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REACT4C (EU aeronautics project)
Overall objective

REACT4C addresses inefficiencies which
exist in the aviation system with respect to fuel
consumption and emissions by investigating
the potential of alternative flight routing for
lessening the atmospheric impact of aviation.

Main objectives of REACT4C were

to explore the feasibility of adopting flight altitudes and flight routes that lead
to redycedfuel-eorrsTrmplioN ara e OTTS, ~arreeseen<the climate impact;

to estimate the overall global effect of such optimized flight routing
measures in terms of climate change.

Impact of CO,, NO,, sulphate and black carbon aerosols and contrail-
cirrus are considered.



> REACTA4C climate impact > Sigrun Matthes et al. «+ ECATS Conference > 8 Nov 2016

Conceptual approach
Climate cost functions

Aviation climate impact depends on geographical location, altitude and time of
aircraft. Non-CO, climate impact of aviation emissions depends on fate of
emissions and strongly varies with actual atmospheric chemistry and physics.

This requires an interface between flight planning tools
and climate impact information from atmospheric
chemistry-climate models.

Such an interface is established with a climate-cost function (CCF).

f=wemcele + Wpoclpoc
Climate cost function [Matthes et al., 2012]

TACS, Prien, 2012 - Climate optimized flight planning
Sigrun Matthes, DLR et al.

29.03.2017
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Aviation climate impact
Overview

Climate impact of aviation emissions
-7 emitted compound (direct & indirect effect)
7 CO,, black carbon (soot) - direct
NO, (O, CH,)
H,O (contrail cirrus)

N NN

soot (AlIC, aviation induced cloudiness)
Lee et al., 2010 (IPCC)

* Climate impact of non-CO, emissions depends

« time and position of aircraft

« actual weather conditions (processes,
transport pathways, temperature, humidity)

« background concentrations

Matthes, Jockel et al. 2011

TAC3, Prien, 20dibd &lisri¢ dpidhinattfighihpleasuifiight planning
Sigrun Matthes, DLR et al. Sigrun Matthes, DLR

29.03.2017



www.DLR.de « Chart 6 Mitigation of aviation climate impact, Dr. Sigrun Matthes, > ECATS Conference > 8 Nov 2016

Aviation induced cloudiness

Formation of line-shaped contrails, contrail-cirrus, change in size of ice
particles and change in natural cirrus
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Contrails spread in humid air masses,
they warm or cool
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Radiative forcing by Contrail Cirrus from ECHAM GCM

net RF
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contrails
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contrail
cirrus
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Burkhardt and Karcher
(Nature Clim. Change, 2011)



www.DLR.de < Chart9 Mitigation of aviation climate impact, Dr. Sigrun Matthes, > ECATS Conference > 8 Nov 2016

Climate impact of current air traffic (2005)
Main contributors:
Contrails
CO,
NO,

3.5-5.0% of warming
attributed to air traffic

IOk

.- J— 0.031 ACARE, 2008
The findings of the IPCC

point very clearly to the
] 0.074 need to do something but

there are areas of detail
lee et al.. 2010 where more understanding

updated with Burkhardt&Kércher, 2011 Is needed.



www.DLR.de - Chart 10 Mitigation of aviation climate impact, Dr. Sigrun Matthes, > ECATS Conference > 8 Nov 2016

CARIBIC - Civil Aircraft for the regular investigation
of the atmosphere based on an instrument container

Brenninkmeijer, Ziereis, Stratmann et al.
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S4D module in nudged simulation
Aircraft Measurements Intercomparison

* Module s4d allows to generate user defined data set
along flight trajectory

 Aircraft measurement of scheduled air traffic is
analysed (MOZAIC, CARIBIC)

— « QCTM study quantifies aviation contribution to
atmospheric concentrations on tracks

* Perturbation signal in NO, from aviation amounts to
up to 30% on aircraft flight trajectories and varies for
two weather pattern (strong zonal vs. confined jet)
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Mitigation of Aviation Impact

by
flying lower or higher

Nitrogen oxide emissions (direct / indirect)
water vapour emissions,
aerosols sulfate and black carbon,
contrail and contrail-cirrus
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REACT4C Mitigation studies
Flying lower and flying higher

- Mitigation option CO, ==
 Mitigation options cause changes

in total amount of emission and NO, —
their spatial distribution HO, wmp
« Assessment of mitigation potential N
by estimating changes in RF Soot -

» Methods are required which _
provide a robust measure and Contralls  mmp

metric

* Generation of scenarios flying
higher and flying lower

« Alternative emission scenario (FAST, provided by MMU)

« Set of of state-of-the art global atmosphere-climate models investigate
changing atmospheric impact and climate impact of alternative routing
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Modelling intercomparison : Weather pattern analysis

Variability aviation ozone Aviation ozone perturbation (July)

JEPEP S I S Y Y
b3 i BN R DD

* Five models participating

» Updated (mitigation) a/c emission
inventory, identical emission sets

- Harmonised parameterisations (e.g. Oslo (CTM2 & CTM3)
lightning NO,)) MOZART3
 Additional diagnostics (ozone ULAQ
production rates — diagtrac (ozone EMAC2 QCTM

production & destruction channels)
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Aviation climate impact - NOx
A =, ¢ =¢—"Holmes et al. (incl.
 Detailed study on atmospheric impact of PMO)
. . . . . . >~ -0 ¢—Olsen et al. - 03s/
nitrogen oxide emissions (NOy) and inventories CHa
- Short term ozone & long-term CH, & O, —i—o e REACTAC- O3s/ar
* Multi-model estimate for uncertainty analysis e ¢ REACTAC (incl. PMO)
* Five CTM models participating for evaluating
—1I0 0 1I0 2IO 3I0
Net Range Reference .
Wi Wi REACT4C Basecase
O,short—CH; _ 10.5 19.2/8.7 7.813.0 this study 2006 (Inventory)
CTMm2 121 211/-90 .
CTM3 130 99494 * Multi-model mean 6.1
EMAC2 7.8 18.5/-10.7 mW/m?2 (033, CH4, PMO)
ULAQ 10.2 17.4/-7 2
MOZART 9.3 16./-7 1  Holmes et al., 2011
14.0 24 8/-10.8 -1.9-240 Olsenetal, 2013 results Correspond We”
Long term O, -4.34 -54---3.6 this study e Olsen etal.. 2013
-6.6 -17.0--1.9 Holmes et al, 2011 "
present considerable
0;s+PM+CH, 6.1 24-83 this study h|gher 033
45 -1.8-12.0 Holmes et al, 2011
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Mitigation of aviation NO, impact

» Mitigation options
 Aviation aims to reduce its climate impact and investigates mitigation options
 Mitigation options cause changes in emission and their spatial distribution

« Assessment of mitigation options
» Methods are required which provide a robust measure and metric

« Case study on aviation NO, emissions

» Set of chemistry-transport-models (chemistry-climate) provides estimates

 In Olson et al., 2013 scenario is not robust with a “mitigation” from -48.5 to
8.9 mW/m?

« REACTA4C: Assessment of mitigation options are robust (Sovde et al., 2013)

Mitigation cases 0O, CH4 O,s5+CH,4
Flying higher 1.5(0.3-2.8) 0.1(0.1-0.2) 1.6 (0.5-2.8)
Flying lower -1.3-422-05) -02-42205) -15-23-06)
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Radiative forcing of
alternative routing
Nitrogen oxide emissions (direct / indirect)
water vapour emissions,
aerosols sulfate and black carbon,
contrail and contrail-cirrus

Result from Multi-model study involving nine atmospheric models [Figure L. Lim]
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Mitigation potential of alternative routing
Radiative Forcing

 Results from multi-model study show

* “flying higher” reduces CO, impact, but increases non-CO, climate impacts,
 “flying lower” increases CO, impact but reduces climate impact of non-CO,
impacts at the same time.

Flying higher Flying lower

Result from Multi-model study involving nine atmospheric models



www.DLR.de * Chart 19 > REACTA4C climate impact > Sigrun Matthes et al. «+ ECATS Conference > 8 Nov 2016

Summary & Conclusion

 Aviation climate impact of alternative routing

 Alternative emission scenarios used to calculate climate impacts of aviation
with set of state-of-the-art models

« Climate impact of CO2 and non-CO, impacts have opposite sign, resulting in
non-CO2 representing a trade-off on CO, benefits when flying higher.

« Emission scenario was constructed as generic mitigation strategy, which
means e.g. routing strategy was not adapted to synoptical situation

« Quantitative estimates of mitigation potential of alternative flight altitudes

were provided for nitrogen oxides, water vapour, soot and sulfate aerosol,
contrail and contrail cirrus was quantified

« Assessment of aviation climate impact:

» Results show need for comprehensive assessments of mitigation strategies to
evaluate individual effects, their uncertainty and trade-offs

« Which processes dominates overall climate impact?
« Which effects to be studied with mitigation options?
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Thank you
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Assessment of climate metrics

>

CO, (and other "Kyoto" gases) can easily be included in an emission
trading scheme.

Large uncertainty exists with respect to the climate impact of non-CO,
emissions from aviation.

In general, radiative forcing at a certain time is no good measure for the
expected climate change. Therefore, the RFI is not suitable for emission
trading.

Multiplying CO, emissions by any simple multiplication factor would weaken
incentives to reduce the total climate impact beyond a reduction of the fuel
consumption.

Eventually, it might become possible to include non-CO, effects by their
individual contributions to climate change.

Often emissions have further effects beyond climate change, e.g., impact on
air quality (trade-offs & interdependencies).
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Alternative metrics
Temperature perturbation of sustained emissions

Flying higher Flying lower

» Changing cruise altitude changes the radiative forcings and our results suggest
that in a sustained emission scenario, contrail cirrus have a larger impact on
temperature than does the change in CO, due to fuel changes. Also changes
originating from NOx are larger than the CO, changes.

» However, the total temperature change for sustained BASE emissions is about
0.07 K after 100 years of emissions, so the overall temperature reduction when
flying lower is less than 10%. Flying higher gives less than 5% increase in
temperature after 100 years compared to the base case.
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Variations of aviation impact on atmospheric
ozone in North Atlantic weather patterns (QCTM)

 Climate-optimal trajectories are taking advantage of spatial variation of
atmospheric response to aircraft emissions

« QCTM EMAC2 study to
investigate relationship
between atmospheric
response and weather pattern

Weather Pattern 1 Weather Pattern 4
Strong (EA pos) Confined (NAO neg)

« Weather pattern analysis
performed in EMAC

« Pattern probability is evaluated
vs. ERA (more or less
reproduced) (Irvine et al.)

Geopotential height [m]

« Perturbation signal O, and
NO, shown for two weather
pattern (strong zonal vs.
confined jet)

Aviation induced concentration change (O; & NO,)
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Inventories absolute amounts relative changes

Fuel CO, NO, soot Fuel C NO, soot
[TgC] 0
2
Base Case 178.3 563.4 2.33
Minus 2000 ft flying lower 180.7 571.0 2.33 +1.33 -0.02
Plus 2000 flying higher ft 176.8 2.35 -0.83 +0.80

Perturbations of the altitudes flown up by 2000ft and down by 2000ft show an increase
in fuel usage for the lower altitude flying (by about 1.3%) and a very small increase in
flying 2000ft above the determined flight altitudes in the base case inventory. The
perturbations from REACT4C and TradeOff are shown in Table 3.

Table 1: Comparison of Base Case and mitigation cases flying lower (minus 2000 ft) and
flying higher (plus 2000 ft) from REACT4C project, annual fuel consumption.

A small increase (1.3%) in fuel use is shown for the minus 2000ft case when compared
with the Base Case. Conversely a very small decrease (-0.8%) in fuel use is shown for
the plus 2000ft case. This pattern is to be expected as generally the fuel efficiency
increases with higher altitude although in reality there is a complex array of factors
including aircraft weight determining the optimum altitude.
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Climate cost functions

used as interface between atmospheric modelling
and flight planning
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Aviation climate impact — short lived ozone and
long-lived methane effect

« Contribution of aviation to total ozone induces a short-lived effect
» Associated change in OH induces a long-lived methane effect

Dhsbalpnimiatain  hoban

JENPIUIT T NI g G, O T T N

CoT oo Tha
Wb 0 rh o

Effect Net [mMW/m2] Change Change
,yhigher” ,lower*
03 short 16.4/22.4 35/53 129/17.1 0.5/2.9 -2.4/-0.6

CH4 -10.7 /-7.1 0.1/0.2 -0.4/-0.1



Workplan Structure

Green Aircraft

Meteorology

Modelling Chain

Mitigation
Estimates

TACS, Prien, 2012 - Climate optimized flight planning
Sigrun Matthes, DLR et al.

ARAM Konference, 7-10 Jan 2013



03 short

CH4
03 PMO
H20

www.DLR.de ¢ Folie 28 > Climate-optimal flight trajectories > Sigrun Matthes et al. + PA1 Seminar > 6 Nov 2013

LATTUDE

Z [level) : 0.5 to 90.5
TIME ¢ 01 —FEB—2C08-¥2 380 16701

ot A00*E

1 B0
LONGITURE

total czone (DU)

LONGITUDE © 55W to 5W (avaragad)
Z (level) : 05 ta 805
TEAR ; 2005

DOH—201 T 120401

DaTA SET: 18701 ZOOELD EGHAMS

?ON.|.'....

16.4-22.4
-10.7 /-7.1
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12.9-17.1
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Variations of impact of aviation emissions in North
Atlantic weather patterns (QCTM)

 Climate-optimal trajectories are taking advantage of spatial variation of
atmospheric response to aircraft emissions

« QCTM EMAC2 study to
investigate relationship
between atmospheric
response and weather pattern

Weather Pattern 1 Weather Pattern 4
Strong (EA pos) Confined (NAO neg)

« Weather pattern analysis
performed in EMAC

« Pattern probability is evaluated
vs. ERA (Irvine et al.)

« Perturbation signal O and
NO, shown for two weather
pattern (strong zonal vs.
confined jet)

Geopotential height [m]

Aviation induced concentration change (O; & NO,)



