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Chapter 10 Introduciion

Chapter 1

Introduction

Alreraft introduce combustion reaction products and upburned fuel components at
high altitudes in the atmosphere. These abreraft emissions ave velatively small on a
global seale, e.g. less than 3 % of the anthropogenic NO, emissions are due to airerafi.
However, since the emissions occur at high aliltudes, where except lightning no other
sources are present and where NO, has a relatively long residence time, they could
have an important impact on the atmoespheric composition. In addition, the sensitivity
of radiative forcing to changes in e ozone is largest directly below the fropopause,
which 15 located near cruise altitudes at mid-latitudes. The aircraft emission of trace
gases such as carbon dioxide {a gresnhouse gas) and sulphur dioxide (which produces
aerosol} contribute, together with water vapour and cloud condensation nuclel {which
e Schumann, 1984;

g
“

may fead to contrails), to changes in radiative forcing (cof
Fortuin of al, 1995). Nitrogen oxides {NO, = NO + NOg} emitted by alreraft con-
tribute significansly to the background NO, concentration in the upper traposphere
at northern mid-latitudes (Ehbalt ef of, 1992}, lis direct impact on climate is negli-
gible {Fortuin #f ol, 1995}, but it plays an important role in the ozone chemistry of
the atmosphere. The resulting increase of tropospheric and lower stratospheric Oy is
important. First, ozone is a3 greenhouse gas which produces local heating. Secondly,
additional ozone reduces the amonnt of harmful UV radistion that reaches the sur-
face. Hence, it may counteract the effect of ozone destruction in the stratosphere due
t0 OFCs. Finally, ozone in the biosphere is bad for our health. Therefore a study indo
the effect of aircraft emissions on abmospheric ozone is justified.

Model studies using two-dimensional models have shown that near the tropopause
aiverafs NO, emissions can lead to ozone production {Beck ef ol, 1892}, whereas they
can lead to ozone depletion in the middle stratosphere (Hidalgo & Crutzen, 1977).
The atreraft NO, emissions exhibif strong spatial variations. NG, has a typical life-
timse in the upper iroposphere and lower stratosphere of about 10 days, and thevefors
the vesulting geographical distribution of the aircraft NO, emissions is not zonally
symmetric, Since the chemical procssses of ozone production and destruction are
non-linear, three-dimensional global models are needed in order to caleulate the effect
of the aircrafi emissions correctly. In this study, such a three-dimensional chemical
transport model is used to study the effect of aireraft emissions. Especially the effect
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of aircraft on tropospheric NO, and ozone are considered here.

Similar model caleulations have been performed with the same chemical transport
model a5 part of the AEROQONOX (1995} project. The vesnlts obtained with this model
compared well with the cesults obtained by other models involved in the ARRONOX
project. Other enaission data have been used in the AERONOX praject, but the results
are gualitatively sirailar to the ones that are reported here. Unlike the ARRONOX
project the simulations in this report include runs for future emission scenarios as well
as o stedy of the sensitivity of the results to uncertainties in lightning sources.

Adr tyaffic will increase in the near future. Although the resulting increase tn air-
eraft emissions is expected to be less due to technical buprovements of the engines, the
relative raportance of aireralt emissions relative to other sources will inerease. There-
fore, not only present day emission levels are used as input for the model caleulations,
but also predicted future emission levels are considered. The calvulated effects of air-
craft, now and in the future, can indicate whether action must be undertaken in order
to reduce ajrcralt emissions. Although the duration of the effect of alveraft emissions
in the atmosphere is relatively short, such actions must be taken well in advance. The
reasan hereof is that it takes a rather long time before changes in e.g. aireraft engines
are made and before new aircraft can be equipped with them. Therefore, emission
acenarios for 1800, 2003 and 2015 are used in the present study.

Diespite all the efforts that have been made to construct reliable emission data
sets, large uncertainties vemadn in them. In order to estimate the effect of these un-
vertainties model caleulations can be performed using different annual global enission

oo

amounts for the sources. These caleulations also give the sensitivity of the effect of
aireraft to other sources. In this report the sensitivity to NO, emissions by lightning
is investigated, since Hs magnitude is still very uncertain. They may range from about
1 up to 100 times the NO, emissions by aviation for the 1990 scenario. The aircraft
graissions mainly occur at northern mid-latitudes whereas the lightning sources of NO,
are strongest over the continents near the tropics in the summer hemisphere.
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Chapter 2

Model description

adapted from the global tracer transport model TM2Z (ef. Helmann, 1995). CTME
calonlates the borizontal and vertical transport of tracer mass on the basis of 12 hourly
putput from the European Centre for Medivm-range Weather Forecasts (ECMWE)
model {(cf. Velders ef of, 1994}, The analysed meteorclogical fields of wind, surface
pressure, geopotential height, temperature and humidity with a hovizontal resolution
of 2.5% s 257 are used for this purpose. These meteoralogival data contribute to a

The three-dimensional chemical transport model of the KNMI (CTME) has been

rather realistic desoription of the actual meteorological situation since vhservations are
inchuded in the ECMWF analyses. The meteorological data are preprocessed for use
in CTMIEL This involves the evaluation of parameterizations of subgrid scale processes
and the integration/interpolation of data to the model grid of CTME,

2.1  Muodel resolution

For the present study CTMEK was ran with a horizontal resolution of 19 in longituds
and about 87 in latitude, The longitudes (A} and latitudes {7} of the centers of the
grid boxes are located at
A= —180° 4 if:§f§\{'}“f‘;i -1} ,
im
and

A im

120 gm owith gmo= 234 the number of boxes in the meridional direction. Here,
longitudes West of Greenwich and latitudes in the southern hermisphere are denoted by
negative values of A and 4, respectively. The boundaries of the grid boxes are situaied

halfway betwesn two neighbouring centers. There is only one grid box centered on

have a meridional extent of 90%/ym, Le. hall the meridional extent of the grid boxes
at other latitudes. The horizontal grid s llustrated in Fig. 2.1

Vertically, the model has 15 o-levels. The centers and boundaries of this vertical
grid arve given in Table 2.1, The lower boundary of this coordinate system coincides

3
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Table 2.1 Centers and boundaries of the vertical grid of CTME i orunits. The

corresponding pressure levels {In BPa) and altitodes {in k) pertadning o the US

Standard Atmosphere (NASA, 1978} are also given,

a-cocrdinate [IrEssNTe altitwde
tevel  bhoundary  center boundary  center  boundary  center

{.000000 2.0 36.00
15 0.007861 12
(3.015322 2004 26.48
14 L025536 L7 23.8(}
0035751 41.4 21.93
13 3.045865 514 201,49
(.058180 G1.43 19.32
12 0.0168048 74.5 1&.11
D.O81716 87.4 17.09
11 §.142145 108.0 1574
1122574 138.6 14.63
1 {.1481 14 1543 1348
{3.173647 180.1 12,48
9 {1.199183 2058 11.63
(3.2247148 2318 1HLes
0.250255 257.3 1320
0.275792 2831 4.57
7 1.314006 321.7 871
{.352400 S6iL3 7.93
6 5.403473 411.8 5.949
{1.454545 463.3 6,14
5 (.505618 314.8 5.37
0.556691 566.3 4.65
(0.643514 6538 3.55
3,730337 741.4 256
3 .798774 ®iih4 1.85
{86721 7504 118
{1.8908069 YRS L840
(.948027 9618 {44
(.874464 G873 {3.2%
1000000 1013.2 .00

£
b

2862

o

o

g
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with the surface whereas s upper boundary i situated at 5 hPa. The pressure py of
the k-th o-level can be obtained from
e = Oplpe -~ b b (2.3}

e and gy i the pressure at the upper boundary of the

whers p, B the surface presst
The surface pressure depends on the location and varies in time. The main

el
part of the
2% elearly shows that the annually averaged surface pressure is closely velated o the

spatial variation s due to differences in the elevadion of the surface. Fipure
R

elevation. The high surface pressure values occur over the oveans, whereas the low
values are located over elevated areas such as the Himalavas and the Antarctic,

2.2 Transport

The advection of tracers in CTMEK {5 ealculated with the slopes scheme of Russell &
Lerner {19811, The amount of tracers in each grid box is specified by its mass and
the slopes of the tracer mass in the zonal, meridional and vertical direction. The mass
Huxes through sach boundary of the grid box are computed from the BEOMWE analyses
in the preprocessing stage and stored for use in CTME. The amount of tracer mass

transported in o time step from one cell to another can then be caleulated. This can
be used 1o caleulate the now tracer mass in a grid box and s slopes. If the gradients
in the spatial distribution of tracer mass arve strong, the slope might be such that a

vatue of the tracer mass oceurs st the boundary of a grid box. This may

negative
lead to advection of negative tracer mass and even to negative values for the total
tracer mass in a grid bax Since this is not realistic and can lead to problems in the
chemiairy module, the slopes are limited such that no negative tracer masses ocour al
the boundarivs of the grid boxes, The advection time step used for the computations
an the 8 % 10° horizental grid of CTMEK is 2 hours, One such model time step is a
combination of 4 advection time steps in the Bast-Wast, 2 in North-South, and 1 in
the verticsl divection. Afterwards vertical adjustment is applied in order to conserve
mass.

In adidition to vertical advection, subgrid scale vertical transport ocenrs, This sub-
seale transport iz obtained rom parameterizations for cumulus and shallow convection
and vertieal diffusion. The vertical transport sssocisted with these processes is also

determined from BECMWE analyses data in the preprocessing stage.

The subscale convection Huxes are evaluated sccording to the scheme of Tiedtke

(19891, This scheme uses the water vapour convergence in combination with the

evaporation from the surface in order to detect the presence of a cloud. In case a

clond is present a convection matyix 5 constructed which gives the fraction of tracer

mass from one grid box that ends up in another due to the convection process. Here

the altitude at which surface alr condensates when lifted adisbatically gives the cloud

base height and the altitade at which the cloud parcel is no fonger buoyant defines its
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top. The alr mass Hux remaining at the top of the cloud is detrained in the two lavers
above the clond top to simulate overshooting,

The vertical diffusion is caleulated based on the stability of air using the formu-
o fwd

lation of Louis (1979). This acheme, which utilizes & stability function involving the
Richardson number, vields the largest diffusion coefficients in the boundary layer.

2.3  Chemistry

CTMK contains a chemistry module from the MOGUNTIA model (of, Crutsen &
Zimnmermann, 1991). This scheme evaluates the thne evolution of 13 trace gases ac-
cording to the so-called quasi steady state assumption. This means that the chemical
production and loss terras, denoted by P2 and L respectively, are assumed 10 be con-
stant during the chemical time step 44, The time evolution of the concentration of a
trace gas (' is then given by

e L (2.4}

The changes in the concentration of a trace gas due o advection and convection are
not included 1o the above relation. These processes are considered in other modules
of CTME, The solution of the differential equation given above is

Crpas = (Cg -~ ;ﬁ} exp{—LAL} + ? {‘Z%}
which is a relatively computer time demanding expression to evaluate. For frace gases
with a relatively short Hfetime (L0 << 1} this expression can be approximated by
the so-called steady state solution {le. dC/dt = 0}

;&{fb

Criae = i (2.6

Ui the other hand, an expansion of the exponential factor in Tayior series vields
Cippe = Op + (P — LOAL, (2.7}

which can be used for trace gases with a relatively long lifetirne. This last solution
is called explicit because the concentration on the right hand side of the differential
eguation iz evaluated at thme £ Sometimes, this technique leads to stability problems
resuiting in the oveurrence of negative concentrations. The implicit technique, which
uses the concentration at ¢ + AL, gives for trace gases with a relatively long lifetime

FaatalN
v
R

Morvanen

which s always stable. One of the above mentioned solutions for the differential
squation describing the time evolution of a trace gasses is used for sach trave gas,
depending on its lfetime. The gases with relatively long lifetimes, Le. Oy, NO,, Ho Oy,

P
i
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CHyg, CO, HNQg and CHOOH, are transported in COTME, where after thely change
due to chemisiry is computed. The cancentrations of the trace gases with relatively
shart Hietimes, Le. HOHO, NO, HO, CH3Ou, O and O, are ealeulated in the
chemistry module by the assumption of steady state.
Duving daytime the chemical module contains 7 photodissociation reactions and
18 thermal reactions {of. Table 2.2}, Photedissociation is a chemical reaction in which
a molecule absorbs a guantum of radiation ke and dissociates. This can be written
schematically as
Ab by e Bl (2.9
with A, B and C concentrations of trace gases. The reaction rate of this photodisso-

ciation reaction is given by

d5 .
e A4 {2,148
it : '}

with § the photolysis rate of the reaction. In the chemical module dayiime averaged
photolysis vates for Oy, N, Ha Oy, HNOy, CHyOCH and HCHO are used, which have
heon computed off-line with the model deseribed in Brithl & Crutzen {1989). Thermal
reactions can schematically be written as

4+ F {2.11}
and procesd at the rate
d’{'
= hEAB (2.12
at (2.12)

with & the rate coeflicient of the reaction. Expressions for the rate coefficients are
taken from De More ef ol {1992} and Atkinson ef ol {1882} and are listed in Table
2.2, These reaction rates are caleulated by using the pressure, temperature and relative
humidity fields from the ECMWE analyses. During nighttime the chemistry module
evaluates an off-line parameterized heterogeneous veaction. This parameterization,
which is based on the work of Dentener & Crutzen {1893}, canverts NGy and Oy into
HNG,.

Additional sinks of trace gases are dry deposition of (4, NOs, HoOs, HNOg,
CHAOOH and NO, and wet depostiion of HaQy, HNOg and CHO0H, Constant de-
position veloeities are used for euch of the tracers involved with distinctions between
Iard and sea surfaces {c¢f. Hein, 1984}, The precipitation data used for the parame-
terization of the wet deposition comas fram the BECMWE forecast for 1987, whereas
its vertical distribusion is given by climatological dats from Newell ef ol (1074},

The chemistry scheme uses preseribed surface concentrations for CHy and CO
sceording to Fung ¢ of {1991} and DHanov-Klokov & Yurganov {1981}, respectively.
In the stratosphere, destruction of CHy by chlorine aioms is taken into account by
using destruction rates caleulated with a 2-dimensional stratosphere model (Brithl &

Crutzen, 19833, The ozone Hux from the stvatosphere into the troposphere is preseribed

£

avcording to Holson {1990},

X
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Table 2.2 The chermical reactions considered in UTME during daytime and expres-

sions for their reaction rates. Hers v, T poand HoO donote the density, temperabure,

pressure aml water vapour conventration of §

hes abe inoa gl

3 b,

eole

rraction

rates

S8

Rk Sond St

Pooeed wed o ~
A WA A G T Tew S
DT e fon

[ N |

gt

Ohgob hae - QU D40

HoOathy - 2001

N+ O by~ NGOy

HNChy - Rge 0 N4+ (OH

HOHOw Ay~ Hap OO

HOHO+ 204 By~ 2HOHCO
CH,O0H 4O+ by —» HOHOGHO+OH

{.3’{‘3 334 Qg p W s Q3 kBRI

2.2 x 1t
4.8 % 107 exp{250/T)
Fexp i" =160/}
340/ T)

O 4,0 — 20H
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HoOy+-OH =5 HOz+H,0 2.9 x m
U;“%“(}N -y ﬁi)g"?“i.);} 1.6 »

HOp-+HOq 5 Haldy-+(y

Og+HO, ~» OH+20, 1.1

HNOg+OH+05 — NOg+ Oy 4+ 1,0

NO+HOg — NO+0OH

CHL+OM$0,+M — CH,Op+LO4M 20 1071

(Qigﬁ\?»ifg(\’g —y {Ez;(}{%z*OQ 3.8 % 1
A x A8 x 107
X A8 s

CHyOOH4OH -~ CHOp+H,0 .
CHLO0HEOH - HOHOOH4-HO 0.7

w 107
kRBa+kR& /(1
NOa+OH+AM — HNOg+M kRY

3.7 x 1
2.0 x 107 ¥ exp{~

“oxpl
{éa}%,{m»%- %q;:;,@z. KRG

®exp{ 500/ T3
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1400/T)
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140

exp( "8{'35'} 7T

& m{p{‘? W/ T

FEowp{200/T)
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2.4  Main chemical reactions mechanisms

In this section the maln chemical reaction mechanisms will be deseribed. This descrip-
tion explaing the oxidation of CHy via HCHO and CO into COy by OH, the influence
of N, on the various paths that can be followed in this oxidation chain, and the
resulting effest for Oy The chemical scheme continuously converts UH, and NO,
via several intermedisry prm‘i‘t‘az"{tﬂ which containg &l kinds of fesdback reactions, into
GOy and HNO4, vespectively, Emissions of CHy and NG, therefore end up as CO;y,
which is not cherpically sf-’z,s'zitw(-z and HNOy, which is rmm)w& from the atmosphere by
deposition. These chemical mechanisms influence the concentration of Oy and that of
other trace gases. The Oy production and destruction by chemieal reactions in the
troposphere is more than the stratospheric input of Oy in the troposphere. A more
detatled description, involving all the reactions listed in Table 2.2 and more, can be
found in ez Dentener {1993}, Crutzen (1995) and AERONOX (1995). Here, only a
briel overview will he given,

OH plays an important role in the oxidation of most trace gases. The primary
sonrce of OH is photodissociation of Oy (11} followed by reaction with water vapour

(K2}, e

{}3 -+ 11){} 4 hie - B(}ﬁ “+ (:32 {2}\?&‘}

The oxidaiion of UHy by OH gives CHsOy (RI12). In NG-rich air this CHyOy oxidizes
to HOHO (R18). In NO-poor regions it le ads to CH,OO0H {(R15), which oxidizes
further to HOHO (R17, J7). HOy and CHyOy are produets of the oxidation of CHy,

which form NO, when being combined with NO (R10, RI8). Photolysis of NU, leads
to Oy production in the troposphers and returns the NO again {J3). The net reaction

in the N, catalyzed oxidation of CHy is, e.g. (R124R184+-R10+42J3)
CHy + 40y + by - HOHO + HyO + 20, {2.14)

Note that HOy and NO can also lead to the destruction of Og (R7, R11). The HCHO
which is produced in the oxidation of methane is eventually transformed into OO {J6,
7, R14). The net oxidation of HCHO to CO is, e.g. (JE6+2R10+213)

HCHO + 405 - CO + 20H + 20;. (2.15)

Osidation of CO into COy ocours via {R13). The net change due to oxidation of CO
ig either {RIZ-+RI0413)
CO + 204 ~» OOy + Oy (2.16)

or {(R1A+RY

(v-"n

CO 4+ Oy = COg + Qs

_. é\.,ﬁ

2.17)

Hence, the oddation of CO may lead to czone production as well as destruction. In
the presenve of sufficient NO, reaction {R10) will dominate reaction (R7), so that the

10
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sxidation of CO leads to ozone production. Tn general, net chamical production of Uy

gecurs i the NO,-rich and destrustion in the NOg-poor regions of the troposphere.
The ratio between NO amd NOb s maindy determined by the reaction of NO with

Ny, (R11) and photolysis of NOy that converts 1t into NO again

A3}, These reactions ave so fast that a steady state is reached where

{3y that produces
{

¢ B, (2.18)

with ky; the rate coeflicient of (R11) amd j3 the photolysis vate of (J3). NOg can he
converted to HNGy {(R9), which is efficiently removed by dry and wet deposition.
The above mechanisms are driven by photolysis and ocour during day fime. At
night the main sources of O{'D), OH and NO are absent, so that these concentra-
tions rapidly diminish. The only reaction that is considered in CTMI is then the

}'}Zii’ilii?'?,i}g;f»"} pzed %lf:?té’ii‘*‘;’)g{(ﬁiié’é@HS reartion

INCy + Oy + HoO — ZHNOy + O, {2.19}

11
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Chapter 8: Fandssion sets

Chapter 3

Emission sets

The emission data used for this study include emissions hy aiveraft, surface sources

and leghtuing., Fmnission sets for aircraft and surfuce sources have been prepared in
accordance with the so-called Furopean Renaissance scenario for the years 1980, 20003
and 2015, The results have been provided to us by Olivier (1995). The lightning
sources have been taken from the AERONOX {1995) project. In Table 3.1 the total
annual emissions for all components contained in each of the emissions sets are listed.

The NO, emissions are given in units of NOqg.
3 & 2

Tabile 3.1 Total annual emissions for the 1990, 2013 and 2015 scenario in Ty

type component

SDUICe

1980

2003

2015

3-1) sources N,

atrcraft
Hightning
atrerall

1.79
16.4
0.67

4.49
16.4
1.82

surface sources  NO,

CO

anthropogenic
biomass burning
s0ils
anthropogenic
bingenic
biomass burning
DCLANS

rics

ruminants
anthropogenic
biomass burning
OCHEANS

soils

DD e
B B B

116
16

fodnd
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Figure 3.1 The geographical distribution of the vertically integrated (top) and
latitude-altitude distribution of the zonal mean {(bottom) NO, emissions from alr-
craft for the 1990 scenario. [solines for the annual mean emissions are drawn at (L1,
0.2, 0.5, 1 and 2 107% (NO9) m™% 7% for the gengraphical and 0.01, 0.02, 0.08,
0.1, 0.2 and 0.5 x 107y (NO2) m™? 577 for the zonal mean distribution,
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Chapter 30 Emission sels

Below, a brief description of the emission sets will be given. This will be restricted
to the NO, emissions since the effect of CO and UHy on ozone is much smaller than
that of N1, The emission data were provided to us on various grids. They have been
{’,{"333’s‘i"’.i"?‘(;.‘zé ) t%'axz prid of CTMEK by filling each cell with the overlapping fractions of

3.1 Alrcraft emissions

The aircraft emissions of NO, and CO have heen dertved from the Warven Spring
Laboratory (WSL) database (Mclnnes & Walker, 1992). Regions/links and aiveraft
types/ranges extracted from this database have been nsed to estimate the spatial
distribution of future emissions. The resulis are split in three regions with different
seasenal time profiles. The transatlantic flights between northern America and western
Furope and the flights within western Burope have a seasonal variation, whereas the
cernaining flights have constant emissions. The seasonal variation is the same for the
aireralt emission scenarios for 1990, 2003 and 2015, The total annual emissions of NQ,
and OO are listed in Table 3.1,

The annual mean of the geographical distribution of the vertically integrated, and
the latitude-altitude distribution of the zonal mean emissions of NO, by aircraft for
1090, 003 and 2015 are presented in Figs. 3.1, 3.2 and 3.3, respectively. The rmain
emissions ocenr over the US, Burope and Japan. The North Atlantic Flight Corridor
(NAFCY, and the routes from Europe to eastern Asia and {rom there to the 1S are

clearly visible, The emissions over western Burope and in the NAFC are approximately
60 and 45 %% larger for July czamg’mrmi to January. The geographical distributions are
different for the 2008 and 2015 scenarios. The maximal emissions over the U5, western
Burope and Japan increase about 2;13, 50 and 140 %, respectively, from 1990 to 2003
and about 80, 120 and 380 %, respectively, from 1990 to 2015, The zonal mean
distributions show that the main emissions areas are near the surface and near cruise
altitudes at northern mid-latitudes. The seasonal variation for the zonal mean aireraft
pmissions is small. This is a result of the relatively large fraction (about 75 % for 1990)
of the aircralt NO, emissions that takes place ontside the transatlantic route between
northern America and western Burope and outside western Europe, and where no
seasonal variation has been impossd. The zonal mean emissions near cruise altitudes

at novthern mid-datitudes increase by about 60 9% from 1990 to 20003 and by about 160
Yo from 1981 to 2015

The total amm{x? ernission of NO, from abreralt used in this report is 1.79 Tg NO,
for the 1990 scenario. Other alreraft emission databases are (1) W5L "sk Tnnes &
Walker, 1992} with 191 Tg for the reference year 1989; {ii) NASA {(Wuebbles el al,
1G03) with 1.92 Tz for 1080, and () ANCAT (1995) with 2.78 Tg for 1991/1992.

the numbers reported above have been :z{’-éii@d to a 100 % fuel match, The large
differsnce hetwsen the ANCAT database and the other databases is mainly the result

—
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Figure 3.4 The geographical distribution of the anthropogenic NO, emissions for
January {top) and July {(bottom) 1990, Isclines are drawn ab 1, 2, 8, 10, 20, 50, 100
and only for July also at 200 x 107% (NQOy) ™ 5~

of a larger value for the emission index of NO,, which indicates the amount of NG,
produced per kg of fuel. Geographical and zonal mean plots of the NO, emissions
from the other three aircraft emission databases mentioned above are given in the

AFRONOX {1995) report.

3.2  Surface emissions

The surface smissions have been derived from the databases of Muller {1892}, but
with updates and extensions {cf. Glivier, 1995). These emissions will be part of the
Fmission Databass for Global Atmospheric Research (EDGAR). The emissions include

various sources for NO,, CO and CHy. A full st is given in Table 3.1.
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Figure 3.5 As Fig. 3.4, but for biomass burning and with isclines at 1, 2, 5, 10 and
20 % 107 % (NOg) 1% &L,

The geographical distributions of the NG, surface sources due to anthropogenic
sources, blomass burning and soils are given in Figs. 3.4, 3.5 and 3.8, respuctively. The
targest NO, emissions come from anthropogenic sources in the industrialized arcas of
northern America, Furope and eastern Asin. The global anthropogenic NQ, emissions

are abont 15 % larger in Jannary than for July, The geographical distni
January and July are, however, similar, The distribution of the endiszions from biomass
burning for January and July clearly differ. In January these emissions oconr mainly in
the tropical regions north of the equator. In July the maximal emissions are located

in the fropical vegions south of the equator, but there ave also emissions over the

continenis at narthern mid-latitudes. The global NO, emissions from biomass burning

are about 40 % larger in July than in January. The global NO, emizsions from soils ars

s 0

ahout 65 % larger in July than in January. Again NO, emissions over the continents

19
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Figure 3.6 As Fig. 3.4, but for soils and with isolines at 1, 2, 5, 10 and 20 x W%

at northern mid-latitudes ocour in July and not in January and the maxima of the
sraissions near the tropies arve located novth of the equator in January and south of
the equator in July, The total annual surface emissions of NO,, for the 1990 scenario
{ef. Table 3.1} fall within the range given by IFCC {1992}

The NO, surface smissions for 2008 and 2015 have the same distribution and sea-
sonal dependence as for 189, hut the global emissions of the three surface sources have
been scaled up to obtain the values indicated in Table 3.1, Thus, the NO, emissions
from soils do not change, whereas the emissions from biomass burning increase by 7
and 17 % from 1990 to 2003 and 2015, respectively, and the anthropogenic sonrees

increase by 31 and 60 % over the same period.
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Pigure 3.7 The geographical distribution of the vertically ntegrated NO, produc-
tion by lightning for Q?mmzwy (b and July {(bottowm). Isclines are drawn at 0.1,
0.2, 0.5, 1, 2, 8, 10 and 20 = 107% (NO3) ymmd sl

3.3 Lightning emissions

The lghtning sources of NO, have been derived from the convective activity in the
general cireulation model BCHAM as part of the AERONOX (1995} project. The
fiash rates during convection events have been obtained by using the parameterization
of Price & Rind (1990}, The NO, emissions from cloud-to-cloud and cloud-to-ground
Em};mmm have been computed by using the methad described in Kowalezyk & Bauer
(1952}, This methods vields different results over oceans and continents and gives a
fatit azéﬁzmi dependence. Vertically, the emissions have heen distributed homogeneously
hetween the surface and the cloud top height. The total annual NG, production from
Hghtning has been scaled to 16,4 Tg NOy. This value has been proposed by Kowalcayk
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Figure 8.8 The latibude-altitude distribution of the zonal mean NO; production

by lightning for January (left} and July {right}. Isolines are drawn at 0.01, 0.02,
0.05, 0.1, 0.2 x 107 Pg (NOg) m™% 5~

& Bauer {1982) and les within the broad range of estimates which can be found in
the literature.

Figure 3.7 shows the geographical distribution of the lightning sources, while its
latitude-altitude distribusion is given in Fig. 3.8, The mailn production areas are
forated over the landmasses of the tropics in the summer hemisphere. The NO,
production by Hghtning is small over the oceans due to the low updraft velocities.
The vertical extent of the sources is hizhest in the tropics {up to about 100 hPa) and
decreases toward the poles. Tn January, the NO, emissions from lightning are mainly
between 10°N and 4°S, whereas for July they are between 10°5 and 60°N. The global
ermissions for July are about 10 % higher than for January. This is a result of the

larger land cover in the northern hemisphere.



Chapter 4 Background concentrations

Chapter 4

Background concentrations

CTME has been run by using all the emissions given in Chapter 3 for a period of
2 years. The first vear was used to initialize the model. The monthdy mean resulis
for N, and Oy from the second vear arve discussed below. Zonal mean cross sections
{latitude versus altitude) and geographical distributions at 200 hPa (longitude versus
latitude} of NO, and Oy are considered for January and July. The zonal mean plots
give an impression of the global distribution of the trace gases. These plots can
also directly be compared with resulis obtained with 2-ID models. The geographical
distribution at 200 hPa is of particular interest because it is in the range of cruise
altitudes of aircralt, where & large fraction of thelr emissions occurs. Both January
and July are considered because the photechemistey in these months gives different
results. Since the chemistry module contains only tropospheric chemistey, the results
abave 1T hPa are not considered,

In the following Sections 4.1, 4.2 and 4.3 the NO, and Oy concentrations obiained
with the emission scenavios for 1990, 2003 and 2015, respectively, are presented. In
all thres scenarios the meteorological data of 1990 have been used. In Section 4.4 the

results are discussed. :

4.1 1990 scenario

The zonal mean volume mixing ratios of NG, and Oy for January and July ave pre-

sented in Fig. 4.1 for the 130 cmizsion seenario.

The disiribution of NGO, veflacts the presence of NU, sources. The anthroepogenie
N, emissions deminate in the northern hemisphere, The NO, concentrations in the
lower troposphere are lower in summer due to the shorter Hfetime of NO,, which is
a result of the higher solar insolation. The emissions from blomass barning and soils
in the extra~tropics ocour in the northern hernisphere in Januarvy, but in the southern
hemisphere in July, Hence, the NO, concentrations in the extra-tropics are higher
during winter. This is further promoted by the lower GH conventrations during winter
{of. Kasibhatla ¢f ol , 1891}, Abhove the major surface souree vegions, the NO, volume

YT this report the background concentrations have besn ohiained by using all emission data, fe

inchding the atreralt emissions
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mixing vatio fivst decreases with altitude, reaches a minimum, and increases again
with altitude in the upper troposphere and lower stratosphere. In areas remote from
industriaslized regions, such as the southern polay region, the NO, volume mibang ratio
generally increases with altitude. In the upper troposphere near 200 hPa, the NQ,

ban

concentrations for July are larger {smaller) in the northern {southern) hermisphere t
the corresponding concentrations for January, since the lghtning souwrves are largest
during sumuner. There 15 no clear evidence of the NO, lightning sources in the lower
troposphere near the tropics. This is probahly the result of the short lifetime of NO,
due 1o the high photochemical activity and the effective wet deposition in the tropics.

Some general features of the ozone distribution, such as the higher values in the
northern than in the southern hemisphere, the excursion of low values near the squs-
owards the poles at high

tor fowards high altitudes, the generally increasing values |
altitudes, and the characteristic dip near 30° north, are also obiained with other model
compuiations {cf. eg. Crutzen & Zinmmermann, 1991} and can be seen in observations
as well {cf. sz Crutzen, 1995). The zonal mean ozone distribution for January and
July generally show the same features, but the czone values in the lower troposphere
of the southern hemisphere 1s lower in January comparved to July due to the lower
NG, values. The ozone volume mixing ratio increases with altitude from the surface
0 the lower stratosphers. The characteristic sine curve of the 100 ppbv isoline re-
st from the ozone fux from the stratosphere into the tropoesphere at mid-latisndes
and the upward transport of low ozone values in the tropics due to convection. The
stratosphsre-troposphers flux is higher in the northern than in the southern hemi-
sphers, and higher in winter than in summer,

The geographical distributions of NO, and Oj for January and July at 200 hPa are
shown in Fig. 4.2 In January, the NO, emissions from Hghtning dominate at 200 hPa
over the continents south of the sguator. There are local minima over the eguatorial

:

N1, emissions from aircraft are visible east of the US and western Europe. Tn July,

s

<

the aircraft and lightning sources are closer together and the effect of abreraft cannot
easily be separated. The NO, volume mixing ratio generally increases from the poles
to the sguator. The maximal values arve reached south {north) of the equator in
Junnary {July). Tn the northern polar region the NO, concentrations are higher in
July, whereas they are higher in January in the southern polar region.

The isocontours at 200 EPa for Oy are more zonally symmetric due to the larger
Hifetime of O compared to NO,. The low ozone values over the equatorial regions of
the Pacific and the Indian ocean coincide with the local minima for NO,. At 200 hi's
the ozone volume mixing ratio generally increases towards the poles, and the values

for July are smaller than for January.
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Figure 4.1 Zonal and monthly mean volume mixing ratios of NGOy {top} and Oy
(bottor} in ppby and ppiy, respectively, for January {left) and July {right}. The

200 prby for Oy,

dashed horizonial Bnes indicate pressure levels ab 10D hPa intervals. Isolines are
drawn st 2, 5, 10, 20, B0, 100 and 200 ppiy for NO, and 1D, 20, 30, 40, 50, 100 and
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4,2 2003 scenario

The volume mixing ratios of NO,p and O3 obiained with the emission scenario for 2003
are deseribed here. The relative increase in these species comparaed to the 1980 scenario
is given in Figs. 4.3 and 4.4 for the zonal mean and 200 hPa resulis, respectively.

The largest incrsase in the zonal reean volume mixing ratio of NO, comes from the
increasing aircralt emissions. The zonal mean NO, near cruise altitudes at northern
mid-latitudes increases maximally more than 40 % from 1990 to 2003 in January and
more than 25 % in July. The difference between Janpary and July i 8 result of
the longer lifetime of NO, in January and the lower NO, background for 1990 near
gruise altitudes at northern middatitudes in January, NO, also increases in the lower
troposphere at northern mid-atitudes due so the 30 % increase of the anthropogenic
sources. This increase in zonal mean NO, is more than 20 % in January and 10 %
in July, although the backgronnd concentrations for 1990 are also higher in January.
In January, the NQO, increases in the entive troposphere poleward of 30°N more than
M %. NO, in the lower troposphere at southern mid-latitudes increases about 5 %
in Junuary and 10 % in July, since the increasing emissions from biomass burning
oecur in the southern hemisphere in July, While the maxdmal increases due to abreraft
and anthropogenic emissions ocour close to the location of the sources, the maximal
increase in the southern hemisphere ocours south of the biomass burning sources.
There is only a small increase of NO,, in the equatorial region since the NG, lightning
source, which dominate there, is identical to the one used in the 1890 scenario.

The zonal mean Oy increasss maximally 5 % in January and 7 % in July from 1990
to 2003, These maxima do not ocour near cruise altitudes at northern mid-latitudes,
but near the surface, where the background Gy for 1990 is lower. The location of
the maxima are south and north of the surface maxima for NO, in January and
July, respectively. The ozone in the lower and middle troposphere of the southern
hemisphere poleward of 30°8 increases typieally 3 %.

In January, the NO, distribution at 200 hPa increases morve than 20 % poleward of
309N with maxima of up to B0 % north-east of the main alveralt emission areas over
the US, Europe and Japan. In the southern hemisphere the increase is zﬁygﬁaamiiy 3%
with local minima in the region containing the main lighining sources. In July, the
increase in the northern hemisphere is smaller (up 10 30 % in the ’f\}’%?( > and south of
Jupan), but it is larger in the southern hemisphere {more than about 6 %), This is
a vesult of the larger (smaller) NO, background for 1990 in the northern {souther 1)
polar region in July compared to January.

The (1, distribution at 200 hPa in Junuary increases typically 2 % at northern mid-
Iatitudes and 1 % in the southern hemisphere. The maximal increase of 3 % ocours
aver the equatorial region of the west Pacific. Due to the large Hletime of Oy the
produced increase of Oy can be transporied to this Oy poor area. This s not the case
for NO, since its lifetime is shorter, In July, the increase is typically 5 % at northern
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mid-latitudes and 1-3 9% in the southern hemisphere. The higher contribution in July
than for Janvary 18 in agresment with the lower Oy concentrations in July compared

1o January.

4.2 2015 scenario

Finally, the reladive ingrease of NOy and O for the 2015 scenario is presented in
Figs. 4.5 and 4.6, These results generally show the same features as the resulis for
the 2003 scenario. OF course, the inerease in NO, and Oy concentrations for the 2015
scenario is larger than for the 2003 scenariv.

The changes in zonal mean NO, for January and July amount 1o, respectively, up
tor 100 % and more than 50 % near cruise altitudes at northern mid-latitudes, and
more than 50 % and about 20 % in the lower troposphere at northern mid-latitudes
and maximally 10 % and about 20 % in the southern hemisphere. The zonal mean O
in the northern hemisphers increases by 5-10 % in Januvary and by 10 % in July. A
minimnal ozone increase of 2 % ocours at about 20°8 in Janvary and is about 4 % over

the equator in July. Tn the southern hemisphere the changes arve 5-7 %

In January the NO, distribution at 200 hPa increases more than 50 % poleward of
S0°N with o maximunm of almost 130 % north-past of Japan and 7-8 % in the southern
hemisphere, Tnereases of less than 5 % occur over the continents in the tropics south
of the equator. For July, the changes are smaller in the northern hemisphere, with
maxima of 70 % over the NAFC and 60 % south of Japan. The increase in the
southern hemisphers s 10-20 % in July. The ozone change at 200 hPa in the northern
hemisphere is 4-5 % in January and about 10 % for July. The maxima of 6-7 % ocour
over the equatorial region of the Pacific in January while the maxima of 12 % ocour
over Greenland and the western part of the squatorial Pacific in July, In the southern
hermisphere the increase is 3 % for January and ranges between 2 % in the polar vegion
and 10 % near the equator for July,

4.4  DHscussion

The NO, and Oy fields obtained with CTME for the 1950 scenario seem realistic. The
results are shmilar to those obtained with CTMK, but by using other emission data {(cf.
Wanhen ¢f ol , 1994 ABRONCOX, 1995), They also compare well with the NO, and
{3y fields obtained by other 2-1% and 3-D models {of. AERONUOX, 1985) as well as with
observations {ef. e Crutzen, 1995 and Ehhalt & Drummond, 1888}, Tn accordance
with searcely available observations, the volume nixing ratios of NO, exceed 500
ppiv over the main smission areas at northern mid-latitudes and are in the order of
100 ppty near cruise altibudes. Compared to other models and with observations the
{1y concentrations in UTME seem to smalll Some preliminary caleulations indicate
ihat prescribing the Oy concentrations at 50 hPa according to climatological data {of.

[
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Figure 4.5 As Fig 4.3, bt for the 2010 scenario. Isolines are deaws at 2, 5, 14,
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Chapter 4 Background concentrations

Table 4.1 Relative increase {in %) of the N, and Oy concentrations for the 2003
and 2015 scenarios compared 1o the 1880 scenario. Typical values are reported for
Both the southern (SHY and northern hemisphere {NH) as well as for cruise altisndes

at northern mid-latiindes (TR

2003 nH NH CR

January  July  January  July  January  July

NO, 4 10 20 10 40 75
Oy 2 3 4 6 9

215 SH NH CR

January  July  January  July  January  July

NQ, 8 24 Sl 20 100 Gl
Qy B 6 & 10 4 16

Fortuin & Langemats, 1995) gives & larger cross tropepause fux of vzone than the
preseribed Oy flux {¢f. Sect. 2.3} which has been used in CTMK for the caleulations
that have been used for this report. Prescribing the Oy concentrations alse given
better agreement when comparing ozone profiles with observed profiles, especially in
the upper troposphers.

In Table 4.1 typical values are given for the relative increase of NOJ and Oy con-
centrations for the 2003 and 2015 scenarios compared o the 1890 scenario for three
vegions, The concentrations of the species increase from 1990 to 2003 and further from
2003 to 2015, This increase is largest in the northern hemisphere and especially near
cruise altitudes at northern mid-datitudes for NO,o A region of Tow NG, increase dus
to the constant NO, emissions from Hghtuing can be found in the tropics.
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Chapter 5 Effects of avistion

Chapter 5

Effects of aviation

Computations similar to the ones reported in Chapter 4, but without taking the aireraft
erpissions into account have been performed, Differences between the results obtained
with and without airceaft emissions show the sifect of airerafl on the atmospheric
composition. The absolute and relative contribution of alreralt emissions to the zonal
mean and geographical distribution of tropospheric NO, and Oy is presented in this
Section. The geographical distribution at 200 hPa is considered because it is in the
range of cruise altitudes used by aviation. Again monthly mean fields of NO, and Oy
for January and July are shown in the following sections for the 1880, 2003 and 2015

seenario.

5.1 1980 scenario

The differences between the zonal and monthly mean NG, obtained with and without
aireraft emissions are shown in Fig 5.1 for Janvary and July, The absoluis contribution
of airoralt to the zonal mean NQO, is typically 20 pptv near 200 hPs at northern mid-
latitudes, with maxima of 37 and 30 ppiv in January and July, respectively. The
contribution of airceaft NGO, extends to lower aliitudes at northern mid-Iatitudes and
to a lesser degree at southern mid-latitudes. In the lower and middle woposphere
the contribution is generally less than 1 pptv, exeept at northern mid-latitudes. The
relative contribution of aireraft to zonal mean NO, near 200 hPa at northern mid-
latitudes reaches values of about 50 and 30 % for January and July, respectively,
with secondary maxima of about 2 and 6 % at southern mid-latitudes. The higher
relative contribution at northern mid-latitudes in January 15 a result of the lower NO,
background concentrations in January compared 1o July, At 200 hPa in southern nid-
latitudes the reverse is true, Le. the background concentrations are higher in January
than in July, The relative contribution in the lower and middle froeposphore is less
than 1 7% except between 10 and 30°N where the relative contribution is about 2 %
Thess maxima are located at the southern edge of the high NO, regions near the major

spurces in novthern mid-latibudes,
The differences between the monthly mean N, at 200 1Pa obtained with and
without aireraft emissions is presented in Fig, 5.2, The absolute contribution of aireraft
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Absolute January Absohde July

~
S
b,
e

Figure 5.1 Differsnces betwesn zonal and mordhly mesn wohime mixing ratios
for MO, obtained with and withoud aireralt sqnissions for the 1990 scenario. The
contribution of sircrafi is given in absolute values {top: in ppiv} and in relative
values {bottows in perreat) for Jasuary (left] and July {sight). Isolines are drawn
w601, 02, 005, 1, 2, 5, 10 and 20 pptv (top) and 1, 2, &, 10, 20 and 50 % {bottom).
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Wanben of aly Changey o tropospheric NO, and Oy due to subsonic sircraft emissions
2 3

to the NO, at 200 ?k?’; for January and 'f rzEv i i':vpi{*;ﬁﬁy 20 ppiv at m'n*?é;sf‘fz‘rz z‘xzi{i»
western Furope. In January this cmz’gr‘;i;ss,;z:;m‘; is e‘zbfmi: 1 to ‘2 ppty in th@ SO1 z'.hm'ﬁ
}'}f"i’{iiﬁpi’kf"‘-f%‘ but in July the contribution in the southern hemisphere s shghtly higher

ver the equatorial vegion {up 1t 5 pptv) and lower over the polar region {less than {15
pg‘m" Thiz is a result of the realistic transport in CTMEK. Many other muodels do not
show clear differsnces between mid-datitudes and polar regions (AERONOX, 1885)
In Junuary the relative contribution of airovaft to the NO, at 200 bPa is more than
50 % over large areas ab northern mid-latitudes with maxima of 65 % in the NAFC
and 60 % novth-east of Japan, In the southern hemdsphers the f{;ntrihmifm of aircraft
smigsions and 2 ¥ elsewhere, In July,

is 1 % over the main regions of NO, lighining
the contribution is typically 20 % at northern mid-latitudes wit}z 3 maximum of 45 %
in the NAFC. In the southern hemisphere the contribution generally decvesses from
equator to pole and ranges between 3 and 6 %.

The differences between the monthly nean Og fields obtained with and without
sircraft enussions are given in Figs. 5.3 and 5.4 for zonal mean and 200 hPa resulis,
respectively. The abrorvaft emissions contribute maximally 3 and 5 ppbv fo the zonal
mean {3y near cruise altitudes at northern mid-latitudes for January and July, respec-
tively. Below 200 hPa the contribution of aircraft to Oy decreases with decreasing
altitude and is less than 0.5 ppbv near the surface in the northern hemisphere. In the
sonthern hemisphere the contribution is about 0.5 pphy at 200 hPa and decreases to
about (.05 ppbv in January and less than 0.2 ppby in July. The relative contribuiion
of atreraft to the zonal mean O Is maximally 3 % in January and 6 % in July. While
the maximum for January iz located at 350 hPa near 30°N (below and south of the
region with the maximum aireraft emissions), the maximum for July s at 200 h o over
the pole {north of the alreraft emissions). In the northern hemisphere the contribution
iz 1 to 2 % near the surface and in the southern hemisphere it is less than 1 % for all
altitudes.

The absolute contribution of the aircraft emissions to Oz at 200 hPa is almost
zonally symmetric, except for the low contributions of less than 0.2 ppbv in January
and 0.5 ppby in July near the scurce regions of NQ,, due to lightning. The contribution
generally decraases from the polar vegion in the northern hemisphere fo that of the
sauthern hemisphere. It varies from about 3 to 0.3 pphv in January and about 9 1o 0.5
nphy in July, The relative contribution of alreraft to the ozone at 200 hPa in January
s about 2 % in a narrow zonal band south of the main emission regions between
120°W and 120°F, slightly more than 1 % elsewhere in the northern hemisphere and
just below 1 % in the southern hemisphere. In July, the relative contribution varies

from 8 % in the m»;?iz polar region o about 2 % near the equator and less than 1 %
3

southward of 30°5.
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Absolute January Absolute July

Figure 5.5 Differences between wonal and monthly mean wolume mixing ratios
for NQY, obtained with and without atrerafi eoissions for the 2003 srenarks. The
contribution of atroraft is given in absolute values (bopr in ppdv) and in relative

}ofor January {left) and July {right). Iscdines are drawn

values {bobiom: in percent

ab 3.1, 0.2, 0.5, 1, 2, 5, 1 20 and 50 ppiy {fop) and 1, 2, 5, 10, 20 and 50 %
{bottom}.
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Abzolute January

Absolute July

Helative January
S —
3 ff \s
i ?/ . e
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P %
} 3 {
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|
z ‘S‘ % /‘l; [ Y
Figaure 5.7 As Fig. 5.5, bat {

or ozone, isolinss
anid 10 pobw {bop) and 1, 2, 4,4, 5.6, Y and 8

{hottom).
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Clapter & Effects of aviation

5.2 2003 scenario

The absohuie and relative contribution of alreralt envissions to the zonal mean N,
and the NO, at 200 hPa are given in Figs, 5.5 and 3.8, vespectively, for the 3008
scenario. The contributions are simsilar to those of the 1990 scenario, but the absnlute
as well as the relative contribution of alreeaft are larger for the 2003 svenario. This
could be expected since the aireraft emissions are larger for the 2003 scerurio than
e between the 1990 and 2008 scenario is larger

the TOH) scenario, and this ncrease
for the aircralt emissions than for the other emissions {ef. Table 5.1}, The absolute
contribution of aircrafl to the zonal mean NGO, Is maximally 58 and 30 pptv near 200
hPa at northern mid-latitudes for January and July, respectively, while its relative
contribution Is maximally 61 and 36 7. The relative contribution ts atill less than
1 % in the lower and middle troposphere of the sounthern homisphere. The absolute
contribution of alreralt to the NQ, near 200 hPa {¢f. Fig. 5.6} is now more than 20
pptv poleward of 30°N, and more than 50 ppiv over the sastern US| the Atlantic and
Burope with maxiys of searly 100 ppdv. The maxinum relative contribution near 200
B is about 70 % in Janvary and 55 % in Julv, Both maximes occur i the NAFC, In
o of the NO, near 200 hPa comes from aireralt in January

7

£

the southern hemisphere 4
and 3-10 % in July,

The contribution of aircralt to Oy for the 2003 scenario shows also the same features
as the 1000 scenario, bul again the contribution for the M3 scenario is larger. The
aireraft now contribute maximally 4 ppbv in absolute numbers to the zonal mean
Oy in Janvary awd 10 pplv in July, while their velative contribution s 4 and 8 %,
respectively (ol Fig 571 Tn January maximally 4 ppby of the Oy near 200 hPa at
mri?wrrz zz‘ai{%éatii-’izém comes from aircralt emissions {ef Fig. 5.8}, The maximum

s about 12 ppby over the polar region in July, The contribution of atroraft in the
mz,zfé.h{:zm hemisphere and also near the major source vegions of lghining are higher
than for the 1990 scenario. The relative contribution to Oy near 200 hPs iz maximally
3 % in January and 8 % in July.

5.3 2015 scenario

For the 2015 scenario the contribution of airerall emissions Is even higher than for the
2003 scenarto. The contribution of aircrall to the zonal mean NOQ, s maximally 93
pptv in s nuary and about 60 pptv in July, and the maximal relative contribution is 70
% and 45 %, respectively (of. Fig 5. 83, The sivoralt emissions account for more than
100 pptv of the NO, at 200 hPa over eastern US, the NAFC and Europe (Fig. 5.10).
The relative contribution s maximally 78 % in Janvary and 62 % in July, Up to 5
ppby of the zonal mean Oy in January and more than 10 ppbv in July comes from
atvevalt {of %3@2, 5.11% Its relative contribution 8 5 % in January and mwove than 10
Yot July. A 200 hPa {Fig 502 maximally 8 ppby ozone resulis from airceaft in
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Wanben et al.: Changes in tropospheric NO, and Oy due fo subsonic sirorall enizsions

January and 17 ppby inJuly, The relative contribution 18 maximally 5% and 11 % in
January and July, respectively. The alreralt contribution o ozone at 200 hPa in the
southern hemisphers is now fypically 1 % in Jannary and slightly larger in July

5.4 Discussion

Table 5.1 gives an overview of both the absolute and relative contribution of alroraft
eraissions o the NO, and Oy for January and July, Reported are the contributions to
the total tracer amount up te 125 hFa, the maximal contribution to the zonal mean
tracer amouni, and the maximal loeal contribution. These results are given for the
1990, 2003 and 2015 scenario. The absolute contvibution of alreraft to NO, listed in
Table 5.1 18 glmast the same for January and July. Tts relative contribution is larger
in January due to the smaller background concentrations for NQ,. Both the absolute
and relative contribution of afreraft to Oy is larger in July, The relative contribution
of aivevaft to NO, locally reaches values of up to 80 % in ,}‘amzar}g whereas for O,
the refative contribution of aireraft is locally maximally 6 % in July. The relative
contribution of aircraft to the total {ropospheric tracer amount is 4 % for NO, and 2
% for Oy, This relagive contribution to NUy, s larger in January than in July. The
results for the contribution of alveraft emdssions for 1990 to NO, and Oy are similar
{0 the camresponding results obtained within the AERONOX {1985} praject.

The emission scenarios for 2003 and 2015 give an increasing contribution of airerafi
with local maxima of 75 % for NO, in January and 11 % for Oy in July for the 2015
erpission scenario. The relative contribution of aircraft to the total fropospheric tracer
amount for 2015 is 8 % for NO, and 4 % for Qg The absolute contribution of aireraft

to N, doubles from the 1890 to the 2015 emission scenario. The relative contribution

of z;zzr{‘mff m NG, dmzbﬁe& for the t;{mi tzv;n’;fs;ﬁwrzc fracer amonunt, but the increass
e nd in ;}Earmf “i 5, mzfi it s even Eff%s {{3;; ﬁw 3?‘323,X§¥'1"i€i§ i §. “airera .%‘é- é"sméz"zE‘}ﬁzm'zn
Both the absolute and relative contribution of aireraft to O almost doubles from the
1990 to the 2015 emission scenario for all three vegions considered in Table 5.1,
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Chapter 5: Effects of aviation

Table 5.1 Contributions of aircraft emissions to NGO, and Oy for Jamary and
July. Reported are absolute (in ppty for NO, and ppby for (3) and relative {in %)
cantributions to the fofal tracer amound up to 125 WP, the maximal contribution
b the zonal mean tracer amount, and the maximal local contribution for the 188G,

2003 and 2015 scenario.

1994

COMPOHLN t

total

January

woral

iocal

todal

July

zotal

forsl

absolute NO,
relative NO,
absoluie Og
relative (O

37
53
3

3

60
63
3
3

~

2
4
1
2

71
46
9
4]

2003 January July
component  total zonal local total zonal  local
absolute NO, 3 54 05 3 50 495
relative NO, 3 G2 71 5 37 56
ahsolute U 1 4 i 12 12

relative (g @ 4 3 8 9
2015 January July
component  total zonal  local total  zonal local
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Chapter 6 Sensitivity to lightning sources

Chapter 6

Sensitivity to lightning sources

Various runs have been performed with CTMEK by using different multiplication factors
for the emission data {cf. Table 6.1). The first run with the full surface, lightning
and aireraft sources has heen used to obiain the background concentrations given in
Chapter 4. A combination of the fivst run with all emissions and the second run without
the aireraft endssions gave the contribution of alreraft emissions to the background
concentrations {ef. Chapter 5). Additional runs have been performed to obtain the
sensitivity of the results to uncertainties in total annual emissions amounts.  The
chemical module that is used in CTMK (of. Section 2.3} is non-linear, i.e. the sum
of the concentrations obtained by using the surface, lightning and aircralt sources
idividually {runs 5, 6 and 7 in Table 6.1} is not equal to the concentrations obtained by
using all sources {run 1}, Also note that even without emissions (run 8}, photorhemical
reactions lead to non-zero NO, and Oy concentrations. The effect of aircralt may be
different when using e.g. the distribution of lightning sources given in Section 3.3, bus
scaled up or down to another global production.

Table 8.1 Multiplication factors for the emission data used in the various runs that

have been performed with CTME,

run  surface  lightning  alveraft

1 i i i
2 i i g
3 1 172 1
4 1 1/2 0
5 1 a 0
& 0 1 f
7 & ¢ 1
2 {} {3 4

The global production of NO, by lightning & assumed to be 164 Tg(NOy /vy
of. Sect. 3.8). However, estimates in the Hierature vary {rom about 3 to more than
. 3 4
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& s

3 ?s NOgt/yr. This unceriainty in the lightning sources of NO, is probably the

most important factor in studies of the effects of aireraft emissions. This 15 not only

%iw result of the large uncertainty in the lighining sources, but also because these

fightning sources lead to z‘;mis&%‘iun:@ high in the atmosphere. If’z order to investigate the
effect of the lightning sources on the atmospherie composition and on the contribution

of aireraft smissions, runs for the 1990 scenavio have also been performed with the

Hghining sources reduced by a factor of 2, Le. using runs 3 and 4. Comparison of the
results obiained with the full and the reduced lighining sonrces gives an indication of
<F 28 7

the sensitivity of the resulis {0 the lHghtning sources,

6.1 Background

Here the monthly mean distribution of NU, and O3 obtained by using all sources of
the 191 scenario are desoribad. In Fig. 60 the absolute and relative difference in
the zonal mean NO, between the runs using the full lightning source given in Sec. 3.3
and the same sonrve, but reduced by a factor of 2 are presented. The reduction of
the 3%{?3'11;;‘3%‘;%%? source leads to a decrsase of NO,. This reduction is maximally 72 ppiv
(35 %) in January and 55 pptv {26 %) in July for the zonal mean NO, at about 150
P in é% e equatorial region. The maxima are Jocated south and north of the equator
in January amd July, vespectively, since the major NO, lighining source regions are
then south and norvth of the equator. The reduction of NO, is largest high in the
troposphere because s WHetime is longest there. At 200 hPa on northern mid-latitudes
the reduction of NO, s less than 5 ppty (10 %) in January and 520 pptv (5-10 %) in
July. é %'w change of NO, 1 the fower and Z’z’;%(iz‘;ﬁf‘. troposphere in January is 2415 ppty
(10-25 %) between 30°5 and the equator and less than 1 pptv {1 %) elsewhere, In
33;3 I‘.}.z; {%mmzo is Tess than 1 pptv {1 %) in the southern hemdsphere and 1-50 ppty
20 Yy in the northern %},a;?;msse;‘fahefa The decrsase of NO, at 200 hPa is shown in
Fig. 6.2, The maxiraura changes of more than 100 pptv ccour above the major source
vegions of lightning. At sorthern mid-latitudes the reduction is typically less than B
pptv in Jamuary and 510 ppty in July, In relative numbers the change in Janvary
s from 10-30 % from the polar region to the equator in the southern

typically increases
hemisphere, is fess than 10 % at northern mid-latitudes and ts ;13'}::)%13‘ 1 % above the
northern polar region. In July %f«;‘;‘}is“a} values are ii’% é%mﬁ 10 % polewsrd of 6075,

20-30 % near the equator and 5-10 % poleward of 457
The reduction of the liphining source also leads to o decrsase of ozone, The decrease
of zonal mean Oy 38 glvan in Fig, 6.3, The ‘fr.z::i:»:;izm..i t“imsz ge of 7 ppby oocurs at 250 hPa

N oin July, Near 200 hPa ot northern mid-

near 3099 in January and is 5 ppbv near 16°
fatitudes the change is é;v;:'zzezai’iv 2 pphy in January and 4 ppby in July. The maximal
relative change is located near 350 hPa and is about 15 %, Near 200 bPa at northern
mid-latitudes the decrease s fiMi?, % in ,.}Tm'szzzz;‘v maz% 2-4 % in July. In the southern

hemisphere the change is fvpleally 4 %, b hPa the reduction of the lightuing
i & ¥E .
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Absolute July
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Chapter 6 Sensitivity to lightning sources

source leads to a decrease of maximally 10 ppbv over the major lightuing source regions
in January (cf. Fig. 6.4}, The ozone reduciion is 3-5 pphbyv at southern mid-latitudes
and about 2 ppbv al northern wad-latitudes, In Salv t}m ozone decreases & ppby
over the major source regions of lghtning and typically 3-4 ppbv at mid-latitudes, In
refative values the ozone is reduced by about 3 % over ihe southern polar region, 15
% near the equator and 1-2 % at northern mid-latitudes in January and 34 % in July.
These changes in (Y at northern mid-latitudes are of the same order as the effects of
alreraft {cfl Section 5.1}

6.2 Alrcraft

Next the effect of aiveralt emissions on NO, and Oy s given for the 1990 scenario with
the Hghtning NO, sources veduced by a factor of 2. The contribution of aircrali to
the zonal mean N(O, s given in Fig. 6.5, These mmﬂm are almost identical to those
obtained with the full lightning sources (cf. Fig. 5.1}, Due to the reduced lightning
sources the effect of aireraft is slightly larger here. The relative contribution of aircraft
erpissions to the zonal mean NO, are only slightly higher in the northern hemisphere
(maximally 53 % and 30 % in January and July, respectively, compared to 52 % and 28
% with the full lightning sources). In the southern hemisphere the aircraft contribution

maximally slightly move than 2 % in January and 7 % in July, whereas it was 2

ig
% and 6 % with the full lightning sources. The absolute and relative contribution

of aireralt to the NO, at 200 hPa presented in Fig. 6.6 is again slightly larger than
tefore, even over the major regions of the NO, lightning emissions.

The contribution of aircraft emissions to the zonal mean ozone with the reduced
lightning sources (Fig. 6.7} is also only slightly higher than for the corvesponding
contribution, but with the full lightning sources (Fig. 5.3}, The same is true for the
orone at 200 kPa which coraes from aireraft emissions {compare Figs. 6.8 with 5.4).
The area with small aircraft contributions over the major source regions of lightuing ave
smaller with the reduced lightning sources and the contribution of aircraft at northern
mid-latitudes ts slightly higher, Le. maximally 3 % in January and 7 % in July.

£.3  Discussion

Reduction of the lightning sources of NO, by a i’auor of 2 leads 1o a reduction of the
NOy, concentrations in the tropics of up to about 30 %. At northern mid-latitudes the
reduction of NO, is less than 1 % in January and 140 10 % in July. The resulting
reduction of Qg in the tropies is about 153 %. At northern mid-latitudes the reduction
i5 1 4o 2 % in January and 2 to0 5 % in July. The changes in NO, at northern
mid-latitudes due to the factor of two difference in the lightning source is less than
the change in NO, which vesults from aircraft emissions. However, the change in
Us el northern mid-latitudes due to the difference in the lightning source is typically
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of the same order of magnitude as that of the aireralt emissions. The effects of the
aiveralt emissions on tropospheric NO, and Oy ohtained {rom the runs with the reduced
lightning source are only slightly larger than those obtained from the runs with the
full lightning source. This berauss the lightning sources and aircralt emissions of NO,
are separated geographically.

The effect of aiveraft emissions on the NO, concentrations at northern mid-latitudes
seem larger than the corresponding effect of uncertainties in lightning NO, enissions.
Therefore ohservations of NO, concentrations at northern misd-latitudes should indi-
cate the presence of aiveraft emissions. The effect of aircralt smissions on Oy concen-
trations at northern mid-latitudes are of the same order of maguitude as the changes
which vesulted from the reduced lightning souvce of NO,. This uncertainty needs to
he reduced in onder to be able to ascribe s fraction of the observed Og undoubtfully
1o aireralt emissions. Measursments closely behind aircralt may, however, reveal ef-
focts due to aireraft that are not perceptible with the present resolution of CTMK. As
part of the POLINAT (1994} project such measurements are performed and analysed.
These measurements also give a first indication of the background NO, concentrations
inn the NAFC.

Alsa note that the sensitivity study presented here takes only two values for the
total annual emissions dus to lightning into account, which are both on the low side
of the uncertainty vange that is presently considered in the lterature.

In the AERONOX (1995} project a simplified linear chemical scheme has been used
i order 1o get the contribution of the individual sources to the NO, concentration
as well as the contribution of any linear combination of these scurces. This reduced
chemical scheme gave vesults for NO, that were comparable to those obtained with the
chemical module that has been used in this work. Therefore such a reduced chemical
scheme is useful for sensitivity studies. It has, however, the disadvantage that Oy fields
are prescribed. Hence, the effect of aircraft emissions on O3 can uot be investigated.
The affect of different geographical distributions for the sources has, just as for CTMIK,
to be studied with additional model runs. For policy purposes all these effects can
be taken into account by using an approach that uses model output to construct
empirical repro-functions that describe the effects that emissions at certain locations
have on the concentrations of all relevant species elsewhere under different situations

{Kouwenhoven, 1995}
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Chapter 7

Conclusions and outlook

The effect of sireraft emissions on the atmospheric composition has been studied with
the thres-dimensional chemical transport model CTME. CTME has already been used
i investigate the sffect of abveraft on the chemical composition of the atmosphere
{(Wauben ef of, 1994; AERONOX, 18985). The results obtained with CTMK in the
ABRONOX project comparad well with ihe results obtained by other models, Other
enission data have been used in the previous studies with CTME, but the results are
gqualitatively similar to the ones that are reported here.

CTME gives vesdistic values for the tropospheric concentrations of the tracers involved.
However, validation of the model with observations is needed. In the near future, the
3-13 oxone distribution obtained with CTMK will be compared with a compilation

of pzone observations made by Fortuin & Langematz (1995). Model caleulations of

the contribution of aireraft emissions o the background concentrations of trace gases
can alse be validated with measurements obtained during e.g. the POLINAT {1894)
prajent.
Unlike the previous studies with CTME, the simulations in this report include results
for future endssion scenarios a3 well as a study of the sensitivity of the results to
uncertainties in Hghining sources.

The main conclusions regarding the effects of present day aircraft emissions on the
atmospheric composition, their changes for future emission scenarios, and its sensitiv-
iy to hghining sources of NO, are:

e Nodel caleulations with CTMEK show that streraft emissions in 1990 account for
30 to 70 % of the NQ, near cruise altitudes at northern mid-latitudes, where
ther effect of aireraft emissions is most pronounced, while on a global scale the

contribution of aireraft to tropospheric NO, is about 2 to 4 %. The resulting
rontribution to Oy is globally 1 to 2% and in the North Atlantic Flight Corridor
about 3 to 6 %. These relative coutributions to the trace gases depend on the
background concentrations which vary strongly with season. Also note that local
effects are restricted by the reschition of the global model, which is 8% = 10 in
this work.



Wanhen ef al: Changes in tropospheric NO, awd Oy due to subsonic aircraft emissions

The scenaric runs for 1990, 2003 and 2015 show that the chemical composition of
the atmosphere will become more perturbed i the future, Table 4.1 gives some
typical values for the relative increase of NO, and Oy conventrations for the 2003
and 2015 scenarins compared to the 1990 scenario. The contribution of airoraft
will increase since thely emissions grow more rapidly than that of other sources.
Table 5.1 gives an overview of the contribution of alreraft emissions to the NO,
sl Uy concentrations for the 1990, 2003 and 2015 scenario. Model calculations
with (TME show that the contribution of aircralt emissions to tropospheric

nzone will approximately double from 1990 to 2015,

The lightning sources of NGO, mainly affect the chemival compaosition over the
tropics. Since the aireraft emissions veonr at other locations their effect is small
in the tropics and the effect of atreraft is not strongly influenced by the lightoing
sources. The contribution of aireraft emissions to NO, at northern mid-latitudes
iy significant and will probably be larger than the contribution from lightning
erissions of NG, For Oy concentrations at norshern mid-latitudes the contribu-
tions from aireraft and lightning emissions are of the same order of magnitude.

Many improvements/extensions could be made to the present study. Howsever, this

field of research is relatively new and basic input such as the emission data still have
large uncertainties. Also the chemical and physical processes in the atmosphere are
not completely understood. Things that could be improved are:

e (ther aireraft emissions such as 50,, HoO and soot should also be considered

in studies of the effect of aircraft emissions on the atmospheric composition and

on climate.

Inchgion of the diurnal variation of emissions. Diurnal variations in emissions
have an impact on global model results {AERONOX, 1983). Alr traffic in e.g.
the NAFC shows such a strong diurnal variation. Future emission data sets

should include these variations,

Use of lightning sources dervived from BECMWE analyses. The lightning sources
used in the global model should be consistent with the convection parameteri-
gation that has been obtained from meteorological data. This ensures that the
pmissions ocour in regions with high convective activity, and hence with large

vertical motions and clouds, which influence chemistry and photolysis rates.

Cr-line computations of photolysis rates. This produces the dinrnal cyele n
chernistry module and gives photelytic rates that are consistent with clouds,
wol and ozone columns thas are also used in the chemistey module. This

Ay
lsads to a feedback of photolysis on chemistry.
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s More detatled chemical modules should be used. The chemical module that has
been used for the present work includes basic tropospheric chemisiry. However,
trace gases such as NGy, Nols, PAN, HONU and HNOy also affect the distriby-
tion of NO,. In addition, other chemieal species that are emitted by airceaft such
a5 S0, need to be taken into account in the chemical module. Heterogensous
chemiztry on asrosols and in or on cloud droplets should eventually be inclinded

as well,

e Study of the direct and indirect effects of alreralt on radiative forcing. A first
investigation has been made by using literaiure estitaates for the changes in the
relevant atmospheric constituents due fo alreraft erissions (Fortuin ef o, 1995).
As a next step to the climate effects due to abreraft, which should eventually
be made with a general circulation model, the 3-dimensional fields containing
with CTME will be used as input for the radiative forcing caleulations. This
will not ondy be done for Oy, but also other constituents such as NO,, CH,,
water vapour and aerosols should be taken into account. The sensitivity of the
radiative foreing to the altitude of the fropopause needs also to be considered.

& Stratospheric chemistry 18 needed for a realistic assessment of the effects of air-
craft in the stratosphere, especially for super-sonic alreraft. In the stratosphere
N, emissions by aireraft lead to a destruction of ozone, The stratosphere-
troposphore exchange must be improved and validated to give the correct fluxes
at the top of the troposphere. In view of the large difference in the lifetime
of NG, in the troposphere and stratosphere the resulis are quite sensitive to
stratosphere-troposphere exchange.

o
<3
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