Aviation and Sustainability
Stratospheric effects on climate
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Our climatel
Why be interested In the stratosphere?

H,O CH, ©,

NWe go on holiday 1 n the

A The Problem A Issues
I Regional climate appears to I The thin air of the stratosphere is
be changing faster than sensitive to changes in compositic
predicted from trends in CO i Changes here directly modulate tt
I E.g. Why do we not get much sunds radiation

snow anymore? .
i Why is Greenland melting UV changes the chemistry

faster than Antarctica I Are we able to make our own

i We need to look elsewhere judgement?
for possible causes i Are we being told the whole truth?
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Introduction

What has made me suspicious
about aviation?

A Travisd measurements after 9/ 11
A We are getting warmer nights especially in winter
T More cloud cover and little snow

A The | PCC .6 eompoiientisshowh to be very small because
flight routes are close to the tropopause and reach at most into the
lowermost stratosphere

I This effluent is rapidly returned to the troposphere with little expected
accumul ationo

A However the stratosphere is naturally dry, stratified and therefore
sensitive to water accumulation

A Water vapour is the strongest greenhouse gas
A The aviation industry

i Doubles every 10 years with 2% of Cémissions already
i Plays down the impact of GHGs other than,CO

A Increasing stratospheric water vapour has been observed but is hardly
ever attributed to human activity
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FIGURE 2.6. (a) The normalized b
(T » 255K} as a function of In 4 (topjAvhere B is the blackbody function (see Eq. A-2) and 4 is the wavelength (see

Appendix A.1.1 for further disg#sion). (b) The fraction of radiation absorbed while passing from the ground to
l!u top of the atmosphere asAtunction of wavelength. (¢) The fraction of radiation absorbed from the tropopause
(typically at a ln ight oL A1 km) to the top of the atmosphere as a function of wavelength. The atmospheric
molecules contributipgthe important absorption features at each frequency are also |nd'.c.1tcd Atter Goody and
Yung (198Y)

‘kbody emission spectra, | YAB,, for the Sun (T = 6000K) and Farth

Downward radiation from the sun and upward radiation form the earth are in different bands of the electromagneti
spectrum and are in radiative (engfgy) equilibrium

Closure of the IR atmospheric window restricts the emission from the earth and the surface temperature increase:
0greenhouse effecto

Clouds have a bigger potential to close the atmospheric window than the GH{s.all®ady close to optical
6saturationdé. Less dense GHGs can have a biggep
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nThe at mosphere is t
and thins out with height until it eventually
merges with space. 160 km

150 km
5) The exosphere merges into space in the 140 km
extremely thin exosphere. This is the upper
limit of our atmosphere

N\

170 km

130 km
120 km

4) The thermosphere is a layer with auroras. 110 km

It is also where the space shuttle orbits T

3) Meteors or rock fragments burn up in the kit

mesosphere 80 km
o _ 70 km

2) Many jet aircrafts fly in the stratosphere &6k
because it is very stable. Also, the ozone
layer absorbs harmful rays from the Sun S0km
40km

1) The troposphere is the first layer above the
surface and contains 75% of the Earth's

atmosphere. Weather occurs in this layer.

Thermosphere

cloud can form at the
mesopause, 90km

This temperature rise
is caused by
absorption of UV
radiation by oxygen
creating ozone.

Mesosphere

Air warmed at the
surface expands
and cools until it
reaches a less
dense warmer
layer where

convection stops

500/1500

http://www.windows.ucar.edu/tour/link=/earth/Atmosphere/ozone_strato.html
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A The troposphere [1]

I contains
A approximately 75 percent of the atmosphere's mass and
A 99 percent of its water vapour and aerosols.

I Height
A approximately 17 km in the middle latitudes
A up to 20 km tropical regions,
A shallower near the poles, at 7 km in summer, and indistinct in winter.

A The tropopause [2] is
I the boundary between the troposphere and the stratosphere

I one of the points where air ceases to cool with height, and becomes almost compl:
dry.
I an inversion layer, with little mixing between the two layers.

[1] http://en.wikipedia.org/wiki/Troposphere 7
[2] http://en.wikipedia.org/wiki/Tropopause
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Atmospheric layers

Water Vapour

ARThe at mosphere's water vapour
wei ght of all the gases[ 1] 0.
nlf all the water vapour in t

condense and fall as rain, it would be only 2.5 cm deep.
I 5 cm near the equator
I less than 5mm at the poles.

I The average precipitation over the globe is about 1 m annually, so th
must be a rapid turnover of water in the air; the average water molec
spends about 9 days in the air before precipitating back to the surfac

Water vapour is distributed unevenly in the atmosphere, not only
horizontally but vertically as well.

I The figure shows the mean vertical distribution of temperature and tr
mixing ratio of water vapour in the atmosphere.

I The lower scale shows that water vapour decreases rapidly with heig
as the atmosphere gets colder.

i Nearly half the total water in the air is between sea level and about 1
km above sea level.

T  Less than %% of the water is above 5 km, and

Hupight ebove surface (kilomaeters)

i less than 1% is in the stratostg
T (DF25 m col umn dept h)
NnDespite the small amount of

troposphere (above about 5 km) and stratosphere, recent
research has shown that upper tropospheric water vapour is

contributes onl
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very i mportant to the cli mateo.

[1] http://www.agu.org/sci_soc/mockler.ntml Recommended

Witer Vapor Mixing Rato (grams perklbgmm}

[2] http://micpohling.wordpress.com/2007/03/30/math-how-much-co2-by-weight-in-the-atmosphere/

Atmospheric Pressure (millibars)



Atmospheric layers

Atmospheric Circulation

NAt mospher. c ci rcul ation | s;qtkghe
large-scale movement of air, and CELL

Wet
the means (with ocean & __..,__._,,,_;‘,'f_.‘,{,,,,._ Q
circulation) by which heat is FERREL

. CELL
distributed around the Earth. Dry

(Deserts)
Jet streams are found at the
polar and horse latitudes. /

HADLEY
CELL
The polar front is characterised S A SIS KOS S
by low pressure systems and TRADE WIN
often passes over the UK during

the summer nowadays.

GCMs take account of heat
transfer by the oceans and the §
atmosphere from tropics to

poles
http://en.wikipedia.org/wiki/File:AtmosphCirc2.png 9
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Atmospheric layers

Hydrologic Cycle

ARi vers carry water from | and to
oceans, from which we infer that
there must be more precipitation the —_——— rerrestrl }———~,

) . ARINE L~ -
evaporation over land. To achieve _\% ATMOSPHERE ATMOSPHERE [~ :

45 R
balance, there must then be more 11 e

evaporation than precipitation over Precipitation Nth\/—
oceans. The excess water vaporis _—— 107

transported from oceanic to
continental area

Evaporation
—
434

700e e Ve O T

/] icE & snow R
tropospheric water is in long term ‘3’ TR
dynamic equilibrium 1| SURRNCEWATER e
y | [unoerGRouNDWATER | a6
AThere are some i 15,300 i
of water vapor as a greenhousegas | . 7
that are not well understood, again

LAND OCEAN

necessary observations to test __
t heoreti cal mo d e l:] Reservoirs, volumes in 10" kg (10" km) Total Reservoir Volume = 1.46 x 10 km'

ey Fluxes, in 10”°kg yr' (10°km’ yr')

http://www.agu.org/sci_soc/mockler.nhtml. 10



Stratospheric water vapour

Characteristics of stratosphere
and troposphere

A The troposphere contains what we
mixing
I Dominated by the oceans
I Water spends on average 9 days in the troposphere and so washes out pol

A The stratosphere has very little water content and is sensitive to small
changes

I Water vapour reaches its convective limit at the tropopause

Requires energy to enter the stratosphere (kinetic/chemical)

The time water spends in the stratosphere can be months or years[1]

Any water in the stratosphere may be outside of the weather systems and h
additional impact on atmospheric window

I The stratosphere height drops to zero at the poles
I Letds examine some stratospheric e

http://www.areco.org/Global%20Warming%20Potential%200f%20Green%20House%20Gas%20Release%20at%20Different%20Altitudes. pdf 11



Stratospheric water vapour

Sources of stratospheric
water vapour

A Annual input

I Volcano [A] } 40 MT
I Tropical storm [A]

I Oxidation of methane [A] 40 MT
I Aviation (2004) 290 MT

A assuming an average of 10% of the total 320MT from fuel is
burnt during the climb [B]

A Assuming that most flights take place in northern latitudes (i.e.
above 20,000ft in the stratosphere)

[A] http://lwww.eci.ox.ac.uk/research/energy/downloads/methaneuk/chapter02.pdf

[B] http://www.boeing.com/commercial/aeromagazine/articles/qtr_4 08/article_05_1.html 5
1



Stratospheric water vapour

Impact of volcanoes on climate

A The most abundant gases typically
released into the atmosphere from
volcanic systems are [A]

I water vapour (ED),
I carbon dioxide (CH and
I sulphur dioxide (S9.
A ficli mate si mul at
Pinatubo eruption yielded
I ageneral cooling of the global
troposphere but
I winter warming over northern
hemisphere continents. [B]

A Discussion. Would the warming
have been more general if the
sulphur dioxide was absent?

[A] http://sandmc.pwv.gov.za/comp/Gases.htm
[B] http://earthobservatory.nasa.gov/Features/Volcano/

13



Increase of stratospheric water vap

Boulder, Colorado
20-22 km

Wiater Vapor Mixing Ratio (ppmwv)

a)

Trend = 0.04 + 0.01 ppmviyear

1980 1882 1984 1885 1983 1950 199¢ 1994 1858 1998 2000 2002 2004

A A1 pA at Bo

i However, the water vapour trends are not
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A Besides implications for climate change, increased water vapor can affect the rate of chemical 0z
loss, for example, by increasing the incidence of polar stratospheric clouds. Satellite measuremel
water vapour, although not of adequate length for accurate trend determination, suggest that the
may extend to other latitudes

i plays arole both in cooling the lower stratosphere and in depleting ozone through chemical interactions, tl
contributing to climate processes.

fully

NB This accumulation appears to be mainly at the altitude of civil aviation!! 14
[A] http://en.wikipedia.org/wiki/File:BAMS _climate_assess_boulder_water _vapor 2002.png



Stratospheric water vapour

Changing the Climate?

Airbus A340 Boeing B707

Schumann et al., 2000
www.eumetnet.eu/.../Sausen_Climate_impact_by aviation_070503.ppt
Airbus has a more efficient engine which emits exhaust at a cooler temperature.
The water condenses more readily than the I%E’oe
Both are emittingH,O0 but we do not know which provides



Stratospheric water vapour
Concerns about aviation as the dominant source

stratospheric water

A During 9/11 grounding David Travis measured 1% increase in diurnal temperature
variation because of absence of air traffic [A]

I He was waiting for an opportunity to test his theory

A iCoverage of persi st enctrys)nsapbeglebdli ng c o

I infra-red radiative forcing might be underestimated by an order of magnitude or more, but
uncertainties remain [B]o.

i Cirrus (ice) cloud has lower reflectivity to sunlight than tropospheric (water) clouds and to |
higher IR reflectivity and /or absorption than water cloud

A Hence a positive forcing of temperature
A iwater vapour breaks down to pknowhuce
collectively as HOx . The HOx radicals react catalytically with ozong @ :
I NB Ozone is a greenhouse gas contributi¥ty@to global warming [C,D,E]
I This is the greatest single loss process for ozone in the lower stratosph2gek{hCaltitude).
I NB. High altitude water vapour may originate from methane rather than aviation

A Globally the accumulation my be arourgh8pA but regionally much more
i I't would take 30 years at tQ@©dayds rate t

[A] http://ams.allenpress.com/perlserv/?request=get-document&doi=10.1175%2F1520-0442(2004)017%3C1123%3ARVIUDT%3E2.0.CO%3B2

[B] http://web.mit.edu/aeroastro/partner/reports/climatewrksp-rptsummary-0806. pdf

[C] http://www.es.lancs.ac.uk/casestud/casel3.htm (may be removed now ask DF for text)

[D] http://fen.wikipedia.org/wiki/Greenhouse_gas 16
[E] http://www.giss.nasa.gov/research/briefs/shindell_05/



Stratospheric water vapour

How Is water vapour removed
from the stratosphere?

A Precipitation as ice crystals EoLan QWet

into the troposphere /& gy
i With possible 0s

clouds below [1,2] RSB IRRE: (Deserts)
A and consequent drying of air in // / / / HADLEY

Other reg ionS SN ERTRORIC AL CONVERGENCEZONES

i Needs a 6seedd \\\c\hﬁ\ F

A Water can exist as a dropletité0°C

A Circulation cells \ WESTERLIES /
I Downwelling over the N s = 4]

[horse latitudes/Jet stream]
I Down-welling over the poles
I 3-5 months tropics to poles (BrewBobson) [3]

[ 1] AEssentials of Met etbeditoh, pup FRiompsdd, Brooaks/@oke p.t25 Ahr ens 5

[2] http://lwww.extremegb.com/articles/cloud formations.aspx

[3] http://lwww.easternuswx.com/bb/lofiversion/index.php/t137229.html 17
[4] http://en.wikipedia.org/wiki/File:AtmosphCirc2.png
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Impact of water vapour on climate
Removal of water vapour ... P 2 — |
from an atmospheric model

A When we discussed the hypothetical remov.
of CQ, (previous talk) in the red curve

I the temp decreased by 19C!

A The black line is my sketch of what might bei .
expected if water vapour is similarly

BEAK e
240K

Intensity H/CRE uawnunber)

removed . L . |
i The temp would again decrease by around TOGEn SR AN S MR S ae
10°C (area under curve) http://www.barrettbellamyclimate.com/pagel7.htm
A This may be the REAL situation in the o anlenutw

stratosphere [1] over desert or poles [2]
where the humidity is naturally low

A Discussion. < I L oL 3'““-«

_.: l'.'h.

I Could aviation emission be causing water B
vapour to be significantly increased in dry

regions and so warming the surface below?

ABSORPTION

|-_

3
ic)

11 km R
I'\_ .-r-‘rleL AJ‘LJ"’"..J"'L

[1] The humidity in the Sahara desert is normally in the range of only 4 to 5%
And is potentially sensitive to additional sources of water vapour

http://wiki.answers.com/Q/What_is_the_average_humidity_in_the_Sahara_desert

[ 2] AAt mosphere, ocean, and climate dynamics: af8 i
Elsevier Academic Press 2008, see p13 on Google books
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Impact of water vapour on climate

Measured IR
emissions over H,0 CO,
different regions

A The water vapour over
Sahara is 49C cooler than H,0 CO,
the surface

I High altitude
A The water vapour over t

Med is 2@C cooler than the
surface

A In the Antarctic the suer

IS colder than the CO

Water vapour may be absent
or close to the surface
temperature

Recommended read

CH,

Sahara

Mediter-
ranean

Antarctic

» http://www.warwickhughes.com/papers/barrett_ee05.pdf



