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ABSTRACT

METHODOLOGY FOR CONTRAIL INVENTORY ANALYSIS
Denis Avila, Ph D.
George Mason University, 2019

Dissertation Director: Dr Lance Sherry

Condensation trails (aka farovhenhohdaxhassogasesdrore hi gh
jet engines mix with cold, humid air. These anthropogenic clouds result in a net warming effect

by blocking approximately 33% of outgoing longwave radiation emitted by the Earth, and

allowing 77% of the incoming shortwavedration from the Sun tbeabsorbed by the Earth and

itdéds atmosphere. Ev e n 1% bf total@iithropoagenit nadiative forcinge ner at
they have an immediate effect on global warming. In this way, managing contrails can yield

immediate glohl warming benefits today that can be usebuy-time for longterm CQ
mitigations to take effect. To support HAcontra
be inventoried. Previous models requiredprecessed atmospheric data, were gedgcafly

limited, and did not take into account Sun Zenith Angle, optical depth, contrail width or ice

crystal size. These models were not able to analyze diurnal, seasonal, or geographic effects for a

large airspace (e.g. CONUS), and could not be used aperational context for alternate flight

path evaluations.

This paper describes a commercially scalable method for inventory of contrails in a national

airspace system using publicly available weather and flight surveillance track data, and models of



contrail formation and net radiative forcinfhe method provides the means to generate Contrail
Inventories as well as perform rdahe alternative flighippath analysisnd overcomes the
limitations described abov&he method is demonstrated withase sidy for the U.S. National
Airspace System across 365 historic weather.dHys analysiyielded a daily average of 57.4K
nautical miles of contrails with an estimated daily net radiative forcing of +7.08 mW/m2. Less
than 25% of the flights generated caiils on a given day, and Summer months had three times
the warming effect of the Winter monthscreasing Cruise Flight Levels to avoid generating a
contrail by 2000up to a maximum of 400Q0'educed the average daily flights with contrails by
14.8%, reducing NRF by an average 81%, with an average decreasduel-burn 0f0.64%. The

implications of these results and the limitation of this method are discussed.



1. INTRODUCTION

Air travel is a common part of our lives, with the world now more ected than evehe

number of passengers continues to grole International Civil Aiation Organization (ICAQO)
estimategheairline industry today is formed by 1,400 commercial airlines ah8Mairports.

This industry served almost 3.5 billion passensgn 2015 through its 34 million departure$

million of thosedepartures took pladge theUS aloneAlong with the benefits of thiorecast

growth in thenumber of flightghere isthe need to manage a larger volume of engine exhaust
placal directlyin the TropospherdJndercertaincircumstancethe engine exhaust wienerate
condensation traijsh e s e fi c o n d e n Somd, thig anthropogenicl es tmaanadg
clouds whichtrap outgoing longwave radiation from the Earth resulting @ball warming
Contrails were first not ialtitade flights begah. §hey e s
of importance during WWII when bombers could be sighted from miles away identified by their
contrails.From that time and until recently lgtlattention has been paid to contrdils1953 H.
Appleman(1953)established the conditions of relative humidity and temperatwich jet
engineemissionswill form contrails In general, contrails forms a result of theot humid

exhaust from jetmgines mixng with the cold low pressure atmosphere. The water vapor
condenses and freezes on particles | eft by
In 1999 theintergovernmental Panel on Climate Chan§&C) estimated that contrails covere
0.1% of the Eart hos tsal3% paryear uatih201@pnnelpo8 PCCE d

Special Report) This paper provides a meansgenerate an inventory obntrails andestimate

whe

t

he

gr



the RF theynduce. The papewill adhere tohe IPC® definition of radiative forcing which

evaluates the anthropogenic forcing as the changes influenced by humans after the industrial era.
TheRadiative ForcingRRF) measurements refer to the period 17esent, unless otherwise

noted.

In 2005, thdPCCestimaedthe total Industriakra Anthropogenic Forcing (ERF) &6 W/m?

with a range of uncertainty from 0.6 to 2(BRenned- IPPCAR4) More recently théPPC report

in 2011 estimated the total ERF at &%, with a rangeof uncertainty from 1.1 to 3X8/m’

(Myhre, G IPPCARS). From thattotal Radiative Forcinghetotal RF attributed directly to CO

is 1.82 Wn?, while Contrails areestimatedat0.05 Wn.

The effect is created because lsids contrailspresent multiple interactions with climate,

reflecting sunlight during the day and reflecting heat back to darthg the nightTypically,

this will produce a net warming effect; however it is shown that clouds can reduce the magnitude
of RF due to Green House Gag€#1G) by about 25% (Forster at., 2005; Worden et al., 2011;
Zhang et al., 2011)

Contrails araircraft inducecirrus cloudsmade of ice particles. Their shape and duration will
depend on existing atmospheric conditions. Und
days.These high and thin clouds are highly transparent to shortwave radiation, presenting a small
albedo force, allowing most of the incoming energy to reach the surface. Although they do absorb
a portion of the outgoing longwave radiation, a fraction is lsack to the surface adding to the
shortwave energgPenner 1999) The overall effect is therefore to enhance atmospheric

greenhouse warming. (Haywood et al., 2009)



20% '
absorbed by )
atmosphere  154%

Shortwave LONGWAVE LONCWAVE

! 1%

Figure 1. Effect of contrails from incoming shortwave and out@ing longwave radiation

Previous research calculated tomtrail formationwith a specific scopd-or examplelLeeet.al
(2009 used closed form modbased on fueburn.Campbellet.al (2008), Kaiser (2012), Soler

& Hansen (2014), Yirt.al(2018) performed analysis for one rouB®ao & Hansman (2013)
included routes for 12 city paiendSridhar& Chen (2013) analyzed 278dlits however only
Soler & Hanse@ €014)model takes into accounbntrail persistencd hese analyses used pre
processedr simulatedatmospheric conditionanging fromone dayto a month The RF models
used were simplified estimates and did not take account Sun Zenith Angle, optical depth,
contrailwidth or ice crystal sizeDue to these limitations, previous models could not be used to

analyze diurnal, seasonal, or geographic effects for a large airspace (e.g. CONUS).

For this reasothe resultdo thesemodels cannot be applied to emtire airspacerhey do not
provide enough information to decidehe treatment is effective fdarge variety oflights or

which flights should be odified.


http://et.al/
http://et.al/
http://et.al/

This paper describes a commercially scalable metthpdocess redime, publicly available

track and weather data estimate the contrail induced R&t.the same time it provides a
methodologyto perform automated reporting on archived weather and track data across the whole
National Airspace for the Ctiguous United Stated (CONUS).

The method described in this paper uses efficient data structures and algorithms to process: (1)
basic National Oceanic & Atmospheric Administration (NOAA) Rapid Refresh (RAP)
atmospheric data for the whole Contiguous Ungéates (CONUS) airspaceer24 hours, 365

days, (2) processes the flight tracks for a full day of scheduled flight operations (e.g. 30,000), (3)
implements a contrail formation model (Paoli & Shariff, 2016; Naietzal, 2011), and (4)
implements a Net Radiative Forcing model that incluabegrail formation, persistenc8un

Zenith Angle, optical depth, contrail width or ice crystal size (Schureaah 1996, 2012, 2(&:
Burkhardt, 2011)The method, models and algorithms developed in this model allow analysis of
diurnal, seasonal, and geographic effects for a large airspace (e.g. CONUS). These effects turn

out to be important of contrail mitigation strategies.

1.1BACKGROUND

1.1.1SOLARRADIATION

Solar radiatioris out natural source of energy from the sun and is delivered to the Earth as
electromagnetic radiatioAccording to the World Meteorological Organizatioar planet
receives approximately 186V/m2 of insdation. While the majority ofour solar radiation is in

the form of short wave radiation we receiwide frequeniesrangng from Shortwaves, as short


http://et.al/
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100nmto longwavesas long admm (1,000,000hm). A portion of thelong-wave infrareds
absorbed by gasses and particles within the upper atmosBb#rgheatmosphere and clouds
behave differently to differentavelengthsAs the solar radiation travels through the atmosphere,
some of it is absorbed and scattered (25%) by air moleeudest, vaporparticles, aerosols and
clouds.Approximately 20% of theadiation s reflected back out into space (a lactmidcover

will reflect larger portions of the radiatian)he remaining radiatioarrives on the Earth's
surface. Once the radiation arrives at the surface, some of it is reflected back into T sky.
reflection depends on tlaetual surface fresh snow an reflect up to 95%jesert sands35

45%, grasslands15-25% and dense forest vegetatioh®%6.As the surface heats it radiates
back to the atmosphere at a higher wavelength.

Scatteing of the radiation drives the daylighting amdkes the sky look lght. If the radiation
were allowed to travel uninterrupted through the atmosphere, thekglayould look just as the
night-sky. The scattering is triggered by particles of approximaebymicrons in size. As
radiation with longer wavelengths simply @mes these particles, higher frequency (shorter
wavelength) radiation tends to be scattered more. This is what makes the sky appeas blue
lower frequency red and yellow light pass almost directly through whilst blue light is bounced

about all over thelace.

When the electromagnetic waves collide with the atmosphere and clouds they can be either
transmitted, reflected, absorbed, refracted, polarized, diffracted, or scattered depending on the
composition of the object and the wavelen@torter wavelegths react as if clouds were almost
invisible while longer wavelength®flect off the cloudsi-or the purpose of this analysis we

review selecpropertiesonly.


https://en.wikipedia.org/wiki/Nanometer
https://en.wikipedia.org/wiki/Millimeter

REFLECTION Reflectionoccurs wherincoming light hits an object and bounces &féflection
occurs when irradiated hitery smooth surfacesuch as mirrorsr sheets of metal'he
wavelengths ef | ect ed off ancoloj ect will gi ve i
ABSORPTIONAbsorption occurs when photons fraheincident light hit atoms and molecules
causng themto vibrate.As theobject's moleculeare hit, theynove and vibrategenerating heat
This heat is then emitted from the object as thermal energy.

DIFFRACTION Diffraction is mostcommonwhen a light wavéiits an objecsimilar in size tats
own wavelegth causing it tdoend and spread aroutite obstacle.

SCATTER Scattering occurs whegolar radiatiorhits objecs and bounces off iariety of
directions. Themount ofscattering thavill be driven by he wavelength of theadiationand the

size andstructure of the object.

Diffractior|1/ Scatter

g @ =
I\
Reflection

0
VN

. Absortion

44

Figure 2: Light properties

This last effect is the reasdmetsky appears blu&he shorter wavelengths, suchbase and

violet arescattered by nitrogen and oxygen as it passes through the hrmdpmnger



wavelengths of lighit red and yellow transmit through the atmosphegeattering ofradiation

of theshorter wavelengthsauses the sky iluminates withthelight from the blue and violet
end of the visible spectruivhile violet is scatter@ more than blueur sky appeardlue toour
eyesbecausave more sensitive to blue light.

The color of a clouas seen from thieelowpr ovi des i nsight asand o t he ¢
density Dense deep tropospheric cloymesena high reflectance (P06 to 95%) throughout the
visible spectrumWhen the water particles are densely packadlight cannot penetrate into the
cloud before it is reflected out, giving claitheir characteristic white color, especially when
viewed from the topWater drops in clods tend to scatter light efficientlyn this way the

amount ofsolar radiatiordeaeasess in penetrates the claulls a result, theloud basean vary
from a very light to very dark grey depending on the cloud's thicknesharmdnount of
radiationreflected absorbedbr transmitted back to the observer. Thin clopisside little
resistance to radiation and can appear wdritgppear tdakethe color of their background. High
tropospheric cloudssuch as contrailsappeamastly whiteas they are formeentirely by ice

crystals.

1.1.2CONTRAILS

Condensation trail&Contrailg, are long, thin artificial clouds that can be created under certain

conditions and left behind by aircraftSontrails form as hot humid exhaust from jet engines

mixes with a cold lowpressure atmosphere. The water vapor condenses and freezes on soot
particles | eft by t he -neandgei on eCordmiledere first soticedc r e at i n
i n the 192006 s -alitide flights degar.dtar in1933 Agpliergah publisheal chart

that can be used to determine when a jet airplane would or would not produce a contrail.


https://en.wikipedia.org/wiki/Visible_spectrum
https://en.wikipedia.org/wiki/Solar_radiation
https://en.wikipedia.org/wiki/Cloud_base

The regions of airspace that meet conditions for contrail formation are identified as Ice Super
Saturated Regions (ISSR). When the aircraft travels througB 8t the emissions inject water

and other emissions into the air. The residual soot encompasses all primaryccartagring

products from incomplete combustion processes in the engine. These particles acts as a means for
the water to crystalize formirige particles around them. As the exhaust water freezes around

these particles forming contrails.

1.1.3CONDITIONS REQUIRED BR CONTRAIL FORMATI®

Contrail formationoccurs at low temperatures, when there igarease in relative humidity

(RH) causd by the engine exhaust. Mixing the warm water vapor in a cool ambient causes an
increasen saturationThe water dropletsondensaten soot and volatile particlésft by the
exhaustandfreeze forming ice particles. The trail of ice particles left beby the engines
createa fAmam e 0 c i ISpecifisallyccontailsdorm in conditions where the ice
saturation exceeded 100% (RHj)pically these conditions are fourad altitudes above 8 km (
26,000 ft) and temperatures belet@°C.

Contrailformation is directlyrelated to th&kelativeHumidity. The Relative Humidity is typically
expressed as a percageandit representshe actual amount of water vapor in the air compared
to the total amount ofatervapor that can exist in the air at ésrrent temperatunithout
condensingWarm air can hold more water vapor than cold air, therefioegiual amount of

waterwill yield a higher relative humiditin colder air



The amount of water introduced by the aircraft can be appreciataddedbalanced equation

for combustion of kerosene:

Fa ¥ Fl° FfFEH 7 'EH
Equation 1: Ideal balanced combustion of kerosene

The combustion yields approximately 1.24 tons of water for each ton of kerosene used. &nder th
appropriate atmospheric conditions, this introduction of water to a saturated atmosphere results in
the contrail formatio. Along with theCGO, and HO an actuatombusion will yield other

emissions.

F oA 8k° fF gE 8 84
Equation 2: Jet Engine Chemical Reaction



Table 1: Typical Emissions from Aero Engine at Cruise

Emission From 1 kg fuel
CQ <3160 g
H,O <1290 ¢
NG, <15¢
SQ <0.8¢g
CO <0.69g
Hydrocarbons <0.01g
Particulates <0.05¢
Air Large Amount

Theformationof ice particles in these yogrontrails areisuallysmaller than typical cirrus

particles (120 nmm). Ice particles in contrails anon-spherical and theshapes of cirrus crystals

vary i-wellndwmtmanner f. These frozen droplets
from spheres in their scattering phase functibtmyever & the contrail ages the size and shape

of the crystalsapproach that of natural cirrus and can be modeled as spheres.

Soot

. Water
g Vap&
Condensati C I
on around
soot.. 9
w Ice crystal

Figure 3: Ice crystal formation
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Contrails are effectiely cirrus clouds, and they act with similar properties. As cirrus clouds, they
have a warming or cooling effect depending on conditions. In general they warm during night and
cool during day depending on solar zenith angles. They also tend to coohdveold surfaces

and warm over bright warm surfaces.

1.1.4RADIATIVEFORCING

Radi ative Forcing (RF) is the net energy chang

perturbation. RF is useas ameasurdo determinetie changérom the timeprior to indugrial era
(i.e. 1750) to presestay, andis typically measured as the changposedat the top of
atmosphere (TOA) in Wh%. Therenatural sources &&F are 1) solar irradiance, volcanic
forcing, and 3 asteroid impacts. During the period analyzedi72012) no major asteroid
impacts have occurred so this factor is not considered. The volcanic forcing is dramatic and
highly episodic. Solar irradiance is the dominant source of RF. The Ra€£3timatel the RF at
the Top of Atmosphere:&.12 W (0.06 to 0.30 W/rh) [ref].

We have createchthropogenisources of RF affedtoth he atmosphere andidand surfaces.

A large number of Green House Gases (GHGs) have had a substantial increase over the Industrial
Era, some of which are exclusivelyarithropogenic originAdditionally, human activites such

as agriculture have mdied the land and changed the surface albedo.

We have injectedages and aerosadtgo theatmospheréothdirectly and asa secondary product
of chemical reactionaVhile water vapois also injected to the atmosphgeitee lifetimesof gases
and watercan be lengthy and vary substantially. The best estimate today for the total

anthropogenic RF over the industrial eraisof 24+ 0.6Mm and accor dtisng t o

11
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virtually certain that the anthropogenic RFisposifive The | at est esti mates

50% higher compared to estimates of AR4 (2005) due primarily to reductions in estimated
aerosol RF but also to continued growth in greenhouse gas and a gneatéainty due to its
inclusion of additional impacts on clouds.

The combined effect of well mixed greenhouse gadBdGHGs) was estimated in AR4 (1750 to
2005) to be 2.63 W 12 wherethe four most important gases wé&6,, CH,,
dichlorodifluoromethane (GF-12) and NO in that order(Myhre 2013) Hansen et al. (2005)
estimated a mean radiative forcing of 0.08Wivith a maximum of about 2W/m2 over the

United States.

1.1.5RADIATIVE FORCINGDUE TO CONTRAILS ANDCONTRAIL-INDUCED CIRRUS

Contrails net radidve forcing is the result of the change in divergence of solar and infrared
radiation fluxes within and below the contrail in the upper troposphere (Liou et al., 1990; Strauss
et al., 1997; Meerk Otter et al., 199%he area below a contrdibs shown ahange in heat

source in the order of 0.3 K/day for 100% cover. Sassen (1997) found a reduction of solar
radiation of 40 Wm2when measured locally in the shadow of contrdite effect ofthe

contrail isnegated when it icated above a thick cloudny heaing would only occuabove

the lower cloudand he effect of the contrail on the surfacedsentially zeroDuring the daythe
radiative forcing by contrails is positive however it is strongest during the night because of the
absence of negativ@&W forcing.

The role contrails play in climate has been elevated in ARS5. In its evaluation during AR4 the
IPCC assessed the RF of contrails as +0.01007 to +0.02) W ii2 and provided no estimate

for contrail induced cirrus. In AR5, the new estimat®&bfdue to contrails is set to +0.01

12
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(+0.005 to +0.03) W iir2 and an Effective Radiative Forcing (ERF) is estimated to combine
contrails and contraihduced cirrus to +0.05 (+0.02 to +0.15) W2n The overall effect of
subsonic aircraft was estimatedlire Aviation and the Global Atmosphere, Special Report of
IPCCto be 0.05 WnrR in 1992 and expected to grow to 0.19 V2ry 2050, this includes the
combined effect of carbon dioxide, ozone, methane, water vapor, contrails, and aerosols, but do
not take intcaccount possible changes in cirrus clo@ther estimates of contrail induced RF
have been made; for exampléicox et al. (2012pstimate a contribution from civilian aircraft

in 2005 of 0.0009 (0.0003 to 0.0013) W 2with high confidence in the uppkmit. In 2011
Ulrike BurkhardtandBernd Karcheestimated that contrail coverage over the US exceeds 1%
with coverage over the eastern corridor even highteey estimata net RF Of .0375Wr with
areas over eastern US and central Europe reachin@ @#wm2. They classify that contralil

i nduced r adi en¢odf thelargest singlé avigtioakated radiativéorcing
component§. T hey eantrailanwasradiativehfarcing offset by the natucbud

feedbacko yield aradiativeby contrail induced cloudines€(C)of abouwm2 31 mW

13
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Figure 4: Contrail & CO, induced RF

The potential impaatontrailscould have on the environment has triggered multiple efforts.
These efforts have used a reduced set of data focusing either orcdpghifiays or routes;

which facilitates the evaluation of the methods. The analysis of a full year of data suggests that
the conditions to create ISSR change significantly day by day and at each altitude. This leads
suggests there is benefit to analyzing specific flight path an aircraft will take to predict

contrail formation. This effort attempts to find alternative flight altitudes for all US flights during
a day and estimate contrail formation to predict the RF impact of the flights would haee as th
combined effect of cloud coolirghdwarming.

According to the IPCC AR5 the global mean radiative forcing in fvAfell Mixed greenhouse
gases (C® CH, N,O and halocarbons) account for 2.83 [W]jrwhile contrails and contrail

induced cirrus accoufior 0.05 [w/ nf ]

Table 2: Radiative Forcin estimates for Contrail Cirrus
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Best

Estimate Uncertainty Range Status of
Radiative Forcing or Range with 2/3 Probability Understanding
1992
Line-shaped contrail cirrus 0.02 Wm?  0.0050.06 Wn¥ fair
Additional aviatiorinduced cirrus o 4 04\ - very poor
clouds
Other indirect cloud effects - elther.3|gn, unknown very poor

magnitude

2050
Line-shaped contrail cirrus 0.10 Wm*  0.030.4 Wmi? fair
Additional aviationinduced cirrus 0-0.16 Wi - very poor
clouds
Other indirect cloud effects - either sign, unknown range very poor

Based on IPPC AR®Bable 39: Global radiative forcing by contrails and indirect cloud effects in 1992
and 2050 (scenario Fal). No entry indicates insufficient information for-éstitnate value

Wilcox (2012)estimatel theRF contributionfrom civilian aircraftto 0.0009 (0.0003 to 0.0013)

W /m?with high confidence in the upper limih 2011UIrike Burkhadt & Karcher(2011)

estimated that contrail coverage over the US exceeds 1% with coverage over the eastern corridor
even higherTheyestimatel thenet RFto 0.0375Wm? with areas over eastern US and central

Europe reaching over 0.3W.Theyidentifythatc ont r ai | i nduc e dnepféhdi at i ve
largest single aviaticrelated radiativéorcing components. T h ey eantrailamast e t he
radiative forcing offset by the naturalloud feedbacko yield aradiativeby contrail induced
cloudinessCIC)ofalto ut 3 12. mW/ m

The warming effect is strongly influenced by solar zenith angles. As the day progresses the
change in the angle of the sun will generate a higher reflection of the shortwave radiation and
none during the night. The longwave radiation refiddiack to the atmosphere will remain

throughout the day. This effect can be seen imHide3:
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Table 3: Net RF by Hour

Time | Zenith RFSW | RFLW Net RF
0 0 -12.21 27| 14.73
1 0 -12.21 27| 14.73
2 0 -12.21 27| 14.73
3 0 -12.21 27| 14.73
4 60j -25.42 27| 1.58
5 71] -25.85 27| 1.15
6 80j -22.09 27| 4.91
7 89 -21.81 27| 5.13
8 99 -98.87 27| -71.83
9 111 -68.34 27| -41.34
10 126 -64.8( 27| -37.8(
11 147 -65.99 27| -38.99
12 176 -67.57 27| -40.57
13 207] -66.44 27| -39.49
14 230 -64.85 27| -37.85
15 2449 -66.51 27| -39.57
16 258 -82.34 27| -55.34
17 268  -100.04 27| -73.00
18 2717 -18.74 27| 8.29
19 287 -25.41 27| 1.53
20 297] -25.76 27| 1.24
21 0 -12.21 27| 14.73
22 0 -12.21 27| 14.73
23 0 -12.21 27| 14.73
24 0 -12.21 27| 14.73

The data provided is charted in the first graph (March / Spring) we can see the effect of the
reflection of shortwave radiation during the nddy hours, while the longwave radiation remains
constant. The four graphs provide a view of how the LW and SW radiation change throughout the
year. Reference lines are added at 6:00 AM and 6:00 PM on all graptrsolaihangle (zenith) is
provided on the left axis while the right provides RF in W/m
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Seasonal change in effect of Net Radiative Forcing
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Figure 5: Contrails Day / Night and Seasonal effect

The main driver for the longwave radiation reflected back is the size of thalcAsthe size of
the crystal increases so does its capacity to reflect radiation. The next chart shows the change in

radiative forcing as the crystal size increases.
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LongWave RF vs Crystal Size

40 /./-_,.
35

a

RF [W/m2]
NN

—#—RFLW

»-
o S

001 002 005 01 02 05 2 5 10 15 20 25 30
Crystal Sizem

Figure 6: Longwave RF.

1.1.6CONTRAILSFREQUENCYFORECAST

With the expected increase in passengers there is an inherent increase in the number of aircraft.
The current volume of contrails is expectedise along with the number of flightsver the next

30 years, however contrail generation wibocharge as a function of the aircraft fleet and

engine typeThe change in the mix of aircraft size can provide some insight to this change. The

Boeing fleet for example is expected to grow from 22,510 aircraft in 2015 to 45,240 by 2035
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Table 4. Boeing Market Forecast by Region.

North Americ Europe Middle East Latin America2 C.I.S.
Large Widebody 270 100 170 140 - 50 10 740
Medium Widebody 540 320 360 320 20 20 60 1,640
Small Widebody 860 750 440 250 140 140 80 2,660
Single Aisle 4,540 4,010 3,370 590 1,280 650 430 14,870
Regional Jets 140 1,730 270 70 110 170 110 2,600
Tota | 6,350 6,910 4,610 1,370 1,550 1,030 690 22,510

North AmericEurope Middle East America2
Large Wide-body 70 60 100 320 - 50 - 700
Medium Wide-body 1,590 460 610 840 40 70 80 3,690
Small Wide-body 2,340 1,150 1,140 610 350 170 300 6,060
Single Aisle 12,560 6,630 5,920 1,660 3,110 1,380 1,020 32,280
Regional Jets 310 1,520 150 80 160 230 60 2,510
Totall 16,970 9,820 7,920 3,510 3,660 1,900 1,460 45,240

Airbusd fleet as of 2015 is reported as 18,020 aircraft and they forecast a fleet of 37,710 by 2035

with the following mix:

25000
20000
15000
m No of deliveries
10000

5000

0+

Single Aisle  Twin Aisle  Very Large
Aircraft

Figure 7: Airbus Expected Aircraft Deliveries 20162035
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Small aircraft tend to be used for shorter, lower altitude flights and therefore generate less
contrails. Focusing on mid to large aircraft aaddx orBoeing and Airbugstimateghere will

be an estimated 101% increaséi®o nt r ai | sizgflese byr2@85 i n g :

Table 5: Fleet Change 20158035

2015 2035 PctliIncrease

Boeing Large 740 700 -5%
Twin Aisle 1,640 3,690 125%

Airbus  Large 806 1,688 109%
Twin Aisle 4,392 9,191 109%

Total 7,578 15,269 101%

Along with a change in the fleet there is an expected change in jet engines. Newer engines tend to
run hotter and yield a higher Rkh 2000 Dr.Schumanread arexperimemnwhich demonstrated

this effect.Two arcraft,i an A340 and a B 707with different engines were flown side by side.

The A340was seemproducing contrails while a B 707 does rotie to the higher contralil

generation by newer engines; we look at theeetgrd volume of water to be inthaced by

aircraft in the futureMauro Masiol,estimates the volume of water injected to the atmosphere

will grow from 282 in 2008 to 390 by the year 2025
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1.2GAPS IN THECURRENTMETHODOLOGIES

Current models have fased on targeted trajectories and weather sampleisapshot in weather
provides no means to estimate contrail persistence in addition to preventing visilaiitynial,
seasonal, or geographic effedtscusing on single or limited trajectories onlpyides insight to
the behavior of onef the thousands of aircraft in the air at any given tifieese methods do
not provide a holistic view of contrails being generated and thenafovéle ro guidance as to

how to adapt contrail reduction policiesaategional level.

Additionally while overthe past decade models have evolaed severamnethodshavebeen
used to evaluatihe impact of contrails they have not taken into acc8unt Zenith Angle,

optical depth, contrail width or ice crystal size.

1.3PROBLEM STATEMENT

The objective of this research is tmgucea methodologyo creae an inventory ofall contrails

in a region enabling a systematic evaluation ofingpaceAdditionally a methodology will be
included tp evaluatthe impact of chang produced by changing flight levelkhe impact needs

to be evaluated by flight to alloehanges to be proposed on flight by flight biases. The

evaluation needs to take into account contrail generation, persistence and the characteristics that
affectthec ont r ai | 6 s r adi &un Zewnith Arfglechande imoptical adepth, udi n g

contrail widthandice crystal size
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A case study is executed to validate the mogeigflight information fom the ADSB
exchangeThe flights arerun through weather damatching the date and time of flight to

calculate contrail generation, persistence and total RF indugettidiight.

1.4SUMMARY OF RESULTS

The methodology proposguloduceg1) Inventoryof Contrails, (2) Impact of changing flight

levels.

The proess enablesakime assessment obntrails by its management of the datae weather
datarequired for this studgrovides 58 million datpoints per day creatg a computational
challengeTo lessen the computational requirementsnieéhodology explies newdata

structures and focuses on processing only critical informagm@iminating norlce Super
SaturatedISS)weather cellfrom the beginning the process reduces the overall processing effort
in a scale of 50 to 1. The analysis of the ISSRsveldl they can covaxtensiveareas resembling
weather systemd hey are most frequent over tBeutheastern US air spaaed while they are
present throughout the year they are most frequent from June to September concentrating
between FL 320 to 3AQith a max densitpf 30%at FL 34Q Creating the inventorgf identified

that in average 7.4% of the volume of Contiguous United States (COalU§)aceetween

FL200 and FL400 exhibited Ice Super Saturated conditions. As a consequence, on the average
day 6,50flights (25%) traverse a CONU&Itwith ISS conditions geneiag a daily average of
57.5K nautical miles of contrails (sigma 25K nifipe contrailgyenerate@dn estimated average

daily net radiative forcing of +7.08 mW/nDuring the day, the albedodaling of incoming

shortwave radiation Gf1.84 mW/ni by the contrails is negated by the +5.85 mWrarming of
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trapped outgoing longwave radiation. At night the contrails trap outgoing longwave radiation

+3.07 mW/n.

On a per flights basis, the averaggtt generated 2.08 nautical miles of contrails. The average
flight that traversed one or more CONUS ISS c@tmtrail generating flightyenerated 9.3

nautical miles of contrails.fie averag®let Radiative Forcing\RF) per flight is 0.0003 mW/f

The average NRF per contrail flights is 0.00115 m\&/#dditionally, the average NRF per
alongtrack distance nautical mile is 2.9 x-InW/nt. The average NRF per contrail along

track distance nautical mile is 0.00012 m\&l/én analysis of alternative flighevels suggests

that increasing the flight level by 2000 ft provides a 62% decrease in contrails when accounting
for their persstence (nautical miles Hr). This change would theoretically decrease the average
fuel burn by 2% (240 RgAn analysis orflights associatingontrail NRF with theiorigin &
destinatiorand found thaB0% of the NRF is generated by 22 flight rouf#sese findings show

that in order to have an impact on contrail generated NRF it is not necessary to target all flights
and the gratest impact can be achieved by raising the flight levels by 2000 ft during the summer

months.

1.5UNIQUE CONTRIBUTION

The methodology proposeuiovides a commercial scalable procesproduce a contrail
inventory.
Process achieved by
(1) Exploiting new déa structures and focusing on processing only critical data. By
eliminating nonice Super Saturated (ISSeather cellst data extraction reduces the

overall processing effort in a scale of 50 to 1.
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(2) Preprocessing aircraft location to map into the weajtidrand simplify the matching
variables.
(3) Predetermining all potential aircraft locations and altitudes along the route providing a
large reduction to weather space to be analyzed.
These items enable the procesbeaefit fromefficient data structures dralgorithms to process
archived or liveatmospheric data fanentire region over an extended period of time in
combination with all flights present in the area. The effect is then calculated taking into account
whenand whereontrailsare formed as wkhs how theychange over timélhe methodology
generates an inventory of contrails over the year providing insighbw the induced radiative

forcing is affected bgeasonality, geographic location and different flight levels.

The methodology providegetails for

(1) A Methodology to procedsasic National Oceanic & Atmospheric Administration
(NOAA) Rapid Refresh (RAP) atmospheric data for the whole Contiguous United States
(CONUS) airspace for 24 hours, 365 days

(2) A Methodology toprocesses the flight trasKor a full day of scheduled flighfe.qg.
30,000)andevaluate multipl@ptions for alternativélight levels simultaneously rather
than evaluating multiple flight paths sequentiaperations

(3) A Methodology tomplement a contrail formation model (Pia&lShariff, 2016; Naiman
et.al, 2011)

(4) A Methodology tomplementa Net Radiative Forcing model that includlesaircrafis
current positior{(Sun Zenith Angleand contrail ageing (changeaptical depth, contrhi

width and ice crystal size)
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1.6 APPLICATIONS

The proposedhethodalogy design can besed
(1) By government agemesas a means to generate a holistic view of the contrail inventory
in the region. Knowledge of the contrail formation and impact in Radigtiveing can
then be used to help guide policy to towards airline operations.
(2) By airlines b provide reatime evaluatiortool to estimate thenvironmentalmpactof

alternatdlight plans.

25



2. LITERATURE REVIEW

This chapter provides a review tlitature for Airpace Contrail Modleind\n evolution of the

models is presented with the characteristics of selected models.

2.1 AIRSPACECONTRAIL MODELS

Prior models have been built to estimate the formation and impact of contrails. These models
have sed varied trajectories and number of flights, but the scope of these has been limited.
Campbell (2008), Kaiser (2012), Gao (2013) and Soler & Hansen (2014) all provided models
based on a single trajectory; Canhpshragelés used
LAX on Nov 17" 2001, Kaiser usedfight from Amsterdam Schiphol (EHAM) to Salzburg
(LOWS) on Jan 19th 2012 and run alternative flight paths through the model using weather
conditions that produce contrails in 3 of the 5 stations alongtiie Soler & Hansen used of
trajectory from SFO to JFK on June™3P012.

Other efforts included larger samples: In 2012 Chen & Sridhar used simulated flights in four
sectors of the Kansas City air route traffic control center. Later in 2013 Chen &iSi20i.3)

and Gao (2013) used 12 pairs of trajectories with a total of 287 flights, in that same publication
Chen & Sridhar (2013) simulated a larger set of flights into short medium and long range to
determine their impact by distance.

While these methadprovide insight to potential changes in contrails they present two limitations,

the flights travel unique or specific routes and more importantly with they all analyze the flights
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through a single day of atmospheric conditions limiting the possibilippdy to provide
guidance for an overall air traffic control strategy. A summary of these models as provided in

Table6.

Table 6: Contrail Model trajectory & Atmospheric conditions

Year Author(s) Trajectory(ies) Atmospheric Conditions

1 Day - Nov 17th 2001, RH > 100 (Via Temperaf

2008 Campbell 1 -Trajectory: O'Hare to LAX in RUC)

1 -Trajectory: Amsterdam Schiphol (EHAM) tq 1 Day Jan 19th 2012, Weather in 5 stations alo|

2012 Kaiser Salzburg (LOWS) . 19 Jan 2012 route @ flight time

1 Day April 23th 2010 - NOAA RUC 13X13 kil

2012 Chen /Sridhar Simulated 3 sectors 4/23/10 @ 8:00 , 34000t

12-Trajectory / 287 flights, All flights Simulated
2013 Chen /Sridhar segmented into short, medium, long and 1 Day - April 12th 2010 NOAA RUC 13X13 k
transcontinental

2013 Gao 12 City Pair /287 flights 1 Day - April 10th 2012 NOAA RUC 13X13 kil

2014 Soler/Hansen 1 -Trajectory: SFO - JFK 1 Day Jun 30th 2012

2.2 CONTRAIL MODELING

Contrail formatiorhas been based on either satellite observations or NOAA RUC files.

Campbell (2008), Kaiser (2012), Chen & Sridhar (2012) and Soler & Hansen (2014) all use
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the RUC files to determine control formation and are consistently based on the Appleman
criterion. Mntrol persistence and spreading was estimated by Chen & Sridhar (2012) as 1000
m with and a contrail duration of 10,000s (~2:45 hr), and by Soler & Hansen (2014) by
assigning a fixed 5hr duration to persistence.

Other than those estimates control peesise and spreading have not taken into account in
contrail models leaving an open question as to the actual size and duration. Details on the

individual models as provided rable7

Table 7: Contrail Model Contrail formation persi stence and Spreading:

Year Author(s) Contrail Formation Contrail Persistence Contrail Spreading

2008 Campbell RH > 100 (Via T) RUC NA NA

ice saturation e*ice =
2012 Kaiser 6.112e(22.46Th/272.62+T] NA NA
)

rcontr<=RHw<100% and H

i 1000m ; 10000s
2012 Chen /Sridhar >=100%
Relative humidity with .
2013 Chen /Sridhar respect to ice greater than NA I(i::(;]a?ifri?alijlp to 10 timeg
100% from RUC Files '
2013 Gao Satellite observations NA Provided by NASA
= < 0,
2014 Soler/Hansen feonr<= REJ<100% and R Fixed: 5 Hr NA
100%.
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2.3RADIATIVE FORCINGMODELS

The environmental impactoftleont r ai | s has evol 28 mooelstarts t i me .
the aircrafts trajectory at FL340 and found the least contrail formation after descending to FL 300
andthen climbing to FL 380 during a segments of the flight. iflf@actwas estimated an

additional 2.7% of fuel burrKaiser (2012), estimated radiative forcing induced by 8ORF =

3.785 1611 W/(n? teo) and Contrail RF %.26 109 W/(n? hr)

As a meanso quantify the impact of contrails Chen & Sridhar (2012) providedelwhich

definesa Contrail Frequency IndefCFl). Contrail frequency index is the number of aircraft in a
defined volume that meet contrail persistence criteria. The CFl is zergaca where

conditions for persistent contrail formation do not exist. The CFIs were estim&@d)&t air

traffic control centersit 8:00AM at 34000ft. The RF induced éstimatesixed to 10 W/m* and

use ambsolute Global Temperature Change Potefi&TP) pulse whiclcompensatgfor the
climate effect over timeneasuring the change in global temperature at a particular time t due to
an instantaneous disruption @tRurther details on AGTP can be found in apperdix

Later in 2013 Chen & Sridhar @23) simulate flightsegmented into short, medium, long and
transcontinental. After analyzing one month of data they find that due to their low altitude, short
distance fights (< 500 miles) contribute the least to contrail reductions. Melilstamce flignts

(500 to 1000 miles), contribute the most to contrail reductions due to the combination of their
altitude and the volume of flights itself. Lowlistance (1000 to 1500 miles) and transcontinental
flights had a present more varied result. The analysislegdes that for the top three contrail days

in April, 2010, the contrail frequency index (CFI) per 1,000 miles for medamge, longange,
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and transcontinental flights can be reduced by an average of 75%. The analysis suggests efforts to
reduce contradl be focused on Mediughistance flights.

Gaobs evaluation consists in two alternatives;
a contrail generating flight path, and an AGTP based optimization. The AGTP valuation is
performed inKelvin perkg of fuel burnt or nauticainile-contrailproduced and evaluated on
RUC-20km weather data. The model set values of [2.14132H.8207EL5, 1.5983EL5] AGTP

fuel burnin K/kg at a time horizon of 25, 50 and 100 years and [3.3, 10, 30] m&¥/2%, 50 and
100years. Valuesweregenerated by NASA Amadodel) The analysis finds that flight level
adjustments are more efficient than lateral optimization in reducing contrails, however the long
term effect of CQis found to be more significant than the short teffact of contrails, therefore

the author concludes to continue a fuel minimal profile.

In their model Soler & Hansen (2014) provide a 4D trajectory planning tool wisitns cost to
passenger travel time, fuel, CO2 emissions, and cogtadration. T model estimates GO

based on Fuel burnt and contrails based on NOWAP/DOE AMIRII Reanalysiglata with

persistence fixed to 5 hours. The simulation finds that most contrails are minimized flying at FL

390 and 410 and suggests flying below FL.358ummary is provided iTable8

30



Table 8: Contrail Model Radiative Forcing evaluation:

Year Author(s) RF for Contrails
2008 Campbell viaFB

2012 Kaiser 6.26 16 W/(m? hr contrail)
2012 Chen /Sridhar 10 W/m2

2013 Chen /Sridhar 10to 80 mw/m2
2013 Gao [3.3, 10, 30] mW/m2
2014 Soler/Hansen 15% of flight ACQ

31



3. METHODOLOGY

This sectiondescribes a commercially scalable method for inventory of contrails in a national
airspace system usinglplicly available weather and flight surveillance track data, and models of
contrail formation and net radiative forcing. The method provides the means to generate Contrail
Inventories as well as perform redahe alternative flighipath analysis
This mehod performs the prprocessing ohtmospheric datfor a large geographical area (e.g.
CONUS), andakesinto account

1 Contrail Persistence Duration of contrail after if has been generated.

1 Contrail Width : Lateral coverage of contrail as it spreads.

1 SunZenith Angle: Calculated based on aircraft location at the time of contrail formation.

9 Optical Depth: Change in optical depth of contrail over time.

9 IceCrystal Size. Change ircrystal sizeof contrail over time.

With this method analysis can be donedamrnal, seasonal, or geographic effects for a large
airspace (e.g. CONUS), agdnbe used in an operational context feattime alternate flight

path evaluationsTheme t h o d o | o g yséoprovadajsystenatiappeoacto determine

the gaeration of contrails and potential preventidrhe methodology is composed two
processesT he first process preditontrailsalong a given path and to forecast their persistence

toevaluate h e c oradiativeafordindoeer its full lifespan
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Procesd.: Airspace Contrail Inventoryfhe methodo generate amventoryof Contrailsin a
National Airspace System (NAS) includes six processes (F8)ufighe first three processes
identify the regiongn which the atmospheraeesthe criteria for Ice Supeaturation (ISS). The
fourth process generates the flight track data. The fifth process merges the weather and flight
track data to estimate the contrails. The sixth process estimates the net radiative forcing.
Process 2: Evaluate Alternate Cruise Fll' method is complimented with a process to
simulate flights through actual weather conditions at various flight levels with the objective of
comparing the tradeoff between contrail generation and change in fuel burn. The procedure
provides a systematic afgach with the intension of taking advantage of current data processing
tools to create a process that can be used to estimate the fuel burn and the gesiegation
persistence and radiative forcing induced by contrails of thousands of flights at @tgnes

16). Last, e model willcalculate the fuel burn per routednable a tradeoff analydigtween

climatic effect and fuel burn
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3.1.METHOD FOR INVENTORYNG CONTRAILS IN THENATIONAL AIRSPACE

SYSTEM
[ 1
|| Weather Files PreProcess Identify ISS
Weather Data| Regions
J

Lat Lon Ref

LatLon>NxNy: PosI
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Flight Trajectory
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@ Statistics
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@ Forcing

Radiative Forcingd
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Figure 8: Summary of 6 processes to inventory contrails

3.1.1PROCESSNVEATHERDATA

Weather information is obtained from National Oceanic and Atmospheric Administration

(NOAA) Rapid Refresh Products (RAP) weather

(http://www.nco.ncep.noaa.gov/pmb/products/rapiese files provide information for a three

dimensional grid covering tHdS air space

files

The data is provideith a GRIB (General Regulargistributed Information in Binary form) file

throughthe National Climatic Data Center (NCDCljhe files provide weher indicators under a

Lambert Conformaprojection with al3-km resolution(Figure9). The data contains a grid of
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weather points wit dimensions Nx = 451, Ny = 33@rming each plane and Z isobaric vertical
levels(Z_Val). File details are included ifiable9.

Each hourly weather file is approximately 30MB of compressed data therefore each day entails
over 58.3 million weather cella 720 MB of compressed text, posing a challenge for both
processing and storage. To mitigtte storage and processinguss as each file is decoded it is
swept onceby pressure level providing the data tol8S identification data to a secondary
processThe file is closed and no temporary space or files are reqiiogokocess one year

worth of datathisinitial stepwas taken to create an algorithm that would sweep through each of

the 8,500 text files, decode the GRIB format and then extract values of interest.

Table 9: Geographic details of Weather information.

GRID DESCRIPTIONS
Regional - CONUS (Lambert Conformal) - 13 km 13C

NX 451

Ny 337

Lal 16.281N

Lol 233.862E = 126.138W

Res. & Comp. Flag 00001000

Lov 265.000E = 95.000W

Dx 13.545087 km

Dy 13.545087 km

Projection Flag 0

Scanning Mode (bits 123)|010

Latin 1 25.000N

Latin 2 25.000N (tangent cone)
Lat/Lon values of the corners of the grid

(1,2) 16.281N, 126.138W

(1,337) 54.172N, 139.856W

(451,337) 55.481N, 57.383W

(451,1) 17.340N, 69.039W
Pole point

(1,9) |(249.315, 1051.539)
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54.172N 55.481N
: (451,337) 4

(1,337)
139.856W 57.383W

16.281N, (s1y) |17340N,

(1,1)
126.138W 69.039W

Figure 9: Weather Grid

The automation of the process requires weather files to be named with a convention that allows to
identify the date and time of the figthin the file name. The process then scans through a
directory noting the date and tnof file, sveepsthrougheach RAP fileandextractsthe needed

datato identify ISSR. If the criteria is meet, the record is processed for loading
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Figure 10: Weather data preprocessing

3.1.2IDENTIFYICE SUPERSATURATED(ISS)REGIONS

The secondtepuses weather parametéogietermine if an ISSR is preseartd loads it to the
databaseT o reduce the amount of data to be processed and loaded, at the time the GRIB file is
read, only weather cells that meet the ISSR caitere processed by this stéyfhenthe weather

cell is read; the time and date from the file name along with the location along with its significant
weather informatiorftemperature, pressure, specific humidity) are all included in an insert query
statemenhand loaded to th€ontrail Inventory @tabaseKigure10).

For ISSR conditionto be metatmosphericonditions in eachkell are equirad to meeta

temperature at or beloiv0°C (233.15 K) and a Relative Humidity of 100% (Applerhan
Criterion). The temerature in Kelvin is provided within the filRelative Humidity (RH)is

estimated using vapor saturation tables and specific hunfddyn thesaturatiortables at’

40°C, 0.1 g/kg (or 0.0001 kg/kd)-newam)of water vapois sufficient to saturate théraAny

additional humi di ty, such as that provided by
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To simplify locationdatg the weather information is kept povided in the weather information
as Nx, Ny, Z. It is then necessary to locate the fligthin the weather grid. For this purpose, a
reference table is creatadhich contains all Nx, Ny combinatiomdong with the range détitude
and longitudehat fall within each regian

The cells within the grid are 13 km by 13 km by 1000 feet cells gfidds formed starting at
16.28N/126.13W and extends to 55.48N/57.38W. The vedjade that will be usadnges

from FL200 to FL400. There are 151,897 cells at each Flight Leveb &l of 2,431,792 thee
dimensional cells per houfhe collectim of all cells and flight levels createsii | SSR weat her
Gridd over the#). CONUS (Figure

Each weather cell is uniquely identified within the grid based on its latitudegitudeand
assigned a location Identifier (Loc_ID). This way each cell caddmgified by its Loc_ID (1 to

151,897 and a Flight Level.

LOCID: 1,2,3..n —
=T Y A e
— 7

// T/ // // // // // / / 13km X 13 km X 1000’
nezzw L LT T 7 77 7 77
VA (A A |
Y o = iy iy ey e i [ U 55.48N/57.38W
A o e e e i g A AR
[T I TFTITTF ;
[T F T 2 -
y > 4 7 == - Vs 4 gHi/ ,,/q, 4 .
FLA00 A e ]
/ / L. L ra L 7 " - L 3 a
ey iy 1 e A e o i o e 0 “
- — - 74 A . VA Zk
| £ A A A A A i Lambert Conformal
g AR R A A7 A e 7 A o A (T A . 5 A projection with a
i Ay 7 7 B T A 7 7 7ot 13-km resolution.
FL200 : —Z 72
16.28N/126.18W. / /\ AL _(\N’\/’ * Horizontal Grid = 151,897 CONUS Cells
: J /| M * CONUS Volume = 2,431,792 CONUS Cells
: (> 7 * CONUS Volume for 24 hours = 2,431,792
: 1 7/ 7 7 7 7 '\f,’,l : X 24 CONUS Cells per day
L
Y
Nx =451

Figure 11: CONUS Cells of weatherdatal 3 km X 13km X 10000.
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3.1.3ICE SUPERSATURATEDREGION STATISTICSREPORT

3.1.3.1Atmospheric Metrics

The objective of thermlysis of the ISSR regions is to measure the frecyuef occurrence and
coverage iratitude longitude and altitude

3.1.3.2Horizontal Coverage Estimation

To estimate the coverage of the ISSR at each Flight Level the quantity of identified IcéeBatura

weather cells is compared to ttoeal weather cell®n grid for the time periad

D565 vy & g ol f O E TYYY
600 a6 9Q—M —
0¢ €1 QORI QO

Equation 3: Percentage CONUS Vol

With this defintion the % Conus Volume for a moth with 30 days is estimated as:

Fo o= B drim+ < lpm m v
7AAOEADIEGAOHEIENOE OAEADEBI | AEA] ECADAI

Equation 4: Count of ISSR Weaher Cells

I:D o >-

FromWded o pravoe <] >
’ rfeve - <] h
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Once the Weather cells have been accumulated for thoal @ereport is generated to provide
statistics on the ISSR. Aisimary of the statistics for the ISS CONUS cells includes:

1 Percentage dCONUS Cells presenting Ice Super Saturation (ISS) between FL200 to
FL400

Percentage cEONUS Cells presenting Ice Ser Saturation (ISS) per Flight Level
Ceiling and Floor of Ice Super Saturation (ISS) in CONUS Cells

Geographic Coordinates of Ice Super Saturation (ISS) within the CONUS Cells
Percentage of Rate of Change of Ice Super Saturation (ISS) within the CONBS Cel

=A =4 =4 =4

A sample of the statistics is provided in setion 4. Additionally the ISS regions can also be

visualzied in in 3D vizualisationsas shown in Figure 12

ISSR 19-Feb-2015_20HR
400
-—- - 350

—-4/'

i"i
'? ; "’i > ‘sso

L ~—
F "

Flight Level

Figure 12: Visualization of ISS Regions in the CONU$3D)
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3.1.4PROCESADSB DATA

The trajectory information is obtained from thBS-B Exchanggwww.adsbexchange.cgma
website that accumulates flight data from around the world and consolidates it to a single data
source. The air traffic trajectories are loadethdatabase and reference data is generated to
convert it into the weather grithe track data from the ADB files are processed. The data for
each flight includes latitude, longitude, altitudete and time. The update rate for records is
variable fran approximately 30 seconds to several minutes. Given the size of the CONUS cells,
update ratewithin one minute provide at least one record in each cell. Flights with gaps in track
records > 5nm are eliminated, as are flights with atoack distance diss than 50nm, and

flights with missing records.

The flights are categorized into Day and Night flights by taking thepwidt time between

takeoff and landing. If the time at the halfway point of the flighis between 6AM and 6PM the

fightisconst er ed a #ADayo flight, otherwise it is

3.1.4.1Air Traffic Data

The air traffic datas used to flythe aircrafthrough the weatheatatato evaluate contrail
generation and impact. To obtaima&ccurate evaluation of the imgtof theactual flight

trajectoriedlown.
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Aircraft trajectory information model

FlightlD

MinLat LoclD
Lat — Maxlat T Nx
L0!1 MinLon Ny
Altitude MaxLon Z_Value
DateTime LoclD DateTime

FlightLevel

Altitude
Z_Value

Figure 13: Aircraft Trajectory data model

The process to enaltigjectory informatiorfor integrationwith the weather datés summarized

in thefollowing steps

1. Download DBSair traffic information.

2. Load air trafficinformation to weather database.

3. Locatetrajectoryposition withinthe weathergrid Reference and associate a Ldrto
eachposition

4. Locate trafic altitude within Flight Level Reference and associate a Z_Value to each
record.

5. Extract Hour from Datdime information
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FlightTrajectory

FlightID .
L L WeatherLocation
~ Lat
Lo'n T MinLat
Altitude Lat, LoA——>
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DateTime ififllar
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LocID,Z_Value,DateTime————  Lat
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Weather pateiime

LoclD T
Nx ISSR Indicatot

Ny

Z_Value
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Figure 14: Aircraft trajectory information processing

3.1.5ESTIMATECONTRAILS

The flight path positions are mapped to the same grid agriespheric datand eachveather
cell has beemssignedheunique Positiondentifier (Loc_ID).With the mapping completetie
traffic information isswept locatinghe aircraft positio within the mapping andssigning the

Positionidentifier to each recordlo facilitate altitude matching minimum and maximum

pressure isssigned to each flight level atiienassigned a Z_Val from tremosphericdata.
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The last variable: time, is gvided at the top of each hour within gienospheridata. For
simplicity the minutes and seconds are truncated from the traffi¢edatiagboth traffic and
weatherdata in Hours.
Subsequent processes will only require three integers to locate thedlRbsition Identifier, a
Z_val and the hour.
Once theatmospheri@and trajectory information have been prepared, contrail estimation takes
advantage of the following factors.

1 Only ISS weather cells are included in weather data

1 Each weather cell has & uniquely identified within its plane.

9 Flight trajectory position mapped to Loc_.ID

1 Weather Z levels mapped to flight level

The combination of the data preparation enables the contrail identification to be simplified from
matching: Latitude, Longitudéltitude and time to Loc_ID, Z level, and Hour. This

simplification is critical as it transforms a process of matching four real variables to matching 3
integers. Additionally because only ISS cells are included in the data no other validation is
required If a trajectory intersects with the weather cells it has met the criteria for contrail

formation. Thestreamlinegrocess can now be completed in 2 steps:

1. Contrail Generation
The aircraft position is evaluated in the tea information to see if ISS€bnditions existThe

flight trackis matched with the CONUBeathercells. When a track intersects with a CONUS

Cells that meets the ISS criteria, a contrail is recorded.

44



2. Contrail Persistence
Thecontrail can persist and grow if thémospherés superaturated with respect to i¢densen

1998). The expected duration of Contrails is up to 5 hours. The model assumes the contrail
persists up to five hours as long as the ISSR conditions remain uninterrupted at the location..
When the ISSR conditions are qwesent, a majority of the contrails last only a few minutes and

are not counted in this analysis.

Schumanr{2011)andChen,Sridhar (2012) estimate the size and duration of the contrail as 1000
m wide with a life of 10000 6-2:45 hr) . AdditionallyFreudenthaler (199%)stimated the lateral
growth of contrails to range between 18 m / min and 140 m / min (between 1 and 8 km per hour).
To assign contrail locations the weather to trajectory intersections vetigregated by

summarizing to ever§y® bothin latitude and longitude while retaining the actual flight level. To
prevent duplication, such as cases where an aircraftagyasdedn the same section multiple

times, unique instances of weather grid locations are counted.

3.1.6ESTIMATENET RADIATIVE FORCING

The effect of the radiative forcing (RF) at the top of atmosphere (TOA) produced by the contrails
is calculatedbased onthe model developed by Schumann (20Thjs modification to the model
assumes a spherical ice crystal throughout thelifee contrail The @ntrail widthis set to

500m for the first hour, 2000m, 2000m, 3000m, and 4000m for each subsequent hour that the ISS
conditions existOptical depth parameters are set basefinoliings fromSchrode[23] who finds

the diameter of the crystals to grow fraqpprox.1 to 10mafterthat, the growth slows and

stabilizes around D = 3D
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The ContrailNet Radiative Forcingylodel, illustrated in Figured, calculates the contrails and

their associated net Radiative Forcing for a given flight trajectory and atmospheric conditions

Traffic

— 2- Fuel Burn, time | T Gt} ————————3
— BADA
2 - Fuel Burn, time { T G t)

1-Engine Thrust{ h, ¥yss, ATe,)—] I
Flight Path, Engine Type—— | ™
E Co2 Model
Tr=tat, Lon, FL—»Jll  4—Mapped Aircraft position, Fiight Path XY, 2.t
3-RFe
5— Contrail
- Generation -
Spreding Model
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= NighyZ, t I ‘
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Coverage, RF,time—— | =
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9 —Total RF W —
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Figure 15: Net Radiative Forcing model

3.1.6.1Contrail induced RF

The Net RF can then be calculated as the difference between the incoming solar shortwave

radiation and the longwave radiation reflected back to space:
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Schumann (2011)

Equation 5: Radiative and Effective Forcing

Themodel estimates theet radiative forcingsthe sum of the radiative forcing from longwave
(RRw ) and from shortwave (Rl ). as shown in the equation below.

RFvet= RRw + RFsw

3.1.6.2Radiative Forcing due toLongwave Radiation:
RFRw = [OLR T kr(T-To) {1-expld; Fuw(rat]} Eiw(te) O 0

1 The optical depth is estimated based on findings from Karcher (2009)
f OLR is the outgoing longwave radiation. For this analysis we use OLR = 275 W/m
1 Tistemperature in Kelvin.
T rer=% VIA [nm]
0 Where V is the particle voluenand A the mean projected patrticle cross section
area
T Fuw(reff) = 1-exp(dy ren)
1 Eww(tc) =exptdct.)

Parameters{k Ty, d; , d; are provided in Schumand05; Tableli page 1396)
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The Contrail optical deptlt vary between 0 and 2. Typically aptical deptht will range from
t < 0.3 for a thin cirrus to > 1 in the case of thick cirrus clouds. The optical depth above the

contrailt; ranges fromO to 10. For this analysis we wik tise optical depths in Tabl€.1

Table 10: Conditions for contrail persistence

Time | Width | Diameter| Optical Optical Depth
Deptht above contraitc

0 0 0 0 0

1 500 10 0.4 0.36

2 1000 20 0.2 0.18

3 2000 25 0.08 0.072

4 3000 25 0.02 0.018

5 4000 25 0.01 0.009

Note: opticaldepths basedwfindings of Kércher (2009)

3.1.6.3Radiative Forcing due to Shortwave Radiation:

RFsw= -SDR (h-Acr)” 8(M,, &) Esw(M )t

SDR can be calculated considering the SLR is the solar direct radiatin’ andA.; = RSR
/ SDR (reflected solar radiae / solar direct radiance; is the solar constaandmdefines the
cosine of the solar zenith(SZA)

adm , rd) = Re(ten)[Cm+ AR 0 ()]

t0 tRew (Fer) , ter = tOM
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Fsw(Ter) = 11 Fr [ 1-exp (-sfer)]
Re(terr) - 1-eXpEGt s )

R &(ter) -€Xp(gter)

Fr(m) = [(1-m)°"/ (1/2f"™] -1
Esw(M o) & exp fscic T dctcen

tc'eff:tclm

m : cosine of the solar zenith angtg ¢an be found using the current flight latitude as follows:

m= cos| (latitudeg /60) p/180]

m= cosf)) = SDR /S,

SDR = cogf)*S,
S =1,361 Wm2
Cos(

where

is thesolar zenith angle

is thesolar elevation angle= 90-
thehour anglein the locakolar time
is the currenteclination of the Sun
is thelocal latitude

=A =4 =4 -4 -4

Parameters provided

0.

242, Ag = 0.361,

Be
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OLR value is based on the OLR recorded by NOAA during June 2016. Three sample were
extracted to show high and low values. The OLRs sampled corresponded to 329, 194 and 274

W/m?. For the purposef this analysis we will use al OLR or 2W/nt

3.1.6.4RF due to Fuel burn:
FuelBurnandC@gener ated RF are both calcul ated based

converted into Fuel Burn and later to into RF.

1. Engine Thrust:
The flight path is used to calculagagine thrustsingEurocontrob Base of Aircraft Data

Revision 36 (BADA)

(Tmaisa = Crea (17 h/Crez + Cres hz)

Cruise Thrust is by definition equal to gréll = D) The maxihum cuise thrust can be callaed
as

(Tcruise) max — CTcr TMax climb

where G is uniformly seto 0.95

2. Fuel Burn:
Based on the Engine ThruBtjel Consumptiois estimated based on tBerocontrod BADA.

The Nominal fuel flow for climb in [kg/min] can be found by multiplying the specific fuel
consumption by Engine Thrust T:
Foom=hT

Where
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Jet:h = Cfl (1+(VTAS/ Cf2))
h in [hg/min/kN] ; Vtasin [knots]
Cruise fuel flow is adjusted with a cruise fuel flow facigr. f

1Ecr = h T ffcr

Descent fuel flow can be found as:

fmin =Cf3 (1'h/Cf4)

3. RF induced by CO,
Emission of CQcan then be calculatausing the same equation used in the FAA Aviation

Environmental Design Tool (AEDTEO,[g] = 3155 FB[kg]
WhereCG, is in grams and fuel burn in kg. The impact on RF from iS@stimatedo 0.028
W/m? (Lee 2010)

RI:FueIBurn: 0028 * CQ[Q]
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3.2 REAL-TIME ALTERNATIVE CRUISEFLIGHT LEVEL METHODOLOGY

Thismethod sets a process to simulate flights through aatolsphericonditions at various
flight levels with the objective aletermining the next lowest/highest cruise flight level to avoid

generatig a contrailvhile calculating thelifference in fuel burmequired to fully evaluate the

alternate Cruise Flightevels

Flight Trajectory
Lat Lon altitude, date,
time

Weather
ISSR WPts

Model Parameters

For each Delay

Crysial Sze

Opical density

Growh Rate Evaluate RF

with Scenario
F 1,23
Master

Weather Intersection
n

¢
@ Flight Intersec

POS_ID
POSTIME
Hi_Trajectory
n

Fight Level
ISR Condiic@ Day& Hour

= o

v

Contrail RF 21
Contrail Delay 0
Contrail RF 22
Contrail Delay 1
Contrail RF 23

Result2_With Position|

ny
Fight Level

Contrail Delay 2

Contrail Delay 3

RFEFB Cruise FL RF FB Alternative FL

RFE FB Detail

@ Contrail Data @

Contrail Delay 4

Figure 16: Contrail generation and fuel burn model
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3.2.1 ALTERNATIVEFLIGHT LEVEL EVALUATION
1. Create ainiverse of possible flight locations along the planned route as possible
intersections with an Ice Super Saturated Region. The process uses the flight trajectory
sequence of locations: longitude, latitude and altitude and assisted by a translation tables

maps them to a weather cell spaces. This allows the physical location to be replaced by a

weather cell.

2. Using the potential weather cells the process creates a subset of the weather data. The
subset will be limited to the latitude and longitude comimatfound for flight

trajectories while including all possible altitudes. This step proved critical at a later stage

as it reduced the universe of the ISSR cells from 1.1 billion to 189 million.

3. Generate Contrails. The simulation of contrail generatitandken into a two step

process:

i) Contrail generation: The first ISSR penetration is determined by matching the flight
intersection to the weather information to generate the possible contrail locations.
The contrail space is generated matching the llah, date and time while allowing
the flight level to vary within cruise flight level 48,000 ft.

i) Contrail persistence: Persistence is estimated from hoursl to 4 after the contrail
formation: This process matches the intersection table to the nextfheeather to
generate possible contrail persistence. The contrail persistence space is generated
matching the lat lon, date and extended time locations as long as a contrail was
generated in the prior step(s).

4. Next we consolidated contrails generatedrduthe hours 0 to 4 removing duplicates.

This will yield a distinct combination of flight, date and location.

5. Set parameters for Optical deptiOptical depthabove contrailt 2 and contrail growth
rate. The case study presented evaluates 3 sets of parameters:
1- ExpectedRF.
2- Rapid Crystal growth
3- Rapid Contrail spread.
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Table 11; Parameters for RF scenarios

Persistence |Crystal Diameter| Contrail Optical | Contrail Width
Treatment

[Hr] [mm] Depth [m]

0 10 0.4 | 500

1 20 0.2 1000

1 2 25 0.08 1 2000
3 25 0.02 Il 2000

4 25 0.01 Ll  aooo

0 10 | 500

1 20 0.4 1000

2 2 30 0.1 2000
3 30 0.08 E

a 30 0.05 Il 2000

0 8 0.4 1000

1 15 0.2 Ll  aooo

3 2 20 0.08 B | so00
3 20 0.02 16000

4 20 0.01 [ 32000

6. Estimate Rdiative Forcing for each scenario.

)

i)
ii)

iv)
v)
Vi)

Evaluate each flight within thi@ BssibleContrail Space. The possible Contrail
Space is created by limiting contrail formation in hours +1 to +4 to weather cells
where a contrail was formed at the time of travel (hgubQring the case study this
limitation reducedhe potential contrail cells from 53,000,0001&,000,000
facilitating thesearchand allowing thesvaluaion of 800 flights over 1 year in
appioximately on a desktop computer in 4 hours per scenario.

Contrails along Track: Generate RF along trajectory controlling FL to match actual
trajectory

Alternative Contrail options: Generate RF along trajectory allowing FL to vary
Evaluate fuel burn along track.

Evaluate fuel burn along alternative flight level.

Evduate RF induced by CO2

7. Consolidate results for radiative forcing scenarios.
8. Evaluate fuel burn for path along track and alternative flight levels.
9. Consolidate and builRadiative Forcing and Fuelin detailfor analysis.
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3.2.2 FUEL BURNEVALUATION

Fuelflowisc al cul ated based on Eurocontrol s Base
adjusted cruise fuel flow. The estimation of fuel burn is calculated assuming the ascent and
descent are performed at a constant 3° angle and 250 VTAS with araimitihal altitude of

zero. The distance is estimated along the track of the trajectory and cruise speed is assumed
constant set to the mode of the speed recorded for the flight. This provides a direct measurement
of the change in fuel burn due to fligletvel and departurearrival.

Radiative Forcing is calculated for Fuel Burn via the CO2 generated

1. Climb and descent per minute:
Climb per min = TAN (37) *(VTAS * 101.268) [ft/min]

Descent per min = TAN ( 3 ) *(VTAS * 101.268) [ft/min]

2. Climb anddescent time
Climb time = Evaluated Flight Level / Climb per min [min]

Descent time = Evaluated Flight Level / Descent per min [min]

3. Cruise time

Cruise Time = Total actual flight timieClimb Timei Descent Time

4. Engine Thrust:
TClimb=CTcl1(17 h/CTc2+ CTc3h2)
TDescent= CTcl( 17 h/CTc2+ CTc3h2) * 0.074

TCruise= CTcl( 17 h/CTc2+ CTc3h2) * 0.95
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Noteh set constant at 1808@r climb and descent; during cruise, h is set to the

cruise flight level

5. Fuel Burn:
Based on the Engine Thrust, FuelC® u mpt i on i s esti mated based ¢
BADA. The Nominal fuel flow for climb in [kg/min] can be found by multiplying the
specific fuel consumption by Engine Thrust TaMs set to 250 for ascent and descent and
set to mode of cruise speed @wuise portion.
Foom=hT
Ncimb = G (1+(Vras / Cr))
Where
h in [hg/min/kN]

V1asin [knots]

Cruise fuel flow is adjusted with a cruise fuel flow factgr:f0.9737

1:cr =hT ffcr
Fuel Burncnmb: (hcﬁmbTC“mb/lOOO ) Climb Time
Fuel Burnpesc= Ciz (1-h / Ct3) Descent Time

Fuel Burngise= (hCruiseT Cruise /1000 ) Cruise Time *0.9737
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3.3 MODELDATA

Analyzing weather and air traffic daiacreate the inventomgquires dealing with large datasets.
For this purposarelational databads usedo load and compare the weather and traffic
information Thedatais stored in the Contrail InventodatabaseThe database server to house
thetwo main sources: weather aaiticraft trajectoryalong with several referentables. A

description of thelata usd for this analysis iprovided in Table 12.

Table 12: Data Structure

ID Table Name Description Source Size Record}

1 Airports Airport Name and Location | Generated 4,227

2 Center Codes Center Names Generated 49

3 Flight_Levels Flight levels being evaluated | Generated 27
and mapping to Z_Val.

4 Lat_Lon Mappingtable tojoin weather | Generated 151,987
to traffic data

5 Traffic Aircraft trajectorysample 26 | ADS-B 675,750
Juk2006

6 Weather Temperature, humidity by NOAA 1,176,676,072
location and tine RAP files

1. Airports:

This table provides a list of airports along with their location, city and country.

2. Center Codes:
Center Names and codes for reference only.
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Flight Levels:
Translation table to convert altitudefeetto aflight level andZ_value. The table
provides a min and max pressure altitude and its equivalésdlue. By
predetermining these ranges a many to many joiediscedo a one to onmatch

Lat Lon:
Mappingtable to converatitude,longitude into Nx, Ny This table allows a
establish ranges by latitude and longitude to be assigned a unique Nx, Ny value. By
prepossession these ranges and assigning thea B subsequentomparison
gueries that will involve millions of records can be simplified from ayrta many
join to a one to one join.

Traffic:
This table contain8DS-B trajectory information foobne day or air traffic. This
information is provided in a standard latitude, longitude and altitude..

Weather:
This table provides weather informatiortraxcted fromthe NOAA RAP files. The
data contains temperature, specific humidity, and pressure at each given position. To
discretize the analysis the location, position is maintained in its original Nx, Ny, Z by
date and houiThe size of thisablefar exceeds all otherns this set with over 1.1
billion records.
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Figure 17:Weather and Traffic Database Model

Managing the data within a structured datateassbles uso interact with it via standard tools
such as python and Rdditionally havingthe information in the database enables us to analyze
the ISSR regions, compare these to flight records and provide insight to weather impact of
alternative flight routes via standa®tructured Query Language (SQL).
Given the volumef the data some steps were taken to preprocess the information to facilitate the
analysis that the main challenge in this analysis will be matching weather to traffic data. Both
provide information in location and time. Additionally, latitude, longitudeé altitude are all
continual dimensions. A direct analysis would therefore involve two four dimensional data sets,
however some of this data is already discrete as is the location within the weather information.

1 To simplify location, the weather informan is kept as Nx, Ny, Z and the Lat_Lon

referencavas built towhich contains all Nx, Ny combinations assigned a unicque ID;
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additionally a min and max latitude and longitude are assigned to create ranges. Next the
traffic table swept locating the aredt position within a laton range and assigning the
predefined.oc_ID to each record.

1 To facilitate altitude matching a minimum and maximum pressure are assigned to each
flight level and assigned a Z_Val from the weather data.

1 The last variable: timés provided at the top of each hour within the weather data.

allow matchingminutes and seconds are truncated fromridjectorydata.

With these steps, analysjseries will only need to matdtoc _ID, an integer within both sets, a

Flight Level orZ_Vali integer in both sets and theur.
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4. CASE STUDY: DAILY CONTRAIL INVEN TORY FOR U.S. ARSPACE i
2015

The model is validated by running one day of flights thaaugkarof weather data to generate a
Contrail lnventory The inventory proveseveral insights into contrail statistics. Based on these
statisticsflights are selected and simulated through the weather with variable flight levels to
evaluatepotential for eliminating contrails by changing Cruise Flight Levels.
The NOAA provides RR files with both actual and forecastedaddthis analysisises the actual
weather filegrovidedat the top okach hourFor the casstudy atmospheridata was
downloaded from the NOAA sité\ total 276 days had complete data s€tsspite multiple

efforts ®me days idanuary Septembeand Octobeshow ircomplete atmospheric data

4.1 CONTRAIL INVENTORY

4.1.1 ICESUPERSATURATEIREGIONSTATISTICS

In 2015, the monthly averagé ISSR CONUS Cells wakl6,865,118(7.4%) with standard
deviation 0f37,399,966(3.18%). The monthly ISSR CONUS Ceblse shown irTable B. The

Summer months (Jun, July, Aug) hav8times the ISSR CONUS Cell count of the winter
months.The counts are accumulated over all locations in the CONUS and betweghdrd?

FL420.
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Table 13: Count of 3D points by Month

Month ISSRNeather Cells % of ISSR CONUS Cells
Now14 74,790,763 5.90%

Decl4 119,386,535 6.69%

Febl15 75,086,577 5.68%

Mar-15 52,822,728 6.13%

Apr-15 117,735,997 6.82%

May-15 125,198,833 7.02%

Junlb 141,545,934 8.20%

Jutl5 157,982,162 8.85%%

Augl5 159,774,273 8.96%

Sepl5 144,327,373 8.35%

Oct15* 6,639,306 5.80%

Total 1,175,290,481 7.40%
Avg 116,865,118

Standard Deiation: 37,399,966 3.18%

*Partial data

The volumetric statistics from Table 13 are broken down by Flight Level for each rranihe
18 provides an overall view of the seasonality by Flight Lewdlile ISSRs are present thought
the yeay seasonaliy can be seen with a ligeason from June to Septemlifdight Levels 320

and 30 have the highest percentage of ISSR CONUS Cells.
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Figure 18: Percentage of ISSR Coverage in the US Airspace 2015

The ISSR CONUS Cells tend tave a volume in the shape of an octahedron @2dgamond)
shapeThe coverage of the CONUS at each altitude during the month of August 2015 is shown in

Figure19. ISSRs are present from Flight Leve@2Zo 380, howevehe most frequent

occurrence isit Flight Level 30.
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Figure 19: Average ISSR coverage by Flight Level in August 2015 (%)

The effect of seasonality by Flight Level is shown in TddleThe table presents a concentration
of ISSRs between FL 320 and 36@idg the summer months, this frequency then drops within
2000 feet both above 360 and below 320ring February and March 2015 no ISSR were

identified above Flight Level 350.
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Table 14: ISSR frequency by Flight Level (Percentage dbtal air space)
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Figure20 combines the max and min Flight Levels in blue and red, along wittailyeaverage

ISSR coverage in green.
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Figure 20: Average percentage ofiISSR coverage by Flight Leve(20141 2015

Theanalysis of thatmospheridata showed the the ISSR can be found throughout the year with
highest frequency from June to September. The monthly average % CONUS Volume is 20%,
with aminimum of 1% and a maximum of 38%. Regarding altitudes, ISSRs watedoc

covering 10% of the airspace at Flight Levels from 320 to 370 and occupied up to 30% of the
airspace at Flight Level 340. The results indicatesbper saturateide regions constantly vary

in size and location and che coveringa large geograph@area on the CONUS

Geographic location

To ilustrate the ISSReasonality and sensitivity to altitutieo sequence of images are displayed.
The images show ISSRs in white over a US ride. first sguence (Figure 2Z)ustrates

differencedy altitude.Hourly updates are show for the same time anddlaiag the month of
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Novemberfor flight levels 340 and 36(.he images illustate both the movement over time and
how at FL 360 the ice saturated regions are larger over theestemin US air spaca. similar
sequence of saturate regions is produodegure 22for the month of August. Comparing the
two sequencethe main change is that during Augtls ISSRs at flight level 34€bver the

entire sourhestern US aadarge section of the Atlantic ocedkihile both sequences present
differences between monthhgdifference from ondlight level to anothesuggests aotential

effectin contrail formation whehanging flight levels

67



Figure 21: ISSR coverage November 2014 (%)
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