC).
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Table 1. Annual mean global emissions of key species for the sce-Lin et al., 2008; Wu et al., 2008) have shown that emissions

narios developed for this study. changes will likely be more important than changes in cli-
mate on atmospheric composition and chemistry in the fu-
Species H co NOx  NMVOCs ture.
Unit Tgyrl Tgyrl TgNyr! Tgyr? The model is integrated with a time step of 15 min. After
2000 200 13612 138 269.6 oompletlon of one year’s calcula.tlons, the meteorology field
2050 ALFI BL 56.6  1844.7 043 6000 IS repeated _for th_e next year. Th|s n_1ethod allows _the impact
2050 ALFI H-FC 102.7 1383.4 67.2 518.5 of changes in emissions to be investigated, excluding the pos-
2050 ALFI H-ICE 1027 13834 94.3 518.5 sible influences of changes in meteorology. The lower bound-
gggg gi E{:Fc é”;g 111257313 gjg jgg-g ary concentrations of Cfand NO are set to 2.4 ppmv and
2050 B1 Hp-ICE 532 11071 160 4085 0.35 ppmy, respectively, according to the IPCC A1B scenario

(IPCC, 2000). Lower boundary conditions for halocarbons
are prescribed according to the 2050 concentrations in the
. . . Ab baseline scenario developed by the World Meteorologi-
In the B1 scenarios with aHroad transportation sector, cal Organization (WMO, 2003). The model is run for 12yr

lobal H> emissions increase by 64 % relative to the 2050 B1 o
gaselin%(Bl BL) scenario, or in{:rease by 33 % from the 2000and has reached steady state. Our analysis is based on results

emissions. Concurrently, global emissions in the 20%0 H from the last year of simulation.
FC and H-ICE scenarios decrease for CO (10 %), NMVOCs

(8%) and NQ (24 % in H-FC; 0% in H-ICE), compared
to the 2050 B1 baseline (B1 BL) scenario. If compared wit
the 2000 emissions, in a 2050 B1 world with atdad trans-

portation sector, emissions decrease to a greater extent théﬂ this s_ectior_l we describe and discuss the results of the
in the B1 baseline scenario: CO (19 %), NMVOCs (13 %) model simulations. Here, the stratosphere refers to the model
and NQ, (20 % in Hp-FC) ’ levels above the tropopause and we adopt the World Me-

These emissions are input to the model as monthly Varyinqeorological Organization (.WMO) definition of tropopause,
maps at the model resolution. .e., the lowest level at Whloh the lapse rate decreases to 2
-1
Kkm™" or less. Our modeling results show that the com-
bined effect of increased Hemissions and other emission
3 Model description changes in a btbased road transport sector would tend to
decrease ozone concentrations in the stratosphere in all sce-
In this study, we evaluate the atmospheric impacts with thenarios except for the B1 HICE scenario. The overall effects
Model for OZone And Related chemical Tracers (MOZART) on annually, globally averaged stratospheric column ozone
version 3.1 global chemistry transport model. MOZART-3 are—0.54 %,—0.23 %,—0.20 % and+0.04 % for A1FI H-
has been used and evaluated in a number of studies (e.g=C, A1FI H-ICE, B1 H-FC and B1 H-ICE scenarios, re-
Gettelman et al., 2004, Kinnison et al., 2007; Kulawik et al., spectively. First we will analyze the baseline scenarios with a
2006; Liu et al., 2009, 2011, Pan et al., 2007; Park et al. fossil fuel based road transportation sector and then the sce-
2004). The model simulates the atmosphere from the surnarios with B technologies will be discussed and compared
face to 0.001 Pa lever{115km) by dividing it vertically  with the baseline scenario.
into 60 layers. Horizontally the globe is partitioned into 96
grids on latitude and 144 grids on longitude, correspondingd.1 Baseline scenarios
to a resolution of 1.9 x 2.5 (latitude x longitude). It sim-
ulates in a detailed fashion the physical and chemical proin the 2050 baseline simulations, stratospheric ozone has re-
cesses of the troposphere and stratosphere. It has 108 speciesyered to a significant extent compared with today’s atmo-
71 photochemical reactions, 218 gas phase reactions and Xphere, as would be expected from future decline of atmo-
heterogeneous reactions, including heterogeneous chemistgpheric halogen concentrations. On an annual mean global
in the stratosphere and polar stratospheric cloud processeaverage basis, stratospheric column ozone increases from the
The model is driven with meteorology from a year of simu- mid-1990s atmosphere by13 DU (1 Dobson unit (DU) cor-
lation of the Whole-Atmosphere Community Climate Model responds to 2.69 10°° ozone molecules per square meter)
version 3 (WACCM-3) (Sassi et al., 2005), which representsin the 2050 A1FI BL scenario and by 11 DU in the 2050
the mid-1990s atmosphere. This meteorology is repeated foB1 BL scenario. Figure 1 shows stratospheric column ozone
each year for multiyear simulations. We have chosen to usand its increase from the current atmosphere as a function of
this meteorology since in this study we focus on emissiondatitude and time of year in the two baseline scenarios. The
changes’ impacts on photochemistry and because predicincrease is not uniform in space and time. The increase rate is
ing meteorological conditions in 2050 with reasonable con-the lowest in the tropics, where stratospheric ozone increases
fidence is highly difficult. In addition, previous studies (e.g., by ~5DU. Outside the tropics, the increase is generally

h 4 Model results and discussion
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Fig. 1.2050 zonal mean stratospheric columg(@own by color in
units of DU) and the increase from today’s atmosphere (a model ru
representing mid-1990s atmosphere) (shown by contours in units o
DU) as a function of latitude and time of a year ) ALFI BL and
(b) B1 BL scenarios.

ig. 2. Zonal mean stratospheric column €hanges in units of DU
I@hown by color) and the relative change in % (shown by contours)
in the Hy-FC scenarios compared with the BL scenarios as a func-
tion of latitude and time of a year f¢a) A1FI and(b) B1 scenarios.

greater than in the tropics, but bears inter-hemispheric asym2 DU reduction in the southern mid-latitudes from mid-June
metry; the increase in the Southern Hemisphere is generalljo March.

greater than in the Northern Hemisphere. The increase in In the B1 i-FC scenario the annual, global mean strato-
the hemispheric spring is largest throughout a year. Arcticspheric column ozone decreases by 0.209.6 DU) from
stratospheric column ozone increases~bg0 and~ 15 DU the B1 baseline scenario. The pattern of decrease is similar
in the 2050 A1FI and B1 baseline scenarios. In October and0 that in the ALFI scenario, but the magnitude is smaller
November Antarctic stratospheric column ozone increase$Fig. 2b). The decrease in the tropics does not exceed 0.6 DU
by more than 70 DU from the current value {50DU) to  (or 0.2%) throughout a year, while the decrease is even
~ 220 DU, signaling a partial but still significant Antarctic smaller < 0.4 DU or 0.15 %) from December to June. Again,
ozone hole recovery. These results are within the range rethere are larger reductions outside the tropics (greater than
ported in WMO (2011). The recovery of the Antarctica ozone 0.6 DU or 0.2 %). In the Northern Hemisphere, there is a sig-
hole in October compares well with the average of modelnificant decrease (more than 0.8 DU) present north 61\85

simulations in WMO (2011). from September to February. In the SH, there is a band of sig-
nificant decrease (more than 0.6 DU or 0.2 %) betweé&r§30
4.2 Ho fuel cell scenarios and 60 S.

In both the A1FI and B1 BFC scenarios, ozone con-
The annual mean global average stratospheric column ozoneentrations are reduced throughout most of the stratosphere;
in the A1FI H-FC scenario decreases by 0.54441(.5 DU) however, there is a layer of slight increase of less than
from the ALFI baseline. In the tropics, zonal mean strato-1 %, or 1x 10 molecules cm?, in the middle stratosphere
spheric column ozone decreases by less than 1 DU from Deffig. 3). This layer of increased ozone is about 10 km thick
cember to May; whereas it decreases by 1-1.5 DU from Junand starts from~ 20km altitude in the poles and from
to November (Fig. 2a). Outside the tropics, the reductions are~ 29 km altitude in the tropics. Above this layer in the upper
even larger (greater than 1.5DU). There is a large decreasstratosphere, ozone concentrations are reduced by less than
(more than 2 DU) occurring north of 38l from September 1 x 10 molecules cm?, or 1 %. Below the increased ozone
to February, with the maximum reduction of 2.5 DU (0.8 %) layer, the ozone concentration reductions are greater as the
appearing at-40° N in October. There is also a more than altitude decreases.

Atmos. Chem. Phys., 13, 613%15Q 2013 www.atmos-chem-phys.net/13/6139/2013/
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Fig. 3. Annually, zonally averaged concentration changes in Fig. 4. Annually, zonally averaged NQconcentration changes in
units of 1d9molecules crm3 (shown by color) and the relative units of pptv (shown by color) and the relative change in % (shown
change in % (shown by contours) in the4HC scenarios compared by contours) in the B-FC scenarios compared with the BL scenar-
with the BL scenarios as a function of latitude and altitude(&@r  i0s as a function of latitude and altitude f@) A1FI and(b) B1
A1FI| and(b) B1 scenarios. scenarios.

The most significant reductions in annual, zonal mean
ozone concentrations are in the upper troposphere/lowethe amount of ozone transported to the mid-latitudes and the
stratosphere (UT/LS) region. At each altitude level, poles. The impact of the tropospheric air and the tropospheric
ozone concentrations decreased more near the poleszone formation mechanism on UT/LS ozone concentrations
(up to 10x 10'%moleculescm® in A1Fl and up to diminishes with increasing altitude. At higher altitudes, per-
5x 101%moleculescm® in B1) than in the tropics turbations to the catalytic ozone destruction cycles contribute
(around 4x 10'°moleculescm® in A1Fl and around more to the changes in 0zone concentrations.
2 x 101%moleculescm?® in B1). The relative reduction, The effects on @ discussed so far have focused on
however, is greater in the tropics as there is less ozone ithanges in @ due to changes in emissions associated with
the baseline scenario. The maximum zonal mearréla- a conversion to a hydrogen powered road transportation sec-
tive reduction (up to 10% in A1Fl and up to 5% in B1) is tor. However, changes in GHwhich was implemented as
at approximately 13 km altitude around®18. In the low-  a lower boundary condition in these simulations, also ef-
ermost stratosphere, ozone reductions occur partly becaudects stratospheric ozone. Based on simulations of changes
of the influence of the underlying troposphere, where ozonén Oz due to changes in the GHboundary condition, we es-
concentrations are reduced due to the reduced troposphertomate the sensitivity of stratospheric ozone to be 0.5 % per
ozone precursor emissions associated with the adoption gfpm CH; change. The total ozone sensitivity for this simula-
H» fuel cells (Wang et al., 2013), and partly because localtion was 1.8% per ppm CH, which is in agreement with
ozone production is reduced as a result of a strong reducether studies (e.g., Wuebbles and Hayhoe, 2000; Fleming
tion in NOy concentrations. As shown in Fig. 4, N@ixing et al., 2011). Using the calculated sensitivity and estimated
ratios in the tropical UT/LS region decrease by up to 12 %changes in Chifrom changes in the CHifetime in the per-
(75 pptv) in the A1Fl and by up to 8 % (30 pptv) inthe B3-H  turbed simulations (e.g., Fugelstvedt et al., 1999), we esti-
FC scenarios relative to their corresponding baseline scenamate that changes in stratospherigdbe to changes in CH
ios. The reduction in the tropical ozone production reduceswould be+0.1 % for the A1FI scenario and0.08 % for the

www.atmos-chem-phys.net/13/6139/2013/ Atmos. Chem. Phys., 13, 6 3% 2013
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B1 scenario, with the largest changes occurring in the lower  a) 50+ : : : —
stratosphere. 5\_\?\/

In the mid-latitude lower stratosphere, it is well estab- 40 _
lished that catalytic cycles involving HOdominate lo- T ] g
cal ozone destruction (e.g., Wennberg et al., 1994; WMO, % 305 0 3-10
1995). In these model simulations, K@atalytic cycles s j‘j *7 20 2
contribute the most to the ozone loss rate in the strato- % = » Q &
sphere below 20km altitude at 38 at the Septem- 20 v 0
ber equinox. H® concentrations are predicted to in- 5;3\/ O 100
crease by around 3 %-(1 x 10° molecules cm?3) and 1% 10 ‘ an 200
(~0.5x 10° molecules cm?3) for the A1FI and B1 scenar- w90 80 R [deg]m 60 %0
ios, respectively (Fig. 5). These increases in the stratosphere E—
are largely due to increases in ldoncentrations and oxida- b) 50 e —
tion. As a direct result, the ozone loss cycles catalyzed by ]

HOy are enhanced. 0]

At the same time, NQ concentrations are reduced T o
throughout the stratosphere in the-HC scenarios (Fig. 4). = 1149 =
The increased stratospheric ki@ncentrations contribute to g %0 *j 20 %
the reductions in stratospheric N@hrough the reaction % - *\) 5 g

2 i I
OH+NOz +M — HNO3 + M. (R1) é @ 100
Additionally, stratospheric NQis also likely to be affected 10 : ‘ /0\@ 200
by the drastic changes in tropospheric Né&ncentration in -%0 -60 -30 0 3 60 90
the H-FC scenarios. The major source of Nid the strato- _Lgﬂf [?eg‘] R
Sphere |S the I’eaCtlon Ofd@ W|th O(]_D) HOWeVer, ,\éo -0.8 -0.7 -0.6 -0.5 -0.4 -0.3-0.2-0.1 0.0 0.1 0.2 03 04 05 06 0.7

and O{D) concentrations are not significantly affected by Fig. 5. Annually, zonally averaged HOconcentration changes in
the perturbation of a HFC sector. It has been proposed that ynits of 1 moleculescrm3 (shown by color) and the relative
reactive nitrogen (N¢) in the upper troposphere over tropi- change in % (shown by contours) in the4HC scenarios compared
cal regions can significantly impact lower stratospherg,NO with the BL scenarios as a function of latitude and altitude(&r
concentrations (Ko et al., 1986) due to N®longer life-  AlFl and(b) B1 scenarios.

time than NQ and strong upwelling in this region. This hy-

pothesis is supported by observations (e.g., Murphy et al.,

1993). In this study, NQconcentrations in the UT/LS region rate by the HQ cycles at 35N at the September equinox

in 2050 are calculated to be about 1 ppbv in all scenariosjncreases by 2% (AlFI) and 1% (B1) at 20km altitude
exceeding the threshold mixing ratio of 0.6 ppbv suggestedFig. 6); the total ozone destruction rate by all catalytic cycles
by Murphy et al. (1993). Therefore, increased Néncen-  increases by 0.5% (A1FIl) and 0.2% (B1) due to enhanced
trations in the UT/LS region are likely to impact the strato- HOy cycles.

spheric NQ abundance. In the HFC scenarios, model re- In addition to promoting the HQcycles, a decrease in
sults show that NQ)concentrations in the UT/LS region are NOy concentrations also leads to an enhancement of the
significantly reduced (by- 15 % for A1FI and by~ 8 % for halogen cycles via Nghalogen cycles coupling. Neverthe-
B1), likely leading to decreased N@nd NG, in the strato-  less, this enhancement would have a smaller impact on ozone

sphere. concentrations since in 2050, halogen cycles are only respon-
Furthermore, the NQreduction impacts the HOcycles sible for a few percent of ozone destruction rate in the lower
through Reaction (R1) and stratosphere, in which stratospheric halogen loading is ex-

pected to be significantly smaller than today’s. As shown

HO2 +NO — OH+NO,, R2) i Fig. 6, the overall ozone destruction rate is enhanced by

hence affecting HQas well as the partitioning between HHO 0.1 % in the A1FI and 0.04 % in the B1 scenarios due to the

and OH. In this case, Hfxoncentrations increase due to de- halogen cycles at 33 at the September equinox at 20 km

creased availability of NO in Reaction (R2), leading to en- level. In sum, the decrease in ozone concentrations in the

hanced ozone loss since the rate ofHcles is dependent lower stratosphere in the A1FI and BL4#C scenarios is

on HO, concentrations to the first order. Meanwhile, the rate primarily due to an intensification of the H@atalyzed @

of Reaction (R1) would fall as NO concentrations decreasedestruction cycles.

making Reaction (R1) a smaller HGink. In the middle stratosphere (25-35 km altitude in the trop-
Both of these effects tend to further enhance thg ldp ics, somewhat lower at higher latitudes), annually, zonally

cles. As shown in Fig. 6, the daily average ozone destructioraveraged ozone concentrations increase by up to 0.4% in

Atmos. Chem. Phys., 13, 613%15Q 2013 www.atmos-chem-phys.net/13/6139/2013/
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both the A1FI and B1 b+FC scenarios (Fig. 3). Even though pensate for the decrease in the lower stratosphere since ozone
ozone loss rate due to H@atalytic cycles increases due to molecules per unit volume is lower at higher altitude.
the previously discussed mechanisms in this region, the over- In the upper stratosphere, HQatalyzed cycles again
all ozone loss rate is slowed down becausgN¢gles dom- dominate ozone loss cycles. The k®@oncentrations in-
inate ozone loss in the middle stratosphere ang Biihcen-  crease by 2—-3 % in the A1Fl and byl % in the B1 scenarios
trations are reduced in this region. As shown in Fig. 4, annu<{Fig. 5). This increase is due to enhancedabundance and
ally, zonally averaged Nconcentrations decrease Y3 % the decline in the rate of Reaction (R1) as a result of thg NO
(~50pptv) in the ALFI and by~ 2% (~ 20 pptv) in the B1  concentrations decrease. As a direct resulty H@talyzed
scenario. The NQconcentration decrease is due to enhance-cycles are enhanced. As shown in Fig. 6, the ozone destruc-
ment of Reaction (R1), through which increased,Hfon-  tion rate due to HQ cycles at 25 km altitude at 3N at the
centrations make this reaction a larger N§nk, likely due  September equinox level is increased by 0.3% in the A1FI
to decreases in NOconcentrations in the underlying atmo- and 0.13 % in the B1 scenarios. The resultinggd®ncentra-
sphere. The ozone loss rate due toyNfatalyzed cycles is tion decline in this region is less than 1% in the A1Fl and B1
reduced throughout most of the stratosphere (Fig. 6); howH,-FC scenarios (Fig. 3). Its impact on stratospheric column
ever, its impact on ozone concentrations is only significant inozone is small, owing to the low molecule concentrations at
the middle stratosphere where N©ycles dominate ozone such high altitudes.
destruction. As shown in Fig. 6, the overall ozone destruc-
tion rate at 25 km altitude at 3] at the September equinox 4.3 H2 interna' Combustion engine Scenarios
is decreased by 0.35 % in the A1FI scenario and by 0.13% in
the B1 scenario due to the attenuation of the.N@talyzed  he gyerall impact of a b#CE road transportation sector on
ozone destruction cycles. Therefore, a slight ozone concengyatospheric 0zone concentration is smaller compared with
tration increase is Cal_culated in the mlqldle stratosphere iNhe corresponding HFC scenarios, mainly because of NO
both the H-FC scenarios. The increase in ozone concentrayeing higher for the ICE scenarios. The annually, globally av-
tion in the middle stratosphere, however, cannot fully Com'eraged stratospheric column ozone in the A1GHIBE sce-
nario would be reduced by 0.23 %, or 0.5 DU. Stratospheric
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Fig. 8. Annually, zonally averaged $concentration changes in
units of 109molecules cr3 (shown by color) and the relative
change in % (shown by contours) in the#CE scenarios com-
pared with the BL scenarios as a function of latitude and altitude
for (a) ALFI and(b) B1 scenarios.
column ozone decreases north of Sbut increases south
of this latitude (Fig. 7a). In the tropics, stratospheric column
ozone decreases by 0.1-0.3 %, or 0—1 DU throughout a year. As in the H-FC scenarios, ozone concentration changes
In the northern mid- and high-latitudes, stratospheric columnin the H-ICE scenarios are a result of changes in radical
ozone decreases by more than 1 DU. The greatest decreasencentrations, which affect the catalytic cycles destructing
(1.5DU or 0.6 %) occurs at the northern mid-latitudes from stratospheric ozone. H@oncentrations decrease in the up-
September to January. In the Antarctic region, stratospheriper troposphere due to the reduced NMVOCs emissions in
column ozone increases by up to 3 DU, or 1% from Octoberthe A1FI H-ICE scenario, as NMVOCs oxidation provides
to December. a HQ source in the upper troposphere. Increased Nah-
From the zonal average perspective, annual mean ozoneentrations (Fig. 10a) also contribute to the H@ecrease
concentrations are reduced in the lower stratosphere in théhrough Reaction (R1). This decrease penetrates into the
A1FI Hy-ICE scenario (Fig. 8a). In the tropics, the reduc- lower stratosphere with rising air from the tropics, and over-
tion extends to the middle stratosphere (30 km altitude). Thecomes the increase in HQlue to increased Hoxidation.
maximum relative reduction (5%) occurs at 17 km altitude Figure 9a shows the pattern of K®@eductions, which di-
just north of the Equator, whereas the largest concentratiominish with altitude. Above 20 km in the tropics and above
change (a decrease 06810 moleculescm?®) is at 12km  15km near the poles, HQOconcentrations increase slightly
in the Arctic region. There are very slight ozone reductionsas the H leaked into the atmosphere provides a,HOurce
above 45 km altitude in the tropics and above 48 km altitudein the stratosphere.
in the poles. Ozone concentrations are increased in the rest NOx concentrations decrease in the middle stratosphere
of the stratosphere, but the relative increase does not excedulit increase in the upper and lower stratosphere in the A1FI
1%. There is an increase of up to<8.0'° molecules crn® H>-ICE scenario (Fig. 10a). In the lower stratospherexNO
around 18km in the Antarctic region. Changes in strato-concentrations increase because of theg M@dget increase
spheric Q due to decreases in GHare estimated to be throughout the troposphere since, in thg-lEGE scenarios,
—0.08 % for the A1FI scenario and0.03 % for the B1 sce- NOy is still emitted as combustion byproduct of internal
nario. combustion engines (Wang et al., 2013). Meanwhile, the
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for (a) A1FI and(b) B1 scenarios. scenarios.

decrease in HQconcentrations (Fig. 9a) decreases thgiNO impact of the perturbations to different catalytic cycles on
loss due to Reaction (R1), which in turn increasesNi@ ozone is small in magnitude but spatially widespread ozone
the middle stratosphere where K@oncentrations (Fig. 9a) concentration increases in the middle stratosphere (Fig. 8a).
are increased, the NQoss due to Reaction (R1) is reduced, However, this increase does not fully compensate for the de-
resulting in increased N(roncentrations. The maximumre- crease in column in the lower stratosphere because ozone is
duction, around 24 pptv, occurs at 35 km level near the Equadenser in terms of molecular number concentration at lower
tor. levels. The global mean column ozone in the stratosphere
As shown in Fig. 11a, the ozone destruction rate due towould still be 0.23% less than that in the A1FI BL atmo-
HOy cycles at 35N at the September equinox increases by sphere.
0.4% to 1.1 % between 20 km and 50 km levels in the A1FI Inthe B1 H-ICE scenario, the annual, global mean strato-
H>-ICE scenario, a direct result of increased Hf®ncentra-  spheric column ozone is increased by 0.04 %, or 0.1 DU.
tions. In the middle stratosphere between 28 km and 40 knStratospheric column ozone is reduced north ofS.@ut is
levels, the increase in the ozone destruction rate due tp HOincreased south of this latitude throughout the year (Fig. 7b).
cycles is more than 1%. However, the contribution ofHO The decrease in stratospheric column ozone in the Northern
cycles to the total ozone destruction rate is the lowest in theHemisphere is no more than 0.5 DU. There is an increase of
middle atmosphere (Fig. 11b) becauseN®cles dominate up to 3.5DU, or 1%, in stratospheric column ozone in the
ozone destruction here. In the upper and lower stratospherAntarctic region from October to December.
where HQ cycles dominate, contributions of the |©ycles From the zonal mean perspective, annual mean ozone con-
to the total ozone loss rate increase by 0.35 % at 45 km levetentrations are reduced in the lower stratosphere in the B1
and by 0.3% at 21 km level. This intensification is dampedH,-ICE scenario (Fig. 8b). The reduction pattern resembles
and even offset by the attenuation of the N€cles in the that of the A1FI H2-FC scenario, but the magnitude of re-
lower and middle stratosphere, resulting in reduction in totalduction is much smaller. The maximum relative reduction
ozone loss rate between 23 and 30 km levels. The combine(l.5 %) occurs at 17 km altitude, whereas the concentration
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change is less than2 101° molecules cm3. Ozone concen-  a result of the widespread decrease inHf@ncentrations
trations are increased in the rest of the stratosphere (exceffFig. 9b). The increase in NCconcentrations in the middle
two cells of very slight reduction at 30km level between and upper stratosphere can be as much as 20 ppbv; however,
30° S and 60 S and between 3N and 60 N). There is up  the perturbation to the N(ycles is relatively small because

to 7x 1019molecules cm?®, ~ 1%, increase in ozone con- the baseline NQconcentrations are high in this region.
centrations at levels around 18 km in the Antarctic region. In the stratosphere between 20km and 50 km levels at

Again, HO, concentrations decrease in the troposphere in35° N at the September equinox, the perturbations to each
the B1 H-ICE scenario, for the reason mentioned in discus-catalytic cycle are modest (betweerD.1% and-+0.3 %)
sion of the A1FI B-ICE scenario. This decrease in the B1 except for the halogen cycles, which decrease by 1.5% to
H,-ICE scenario is smaller in magnitude compared with that2.4 % (Fig. 11c). Despite the NOconcentration increase
in the A1FI H-ICE scenario, but penetrates higher into the (less than 1 %) throughout the stratosphere, the impact of
middle stratosphere (Fig. 9b), as the smaller strength gf HO the enhanced NQcatalyzed cycles on ozone in the lower
source from the hlleakage emission in the B1,HCE sce-  stratosphere is “buffered” by the decrease in the halogen cat-
nario cannot fully offset the decrease originated in the upperalyzed cycles (Fig. 11d). Increased NEbncentrations lead
troposphere. to slower halogen catalyzed cycles via halogen{Nu-

NOy concentrations increase in the whole stratosphere expling, behaving like a buffer (Nevison et al., 1999). In the
cept for a small region in the Southern Hemisphere a fewupper stratosphere, enhanced,Héatalyzed cycles are com-
kilometers above the tropopause in the BZIBE scenario  pensated for by decreased halogen catalytic cycles. The re-
(Fig. 10b). In the lower stratosphere, N@oncentrations in-  sulting ozone loss rate is slowed down throughout the strato-
crease as they do in the ALFIHCE scenario, but again sphere. Zonal mean ozone concentrations increase slightly
the magnitude of increase is smaller. In the Southern Hemithroughout the middle and upper stratosphere (Fig. 11b). In
sphere, the changes of N@oncentrations are in the opposite the lower stratosphere, ozone decreases in the tropics and
sign to that of HQ concentrations (Fig. 9b), indicating a link the Northern Hemisphere due to tropospheric impact, but in-
between HQ and NQ, concentrations via Reaction (R1). In creases in the southern high latitudes, where halogen cat-
the Northern Hemisphere, NQconcentrations increase as alyzed ozone loss cycles dominate, and halogen cycles are
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