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What we are talking about
The largest (present day) non-CO, effects
The science requirements for mitigation



What we are talking about: ‘radiative forcing’ — the metric of
climate change in watts per square metre (W m)
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Global Aviation Effective Radiative Forcing (ERF) Terms

ERF RF ERF | conf.
(1940 to 2018) mwWm? | (mwm? RF |levels
LI I R B | I N B B UL { 1T T 1
Contrail cirrus |
in high-humidity regions | 57.4 (17,98) |111.4 (33, 189) | 0.42 | Low
| |
Carbon dioxide (CO») : : .
emissions | | 34.3 (28,40) | 34.3 (81,38) | 1.0 | High
Nitrogen oxide (NO,) emissions I I
Short-term ozone increase : : 49.3 (32,76) | 36.0 (23,56) | 1.37 | Med.
Long-term ozone decrease I | -10.6 (-20,-7.4)| -9.0 (-17,-6.3) | 1.18 | Low
I I
Methane decrease I I -21.2 (-40,-15) | -17.9 (-34,-13) | 1.18 | Med.
I I
Stratospheric water vapor decrease I I -3.2 (-6.0,-2.2) | -2.7 (-5.0,-1.9) | 1.18 | Low
I I
1 1
Net for NO, emissions %{ : : 17.5 (0.6,29) | 8.2 (-4.8, 16) - Low
I I
L . I I
Water vapor emissions in | | 1
.0 (0.8, 3. .0 (0.8, 3. Med.
the stratosphere E‘l | | 200832 | 20(08,32) ] ©
Aerosol-radiation interactions | |
-from soot emissions I ! 0.94 (0.1,4.0) | 0.94 (0.1,4.0) | [1] | Low
: ll Best estimates
-from sulfur emissions : | 5 - 95% confidence -7.4 (19,-2.6) | -7.4 (-19,2.6) | [1] | Low
| |
Aerosol-cloud interactions : :
-from sulfur emissions | | No best No best - Very
-from soot emissions : : estimates estimates - low
I
Net aviation (Non-CO5 terms) : 66.6 (21, 111) | 114.8 (35, 194) | - —
|
Net aviation (All terms) 100.9 (55, 145) | 149.1 (70, 229) | - e
1 I T I |
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Global Aviation Effective Radiative Forcing (ERF) Terms
(1940 to 2018)

Contrails and contrail cirrus

co,

i
! Water vapour and aerosols

. . Best estimates
| 5 - 95% confidence

%4 i i 4 Nitrogen oxide emissions (NO,)

Effects on high and low clouds
(very poorly understood, no estimate)

i Total of non-CO,
Total, CO, + non-CO,
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Non-CO; uncertainties are large: CO2 uncertainties are small
Global aviation ERF in 2018
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Source: Lee et al. (2021) Atmospheric Environment




Clearing up misunderstandings

* Non-CO, is "more important” than CO,

* Non-CO, effects will grow with increased traffic, and in the future
 We can easily avoid contralils

« SAF will reduce contrails

 The above are just a ‘taster’ of the misunderstandings and myths...!



Clearing up
misunderstandings

“Non-CO, is “more important” than CO,”

Non-CO, effects currently represent
66% of the ERF (within uncertainties,
true but this may not always be the
case)

Annual CO, emissions of aviation

a Scenarios

Source: Klower et al. (2021), Environmental Research Letters

COVID recovery scenarios b No Pandemic
Back to Normal
+3%/year after 2024
w5 20001 ase Daily flights
g 0k
> T T L} T T
=~ 1500 - 2019 2020 2021 2022 2023
O
O
= i Zero Growth
= 1000 0%/year after 2024
500 4 _45% Long-Term Decline
- [)
—— historic CO, in 2020 2.5%/year after 2024
O """"" | I L T S | BN AR S LR A AL | L N L R Trrrrrrrorr Frrrrrrr.
1980 1990 2000 2010 2020 2030 2040 2050
- . . . Warming
Aviation's contribution to global warming Cin 2050
e Warming effects E. 0.10
Q = CO, + non-CO
< = 200 - 2 2 =
© o °
>0 G - 0.08 @ —
S50 non-CO, tj) (@]
S 150 5 —
i -0.06 £ O
= 5 100 5 E
Ea 0.04%5 &
[(»] _E _f_D g
2 £ Z
~ @ 907 0.02 <
O
O
0 0.00
1980 1990 2000 2010 2020 2030 2040 2050
year



* "Non-CO, effects will grow with increased traffic, and in the future”
» Let's look at the case of NO, emissions

A\
 There is no unique aviation net 5
NO_X E_RF per unit aviation Wafning Base: REAGTAC
emission @
o f :::;::: __________________ High air traffic growth
«  The background emissions matter ) @ --------------------------
IE o R T
. The future net NOX ERF could be Copl ng =z Low air traffic growth R,
negative if surface emissions Vg E 7
decline (according to SSP2.6) i S
(Skowron et al., 2021; Terrenoire S oA
p=d
et al-’ 2022) "0;5 | Background conditions:
.y e e 2006 IPCC AR5
. T_he additional negative term of 5 o 2050 RCP 8.5
nitrate aerosol may, or may not be --4--- 2050 RCP 4.5
important (Terrenoire et al., 2022; 1 20 Cooensimty
Barrett et al?) 20 e S
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Source: Skowron et al. (2021) Atmospheric Environment
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« “We can easily avoid contrails”

* Four critical questions:

Do we know the size of the
global forcing

« Can we predict where they
will occur™?

« Can we predict the forcing
on a flight by flight basis?

 How do we ‘trade’ and
reduced contrail forcing for
possible extra CO,?



RH,ax (ERA-5)
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Comparison of contrail formation conditions expressed as relative humidity in the
exhaust plume in the moment when the temperature reaches Tmax, for MOZAIC (x-axis)
and the corresponding ERA-5 data (y-axis).
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Comparison of relative humidity with respect to ice for MOZAIC (x-axis) and the

corresponding ERA-5 data (y-axis). Colours are as in Figure 1. Contrails are persistent
when RHi=1.

Source: Gierens et al., 2020, Aerospace
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*  Two types; GTP, GWP (GWP* is derivative)

*  Two (arbitrary) time horizons of 20, 100
years

* Allthe answers are correct (for fossil fuel)

. Uncertainties have not been included but
would reflect those in the ERF chart

*  Which would you choose?

GWPZO GWP100 GTPZQ GTP100
CO, 1 Contrail (GWPs, GTPs, GWP*)

Data source: Lee et al., 2021, Atmos. Environ.



Soot-poor

Soot-rich
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Do we know
what will
happen if SAF
is used?
(maybe not...)

Conditions well below
formation threshold
temperature
(T=0-12K)
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soot particle
activation
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Conditions near

formation threshold

Enhanced activation temperature (T = @)

of ultrafine agqueous
particles

Nucleated ice crystal number per kg fuel
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emissions
Variable ambient aerosol
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Source: Kircher, 2018, Nature Communications 18 10" g™ 1p'e 1o

Emitted soot particle number per kg fuel



The profound and pernicious nature of CO,

- Every additional tonne of fossil CO, emitted adds half a trillionth
degree of warming (even in a declining emission scenario)

 If emissions of non-CO, were to be constant, they would add no
further warming

« Mitigation is by no means a straightforward or easy issue
» (other than “fly less”)
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