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ABSTRACT

Persistent contrails and contrail cirrus are estimated to have a larger climate impact than all
CO2 emissions from global aviation since the introduction of jet engines. However, the measure
for this impact, the radiative forcing (RF) or effective radiative forcing (ERF) comes with much
larger uncertainties than those for CO2. This study investigates one of the major causes for
uncertainty, the natural variability. Specifically, the weather-induced variability is examined
from a large dataset of instantaneous radiative forcing (iRF) values, produced from ten years of
MOZAIC flights and ERA-5 reanalysis data.

Cdf’s and pdf’s of the iRF dataset show strong annual and interannual variations and a seasonal
pattern. 80 % of the contrails have a small positive iRF of up to 20 Wm2, 10 % of all cases
have an iRF > 19 Wm, but these have a disproportionally large climate impact, and the
remaining 10% have negative iRF. The distribution of iRF values declines exponentially at
positive values and is heavily skewed. Monte Carlo experiments reveal the difficulty of
determining a precise long-term mean from measurement campaign data. Depending on the
chosen sample size, calculated means scatter considerably, which is caused exclusively by
weather variability. This variability is the lower limit for uncertainty, which suggests, that there
is a fundamental limit to the precision with which the RF and ERF of contrail cirrus can be
determined.

The accurate local prediction of persistent contrails is still not possible because of errors in the
humidity field in most weather prediction models. When the meteorological and dynamical
conditions of persistent contrails and Big Hits (the strongest warming contrails) are known,
they could be used as an addition to the SAC quantities to improve prediction possibilities. The
data showed, that Big Hits favor small negative vertical velocities, small positive divergence,
anticyclonic flow, low potential vorticities up to 4 PVU, large geopotential heights, and large
lapse rates up to 10 K km™. The last four variables showed the strongest separation of the pdf’s
and are best suited for improving the prediction of persistent contrails. This was tested with a
logistic regression model and with model output statistics for conditional probabilities. The
results showed, that, 1) predicting Big Hits is quite reliable when it is already known that
contrails will be persistent and 2) high probabilities for the persistence of contrails can be
determined by introducing thresholds for dynamical variables and combining them with the
SAC quantities. When such thresholds could be included in a weather prediction model like
ECMWF’s integrated forecast model (IFS), probabilities for contrail persistence could be
produced before the flight planning period. Avoidance of persistent contrails or Big Hits would

then become more reliable.
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1 INTRODUCTION

1.1 Motivation and scientific background

1.1.1 Aviation in context

With the era of globalization and acceleration, aviation has become an important part of society
over the past decades. The steady growth in flights, passenger numbers, and revenue bring
immense economic and social benefits and are proof of the rising importance of this sector.
According to the International Civil Aviation Organization (ICAQO)(2019), the amount of
carried passengers nearly doubled from 2.7 billion in 2010 to 4.5 billion in 2019 and carried
freight tons increased from 188.5 billion in 2010 to 225.0 in 2019. This growth inevitably leads
to an increase in negative externalities generated from global aviation. There is a large number
of processes by which aviation contributes to climate change, overall combining to a net surface
warming. This is caused mainly by aviation’s large CO2 emissions, which in 2018 accounted
for 2.4 % of the overall anthropogenic CO> emissions, as well as by numerous non — CO;
climate effects (Lee et al., 2021). Non — CO- effects include emissions of NOy, water vapor,
soot, and sulfur aerosols and the development of contrails and contrail cirrus, also called
aviation induced cirrus (AIC). NOx emissions lead to a short-term increase, but a long-term
decrease of ozone (Ogz), a decrease in methane (CHs), and consequently a reduction of
stratospheric water vapor (Lee et al., 2021). The impact of all of those effects on the climate is
measured as effective radiative forcing (ERF) or radiative forcing (RF). Those metrics will be
explained in chapter 2. In 2011 the net ERF for aviation contributed to 3.5 (5-95 % confidence
interval: 4.0, 3.4) % of the overall anthropogenic ERF of 2290 (1130, 3330) mWm™. For 2018
non — CO; terms accounted for more than half of aviation’s positive effective radiative forcing
of 100.9 (55, 145) mWm™2, namely 66.6 (21, 111) mWm=2. The individual numbers for
non — CO; effects can be found in figure 2. The largest effect, with 57.4 (17,98) mWm?2, is
ascribed to contrails cirrus in high humidity regions (Lee et al., 2021). With an ERF/RF ratio
of 0.42 contrail cirrus are less effective in surface warming than CO, (ERF/RF = 1), but they

still have a larger overall ERF.

1.1.2 Contrail cirrus RF / ERF and their uncertainties
The term contrail cirrus includes contrails plus cirrus cloudiness, that arises from the expansion
of one or many contrails in ice supersaturated regions of the atmosphere. Contrails are line-

shaped particle ice clouds (see figure 1), that are caused by the emission of water vapor,
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Figure 1: Left: Condensation trails forming behind the exhaust of an aircraft. Right: Aviation-induced
cirrus. Source: https://images6.alphacoders.com/983/983463.jpg; https://electricaircraft.mit.edu/wp-
content/uploads/2

aerosols, and particles from an aircraft exhaust, that mix with cold ambient air, which causes a
local saturation, allowing condensation and freezing of water on aerosols (Appleman, 1953;
Schmidt, 1941; Schumann, 1996).

Contrails impact the Earth’s radiation-energy budget in two ways. They reflect solar radiation
back to space and block thermal radiation from the Earth’s surface and lower atmosphere. The
shortwave radiative forcing (RFsw) is absent during the night, while the longwave radiative
forcing (RFLw) occurs during day- and nighttime. The net RF, as their sum, adds up to the small
warming effect listed in the IPCC charts.

The problem with the annual global RF or ERF for aviation is, that they come with very large
uncertainties. Lee et al. (2021) give best estimates with 90 % uncertainty ranges
(from the 5 % - 95 % confidence intervals), of which the non — CO2 ERF terms contribute about
8 times more to the uncertainty of aviation net ERF than the CO». Older estimates for contrail
cirrus RF for 2011 (Boucher et al., 2013) and for aviation-induced cloudiness (which includes
contrail cirrus) for 2005 (Lee et al., 2009) show smaller values than the new estimates from Lee
et al. (2021), viz. 50 (10, 150) mWm2 (old) vs. 86 (25, 146) mWm= (new) for 2011 and
33 (11, 78) mWm (old) vs 82.6 (24, 140) mWm (new) for 2005. The estimates from Lee et
al. (2021) are based on results from Bickel et al. (2020), Bock and Burkhardt (2016), Burkhardt
and Karcher (2011), Chen and Gettelman (2013) and Schumann et al. (2015a).

What all estimates have in common is that they all have very large uncertainties and low
confidence levels. Since the IPCC Special Report on Aviation and the Global Atmosphere in
1999 (Penner et al., 1999) the confidence level did not get any higher, despite of ongoing
research. This is due to a variety of uncertainty sources. Lee et al. (2021, Appendix E) group
them into two categories — A: Uncertainties in the radiative response to contrail cirrus, and
B: Uncertainties from the upper-tropospheric water budget and the contrail cirrus scheme. Their
calculated overall uncertainty for contrails cirrus RF is 70 % (Lee et al., 2021). So far, the

determination of a precise global annual mean RF / ERF proves to be very difficult. This
2
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however does not stem from a low level of scientific understanding (LOSU). For contrails, there
has been considerable progress in scientific understanding during the last decades.
Characteristics and the climate impact of contrails have been simulated with many different
contrail models, namely Large-eddy simulations (LES) (eg. Lewellen and Lewellen, 2001;
Unterstrasser, 2016), atmospheric global circulation models (GCM) (eg. Burkhardt and
Kércher, 2009; Ponater, 2002), and Lagrangian models (eg. Schumann, 2012; Unterstrasser and
Soélch, 2010). New theories, eg. about the contrail formation for fuel cells (Gierens, 2021) and
from hybrid-electric aircraft (Yin et al., 2020), have been introduced. The detection of contrails
with satellite imagery (Mannstein et al., 1999) and the development of a contrail tracking
algorithm for the development of contrails (Vazquez-Navarro et al., 2010) have been presented.
These are only a few examples of the numerous studies about contrails and contrail cirrus with
all of their connected complex processes. Unfortunately, all of these results did not contribute
to a reduction of the uncertainties associated with contrail cirrus RF. Therefore, the many
uncertainties do not limit the understanding of contrail cirrus forcing, but they limit the ability

to determine a precise global mean.

1.1.3 Weather variability induced uncertainty of contrail cirrus RF

One major source for the large uncertainty is the natural variability, and specifically the
weather-induced variability. Unfortunately, this variability only becomes visible in ensemble
simulations or when simulations are repeated for the same year. Gettelman et al. (2021)
presented such an ensemble study. They used air traffic data from 2006, scaled them to 2019
traffic amounts, and then calculated the ERF for the years 2019 and 2020, ignoring Covid-19
in 2020. The same amount of emissions is used for both years, only the meteorological
conditions differed. The mean ERFs were 90 + 50 mWm™2 for 2019 and 33 + 35 mWm 2 for
2020, where the two standard deviations have been determined using the different results of the
ten ensemble members. The mean of the two years is 62 = 59 mWm2 which is very similar to
the ERF given by Lee et al. (2021) for 2018. What is remarkable is the huge difference between
the two years. They are exclusively caused by changes in weather. The weather variability
induces large uncertainties in the radiative forcing of contrail cirrus. This thesis examines
exactly that: the weather variability induced uncertainty on contrail radiative forcing.

For this, the most basic measure for the radiative effect of a contrail, the instantaneous radiative
forcing (iRF), and not the mean RF or ERF were used. The instantaneous RF of a contrail (iRF),
also called cloud radiative effect, is the difference of the net radiation flux at top of the

atmosphere in a situation with vs. without a contrail. It only considers the immediate radiative
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effect at one single point in space and time. It can be three orders of magnitude larger than the
RF metric (Gierens et al., 2020). IRF can represent strongly warming (endothermic) and
strongly cooling (exothermic) cases. Forcing measures are only relevant for climate if contrails
are persistent. That is, if they fulfill the thermodynamic Schmidt-Appleman criterion
(Schumann, 1996) and are located in an ice-supersaturated region (ISSR) where the relative
humidity with respect to ice RHi exceeds 100 %. With those favorable conditions, ice crystals
do not immediately sublimate, instead, the total ice water content can grow by the uptake of
ambient water, which leads to the formation of a persistent contrail and contrail cirrus.
Persistent contrails can exist for several hours, with their appearance gradually approaching that
of natural cirrus (see figure 1, right), when the contrail gets spread out by the local wind field
and wind shear (Marquart, 2003).

1.1.4 Big Hits

On average, an aircraft spends about 15 % of its flight path in ISSR"s (Gierens et al., 1999, p.
199). In theory, the climate impact of contrails can be eliminated by preventing the formation
of persistent contrails (Teoh et al., 2020a). Since it is not efficient to try to prevent all persistent
contrails in those 15 % of the flight distances, one should focus on contrails with the highest
positive individual radiative forcings, so-called Big Hits (Royal Aeronautical Society, 2019).
Big Hits are produced only on a small fraction of flight trajectories, meaning that a change in
flight path could considerably prevent contrail formation. Using six weeks of flight data for the
Japanese airspace, (Teoh et al., 2020a) demonstrated that only 2.2 % of flights contribute to
80% of contrail energy forcing (EF). The term EF will also be explained in chapter 2.
Selectively diverting 1.7 % of those flights using a small-scale diversion strategy could reduce
the EF by up to 59.3 % with an increase of fuel consumption and CO2 emission of only 0.014
%. Even without additional fuel, a low-risk flight strategy could decrease the EF by 20 %. With
such a minimally invasive optimized routing strategy, the negative warming effect of contrails
could be reduced while keeping the additional aircraft operating costs and greenhouse gas
emissions at a minimum. Such an avoidance strategy needs of course a reliable prediction of
the conditions under which contrails can become such strong climate warmers (Big Hits). This

subject is addressed in the second part of this study.
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Figure 2: Best estimates for ERF, RF, and ERF/RF ratio including the confidence level from global
aviation from 1940 to 2018. The bars and whiskers show best estimates of ERF with their 5-95 %
confidence intervals. Red bars indicate a warming effect and blue bars indicate a cooling effect.

1.2 Aims and objectives

This thesis has two main goals. Firstly, this study aims to give a reason as to why we have not
yet been able to significantly reduce the high uncertainty associated with contrail cirrus RF. For
this, statistics of the instantaneous radiative forcing (iRF) of individual persistent contrails are
produced from a combination of MOZAIC in-situ measurements from passenger aircraft and
ERA — 5 reanalysis data. Ten years of data were used to achieve good statistics. The goal was
to determine the variability in the data that is solely ascribable to weather variability. Therefore,
all contrails in the data set are treated with the same methods, they are assumed to have fixed
crystal size and depth, and thus only the weather varies, i.e. the amount of ice that can be created
as well as the ambient radiation quantities. As the least number of degrees of freedom was used,
this variability, which is a major source for uncertainty, is the lower limit for uncertainty.
Furthermore, this study intends to display the disproportionately large effect of strongly
warming contrails. By avoiding them, a substantial part of aviation’s climate impact could be
eliminated. Hence, the second objective of this thesis is to characterize Big Hits and analyze
their meteorological conditions, to achieve better prediction possibilities. Different methods are
used to try to produce probabilities for persistent contrails and Big Hits, based on their
meteorological conditions. If regions where Big Hits would develop could be reliably predicted

before the start of a flight, eg. by implementing those probabilities into global forecasts, the
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flights could be rerouted to avoid areas of high probability. Such a strategy would require
minimal additional fuel and emission of extra CO> since Big Hits occur only rarely. To see
whether contrail prevention through flight route diversion is possible at all, the meteorological

conditions and the iRF are also checked for their coherence.

1.3 Thesis outline

In chapter one, the scientific importance and motivation for the topic were presented. The next
chapter gives a short introduction to contrail formation and radiative forcing metrics. In section
3 data sources are introduced, followed by section 4 that describes the methods used for the
study and its objectives. Results can be found in chapter 5 and are discussed in chapter 6. The

most important points are summarized in chapter 7.
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2 CONTRAILS AND AVIATION-INDUCED CIRRUS

Condensation trails (hereon called contrails) are line-shaped, aviation-induced cirrus clouds that
have a rather different formation mechanism than natural cirrus. Under favorable atmospheric
conditions, they can become persistent and grow to a large cirrus cover, which can induce a
considerable climate effect. This climate effect is usually measured in radiative forcing metrics.
In the next subsection the formation mechanism and relevant thermodynamics, as well as the
life cycle of contrails and contrail cirrus will be presented. To explain and differentiate the in
the study used instantaneous radiative forcing (iRF), chapter 2.2 then lists the mainly used

climate forcing metrics for contrail cirrus.

2.1 Contrail formation and life cycle

2.1.1 Contrail Formation

As mentioned before, contrails and contrail cirrus are ice clouds. There are two basic ice
formation mechanisms, homogeneous and heterogeneous ice nucleation. Both mechanisms are
schematically depicted in figure 3. Homogeneous ice nucleation is dominant for the formation
of pure ice clouds, meaning natural cirrus, while heterogeneous ice nucleation is the decisive
process for contrail cirrus. Homogenous ice nucleation describes the process when supercooled
liquid drops of water, sulfuric acid, or other substances freeze spontaneously without the
presence of a particle nucleus (Bier, 2018; Koop, 2004). Depending on the drop radius of the
liquid, it can be cooled way below its melting point Tm, down to the homogeneous nucleation
temperature T+. For pure water Tris ~ 235 K (Koop, 2004), but the addition of solutes decreases
the temperatures even further (Koop et al., 2000). Supercooled liquids can coexist with their
crystalline phase, but, while the crystalline phase is stable, the supercooled liquid is in a
metastable state (Koop, 2004). This means that there is a limit of supercooling, and when a
critical vapor pressure or temperatures below Tt is reached, rapid nucleation happens in a matter
of seconds (Pruppacher and Kilett, 2010; Russo et al., 2014). Then, because of internal
fluctuations, the small molecular clusters inside the bulk of the liquid drop will grow to a stable
germ and once the critical size is reached, a macroscopic phase change occurs in the whole drop
and it freezes to become an ice crystal (Pruppacher and Klett, 2010). In the upper cold
troposphere (T < - 40 °C) natural cirrus clouds form mainly by homogeneous freezing from
liquid aerosol particles that consist of aqueous solutions of sulfuric acids and other substances.
Freezing is only possible when the solution is highly diluted, which happens when the solution
droplets gain water molecules from the ambient air. Therefore, the ambient relative humidity

with respect to ice needs to exceed ~ 145 % (Gierens et al., 2012). When it comes to contrail
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Figure 3: Formation of contrail ice particles by heterogeneous nucleation and subsequent freezing of
the liquid droplet. Figure from (Teoh, 2020, p. 44).
formation, homogeneous nucleation is thought to be negligible (Kércher and Yu, 2009).
However, especially in the northern hemisphere, where the air is more polluted due to air traffic
and more nuclei are available in the atmosphere, natural cirrus can also be formed by
heterogeneous nucleation (Gierens, 2003). When the crystallization of supercooled liquids is
initiated by surface contact with a solid particle nucleus, this is called heterogeneous nucleation.
The addition of a foreign nucleus to a liquid increases the overall nucleation probability. Ice
nuclei can be the many tiny aerosol particles in the atmosphere which have a concentration of
102 — 10* cm in the upper troposphere (Minikin et al., 2003; Schroder et al., 2002; Schroder
and Strém, 1997), or when it comes to contrails, the particles from the exhaust plume of the
aircraft that have a concentration of 10° cm at the engine exit (Schroder et al., 1998). Aerosol
particles in the upper troposphere are mainly supercooled solutions with sulfate-, nitrate- and
ammonium-ions or organic materials (Bier, 2018). The exhaust gas volume of a conventional
aircraft engine consists of 91.5 % natural components of the air, namely 75.2 % nitrogen and
16.2 % oxygen. The remaining volume is made up of 72 % carbon dioxide, 27.6 % water vapor,
and 0.4 % pollutants, which consist of 84 % nitrogen oxides, 12 % carbon monoxide, and a
small percentage of sulfur dioxide and particle emissions (Bier, 2018). Those particle emissions
include soot particles and particulate matter (PM) like black carbon (BC), metallic compounds,
and ultrafine organic volatile particles. Of all of those aircraft emissions, water vapor and
particle emissions are most important for contrail formation (Bier, 2018; Teoh, 2020). However,
particle emissions play only a secondary role, as contrails could even form when the aircraft
would not emit any particles, eg. like in the exhaust of liquid hydrogen-fueled aircraft (Strom
and Gierens, 2002). Therefore, contrail formation is mainly thermodynamically driven.
Contrails form because of a local water saturation that develops during the isobaric mixing
between the warm, moist exhaust gases from the aircraft and the cold, drier ambient air. Water
molecules then condense at the surface of the aerosol particles from the exhaust or the

surrounding air (mixed into the plume) and by the uptake of ambient water vapor, the liquid
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droplets grow in size and then freeze homogeneously to become ice crystals (see figure 4). This
all happens in less than a second.

Contrails form only in very humid and sufficiently cold regions, with temperatures below
— 40 °C, which is usually in cruise levels of the upper troposphere and lower stratosphere. In
such cold conditions, a direct condensation of ice on the particles would in principle be possible,
but the particles would need to have special surface properties, like a crystalline lattice structure
similar to that of ice, which is quite rare (Gierens, 2010; Pruppacher and Klett, 2010). Most of
the ice crystals develop on coated and activated soot particles (Kércher and Yu, 2009), which

are produced by the incomplete combustion of hydrocarbons in the kerosene (Bockhorn, 1994).

2.1.2 Schmidt-Appleman criterion

As previously mentioned, the formation of contrails depends mainly on thermodynamic
conditions during the mixing of the warm exhaust gases with the cold ambient air. In 1996
Schumann presented a criterion based on the findings from Schmidt and Appleman (Appleman,
1953; Schmidt, 1941), the so-called Schmidt-Appleman criterion (SAC) (Schumann, 1996),
that can exactly decide whether contrail formation is possible.

Contrails develop only when, during the plume expansion process, local water saturation is
achieved. This means, that the ambient atmospheric temperature has to be below a certain
threshold temperature T4, and RH,,,,, Which is the relative humidity that the mixture of
exhaust and ambient air attains in the moment when its temperature is T4, has to be above
100 % (Gierens et al., 2020). Equations for both T,,,, and RH,,,, are given in chapter 4.1.
The mixing process of the exhaust gas and the ambient air takes place isobarically, such that it
follows a straight line on a T — e phase diagram. Contrail formation is only possible when the
mixing line intersects with the water saturation curve. In figure 5 two isobaric mixing lines for
two possible phase trajectories are drawn, both starting at higher exhaust temperatures and
cooling down to the ambient temperature during the mixing process. The two curves show the
water vapor saturation partial pressure with respect to liquid water (upper one) and ice (lower
one). The right line, which is the tangent to the water saturation curve, demarks the highest
ambient temperatures, where contrail formation is still possible, namely the temperatures at the
tangential point. For this trajectory T,,,, 1S at ~ - 40 °C with a water vapor partial pressure
e ~ 18 Pa. The left straight line shows a trajectory for contrail formation below the threshold
Tomax, Where a large supersaturation is reached during the mixing process. The light grey area
depicts conditions where short-lived contrails form, while the dark-grey area stands for the

formation of persistent contrails, which happens only in ice supersaturated regions (ISSR’s).
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The slope of the phase trajectory can be 50 . .

calculated with the equation 45F [ Short contrails 7 A

[ Persistent contrails s

G:Z—;z(p*%’)*[%]. (2.1)

It depends on the air pressure of the
flight level p, the isobaric heat capacity
of air ¢, = 1005 J kg'K™, the molar

Water vapor partial pressure (Pa)

mass ratio of water and dry air

€ = 0.622, the emission index of water

vapor Ely,o = 1.25 kg per kg kerosene 0 A | | |
-60 -55 -50 -45 -40 -35 -30 -25

burnt, ~ the  combustion  heat Temperature (°C)

Q = 43 MJ per kg of kerosene, and the Figure 4: T-e phase diagram for contrail formation. The

. . two straight lines are mixing trajectories for different
overall propulsion efficiency of the mixing processes. The right line is the tangent to the water
vapor saturation partial pressure curve (upper), which is
where Tmax lays. The left line shows a phase trajectory

. . with atmospheric conditions a few degrees higher than the
(Gierens, 2010). The overall propulsion threshold temperature Tmax. The lower curve is the

efficiency is a function of the thrust of saturation vapor pressure curve for ice. Phase points in
the light grey area indicate that contrail formation is

the engine F, the speed of the aircraft V possible, and in the dark grey area that persistent contrails
are possible. Figure from (Gierens, 2010).

aircraft n = 0.35 (for modern airlines)

and the amount of chemical energy

provided by the combustion heat @ at flow rate m:

n=FV/(m Q). (2.2)

Hence G depends on the atmospheric situation, as well as on the aircraft- , engine-, and fuel-

combination (Schumann, 2005).

2.1.3 Lifecycle and persistence

The lifecycle of contrails can be explained with the three main evolution phases of contrails,
the jet phase (ca. 20s), followed by the vortex phase (ca. 2 min), and the dispersion phase
(minutes to hours) (Gierens, 2010). The jet phase includes the mixing of the exhaust gases with
the ambient air, which was already explained. The mixing of the exhaust gases starts earlier at
the edges of the plume than in the center. This is due to the structure of the jet engines, which
emit colder air around a hot middle stream. At the end of the jet phase, the temperature in the
plume has decreased down to that of the ambient air (Bier, 2018).

In the next phase, the vortex phase, the ice crystals become trapped in a counter-rotating vortex

pair. The vortex system then moves downwards, which leads to a partly sublimation of ice
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2 Contrails and aviation-induced cirrus

particles due to adiabatic heating. A secondary vortex is formed from a small fraction of ice
crystals above the upper edge of the primary vortex system (Unterstrasser, 2008). The loss of
ice crystals during the vortex phase depends mainly on the relative humidity and the initial
number of ice crystals and is up to a certain degree influenced by the aircraft type (wingspan),
ambient temperature, and atmospheric stability (Unterstrasser, 2016). After about two minutes
the vortex systems become unstable and decay (Gierens, 2010).

In the dispersion phase, contrail formation is now only influenced by atmospheric exchange.
Turbulent diffusion and vertical wind shear can spread a line-shaped contrail up to several
kilometers horizontally (Schumann, 2005). At some point, they lose their line shape and become
large cirrus covers that are indistinguishable from natural cirrus clouds. This only happens, in
the case of a persistent contrail. Such contrails can have lifetimes of up to 19 h (Vazquez-
Navarro et al., 2015). They disappear when they are no longer in ice supersaturated regions,
where the ice particles then sublimate. This can happen by sinking and adiabatic heating of the
contrail, or when the air mass is horizontally transported to drier regions by advection (Bier,
2018). This means, that the ISSR cover defines the potential contrail cirrus cover. Areas like
Europe and North America, where air traffic density is very large, can show a contrail cirrus
coverage of up to 10 % (Burkhardt and Ké&rcher, 2011). The contrail cover by contrail cirrus is
assumed to be ten times larger than that of line-shaped contrails (Mannstein and Schumann,
2005).

When contrails do persist for a long time, the ice particles can grow by accumulation of water
molecules, which is drawn from the ambient saturation excess and therefore reduce the level of
ambient ice supersaturation (Teoh, 2020). They can grow until they become too large and
sedimentation into a subsaturated layer happens, where they evaporate (Schumann, 2005;
Schumann et al., 2015b).

Persistent contrails favor regions that are also suitable for the formation of natural cirrus. When
a natural ice cloud lays in the vicinity of contrails, they both compete for the water available
for deposition (Ké&rcher, 2018). However, it is also possible, to find contrails in an otherwise
completely cloud-free sky. This is due to the high RH; values necessary for homogenous
nucleation, which needs to exceed 145 % (Koop et al., 2000). For contrail persistence
RH; = 100 % is enough. Ice-supersaturated regions are usually formed by an upward motion
of air masses during which the dry adiabatic cooling leads to an increase of the relative
humidity. Divergent flow also favors ISSR development (Gierens and Brinkop, 2012). ISSR’s
are mainly found in the upper troposphere (at 8 — 13 km altitude), have an average horizontal

extension of 150 km + 250 km and an average vertical extension of 700 = 100 m (Gierens and
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2 Contrails and aviation-induced cirrus

Spichtinger, 2000; Ké&rcher, 2018; Spichtinger et al., 2003a). On average, passenger aircraft
spend about 10 — 15 % of their flight path in an ISSR (Gierens et al., 1999).

2.2 Contrail radiative forcing

Now that the basic formation mechanisms for contrails and contrail cirrus are explained, the
question arises, how those anthropogenically caused phenomena affect the Earth and its climate.
A short overview was already given in the introduction. This chapter will continue with an
explanation of the radiative effect of contrail cirrus, as well as the mainly used climate forcing

metrics.

2.2.1 Radiative forcing (RF) and instantaneous radiative forcing (iRF)

Radiative forcing (RF) is defined as the net change in the Earth’s energy balance due to some
imposed perturbation (Myhre et al., 2013). It is usually measured in Wm as the change in net
energy flux at the top of the atmosphere (TOA). For contrails, it is the sum of all individual
radiative forcings induced from all contrails in a specific spatiotemporal domain (Teoh et al.,
2020b), typically given globally and over a time period of one year. Every individual contrail
causes a change of the radiation flow through the atmosphere and may cause a net energy loss
(cooling or exothermic contrail) or an energy gain (warming or endothermic contrail). In the
IPCC charts RF is on average slightly positive (Kércher, 2018; Lee et al., 2021), but it is always
the product of model calculations. In general, RF is not optimal for quantifying local effects of
contrails and contrail cirrus, as it is a global metric. This is why in this study the instantaneous
radiative forcing (iRF) is used. IRF is the radiation change due to a contrail on a single location
and time point, not averaged over a certain area or time (Schumann et al., 2012). It is therefore
the most basic measure for the radiative effect of a contrail and can be expressed as
“the difference of the net radiation flux at top of the atmosphere in two situations, one with
contrail, one without, but otherwise equal” (Wilhelm et al., 2021). Hence one arrives at RF
when all iRF’s from all global contrails (or from a specific area) are integrated over a specific
time. Contrails induce changes in the energy budget of the Earth mainly by shortwave radiative
forcing RFsw and longwave radiative forcing RFLw. When talking of RF or iRF of contrails, it
is always the sum of RFsw and RFLw, so the net effect. During the day, contrails reflect the
incoming solar shortwave (SW) radiation back to space leading to a cooling effect. This
shortwave radiative forcing (RFsw) results from a visibility contrast: It increases from bright to
dark background, from snow cover to open ocean water, from desert to forest areas, and from
cloudy to cloud-free skies. RFsw depends on the solar irradiance at the contrail, which depends
on the solar zenith angle, as well as on the albedo of the Earth’s surface or underlying clouds
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2 Contrails and aviation-induced cirrus

and the reflectance of the contrail (Fuglestvedt et al., 2010; Lynch et al., 2002; Meerkotter et
al., 1999). During day- and nighttime contrails also block and reemit outgoing thermal
longwave (LW) radiation from the Earth’s surface and lower atmosphere, which in contrast
leads to a warming by a greenhouse effect. This longwave effect (RFLw) results from a
temperature difference between the cold embedded contrail in the warm background. It depends
on the background temperature and humidity and the contrail temperature and emissivity.
Emissivity is the ratio of thermal radiation emitted by the surface of a grey body compared with
that of a black body under identical thermal conditions. Emitted thermal radiation depends
strongly on the temperature of the emitter (Stefan-Boltzmann law). RFLw increases from pole
to equator, from winter to summer, and from cool night to warm day (Lynch et al., 2002; Teoh,
2020). Both, contrail reflectivity and emissivity, are determined by the contrails ice content and
thickness, as well as the ice crystal size and habit distribution (Schumann, 2005).

All of these mentioned factors have a large influence on RF. Maybe even more important is,
that they introduce tremendous natural variability. The error bars for RF in the IPCC charts do
not reflect this natural variability. They stem from differences between model results, caused
by different parameterizations.

RF has another major disadvantage: not only is it not able to quantify the effect of a single
contrail like iRF can, but is also not able to determine the cumulative climate forcing over the
whole lifecycle of a contrail. The energy forcing (EF), another metric for the radiative effect of

contrails and contrail cirrus, does that.

2.2.2 Energy forcing (EF)

The EF (in units of J) is the integral of the iRF over the area (width (w) and length (L)) and
lifetime (t) of a contrail (Schumann et al., 2011; Schumann and Heymsfield, 2017; Teoh et al.,
2020b):

EF = [[iRF(t) X L(t) x w(t)dt. (2.3)

It can also be given per flight distance or length of a contrail in J m™.

For iRF the variability should be smaller compared to that of EF for individual contrails, as EF
includes the whole development of the contrail, including all uncertainties introduced from that.
Note, however, that RF and EF cannot be directly compared, as they are two different physical
quantities. A large RF does not imply a large EF and vice versa.

The largest EF values can be found in regions with long-lived, but weak ice supersaturated
conditions, where the contrail can develop into a huge contrail cirrus cover (Schumann and

Heymsfield, 2017; Teoh, 2020). This is because, the larger the relative humidity with respect
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to ice, the larger the ice crystals can grow, which leads to a faster sedimentation rate and
consequently a shorter lifetime of the contrail.

2.2.3 Effective radiative forcing (ERF)

Another often used climate effect metric for contrail cirrus is the effective radiative forcing
(ERF). ERF is defined as the “change in net TOA downward radiative flux after allowing for
atmospheric temperatures, water vapor and clouds to adjust, but with global mean surface
temperature or a portion of surface conditions unchanged* (Myhre et al., 2013). This means,
that ERF allows feedback-like radiative adjustments on short time scales. Compared to RF,
ERF of contrail cirrus is substantially reduced because of the introduced negative feedback by
the compensating effect of natural clouds (Bickel et al., 2020).

But how are ERF and EF related? One could use EF and compute a specific radiative forcing
(see Fuglestvedt et al., 2010) from that, by dividing EF by the Earth’s surface area, the contrail’s
lifetime, and the unit mass one kg (of kerosene). The specific RF can be understood as the
time-, location-, and situation-dependent radiative forcing of a contrail of a length that could be
flown with one kg of fuel. If the total flown distances of a year and the specific forcings,
lifetimes, and widths of each contrail are known, one can sum everything up to get the annual
global mean RF value. By multiplying that with the ERF/RF ratio from (Lee et al., 2021)
(0.42°1), one finally arrives at the ERF.

All the mentioned climate impact metrics for contrails and contrail cirrus (RF, EF, ERF) are
associated with large uncertainties. This is, unfortunately, inevitable, unless we can measure
every single contrail in the atmosphere and calculate eg. RF from measurements. This thesis
will show, that the uncertainty induced from weather variability is very large, even when many
quantities that in reality are additional degrees of freedom are fixed: crystal shapes and sizes,
contrail depths, etc. The variability that will be seen is the lower bound of variability. It sets a
fundamental limit to the precision with which the RF and ERF of contrail cirrus can be

determined.
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3 DATA

3.1 MOZAIC IAGOS

For this study, a combination of MOZAIC IAGOS and ERA-5 Reanalysis data was used. The
Measurement of Ozone and Water Vapor on Airbus In-service Aircraft (MOZAIC) campaign
(Marenco et al., 1998), that was in 2011 transferred into the In-service Aircraft for a Global
Observing System (IAGOS) (Petzold et al., 2015), is a European Research Infrastructure that
offers global in-situ data for meteorological quantities and atmospheric chemical composition,
produced from fully-automated equipment installed on commercial passenger aircraft. Starting
in 1994 with five long-range Airbus A340 aircraft, the program has now several Airbus A340
and A330 from several airlines in operation, that are organized in MOZAIC / IAGOS-CORE
and IAGOS-CARIBIC.

In the frame of IAGOS-CORE (precursor: MOZAIC) 500 flights per year are recorded from
seven aircraft which provide quasi-continuous measurements for trace gases, aerosol, and cloud
particles from two instrumentation packages. Package one measures humidity, cloud particles,
ozone, and carbon monoxide and for package two, depending on the type (a,b,c,d), other trace
gas concentrations are determined. In the future, IAGOS aims to increase its fleet to 20 active
aircraft to increase coverage and develop new instruments. (“IAGOS-CORE. In-service
Aircraft for a Global Observing System.,” n.d.).

Over 62,000 flights have already been collected and can be accessed at the IAGOS portal
(“IAGOS Data Portal,” 2019) after registration and acceptance of the data protocol. The
MOZAIC-IAGOS data have so far been used in 429 scientific publications (“TIAGOS. Scientific
publications.,” n.d.), many of them studying ice-supersaturated regions, natural cirrus clouds,
and contrails (Beswick et al., 2015; Burkhardt et al., 2008; Gierens et al., 2000; Gierens and
Spichtinger, 2000; Gierens et al., 1997; Lloyd et al., 2020; Petzold et al., 2017, 2020; Reutter
et al., 2020; Spichtinger et al., 2002, 2003a, 2004).

For this study only flights from MOZAIC were selected, specifically those of years
2000 — 2009, amounting to 16,588 flights. From those flights, the flight position and the
variables air temperature T and relative humidity RH were used for the analysis. Datapoints
were restricted to pressure altitudes at cruise level between 310 hPa and 190 hPa (9 — 12 km)
and to the research area seen in figure 6, extending from 30° to 70° latitude (zone with most air
traffic) and 125" to 145° longitude. This made sure that most of MOZAICs flights were covered,

while not including too many different climate zones. Measurements are available every four
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seconds. With a maximum airspeed of 890 km/h (Lufthansa, n.d.; Nedelec et al., 2003), this
translates to a flight distance of one kilometer between two measurements.

63118 Flights from 19940801 Lo 20211121
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Figure 5: Map of all MOZAIC / IAGOS flights available. The red rectangle indicates the area where
flights were analyzed.

Only data points with processing flag “2” and validity flag “0”, meaning only calibrated,
non-faulty data, were considered. Temperature and relative humidity measurements are
obtained with the MOZAIC Capacitive Hygrometer (MCH), consisting of a capacitive sensor
(Humicap-h, Vaisala) for RH and a platinum resistor (PT-100) for T (Smit et al., 2008).

Air temperature data (version 1.0) are calibrated following (Helten et al., 1998). For relative
humidity data version 3.0 was used, meaning a correction was done additionally according
to Smit et al. (2014), and to adjust the offset drift of the sensor during the flight period an
in-flight calibration technique was introduced by Smit et al. (2008). Temperature data have
a precision of £ 0.2 K and an accuracy of + 0.5 K, while relative humidity is given with a
precision of 1 % and an accuracy of 5 % (“IAGOS. Humidity sensor.,” n.d.; Neis et al., 2015).
The humidity sensor’s response slows down with decreasing temperature, from 1s at 300K
to 120s at 215 K (Neis et al., 2015). This implies strong inertia at the cruise level of aircraft.
For this study this does not impose a problem, since we randomly selected only one percent
of the data points, so around every 100" point, meaning that on a temporal scale two
consecutive data points analyzed were ~ 400s apart. This was done to ensure the
independence of individual data points and to avoid autocorrelation. Values of
RH > 100 % (RH with respect to liquid water) have been rejected. This would indicate flying
through liquid water clouds, which do not exist at temperatures where contrail formation is
possible.The selected MOZAIC / IAGOS measurements are combined with ERA-5 weather
forecast data from the European Centre for Medium-Range Weather Forecast (ECMWF).
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3.2 ERA-5 Reanalysis

The ERA-5 Reanalysis (Hersbach et al., 2018a, 2018b), as the fifth generation ECMWF
reanalysis for the global climate and weather, is assumed to be amongst the best performing
reanalysis products (Tarek et al., 2020). It provides global and consistent estimates from
1950 - present about a large number of atmospheric, land-surface, and ocean-wave variables,
that are produced using 4D-Var data assimilation and model forecasts (CY41R2) of ECMWF’s
Integrated Forecast System (IFS). Every 12 hours the previous forecast is combined with past
observations to get the best 4D numerical description of the recent climate state (“ERAS5: data
documentation - Copernicus Knowledge Base - ECMWF Confluence Wiki,” n.d.).

ERA-5 is the successor to the ERA-Interim reanalysis (Hersbach and Dick, 2016), which
stopped being produced on 31. August 2019. It has been improved in many regards, specifically
in its spatiotemporal resolution, its assimilation system (from 31r2 to 41r2), and sources of data
(Hoffmann et al., 2019). It is available as 10-member Ensemble of Data Assimilations (EDA)
mean with uncertainty estimates in a 0.5° x 0.5° (1° x 1° for ocean waves) and 3-hourly
resolution. HRES, the high-resolution data product, is available hourly in 0.25° x 0.25°
horizontal resolution on 37 levels from 1,000 hPa to 1 hPa (Hersbach et al., 2018a, 2018b).
ERA-5 Reanalysis is divided into four main subsets: hourly and monthly products with
quantities in pressure and single levels.

In this study hourly ERA-5 HRES was chosen since it has a high temporal resolution while
containing all necessary meteorological and radiation quantities for contrail analysis.

The data are publicly available and were retrieved from the Copernicus Data Service
(Copernicus Climate Change Service (C3S), 2017) via API request.

For pressure levels 200, 225, 250, and 300 hPa, the variables temperature, relative humidity,
specific cloud ice water content, divergence, vorticity, potential vorticity, vertical velocity, and
geopotential height, and for single levels the mean top downward shortwave radiation flux, the
mean top net short wave radiation flux, and the mean top net longwave radiation flux in 1° x 1°
resolution have been selected. More information about the variables and their units can be found
in tables 1 and 2.

ERA-5 data has been validated against MOZAIC in-situ data in studies before (Gierens et al.,
2020; Schumann et al., 2021; Teoh, 2020). Figure 7, left, shows that from ERA-5 and MOZAIC
computed RHmax, which decides on contrail formation, is in good agreement (Gierens et al.,
2020). The criterion for contrail persistence (RH;) however, is known to be underrepresented
in ECMWEF’s reanalysis. There are stronger and unsystematic differences in relative humidity

and in particular high supersaturation values are not reproduced well enough by the model.
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Figure 7 right and figure 8 left illustrate that RH; from MOZAIC has a very weak correlation
with RH; from ERA —5 or EDA. The small blue tail starting from RH; = 1.25 in figure 8 right
shows where high supersaturation values are not covered by EDA (Gierens et al., 2020;
Kaufmann et al., 2018; Schumann et al., 2021; Schumann and Graf, 2013; Teoh, 2020). This

issue will be further discussed in chapter 6.
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Figure 7: Comparison of RHmax (left) and RHi (right) on single points between ERA-5 and MOZAIC.
Strong linear relation with RHmax but not with RHi. Figure from (Gierens, Matthes and Rohs, 2020)
page 6+7.
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Figure 8: Validation of RHi between ERA-5 and MOZAIC datasets. Left: Similar to the figure above
no real correlation with RHi. Right: The tail at high supersaturation values at MOZAIC is not
represented in ERA-5. Figure from (Teoh, 2020), page 153
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Table 1: Description of used variables from the ERA-5 single level dataset (Hersbach et al., 2018b).

Single Level

Name Unit Description

This parameter is the incoming solar radiation (also known as
shortwave radiation), received from the Sun, at the top of the

Mean top downward atmosphere. It is the amount of radiation passing through a

h diati W2 horizontal plane. This parameter is a mean over a particular time
short-wave radiation m-
period (the processing period) which depends on the data

flux extracted. For the reanalysis, the processing period is over the 1
hour ending at the validity date and time. The ECMWF

convention for vertical fluxes is positive downwards.

The thermal (also known as terrestrial or longwave) radiation
emitted to space at the top of the atmosphere is commonly
known as the Outgoing Longwave Radiation (OLR). The top net
Mean top net long- thermal radiation (this parameter) is equal to the negative of
o Wm? OLR. This parameter is a mean over a particular time period (the
wave radiation flux processing period) which depends on the data extracted. For the
reanalysis, the processing period is over the 1 hour ending at the
validity date and time. The ECMWF convention for vertical fluxes

is positive downwards.

This parameter is the incoming solar radiation (also known as
shortwave radiation) minus the outgoing solar radiation at the
top of the atmosphere. It is the amount of radiation passing
through a horizontal plane. The incoming solar radiation is the
amount received from the Sun. The outgoing solar radiation is the
Mean top net short- going
Wm-~ amount reflected and scattered by the Earth's atmosphere and
wave radiation flux , ) . . .
surface. This parameter is a mean over a particular time period
(the processing period) which depends on the data extracted. For
the reanalysis, the processing period is over the 1 hour ending at
the validity date and time. The ECMWF convention for vertical

fluxes is positive downwards.
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Table 2: Description of used variables from the ERA-5 pressure level dataset (Hersbach et al., 2018a).

Pressure Level

Name

Unit

Description

Divergence

This parameter is the horizontal divergence of velocity. It is the
rate at which air is spreading out horizontally from a point, per
square met. This parameter is positive for air that is spreading
out, or diverging, and negative for the opposite, for air that is

concentrating, or converging (convergence).

Geopotential

This parameter is the gravitational potential energy of a unit
mass, at a particular location, relative to mean sea level. It is also
the amount of work that would have to be done, against the force
of gravity, to lift a unit mass to that location from mean sea level.
The geopotential height can be calculated by dividing the
geopotential by the Earth's gravitational acceleration, g
(=9.80665 m s-2). The geopotential height plays an important role
in synoptic meteorology (analysis of weather patterns). Charts of
geopotential height plotted at constant pressure levels (eg., 300,
500 or 850 hPa) can be used to identify weather systems such as
cyclones, anticyclones, troughs, and ridges. At the surface of the
Earth, this parameter shows the variations in geopotential

(height) of the surface and is often referred to as the orography.

Potential vorticity

Km?kgts?

Potential vorticity is a measure of the capacity for air to rotate in
the atmosphere. If we ignore the effects of heating and friction,
potential vorticity is conserved following an air parcel. It is used
to look for places where large windstorms are likely to originate
and develop. Potential vorticity increases strongly above the
tropopause and therefore, it can also be used in studies related
to the stratosphere and stratosphere-troposphere exchanges.
Large windstorms develop when a column of air in the
atmosphere starts to rotate. Potential vorticity is calculated from
the wind, temperature, and pressure across a column of air in the

atmosphere.

Relative humidity

%

This parameter is the water vapor pressure as a percentage of the
value at which the air becomes saturated (the point at which
water vapor begins to condense into liquid water or deposition
into ice). For temperatures over 0 °C (273.15 K) it is calculated for
saturation over water. At temperatures below -23 °C it is
calculated for saturation over ice. Between -23 °C and 0 °C this
parameter is calculated by interpolating between the ice and

water values using a quadratic function.
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Specific cloud ice

water content

kg kg™
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This parameter is the mass of cloud ice particles per kilogram of
the total mass of moist air. The 'total mass of moist air' is the sum
of the dry air, water vapor, cloud liquid, cloud ice, rain and falling
snow. This parameter represents the average value for a grid box.
Water within clouds can be liquid or ice, or a combination of the
two. Note that 'cloud frozen water' is the same as 'cloud ice

water'.

Temperature

Vertical velocity

Pas

This parameter is the temperature in the atmosphere. It has units
of kelvin (K). Temperature measured in kelvin can be converted
to degrees Celsius (°C) by subtracting 273.15. This parameter is
available on multiple levels through the atmosphere.

This parameter is the speed of air motion in the upward or
downward direction. The ECMWF Integrated Forecasting System
(IFS) uses a pressure based vertical coordinate system and
pressure decreases with height, therefore negative values of
vertical velocity indicate upward motion. Vertical velocity can be
useful to understand the largescale dynamics of the atmosphere,
including areas of upward motion/ascent (negative values) and

downward motion/subsidence (positive values).

Vorticity (relative)

Divergence

This parameter is a measure of the rotation of air in the
horizontal, around a vertical axis, relative to a fixed point on the
surface of the Earth. On the scale of weather systems, troughs
(weather features that can include rain) are associated with
anticlockwise rotation (in the northern hemisphere), and ridges
(weather features that bring light or still winds) are associated
with clockwise rotation. Adding the effect of rotation of the
Earth, the Coriolis parameter, to the relative vorticity produces
the absolute vorticity.

This parameter is the horizontal divergence of velocity. It is the
rate at which air is spreading out horizontally from a point, per
square meter. This parameter is positive for air that is spreading
out, or diverging, and negative for the opposite, for air that is

concentrating, or converging (convergence).
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4, METHODS

4.1 Statistics of IRF

Once the data was acquired, both were combined to look for potential persistent contrails along
the ten years of data. Beginning with MOZAIC, for every data point along each of the 16,588
flights, T and RH; were used to check for the Schmidt-Appleman (Schumann, 1996) criterion,
meaning that contrail formation was possible when RH,,,,, = 100 % (depending on T;,,4), and
for ice supersaturation, meaning that a contrail can become persistent when RH; = 100 %.
Tmax, the maximum temperature at which contrail formation is possible, and RH,,,,, the
relative humidity at T,,,,, are calculated with an IDL program from Klaus Gierens following
Schumann (1996):

Toax = [—46.46 + 9.43 * log(G — 0.053) + 0.720 = (log(G — 0.053))?] + T,  (4.1)

where Ty, = 273.5 is used to transfer from °C in K. The factor G is the same as in the Schmidt-
Appleman criterion from chapter 2.1.2. It is the slope of the phase trajectory and describes the
change of partial pressure of water vapor in the mixture with changing temperature.

RH,,,, is calculated with the following equation:

RHppgx = {1 + [((R”*ewm-ew<Tmax>)-(G*<Tmax‘”))l}, 4.2)

ew(Tmax)
where
loge, = 54.842763 — 2222 _ 421 xlog T + 0.000367 * T + tanh[0.0415(T — 218.8)]
(53878 — 22— 9.4452310g T + 0.014025T),  (4.3)

Since only RH with respect to liquid was available from MOZAIC, the RH; was calculated
following Murphy and Koop (2005):

w(T)
RH; = RH * “: (44

with

5723.265

loge; = 9.550426 — +3.530681log T — 0.00728332T. (4.5)

For ERA — 5 RH is already given as RH; at temperatures below — 23 °C, and since altitudes
where contrail formation happens have temperatures lower than — 23 °C, no corrections had to

be made here.
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If a persistent contrail was possible, for every point of MOZAIC’s flights, the necessary
atmospheric properties from ERA were determined at the corresponding time and position of
the flight point. This was done by quadrilinear 3D / 4D- interpolation. Variables included were
the specific cloud ice water content (ciwc), the mean top net longwave radiation flux for the
outgoing longwave radiation (OLR), the mean top downward shortwave radiation flux to get
the solar direct radiation (SDR), and the mean top net shortwave radiation flux for the reflected
solar radiation (RSR).

Of those points where a persistent contrail was possible, only about 1 % of all data points (every
100" point) were chosen randomly by using a (0,1)-uniform random number generator, where
individual records were only selected when the random variate was smaller than 0.01. As
mentioned before, this made sure that the selected points were (mostly) independent from each
other.

The next step was to compute the instantaneous radiative forcing, so the net forcing, for each
of these points, to produce a large dataset of iRF values. The methodology of iRF calculation
in this study is the same as in Gierens et al. (2020) and Wilhelm et al. (2021). Radiation
formulae from (Schumann et al., 2012), with parameters for Myhre particles (table 3), were
used. Myhre particles are pseudo-particles with wavelength-independent constant optical
properties in a hexagonal, column-shaped form (Myhre et al., 2009).

Longwave radiative forcing (RFLw) was calculated with:
RF,y = [OLR — ky (T — To)] X {1 — exp[—6.Fow (ress )T} ELw (zo) = 0, (4.6)

and mainly depends on OLR, T (atmospheric temperature at the altitude of the contrail in K),
T (contrail optical depth at 550 nm), tc (optical depth of the cirrus above the contrails at 550
nm), and res (effective contrail ice particle radius in um). The factor that approximates the size

dependence of the optical properties, is defined as

Fow(resr) = 1 — exp(=6ptefs),  (4.7)

but is set to 1 in the calculations, since for Myhre particles &, is infinite. The factor E w
accounts for the reduction of the OLR at the contrail level because of a cirrus above the contrail
and is calculated with:

Ew(te) = exp(—=6ic1.) (4.8)

Shortwave radiative forcing is a function of Aeff, T, ¢, U (C0S(0)) and ress in Schumann’s
equations:
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RFsyy = —SDR(ts — Acr) ac(i T rers ) Esw(7e).  (4.9)

The effective albedo Aefr was set to zero at night and defined with % during daylight hours.

ac stands for the albedo of the contrail, which is calculated from values for effective optical

depth, depending on resf and the cosine of the solar zenith angle p:
(17, Terr) = Re(Ters) [CuAuRe(IE(W)] - (4.0)
T = TFSW(T'eff) and T =7'/p (4.11)
FSW(reff) =1- Fr[l - exp(—dsrreff)], (4.12)
where R () accounts for reflectances:

Re(tesr) = 1 —exp(—TItepr) and Re(refs) = exp(—yTers),  (4.13)

and F, (u) for sideward scattering as a function of p: (Schumann et al., 2012)

_ a-mP
EG) = am =1 (414)
The factor E, (1, T..) includes the optical depth of the surrounding cirrus and its effective value

Tc.eff, Where Teeff = Tc/l -
ESW(.“! Tc) = exp(0scTc — 6s,cTc,eff)- (4-15)

To be consistent with ERA — 5 the solar constant was set to 1361 Wm. The parameters
To, k1,87, 61, 61 fOr RFLw and ty, I', Ay, By, Cy, Fr, 65y, 8¢, 65 TOr RFsw are taken from table
3 from Schumann et al. (2012). RFLw was restricted to positive and RFsw to negative values
only.

For the optical thickness of contrails t and nearby cirrus tc, the formulation by Ebert and Curry
(1992) was used. A vertical extension of 500 m was assumed for contrails. All water in excess
of ice supersaturation was presumed to condense as ice with an effective radius of ice crystals
(rerr) of 30 um. For the surrounding cirrus the optical thickness was computed from the specific
ice water content from ERA — 5, assuming a vertical extension of 1500 m and an res cirrus Of
60 pum. The overall propulsion efficiency was set to 1 = 0.35. IRF was then calculated as a
sum of RFsw and RF.w for every point where MOZAIC diagnosed a persistent contrail, yielding

a total of 47,032 iRF values. The dataset also included other meteorological variables and
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optical thickness values, as well as all of those based on ERA — 5°s T and RH; for later
comparison purposes. Since all contrails and contrail cirrus were computed in the same way, so

with the same “model”, model uncertainty did not play a role in this study.

Table 3: Model parameters for various crystal habits. The parameter values assume that temperatures
are given in K, fluxes are in Wm-2, and radii in um. For this study parameters for Myhre particles were
used. Figure from (Schumann et al., 2012).

Parameter Spheres Solid Hollow Rough Rosette Plate Droxtal Myhre

ky 1.935 1.955 1.960 1.959 1.944 1.951 2304 1.946
, To 152 153 153 152 152 152 166 153

LW S, 0.941 0.808 0.736 0.676 0.749 0.709 0.928 0.796
parameters Sy 0.211 0.341 0.325 0.256 0.170 1.654 0.202 0

8y 0.160 0.096 0.092 0.046 0.133 0.087 0.063 0.067

L 0.879 0.902 0.882 0.899 0.880 0.883 0.899 1.007

I 0.242 0.347 0.288 0.297 0.328 0.438 0.275 0.208

¥ 0.323 0.393 0.356 0.345 0.408 0.524 0.311 0.275

A, 0.361 0.294 0344 0.318 0.337 0311 0.343 0.269

SW B, 1.676 1.557 1711 1.558 1.708 1.718 1.564 1.590

Ca 0.709 0.678 0.688 0.675 0.712 0.713 0.660 0.546
parameters F, 0.512 0577 0.597 0.226 0.551 0.818 0.249 0
Sy 0.150 0.025 0.024 0.046 0.048 0.070 0.052 0

S 0.157 0.143 0.168 0.149 0.173 0.162 0.172 0213

S, 0.230 0.198 0.245 0.205 0.248 0.254 0.244 0.302

Of course, all of the assumptions and parameters influence the values of iRF and will differ
when using different choices. As an example, figure 9 shows the cumulative distribution
function of the iRF of 2005 with different res

and reff, cirus Used for the calculations. The 09 |- 1
red line, where a refr 0f 20 pm and reft, cirrus Of zj
60 pm was chosen, shows stronger iRF 06 [ 1
values than those with the assumptions used k Zj
in the study. Note that the blue line, where 03

the refrcirus Was additionally reduced to 50 2? i J ' Egigg EEgEESO :

um, sits right beneath the red curve with 0% 20 o 2 40 & 8 100
; iRF wm>

only very small differences that are not IR 2005 (W)
Figure 9: Cumulative distribution function of the iRF
for the whole year of 2005 with different effective

the optical thickness of the surrounding radii for ice crystals. Note that the blue line sits right
beneath the red one.

visible in the plot. This is due to the fact that

cirrus is only a small factor in the whole iRF

calculation.

What is important is that the specific values of iRF are not of interest here. Only the type of
distribution and their mutual larger-smaller relation, such that a stronger contrail has a larger
IRF than a weaker one and an exothermic contrail (cooling) has a negative iRF, was important.
The assumptions and special choices for constants did not impact this relation.

For statistically analyzing the iRF dataset, statistical key figures were determined and

cumulative distribution functions (cdf’s), probability density functions (pdf’s), and a first-order
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effect function, where the pdf was multiplied with the iRF value itself, were created using IDL
8.4, GNUPLOT 5.2 and Microsoft Excel 1808.

The probability densities were produced with an Epanechnikov (Silverman, 1998) kernel
density estimator, with an IDL program written by David G. Grier, Henrique Moyses, David
Ruffner, and Chen Wang (Appendix A). After setting one hundred bins for the yearly pdf’s,
and five hundred for the pdf of the whole dataset, the program calculated optimal bin sizes, with
maximum and minimum following the input data. For the overall pdf of years 2000 — 2009 an
exponential function was fitted to the positive branch of the pdf. Lastly, two Monte Carlo
experiments were conducted, where 1,000 samples from the iRF dataset with 1 % and 0.1 %
sample size were chosen randomly and each mean value was calculated. This was done to
investigate the spread of the mean values and to show how much an average depends on sample

size. Results will be discussed in chapter 5.1.

4.2 Meteorological conditions of Big Hits

The base of the meteorological analysis and characterization of Big Hits was to produce an iRF
dataset as well. This was done using a similar method than previously described in chapter 4.1,
the difference being, that now, meteorological conditions were also determined for each
potential persistent contrail. Also, not only every 100" data point but every single point, where
persistent contrails were possible, was now considered. For all of those points the dynamical
quantities vertical velocity, vorticity, potential vorticity, divergence, and geopotential height
were determined from ERA — 5 reanalysis. As Z, the geopotential height, varies on each isobaric

level, it was normalized by a mean pressure scale height Z, for easier comparison. The

normalized geopotential height Z,,,;-maiizea 1S Calculated by

Znormalized = Z'/Z*, (4-16)
with
Z'=7/g, (417) and Z; = H xlog(1000/p), (4.17)

where p is the pressure level in hPa, Z is the geopotential height given by ERA — 5 in m?s and
g is the acceleration due to gravity = 98.1 dam s2. The mean scale height H is a function of the
gas constant for dry air R = 0.28704] g 'K~! and the mean tropospheric temperature
T = 255K.

H=RT/g =746 dam, (4.18)

The normalisation of Z results in unified ranges of about ~ 0.9 to ~ 1.1 for each level.
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IRF was then calculated in the exact same way, with the same assumptions for effective radii
of ice crystals, the same vertical extensions for contrail and contrail cirrus, and the same
propulsion efficiency as earlier. This was again done for both MOZAIC and ERA — 5, based on
the respective temperature and relative humidity.

Since the object of interest was Big Hits, so the contrails with the strongest endothermic
(warming) effect, only contrails with an iRF > 19 Wm were added into the dataset. The dataset
was made up of 13,995 Big Hit files that each represented a part of a flight trajectory, where
the iRF was nearly constantly above 19 Wm. A Big Hit file was produced, when, during an
individual flight, the iRF value reached the 19 Wm2 mark. This point, plus its interpolated
variables, was written into a file, together with every following point that was also bigger than
19 Wm along the flight. Once a gap of at least ten data points where iRF was lower than
19 Wm was reached, which translates to a distance of ten kilometers or 40 seconds, the file
was closed. This distance was chosen since realistically an aircraft is not able to change its flight
route every 4 seconds to prevent the formation of a strongly warming contrail. It needs some
time to adjust to a different height.

In this way, the program created single Big Hit files along each MOZAIC flight, sometimes
finding multiple Big Hits, or none at all, during a flight. Each Big Hit file consisted of the
location with coordinates and time, the iRF value, synoptic variables T, RHi, RHmax, absolute
humidity, and pressure, as well as the mentioned dynamical variables, optical thickness values
for the contrail and the cirrus and L, the cosine of the solar zenith angle.

From those files, statistics were generated with flights per Big Hit, Big Hits per year and season.
All Big Hits were also plotted on two world maps, to see if specific spatial patterns of
occurrence are visible. A correlation matrix was produced for all variables using RStudio
Version 1.4.1717. For each meteorological variable, the cdf’s and pdf’s were produced as a
mean per Big Hit and for all 450,000 points of all 13,995 files together. Pdf’s were compared
to the previous pdf’s and to pdf’s of the same meteorological variables from the first dataset,
where only every 100" data point was considered. With this, it was possible to determine
differences in meteorological conditions depending on whether ice supersaturation, a persistent
contrail or a Big Hit was present.

A multiple logistic regression was done with RStudio for a first try to predict Big Hit occurrence
by means of dynamical quantities. Logistic regression models have been used in many contrail
prediction studies before (Carleton et al., 2015; Duda and Minnis, 2009a, 2009b; Jackson et al.,
2001; Travis etal., 1997). Here the logistic function is used to model the conditional probability
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of Y = 1 (= Big Hit occurrence), given the predictors X = (Xl,...,Xp), which are the

independent meteorological variables from ERA-5 reanalysis:

X
log ({5555) = Bo + BuXy + -+ BpXp,  (4.19)

where the left side is the logit or log-odds, with p(x) = Pr(Y = 1]|X). This can be written as:

eBotB1X1++BpXp

p(X) = 1+eBotB1X1++BpXp (420)

The advantage to linear multiple regression is, that with the logistic model each predictor can
be fit nonlinearly to the dependent variable (predictand) and that the function’s output only
gives values between 0 and 1 (Duda and Minnis, 2009b; James et al., 2013). Maximum
likelihood is used to estimate the regression coefficients 8 = (B, By, ..., Bp) , and its p-values
decided which predictors were included in the improved model.

For probability calculations, a third dataset was produced, in the same way as in chapter 4.1,
but adding a calculation for the lapse rate around contrails from ERA-5 temperature and
pressure values, derived from the barometric height formula, which describes how pressure
p decreases with increasing altitude h:

o _ g dn
> Ra T (4.21)

Here g is the gravitational acceleration (the slight height dependence will be neglected), R, is
the special gas constant for dry air and T'(h) is the temperature at altitude h. Once T(h) is
known, this expression can be integrated.

Since for the model data T is only available at certain pressure levels, eg. T, at p, (lower level)
and T; at p, (higher level), a constant temperature gradient (or lapse rate) was assumed between
these two levels. The height difference Ah and thus the lapse rate (T, — T;)/Ah ==y can be
calculated with this assumption, which leads to the integral of the barometric height formula:

m(2)=L 2 (422)

pi/  Ra “ho To+y(h—hy)

Substituting 6 for T, + y(h — hy) leads to

Po\ _ g9 (T1db
() =i 5 @2
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that is
(%)=L (;—1) (4.24)

pi/  YRq
Solving for y gives the desired result

=2 % (4.25)

As a last step, conditional probabilities were produced for the occurrence of persistent contrails.
The probabilities were conditioned on meteorological quantities, but specifically those, where
the distributions of non-persistent contrails were best separated from the distributions of
persistent contrails and Big Hits. Conditional probabilities for persistent contrails (pC) and for
Big Hits (BH = iRF > 19 Wm™) can be given in the form P(pC|X = x + Ax) or
P(BH|X = x + Ax), which is the probability to get a persistent contrail or a Big Hit in a
situation where a certain meteorological quantity X obtains a value in the range
[x — Ax,x + Ax]. For the Big Hit probabilities the Schmidt-Appleman criterion
(SAC =1 when RH,,,, = 1) and ice supersaturation (ISS = 1 when RH; = 100 %) based on
MOZAIC T and RH;, is already fulfilled, such that the conditional probabilities are
P(BHIX = x + Ax) = P(BH|X = x + Ax A SAC = 1 A ISS = 1), where the symbol A
is the logical AND. According to Bayes™ law this expression can be calculated from

P(X = x + Ax|BH) P(BH)

P(BH|X = x + Ax) = PX = x 1)

. (4.26)

which is the probability that a certain variable X is in the range of x + Ax when a Big Hit is

given, multiplied with the apriori probability of Big Hits, divided by the probability that X is in
the range of x + Ax. For this study probabilities were not calculated but they were given as

relative frequencies, as they can simply be counted:

N(X=x+AxAiRF=19)
N(X = x + Ax). !

P(BH|X = x + Ax) = (4.27)

The numerator is the number of cases that have an X in the range of x + Ax and at the same
time are Big Hits and the denominator is the number of cases where X takes on a value in the
range of x + Ax.

This can similarly be calculated for persistent contrails, but then the condition is not
iRF > 19 Wm™, given SAC =1 and ISS = 1, but only SAC = 1 and ISS = 1 has to be fulfilled.

In the dataset flight points only have an iRF if they are persistent, for all non-persistent cases

29



4. Methods

the IRF was set to - 999. Hence the persistence conditions SAC = 1 and ISS =1 can also be
expressed as an iRF condition, where iRF needs to be larger than - 999. For the range
X =x * Ax, percentiles in 0.1 steps from every meteorological value that might improve the
prediction of persistent contrails, were used. The probabilities were then produced in a two-
dimensional matrix, where the ten percentiles of two meteorological variables spanned a 2-D
space, which was divided into “boxes” of different size. This is better explained with a plot in
chapter 5.2. For every box, the number of persistent contrails was divided by the number of all
cases in that box, to get the box-specific probability for contrail persistence. Additional
conditions were introduced for the whole matrix. Each point had to have a meteorological
variable X of the value x + Ax. The values were again taken from the determined percentiles
and were chosen based on the overall improvement in probability. The goal was to find areas
of high probabilities, such that one could say that persistent contrail would develop with high
probability when specific ambient meteorological conditions are given. Lastly a heatmap was

produced from the probability matrix.
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5 RESULTS

5.1 Statistics of iRF

5.1.1 Statistics

This chapter will present some statistics about the instantaneous radiative forcing (iRF) dataset
that was produced as described in chapter 4.1. The dataset only includes persistent contrails, so
the ones that fulfilled the Schmidt-Appleman criterion and showed ice supersaturation
> 100 %, based on T and RH; from MOZAIC in-situ measurements. ERA — 5 data were only
used to calculate the IRF values, but do not play a role in diagnosing any potential persistent
contrails in this dataset.

Starting with figure 10 on the left, one can see multiple differently colored cumulative
distribution functions of the iRF of all persistent contrails for all months of the year 2004. The
cdf’s were also produced for every single month of the other years between 2000 and 2009, but
since they show similar results, the year 2004 was chosen exemplary, as it includes the most
iRF values. The black line combines all data of 2004. In the right plot, all data points of every

single year are combined for yearly cdf’s and in the black curve as one function for the whole

dataset.
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Figure 10: Cumulative distribution functions (cdfs) of instantaneous radiative forcing from
persistent contrails diagnosed by MOZAIC. The left plot shows all monthly cdf’s (colored) of the
year 2004 together with the cdf of the whole year 2004 in black. The right plot displays all yearly
cdf’s (colored) with a cdf for the whole dataset in black.
At first sight, it seems that the cdf’s look rather similar, especially when looking at the yearly
cdf’s. All of the curves have a steep increase around zero, where most persistent contrails have
a small positive iRF with values up to ~ 20 Wm™2 (80 % in the dataset), meaning that they have
a small endothermic (warming) effect. Big Hits, where the iRF exceeds 19 Wm happens in
~ 10 % of the contrail cases. Only ~ 10 % of all contrails in the dataset have an exothermic
(cooling) effect with iRF below zero. Compared to the ~ 90 % warming cases, cooling ones

occur rather rarely. The iRF ranges from — 40 Wm™ to 90 Wm2, with a small positive mean of
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7 Wm? and a standard deviation of 9.2 Wm™. When comparing the different cdf curves it
becomes clear that there is a distinct variation with large annual and interannual variabilities.
Of course, the annual variation seen in the monthly cdf’s of 2004 (left) is stronger than the
variation of the yearly curves (right), since they include a lot more data. The means of the single
years still range from 5.8 Wm to 8.3 Wm™. The values with their minimum, maximum, and
standard deviation can be found in table 4. This variability, which is seen in the curves, is
exclusively caused by weather variability, and specifically only by that part that defines the iRF
since the only changing factors were the meteorological variables that iRF was computed from.
All other uncertainty sources, including all other sources for natural variability, were
deliberately neglected, leaving no room for model uncertainty.

Table 4: Statistical key figures from the persistent contrails for the individual years and the whole dataset.
iRFSW all years includes the instantaneous shortwave radiative forcing of all of the persistent contrails

and the same for the instantaneous longwave radiative forcing at iRFLw. Note that the iRF referred to in
the text is the net iRF, which is the sum of iRFsw and iRFLw.

quantity min max mean std. dev.
iRF 2000 -32.5 76.4 6.4 8.5
iRF 2001 -28.2 76.7 6.7 8.7
iRF 2002 -35.2 54.4 5.8 8.3
iRF 2003 -27.5 88.3 6.8 8.9
iRF 2004 -394 81.0 7.9 9.9
iRF 2005 -16.3 75.8 6.3 8.9
iRF 2006 -28.7 72.8 6.9 9.6
iRF 2007 -25.0 57.7 6.7 8.0
iRF 2008 -19.3 76.2 7.9 10.1
iRF 2009 -24.5 78.6 8.3 10.1
iRFsw all years -48.9 0.0 -1.5 4.5
iRFLwall years 0.0 101.7 8.5 9.0
iRFret all years -394 88.3 6.9 9.2

The interannual variation of the means that can be seen in figure 10 and table 4, is not the only
variation in the iRF dataset. Figure 11 left shows the distributions of all months of all ten years
(all Januaries, all Februaries, etc.) with their mean (black line) plus and minus one standard
deviation (dotted line) and their 5™ to 95 percentile range (dashed area). The monthly means
show a prominent seasonal pattern, with the highest mean values in the summer and early fall
during months June to September and the lowest ones in the cooler winter months during

December to April. The maxima are two to three times as high as the minima.

32



5 Results

Figure 10, left, as well as the wide range covered by the standard deviation and the 5" - 95%
percentiles in this plot (figure 11, left) indicates that the twelve monthly distributions are quite
broad. The 5 % percentile line is very similar to the mean minus one standard deviation, but the
95" percentile line is a lot higher, reflecting a skewness of the distribution. This will be further
explained in the next paragraph. The width of the distributions is larger than the average
seasonal amplitude, which means that the interannual variability, so the differences between
the same months over different years, exceeds that variation of the mean in this figure. This
should not be confused with the seasonal variation, which is in fact larger than the interannual
variability. This can be seen when comparing figure 10, right with the following figure 11,

right.
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Figure 11: Left: Seasonal variation of the mean iRF per month (black line) plus/minus one standard
deviation (dotted lines) and the 5th — 95th inter-percentile range (dashed area) for the years 2000 to
2009. Right: Distribution functions (cdfs) for each season for the years 2000 to 2009 (colored) and
the cdf for the whole dataset (black line).

It becomes obvious, that not only the mean, but the whole distribution has a strong seasonal
variation and specifically the extreme values as well (figure 11, right). Displayed are cdf’s for
the four seasons spring (months March, April, May, yellow line), summer (Jun., Jul., Aug.,
green line), fall (Sep., Oct., Nov., red line), and winter (Dec., Jan., Feb., blue line) and again
the cdf for the whole dataset (black line). The green line, which has the flattest increase of all
the curves, shows that high iRF values and also the maxima occur predominantly in the summer
months, while in winter the minima and more negative iRF happen (blue line).

These seasonal frequency distributions coincide with the numbers from table 5, where the
frequencies of persistent, cooling, and warming contrails are given per season and in total. They
suggest that most persistent contrails develop in summer and fall and specifically most warming
contrails (iRF > 0 Wm) and strongly warming contrails (iRF > 19 Wm) occur in summer. In
winter the least amount of persistent contrails develop, but together with the months from fall,

most cooling contrails develop.
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Table 5: Frequencies for persistent, cooling (iRF < 0 Wm-2) and warming contrails (iRF > 0 Wm-2) and
Big Hits (iRF > 19 Wm-2) per season and for the whole time series

persistent contrails iRF < 0 Wm? iRF >0 Wm?? iRF > 19 Wm™
Spring 11788 891 10911 611
Summer 12052 701 11346 1759
Fall 13494 1337 12149 1371
Winter 9698 1581 8116 311
Total 47032 4510 42522 4052

The maximum in summer could be caused by a larger temperature gradient between the Earth’s
surface and the flight levels in this season, which supports large longwave (infrared) forcing.
Even though shortwave forcing can work longer during those long summer days, in winter there
is a dominance of large solar zenith angles which produces the maxima in RFsw because of a
stronger back-scattering of solar radiation to space (Meerkotter et al., 1999) compared to
summer. Another reason could be the changing height of the tropopause. In summer the
tropopause height has its maximum in the northern hemisphere (Seidel and Randel, 2006). As
flights don’t change their flight levels according to seasons, in summer a bigger fraction of
flights passes through tropopause regions that typically have higher humidity values than the
overlaying lower stratosphere. Most ice supersaturated regions (ISSR’s) can be found in a layer
200 hPa down from the tropopause (Petzold et al., 2020; Spichtinger et al., 2003a). The high
humidities result in higher optical thicknesses and consequently larger iRF values.
Unfortunately, tropopause height was not considered in the calculations, which leaves no
options for further analyses regarding this point.

In the literature contradicting results are found about the seasonality of RF. While Gettelman et
al. (2021) and Stuber et al. (2006) find that the largest cooling occurs in summer and the largest
warming in winter, Bock and Burkhardt (2016) have a small RF maximum in the summer
months because of more optically thick contrail cirrus in this season. Since in this study only
IRF and not ERF or RF was considered, the different results must not mean that either is
“wrong”. ERF is the integral over all iRF’s for the whole lifecycle and coverage of all contrails,
but this relation is not well investigated so far. This problem will be discussed further in chapter
6.1.

For a better look at the distributions of the iRF, probability density functions were produced
with a kernel density estimator. Figure 12, left, shows the pdf of the IRF of all persistent
contrails from years 2000 to 2009 in differently colored lines and for the whole time series in
black. All of the functions have a peak around zero, but with interannual differences of the

probability densities. The pdf’s have a long tail towards positive values and are heavily skewed
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to the right, due to the many large iRF events. The overall pdf’s skewness of 3.3 and its kurtosis
of 11.3, with a standard deviation of 0.18, implies that the tail is very heavy and exceeds the
tail of the normal distribution. Such a distribution is also called leptokurtic
(from “Lepto-“, meaning slender) (Eckstein et al., 1994). It becomes especially clear, that the
pdf’s distribution is not a typical Gauss distribution when looking at figure 12, right. Here the
pdf’s are plotted on a logarithmic y-axis. Obviously, there is a lot of noise at strongly positive
(50 Wm) or negative values (- 20 Wm), since there are not many values, but it was still

possible to fit a straight line to the positive branch of the pdf, starting from 1 Wm=.
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Figure 12: Probability density functions for the iRF of years 2000 - 2009 (colored) and for the whole
dataset (black). Left: Normal depiction. Right: Y-axis in logarithmic depiction.
This mathematical fit (figure 13) with the function g(x) =a — b *x and its two factors
a= —2.38 +£0.04 (£1.6%) and b = 0.11 + 0.001 (£0.69 %) fits quite well to the data.
The fit shows that the positive branch of the pdf of iRF follows an exponential decline.
This can be written as:

flxlx=>1) xe™®*  (5.1)

where b = 0.11 is the factor from before and x is the iRF in Wm2.
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Figure 13: Black line: Pdf of the positive iRF values of years 2000 - 2009 plus its mathematical linear
fit (red line). The straight-line fit indicates an exponential decline of the positive branch of the pdf.

This exponential distribution could be passed on from the ice supersaturation that is also

exponentially distributed in nature (Gierens et al., 1999; Spichtinger et al., 2002), which is

reproduced in the ERA — 5 reanalysis dataset. Since the ice water content of contrails is a

function of supersaturation and temperature, and building on that the optical thickness as well,

it is no surprise, that T and 1. for positive iIRF are nearly exponentially distributed in the

produced dataset. This can be seen in figure 14, where the pdf of the optical thickness where

IRF>1 (black line) is plotted with its fit (red
line) in the same half-logarithmic depiction.
The fit is not as good, but still has very low
asymptotic standard errors for the factors
a= 14 +0.06(+45%) and b=6 +
0.66 (+1.1 %). As explained in chapter 4.1
in the radiative forcing algorithm from
Schumann et al. (2012) t has a major
influence on IRF and this might be the
reason for this exponential distribution of

the positive branch of the pdf.

log(pdf)

g2 L I .
02 04 06 08 1 12 14 16 18 2

tof iRF > 1

Figure 14: Pdf of the optical thickness of the
contrails where iRF is larger than one (black) and its
mathematical fit (red) in a half-logarithmic plot.
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5.1.2 Monte-Carlo Experiments

The annual global ERF or RF in the IPCC charts is always given as model calculations. Hence
the large error bars associated with contrail cirrus RF stems from differences in model results
that are produced by the many uncertainties listed in Lee et al. (2021, Appendix E). But why
are we using models for RF if the uncertainties are so large? As mentioned before, to get from
IRF to the global ERF / RF one must integrate for all atmospheric contrails during a year, or in
this case ten years, the iRF’s over the whole area of each contrail. Obviously, it is not possible
to measure every single contrail with the current state of research, which is why models are
used. However, measurement samples can be taken. The question arises, whether it is possible
to get a better estimate for RF / ERF by using data from measurement samples. Schumann et
al. (2017) have compiled 230 in situ and remote sensing measurements from all performed
contrail measurement campaigns until 2017. If one were to calculate a mean value over those
230 measurements for iRF, how precise would it be? As only samples are used for the average,
different samples may result in different averages. To investigate this, two Monte Carlo
experiments were performed based on the iRF dataset for persistent contrails, to show how
difficult it is to determine a precise long-term average and how much such an average depends
on the sample measurement size. For this different samples were chosen from the 47,032 iRF
values and their means were calculated, to look at their spread. Two sample sizes were chosen,
one that included 0.1 % of the data (~ 47 measurements), which represents the size of a single
measurement campaign, and one that is typical for a meta-study of ten measurement campaigns
together, including 1 % of the data (~ 470 measurements). For each sample size, 1,000 samples
were randomly chosen with a random number generator and then their sample means were
calculated. The means are plotted in figure 15 as plus signs, with the blue line showing the mean

of the sample means and its standard deviation as red lines.
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Figure 15: Sample means (plus signs) of 1,000 samples of sample size 0.1 % (left) and 1 % (right)
from the whole iRF dataset of persistent contrails. The blue line is the mean of all sample means and
the red lines indicate the plus/minus one standard deviation range. Note the different scales on the x-
axis.
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Depending on the chosen sample size, the scatter of the means is huge. They range from
~2Wm?to ~ 12 Wm for the smaller 0.1 % sample and from ~ 5.5 Wm™ to ~ 8.5 Wm™ for
the bigger 1 % sample. These considerable variations are solely caused by the random character
of the weather. This weather-induced variability is irreducible and it is the lower limit of the
natural variability of iRF since all other sources of variability were deliberately neglected. If
one were to include more degrees of freedom, eg. by adding the technical variabilities of the
aircraft or the synoptic situation, even bigger variabilities and uncertainties would be the result.
The averages of the sample means (blue lines) are very similar to the overall mean of 7 Wm
for the whole iRF dataset, but this value is often not represented by the sample means.
According to the central limit theorem, the sampling distribution of a mean is approximately
normally distributed if the sample size is large, meaning of size 30 or more, even if the original
distribution, here the iRF distribution, is not normal. As this is the case here, the sample mean

becomes closer to the real mean with increasing sample size. The standard deviation of a mean

\/_, where 6 = 9.2 Wm2 is the overall standard deviation of the whole dataset and N is the
size of the sample, so N = 470 for the 1 % sample and N = 47 for the 0.1 % sample. For the

larger sample the standard deviation is 1.31 Wm2 and for the smaller sample 0.43 Wm

(red lines), which is the same when using the \/iﬁ formula. This implies that the mean value of

the overall iRF dataset is defined very precisely, but for realistic samples that could be obtained
in measurement campaigns or even in a metastudy, the N is rather of the size that was used in
the Monte Carlo experiments. These demonstrate, that the mean is no longer determined with

high precision. Hence, the uncertainty could in principle be reduced by taking larger sample

sizes, but as the improvement is only proportional to —, this would require an unrealistically

\/—’
large number of measurements.

5.1.3 Effect of Big Hits and maximum iRF

The IRF dataset with its 47,032 values is enough to determine a precise average. Nevertheless,
the ten years of data taken to calculate the iRF are still only a sample. It is possible, that values
outside the observed range occur in reality. Especially iRF values that exceed the maxima in
the dataset are of interest because the contrails with the strongest iRF’s contribute the most to
the overall RF of contrails. This is well portrayed in figure 16, where the pdf of the whole iIRF
dataset (black line) together with its first-order effect function of the iRF (red line) are depicted.
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Figure 16: Pdf of the whole dataset (black line) with its first-order effect function (red) of the iRF (pdf
X iRF). This shows the disproportionally large effect of high iRF values on the overall RF, despite their
low probabilities.

The effect function is produced by multiplying the probability density with the iRF value, to

determine its total effect TE:
TE = [~ x f(x)dx, (5.2)

which is the sum of all single effect sizes x times their (relative) frequency. The partial effect
PE of all contrails between two values x1 to x. can be given by the integral

PE = f;‘f x f(x) dx. (5.3)
In the plot, the black line of the pdf becomes barely visible from 40 Wm up, because of its low
probabilities. If those are multiplied with its effect, it becomes obvious that even though cases
with high iRF have a low probability, they contribute a lot to the overall effect. This large tail
is proof that strongly warming contrails have a disproportionately large impact on the total
endothermic climate effect of contrails.
Knowing this, one might ask whether even higher iRF values than the observed maximum of
90 Wm can occur when using a different sample. The following paragraph illustrates how the
“true” maximum of iRF can be estimated from the dataset with the help of extreme value theory
(Sornette, 2000, p. 167).
The results from chapter 5.1.1 show that the positive branch of the pdf of the whole iRF dataset
is exponentially distributed. Using this, the probability, that a certain iRF exceeds x is 1 — F(x),
with F (x) being the distribution function of iRF:

F(x) =1—exp(—bx), (5.4)
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where b = 0.117 (Wm) is the factor of the exponential fit from chapter 5.1.1. Note that, as
in the fit before, only values above 1 Wm™ are used, leaving an N of 36,508 values. The
probability that the maximum of the 36,508 values exceeds any value X in the iRF range is
F(x)N:

FOON = (1 — e )N = exp[N In(1 — e PX)] ~ exp(—Ne2X).  (5.5)

This would not be valid if the sample members were dependent from each other, but as the

flight points for the iRF calculations were randomly chosen, this is not the case.
The distribution function of the maximum is then given by

@(X) = exp(—=Ne~P%). (5.6)

The probability that the maximum exceeds a value X1/2 with 50 % can then be calculated with

1/2 = exp (—Ne_bXI/Z), (5.7)
and solving this for X1/2 leads to

X1 _InN-Inin2 ) (58)

/2 b

After inserting the values N and b for the positive iRF, this means, that with a probability of
50 % the true maximum exceeds 98.8 Wm™,

Now let a be the probability that the true maximum of iRF exceeds a value X;_,, then
®(X,_,) =1 — a. The equation (5.7) can then be generalized as

InN-Inin(1-a)~?!

Xiq = b

(5.9)

When inserting an a = 0.05, and N and b from the fit, then the iRF maximum exceeds
122.5 Wm with a probability of 5 %. This does not mean that 5 % of the data exceed this
value. It only says, if one would draw 36,500-member samples of an exponentially distributed
population with b = —0.11 over and over again, that approximately 5 % would have a

maximum value surpassing 122.5, but with an extremely low probability of the order of

1
36508

0.05 x = 107°.
In the database, one point showed an RFLw > 100 Wm, which is counterbalanced by a certain
RFsw. Now considering that this contrail can develop at night, where RFsw is always zero, then

the iRF would exceed the 100 Wm™. With 1.88, the optical thickness of this contrail is quite
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large, but it is not the maximum ever observed. In the paper from (Atlas and Wang, 2010) even
a case with © = 2.3. is recorded. Hence large values like 122.5 Wm are not impossible. By
predicting and preventing such strong contrails, a major share of the overall warming impact of
contrails could be eliminated by changing only a few percent of the flight routes. This is why it
is of utmost importance to improve the prediction of persistent contrails and specifically that of
Big Hits. Therefore, the next chapter reveals some characteristics of Big Hits and an analysis
of their meteorological conditions, with the goal to improve prediction possibilities.

5.2 Meteorological conditions of Big Hits

5.2.1 Characterization — Seasonal and spatial patterns, length, IRF

The following results were produced from the Big Hit dataset (chapter 4.2) which included not
only every 100" flight point but every individual one that showed a persistent contrail with an
instantaneous radiative forcing (iRF) larger than 19 Wm. Again, a Big Hit consisted of a series
of consecutive points along a flight that recorded an iRF > 19 Wm. When the iRF was below
that limit, the point was not considered. Once a gap of more than ten data points where the iRF
was lower than 19 Wm2 was reached (distance of ten kilometers or 40 seconds), every
following point that again had an iRF > 19 Wm™ was counted towards a second or third, etc.
Big Hit along a flight. 13,995 Big Hits were found in the 16,588 flights of the ten years of data.
This does not mean, that on average ~ one Big Hit occurs on every flight, as many flights
recorded multiple Big Hits. Figure 17, left, shows the number of Big Hits per flight. The
maximum is at 24 Big Hits along one single flight, which is a surprisingly large number. Of
course, most only show one or a few Big Hits. The number of Big Hits per flight declines nearly
exponentially. Note, that the numbers largely depend on the definition of when a new Big Hit

starts.
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Figure 17: Left: Big Hits per flight, following a nearly exponential decline. Right: Big Hits per
month.
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The occurrence of Big Hits has a seasonal pattern, which can be seen in figure 17, right. Most
Big Hits develop in warmer summer months, while in winter only a small percentage occurs.
The seasonal percentages are given in table 6. Approximately 80 % of the Big Hits develop in
summer and fall, while only ~ 5 % occur in Winter. Tapje 6: Number of Big Hits per season

. . and in total with their percentages.
This seasonal pattern is even stronger than what was ! with theirp g

seen with the iRF dataset for persistent contrails. —_Season #of Big Hits Percentage
: : : Spring 2213 15.81%
Again, this could be caused by the increased Summer 6309 48.65%
temperature gradient between the Earth’s surface and  Fall 4240 30.30%
- . : Wint 733 5.24%
the contrail in warmer months, which favors infrared nter °
Total 13995 100.00%

(longwave) forcing, or by the seasonal variation of the

tropopause height.

All Big Hits were plotted on two world maps to look for spatial patterns or areas where Big
Hits do not develop inside the research area (figure 18). The red lines are not the whole flight
paths, but only the coordinates along a flight path where an iRF > 19 Wm™ was recorded. It can
be seen, that Big Hits don’t necessarily persist for the whole flight, but often develop rather
“patchy” on individual parts along the track. This is due to the variations in ice supersaturation
in the atmosphere. When comparing figure 18, left, with figure 6, where all flights of MOZAIC
are drawn, there are no obvious differences. Most Big Hits and flights from MOZAIC occur
along the North Atlantic flight corridor, and central Europe. Significantly less of MOZAIC’s
flights fly over Russia and Asia, which is why there are not as many Big Hits to be found.
However, it looks like the center and west of the US, as well as the south of Greenland shows
very little and incoherent Big Hit coverage. The map in figure 6, unfortunately, shows all of
MOZAIC’s available flights since 1994 (and not only those from 2000 — 2009), such that a

| L I L I I
150w 100 W 50w 0 50E 100 E 150 E

Figure 18: All Big Hits coordinates drawn in red (13,995) on two different world maps. The red
box in the left plot demarks the research area where MOZAIC flights were analyzed. The black
arrow points to a gap in Big Hit cover in an ara of
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direct comparison is not optimal. It would be necessary to draw all of the flight paths crossing
those areas in the dataset and then compare them to all of the Big Hit occurrences therein.
When looking at the 3-D view in figure 18, right, a gap with no Big Hit cover in central Europe
becomes visible (black arrow). This is unusual since that region has a high air traffic density.
This is probably the area surrounding Frankfurt Airport (Germany), which is a major junction
for passenger traffic. The numerous flights starting and arriving there do not immediately reach
the altitude where contrail formation is possible. Hence, they can only produce Big Hits at a
certain distance from the airport.

Seeing that Big Hits do not always form as a coherent field along the flight path, the question
arises, whether contrail avoidance by flight diversion is then possible. Preventing Big Hits is
only effective if they do not appear pointwise and have more than a few kilometers length.

To examine this, the length of each of the 13,955 Big Hits was calculated. 12,131 of those have
a length less than 75 km, which translates to a flight duration of 5 minutes. This leaves only
1,864 Big Hits bigger than 75 km and only 660 with an extension above 150 km. The data
showed one Big Hit exceeding 1,500 km in length. Although those occur very rarely, their

climate effect is above average. The pdf’s of the Big Hit lengths are depicted in figure 19. The

T

distributions of the Big Hits exceeding 75 0.10000000 f——+—+——

T
All Big Hits

and 150 km follow an exponential decline  4.01000000 Big it with min. 10 kim loncth ]

at the beginning. Of course, there isa lot of ;49100000

noise at higher values, as those appear SO ;40010000

infrequent. 0.00001000 |

It is not only important to look at the length
of the Big Hits, but the coherence of the

0.00000100 F

0.00000010 F

iRF itself. If the iRF changes strongly in a

0.00000001 L L . L L L L
0 2000 400 600 8OO 1000 1200 1400 1600

Length (km)

matter of seconds, it would not be possible
(and efficient) to adjust the flight level  Figure 19: Pdf of the length of Big Hits. The blue
] curve includes all Big Hits, the red one only Big Hits
accordlngly. with a minimum length of 75 km and the blue for Big
B . ) Hits with minimum 150 km length.
Figure 20 shows the iRF along different,
randomly chosen flights of different lengths. The colored curves indicate that, from one flight
point to another, the iRF jumps only weakly up and down with an amplitude of ~ 5 Wm (blue,
red, and green curve). In addition to those small changes, some of the curves (pink and orange)
reveal strong fluctuations. Those could be caused by a change in the surroundings along the
flight path, eg. by the presence of a natural cirrus or another contrail. A change in the surface

characteristics, eg. when flying above a coast vs. above a dark ocean, changes the albedo and
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influences the iRF as well. Passing the 80 . Flgp Prizsobna o Pt 00 0e ol T —
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blue and orange curves directly start Figure 20: Change of iR;e';glt;:;)differem light paths.
with a very high iRF value. In such Flights of differing lengths were chosen randomly.

cases, the contrail becomes a Big Hit by an immediate big jump. In total, the results are
encouraging, as the iRF does not constantly vary from a very high to a low value from one flight
point to the next. This is beneficial for flight diversion strategies.

The iRF values were further analyzed by producing a cumulative distribution function (cdf) and
probability density function (pdf) from all individual points of all 13,955 Big Hits, amounting
to 441,107 iRF values (figure 21). Most points (~ 80 %) have an iRF < 30 Wm™. As suspected
from extreme value theory in chapter 5.1.3, values exceeding 100 Wm2 do exist, with the
maximum being 110 Wm™. The pdf of Big Hit iRF’s follows an exponential decline and looks
very similar to the pdf of the persistent iRF’s (compare figure 13). An exponential function was
again fitted to the pdf. The factor b = 0.13 £+ 0.001 (0.65 %) is nearly the same as the

exponential fit of the persistent iRF (b = 0.11).
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Figure 21: Left: Cdf of the iRF of all Big Hits (441,107 values). Most iRF have an iRF < 40 Wm-2,
Right: Pdf of all iRF of all Big Hits (black) with its mathematical fit (red).

5.2.2 Comparison of conditions for situations with and without strong contrails
This subsection will compare distributions of thermodynamic and dynamical quantities for

conditions where strongly warming contrails (Big Hits), persistent contrails and non-persistent
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contrails (or no contrail) occur. Contrails were distinguished according to MOZAIC’s data,
such that RH,,,, and RH; from the individual flights decided whether a persistent contrail was
possible. The IRF value further decided if a persistent contrail was a Big Hit or not
(iRF > 19 Wm?),

If the distributions would be perfectly distinct, meaning well separated from each other, then
Big Hits could be predicted reliably based on the ambient atmospheric conditions. Avoidance
of Big Hits by flight planning would then be easy.

First, an overview of the distributions for the thermodynamic quantities T, absolute humidity,
RH,,,, and RH; is given. This is followed by the distributions for dynamical variables in section
5.2.2.2. Chapter 5.2.2.3 presents results of a logistic regression and of probability maps with
the aim to predict Big Hits.

5.2.2.1 Thermodynamic quantities

Figure 22 compares the temperature distributions from MOZAIC and ERA — 5 reanalysis data
for the three cases: Big Hits (blue), persistent contrails (black), and general situation (non-
persistent or no contrail, red). The pdf's are produced from the iRF dataset and not the Big Hit
dataset, as the latter does not include points that are not strongly warming. The distributions for
the Big Hits of the iRF dataset (including only every 100" flight point, ~ 4,000 Big Hits) are
nearly identical to the Big Hit distributions including all points (~ 400,000 Big Hits). This is
valid for every following variable. Only minimal differences between the left and right panels
of figure 22 are visible, indicating that ERA — 5 predicts temperatures for the flight points from
MOZAIC well. Along the cruise level of MOZAIC’s flights, temperatures between 200 and
250 K appear. Persistent contrails are found at the lower end of the distribution, lower even
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Figure 22: Temperature distribution in general situations (red), in situations that allow persistent
contrails (black) and in situations with Big Hits (blue). The left panel shows the temperatures that ERA-
5 reanalysis data predicts for the respective flight points from MOZAIC. The right panel shows
MOZAIC’s measured temperatures. Note that the deciding factor for persistence and Big Hits (for both
plots) are MOZAIC"s thermodynamic quantities.
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than for the general case. This is caused by the temperature threshold for contrail formation.
Big Hits occur predominantly at higher temperatures, since absolute humidity values are higher
then, which can be used to form more ice and thus larger optical thickness. Figure 23, confirms
that Big Hits occur particularly at the highest absolute humidities. The pdf for Big Hits (blue
line) is shifted towards higher values, both for MOZAIC and ERA — 5. The mean for the Big
Hits is 0.047 gm3, while for persistent contrails it is 0.025 gm=and for the general case, it is
0.012 gm™ for MOZAIC.
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Figure 23: As figure 22 but for absolute humidity.

Not only most Big Hits occur at high temperatures, but the highest iRF values, so the Big Hits
with the strongest effect, develop at the highest temperatures with the highest absolute
humidities of the range. This can be seen in figures 24 and 25. All 441,107 Big Hit flight points
are plotted with the iRF against the temperature (left) and the absolute humidity (right) as grey
plus signs. IRF > 70 Wm can only be seen at temperatures above 225 K and an absolute
humidity of at least 0.06 gm™.
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Figure 24: IRF of all 441,107 Big Hit flight Figure 25: As figure 24, but for absolute
points plotted against the temperature. Highest  humidity.
iRf values occur at the highest temperatures.

Figure 26 illustrates pdf distributions for RH,,,,.. Since contrail formation is only possible when

RH,,. = 1, the pdf's for Big Hits and persistent contrails for MOZAIC start at that value.
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ERA — 5 reanalysis can predict RHmax Well, which is not surprising, as it is a function of
temperature. This, however, is not the case for relative humidity with respect to ice (see figure
27). Big Hits generally prefer high supersaturation values, as that leads to higher optical
thicknesses and consequently higher iRF’s. Where MOZAIC sees a Big Hit with high RH;
values, ERA — 5 can predict zero ice supersaturation. The unreliable prediction of relative
humidities in the upper troposphere and lower stratosphere is one of the reasons, why contrail
prediction is so far only possible at a regional scale and not for flight routing. For this an
accurate prediction of the local conditions (for each point) along a potential flight path would

be necessary.
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Figure 26: As figure 22, but for RHmax.
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Figure 27: As figure 22, but for relative humidity with respect to ice.

The distribution for pressure is not relevant, since that does not show at which pressure altitude
most contrails form, but rather which flight level is frequented most by MOZAIC’s passenger

aircraft.

5.2.2.2 Dynamical characteristics
This subsection will analyze distributions for vertical velocity, divergence, vorticity, potential

vorticity, geopotential height, and the lapse rate. The dynamical quantities except the lapse rate
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were determined by interpolation from ERA — 5 for each flight point from MOZAIC. The pdf’s
in figures 25, 26, and 27 are all given for Big Hits, persistent contrails and for the general case
where no persistent contrail appears.

The pdf's for vertical velocity are centered around zero (figure 28 top left). For persistent
contrails and Big Hits the distributions are slightly moved towards the left, such that the mode
values are negative and the distributions have a stronger negative tail. In ERA —5 the parameter
is positive for a descending motion and negative for ascending motion. This negative shift can
be explained by the formation mechanism of ice supersaturated regions (ISSR’s), which are
typically formed when air masses move upwards, where adiabatic cooling leads to an increase
of relative humidity. To see the differences more clearly, the range of the plot for vertical
velocity and divergence were restricted. Smaller and larger values are included in the dataset,
but only with very low probability densities.

Divergence describes the horizontal divergence/convergence of velocity. It is the rate at which
air is spreading out horizontally from a point. Positive values indicate a spreading / divergence
and negative values a concentration/convergence (Hersbach et al., 2018a). Similar to the
vertical velocity, the pdf’s of the divergence (figure 28, top right) center around zero as well.
Here the blue and back lines are slightly shifted towards positive values. This is probably caused
by the outwards spreading of air masses below the tropopause which acts as a vertical boundary.
Spichtinger et al. (2003) found that most ISSR"s occur in a 200 hPa thick layer below the
tropopause. The large RH; values there promote the development of persistent contrails with
high iRF’s, when an aircraft passes through that layer. This is connected to the potential
vorticity (figure 28, bottom right). The extratropical dynamical tropopause is typically found at
the 2 PVU potential vorticity surface (Holton et al., 1995), where 1 PVU = 10°® K m? kgt s,
which is why the pdf’s for Big Hits and persistent contrails have their peaks below that level.
Contrails also develop in the lower stratosphere, but not as often. The low probability densities
at higher PV values of the blue and black function confirm that. Potential vorticity strongly
increases in the stratosphere (Petzold et al., 2020). This explains the difference in the pdf
distribution for the general case.

Figure 28, bottom left, shows large differences between the pdf for Big Hits and the other two
functions. The vorticities for Big Hits and persistent contrails are narrower and strongly
negative compared to the general case, where the mode value of the distribution is clearly
positive. Relative vorticity is a measure for the rotation of air in the horizontal. It is

anticlockwise at positive values and clockwise at negative values (in the northern hemisphere).
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Figure 28: Pdf's of dynamical characteristics for the three situations: Big Hit (red), persistent contrail
(black), and not persistent (red). Upper left: Vertical velocity. Upper right: Divergence. Lower left:
Vorticity. Lower right: Potential vorticity. The pdf’s show large differences only for the vorticity and
partly for potential vorticity.

Hence, Big Hits favor anticlockwise atmospheric motion. This is no surprise since ISSR’s also
prefer divergent, anticyclonic flow (Gierens and Brinkop, 2012).

Except for the vorticity, all distributions overlap more or less strongly. This demonstrates, that
persistent contrails and Big Hits do not only develop during the favored flow patterns. Only the
relative frequency of the patterns is different within and outside of persistent contrails and Big
Hits. Therefore, in the sense of regression analysis, the dynamical fields vertical velocity,
divergence, vorticity, and potential vorticity alone are not sufficient for a prediction of
persistent contrails and specifically Big Hits. Therefore, three more variables are considered.
The pdf’s for the geopotential height (Z) in figure 29, right, show the largest separation so far.
Persistent contrails, and even more so for Big Hits, center at higher Z values
(0.97 —1.05 m?s™). For a better comparison of the geopotential heights on different flight levels,
the geopotential height was normalized, such that it measures the relative distance from a
nominal height of each pressure level. Z = 1 means that the pressure level has its nominal
geopotential height, Z < 1 implies an excursion to lower altitudes and vice versa. Persistent

contrails and Big Hits are on average found on the top altitudes of the pressure levels.
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In figure 29, left, one can see that Big Hits occur especially at night, where p = cos (SZA) =0,

or when the sun is very low (i <0.13) or high (0.6 < u <0.85). Most and also the strongest Big

Hits with the highest iRF’s (not shown) develop at night since the counteracting RFsw effect is

absent at that time. When the sun is low, at large solar zenith angles (SZA), the solar direct

radiation approaches zero. Since Schumann’s parameterization (Schumann et al., 2012) does

not account for diffuse radiation, IRF values at low values of p could be overestimated to an

uncertain degree. According to Meerkotter et al. (1999), the strongest SW forcing occurs at

zenith angles of 60 — 70°. This is consistent with the results from this study, as Big Hits occur

less frequently at intermediate p values. Unfortunately, even if differences between the pdf for

Big Hits and the pdf’s for persistent and non-persistent contrails are clearly visible, they

completely overlap. Identifying Big Hits from p alone is therefore not possible.
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Figure 29: Left: Pdf for the normalized geopotential height for the three cases Big Hit (blue),
persistent contrail (black) and not persistent (red).
geopotential heights. Right: Same as left plot, but for p, the cosine of the solar zenith angle. Most

0.9

0.95

1

1.05

Normalized geopotential height (m? s2)

T T

pdf
-

T T

T
Big Hits

Persistent contrails == _|

Non-persistent contrails

T

0.5 0.6 0.7 0.8
cos(SZA)

Big Hits develop at night with a p = 0, or with very low or very high p values.
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A promising variable is the lapse rate. It describes the vertical temperature gradient and is a

measure for the stability of the atmosphere (stratification). The lapse rate was calculated using

the barometric height formula (equations 4.21 — 4.25). The global average tropospheric lapse
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Figure 30: Cdf and pdf of the lapse rate of Big Hits, persistent contrails, and for the general case.
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Persistent contrails and Big Hits develop particularly at high lapse rates.
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rate is 6.5 K km™ (International Civil Aviation Organization, 1993). For the cdf’s and pdf's of
figure 30 the lapse rates range from ~ - 15 to ~ 10 K km™. With an environmental lapse rate of
10 K km the stratification is neutral, as it is similar to the dry adiabatic lapse rate of
9.8 K km™. A lapse rate below that implies stable stratification. Negative lapse rates occur with
temperature inversions, which happens when the tropopause is close to the flight level. The data
showed that Big Hits and persistent contrails develop under rather high lapse rates. The
difference between the three scenarios (Big Hit, persistence, non-persistence) is best visible
when looking at the cdf’s. While ~ 70 % of the general situation points have a lapse rate below
5 K km?, that increases to ~ 8 K km™ for Big Hits and persistent contrails. It is not yet
understood, why the stratification is much weaker at locations with persistent contrails and Big
Hits.

Using dynamical variables for the prediction of Big Hits has not been done before. Combining
the quantities that showed the largest separation in a regression analysis or a neural network
could allow an improved prediction for contrail persistence and Big Hits. Specifically, the pdf’s
for Big Hits (except for temperature and vorticity) are slightly more separated to the pdf for the
general case (no persistent contrails) than the pdf of persistent contrails. To test this theory, a

logistic regression analysis was performed with the dynamical variables for Big Hits.

5.2.3 Prediction possibilities

For a first test, the iRF dataset of persistent contrails was used (47,032 values) for the logistic
regression, which included 4,052 Big Hits.

To get an idea of which variables influence iRF the most and which predictor variables should
be included in the logistic model, a correlation matrix for the whole iRF dataset was produced
(figure 31). The matrix includes all variables from ERA — 5 reanalysis. For the logistic
regression, only those can be considered, as for a prediction of persistent contrails and Big Hits
only quantities from numerical weather prediction can be used. Correlations are depicted as
colored circles of different sizes. The largest circles indicate highest positive (blue color) and
negative correlations (red color). The last row of the matrix shows correlations of iRF with all
other variables. The highest correlations are with temperature, absolute humidity, RHmax, RHi,
pressure, and geopotential height. All the other dynamical variables have weak correlations at
most.

For the multiple logistic regression, the iRF dataset was divided into a training and a control
dataset. The model was produced from the training data, as explained in chapter 4.2, including

all mentioned meteorological and thermodynamic variables. To avoid overfitting of the model,

51



5 Results

<
k&
3 g g &
w i 3
® @ o v Wi ®
C = ¢ » £ 2 O 33 B 9 i
s [ R =7 o i - b O > 2 2 € & &£
Lon @ '
Lat @ 0.8
Time ‘
Press . 0.6
Temp (ERA) . .’ 04
3 . .
@ [ &
PV . . 0
i TH‘,/ ® 0.2
VOR . .
Mu . 04
RHi (ERA) @ .
Abs. Hum. (ERA) & ¢ ® i
RHmax (ERA) . ‘ .. 08
RF i)

Figure 31: Correlation matrix of all variables in the iRF dataset (including 47,032 persistent or
strongly warming contrails). Specifically, the correlation of variables with iRF is of interest (last
row in each matrix). The correlations are illustrated as circles, with increasing size if a high positive
(blue color) or negative correlation (red correlation) exists. The matrix includes all variables from
ERA - 5.

an improved model only included the statistically significant predictors with a p-value of the
coefficients < 0.05. Those were the lapse rate, pressure, geopotential height, vorticity, RHmax,
RH;, and p. This coincides with the results from the pdf's from before, as specifically the
distributions for the lapse rate, geopotential height, and vorticity of Big Hits had the best
separation. It was expected that RHmax and RHi, which define contrail formation and
persistence, were important predictors for iRF. The model was tested on the control dataset,
where it produced probabilities for the occurrence of Big Hits based on the predictors. When
the probability exceeded 50 %, then the model decided a Big Hit occurrence. The model was
able to predict Big Hits with an accuracy of ~ 88 % and a test error rate of ~ 12 %. However,
due to the very little apriori probability of Big Hits, this high accuracy stems rather from
correctly predicting that a Big Hit would not develop. The true positive rate, which describes
the amount of Big Hits correctly predicted, can be improved when the probability that needs to
be exceeded for a Big Hit to be predicted is not 50 % but rather of the size of the apriori
probability. The apriori probability for persistent contrails is P(pC) = 11.5 % and for Big Hits
it is P(BH) = 1 % (where iRF > 19 Wm), for the iRF dataset including Big Hits, persistent
contrails and general points with no persistent contrails for every 100" flight point.
Unfortunately, the model was not able to predict contrail persistence. This means, that in theory

Big Hits can be predicted reliably, but only when contrail persistence can be predicted.
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A last approach was taken to predict contrail persistence from model output statistics.
Probabilities for contrail persistence were computed, conditioned on dynamical and
thermodynamic variables X that needed to have a value in the range of x + Ax. The probability
for a persistent contrail increases by limiting a range of x + Ax where specifically more
persistent contrails than non-persistent ones occur. For example, allowing only cases with
temperatures below 230 K includes all persistent contrails, but excludes a large part of the
general-case values, as they occur in temperatures between ~ 200 K — 250 K. As mentioned in
chapter 4.2, for this application probability is equated with relative frequencies, such that the
probability for persistent contrails was given by

N(X = x + AX A iRF > — 999)

P(pCIX = x £ Ax) = N(X = x + Ax).

(5.10)

Not every mentioned meteorological quantity was suitable for this. As seen in the pdf plots, the
pdf distributions of persistent contrails and Big Hits of different variables overlap strongly with
that of the non-persistent pdf’s (eg. vertical velocity and divergence). Here introducing a
limiting condition does not improve the probability for a persistent contrail, as for all of the
values in the range of vertical velocity and divergence persistent contrails as well as non-
persistent cases occur. It is not possible to exclude certain values where specifically only non-
persistent cases occur. Suitable meteorological quantities are temperature, RHmax, RHi,
vorticity, lapse rate, and geopotential height. Those all show a certain separation between the
pdf’s for persistent and non-persistent cases (see figure 22 left, 26 left, 27 left, 28 bottom left,
29 left, and 30). Note that for this approach one has to look at the variables from ERA — 5, as
the goal is to predict contrail persistence from numerical weather prediction. MOZAIC’s
variables only decided on persistence vs. non-persistence, but they are not further included in
the probability calculations. Hence for RHi and RHmax also values below 100 % or 1 can be
found for persistent contrails, since the prediction of those values is not perfect in ERA — 5.

All meteorological variables X span an n-dimensional space. This space can be divided into
“boxes” of a specific value range x + Ax. In each box, there is a certain number of Big Hits /
persistent contrails and of the general case. Dividing those numbers leads to the probability for
persistent contrails for each box. Beginning with two dimensions, figure 32 shows persistent
contrails (black dots) and general cases (red dots) on a lapse rate (LR) — geopotential height (Z)
plot. LR and Z were chosen first because their distribution showed the least amount of overlap
between the pdf for persistence / Big Hits and non-persistence. The dimensions lapse rate and

geopotential height were each divided by percentiles in 0.1 (10 %) steps (dotted lines). The
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percentiles are given for the

P Non-persistent contrails
distribution of persistent contrails. ;; Pessny contrats
Percentiles for all meteorological %g s
variables are given in tables 7 and 8 %" }3
for the persistent and Big Hit %
distributions. Every point that is §
persistent / not persistent, with a E
specific ~ iRF and  specific =
meteorological conditions, can then Lapse rate (K km"!)

be assigned to one of the 100 boxes Figure 32: Persistent contrails (black dots) and non-
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for the general cases, as the red dots dominate in the plot. Most persistent contrails occur at
high LR and high Z values, while non-persistent contrails are scattered throughout the whole
space. For each box, the probability for persistent contrails can now be given in a 2-D
probability matrix (see table 10). Further dimensions could be added, but it is important, that
enough values fall inside of each box. Adding a third dimension would thin out the number of
cases inside a box, as all of the cases would then be divided into 1,000 boxes. If only one value
falls into a box, determining a probability does not make sense. Unfortunately, this was the
case for the dataset, such that further conditions could only be added for the whole matrix and
not as a third dimension. This was also the reason, why probabilities were given for persistent
contrails and not for Big Hits. The apriori probability of Big Hits is too low to divide them into
100 boxes since for the boxes of the highest values, only a few points are left. In principle, this

would be possible if one had an even bigger dataset. This is currently work in progress.

Table 7: Percentiles for different meteorological variables for the distribution of persistent contrails.

Persistent contrails

Percentiles ';"a"tze z VOR PV Mu w DIV Press.  Temp. :l:’;_ RHms  RH;
Min 125 0908 2337 0O 0  -17/88 -12014 1901 20289 0001 _ 008 003
0.1 187 0977 -933 011 0  -0143 -1573 2159 2113 0008 115  0.72
0.2 419 0989 -806 021 O  -0089  -7.78 2217 2133 0011 128 082
0.3 557 099 -701 035 0  -0.059 -3 2271 2149 0013 140  0.89
0.4 649 1002 -603 052 0016 -0.038 0.96 2377 2162 0015 151 093
05 715 1007 -503 077 0017 -0.021 4.67 2385 2174 0018 162 096
0.6 763 1011 -391 111 0317 -0.006 8.73 2491 2187 0021 173 098
0.7 802 1016 -268 156 0.463  0.008 1357 2504 2200 0025 184  0.99
0.8 836 1022 -116 221 0612 0.026 1997 2616 2215 003 198 102
0.9 874 1029 135 323 0739  0.055 31.35 2735 2234 0038 217 105
Max 9.84 1058 2729 992 0956  0.669 17637 3099 2315 0098 296 134
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Table 8: As table 7, but for the distribution of Big Hits.

Big Hits
Percentiles S2P® 7 VOR PV Mu W DIV Press. Temp. 95 RH.. RH,
Rate Hum.
Min 954 0969 -160.32 000 O  -0607 -833L 1964 2114 0003 016 006
0.1 415 1004  -8494 013 0  -0110 -1338 2269 2184 0018 095 065
0.2 597 1012 -7079 022 0  -0068 -7.02 2381 2200 0023 102  0.77
03 685 1017 -60.06 031 0  -0046 -328 2389 2210 0026 108  0.83
04 735 1021  -4950 042 0250 -0028 014 2498 2218 0030 115  0.88
05 768 1024  -3846 057 0490 -0014 293 2607 2226 0033 121 093
06 793 1028 -27.05 078 0588 0000 583  261.6 2234 0037 127  0.96
0.7 816 1031  -1430 110 0683 0014 926 2621 2243 0041 133 098
038 839  1.035 3.60 165 0736 0031 1345 2740 2252 0047 142 101
0.9 864 1040 3462 270 0792 0061 2047 2835 2262 0054 155  1.04
Max 951 1057 33412 911 0950 0363  80.77  309.9 2308 0098 214 120

One at a time, new conditions of meteorological variables were added to the two-dimensional
LR — Z matrix. For example, a condition for a maximum potential vorticity (PV) of 3.23 K m?
kg s was introduced, so that only points that fulfill this are counted for each LR — Z box. In
particular, at each step, the condition for one additional meteorological variable was added,
such that the greatest additional improvement in the probability of persistent contrails per box
was achieved. The values were not chosen randomly, but they are chosen percentiles that were
determined from looking at the pdf’s from chapters 5.2.1 and 5.2.2. It is the value, at which
below or above that predominantly Big Hits and persistent contrails occur.

Comparing 100 probabilities with each other is not effective, so the probabilities were summed
up per row (for each Z percentile the sum of the probability for persistent contrails of the ten
LR percentiles is given) and in total. The improvement in probability for a persistent contrail

with the introduction of further conditions is listed in table 9.

Table 9: For each Z percentile, the sum of the probability for persistent contrails of the LR percentiles
and the sum of all of the probabilities of the two-dimensional probability matrix is given. Introducing
additional conditions improves the total sum of probabilities. Note that the minimum count of persistent
contrails per box reduces when adding further conditions.

Conditioned probabilities

Percentiles Z+LR PV<323 VOR<3462 T<2262 T>2113 RHmx>09 RH;>0.65

Sum min - 10th 0.46 1.99 1.99 2.05 1.99 2.85 4.56
Sum 10th - 20th 0.89 1.48 1.49 1.56 1.53 2.06 3.88
Sum 20th - 30th 1.49 1.68 1.8 1.87 1.86 2.37 3.81
Sum 30th - 40th 2.06 2.08 2.19 2.28 2.34 2.81 3.98
Sum 40th - 50th 2.58 2.57 2.65 2.73 2.83 3.29 421
Sum 50th - 60th 3.11 3.1 3.15 3.26 341 3.89 461
Sum 60th - 70th 3.57 3.57 3.6 3.69 3.95 4.47 5.09
Sum 70th - 80th 4.2 4,19 4.21 4.36 4.61 5.15 5.6

Sum 80th - 90th 4.67 4.67 4.69 4.82 5.09 5.75 6.09
Sum 90th - max 5.36 5.36 5.35 5.48 5.95 6.75 6.9

Total sum 28.39 30.69 3112 321 33.56 39.39 48.73
Minimum count 8 6 5 5 5 5 5

The probabilities per Z percentile of the LR — Z matrix without additional conditions are given

in the first column. Adding conditions for the potential vorticity, vorticity, temperature,
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RHmax, and RHi nearly doubles the summed up matrix probability. However, the minimum
count of persistent contrails per box limits the number of conditions that can be introduced.
With a minimum count of 5 persistent contrails per box, the maximum probabilities for contrail
probabilities that were achieved are depicted in table 10.

The highest probability for persistent contrails is 93 %, which occurs at the upper ten percent
of the lapse rate and geopotential height distributions with the additional conditions.

The matrix in table 10 is depicted as a heatmap in the following figure 33. Probabilities were
linearly interpolated using Gnuplot, where the optimal number of interpolation surface points
was chosen automatically (Williams and Kelley, 2019). Probabilities of ~ 50 % are exceeded
starting from lapse rates of ~ 4 — 5 K km™ upwards. This is quite an improvement from the
apriori probabilities of persistent contrails of 11.5 %. The probabilities increase with increasing
geopotential height. With all the included conditions for PV, vorticity, T, RHmax, and RH; the
lowest probabilities are ~ 29 %.

Table 9: Maximum probabilities for the LR - Z matrix with the additional conditions from table 9. The
highest probabilities can be seen at high lapse rates and high geopotential heights.

Lapse rate

Max - 90th- 80th- 70th- 60th- 50th- 40th- 30th- 20th- 10th-
90th  80th  70th 60th 50th  40th 30th 20th  10th  Min

Max-90th |JORGB) 078 077 079 068 069 064 063 055 044
o0th-g0th 071 069 077 064 065 064 055 056 048 04
80th-70th 07 066 066 06 059 055 053 05 045
70th-60th 067 058 055 054 055 05 045 049 042
60th-50th 061 058 049 051 047 044 041 04
S0th-40th 053 052 047 044 044 041 039
40th-30th 058 048 043 042
30th-20th 043 043

20th - 10th [HOIEEN 04

10th - Min 044 045

Percentiles

9.84

8.74
8.36
8.02
7.63
7.15
6.49

Lapse rate (K km™)

5.57
416
1.87

-12.48
1.058 1.029 1.022 1.016 1.011 1.007 1.001 0.996 0.989 0.979 0.908

Normalized geopotential height (m? s2)

Figure 33: Heatmap of conditional probabilities for contrail persistence in a two-dimensional space
spanned from Z and LR percentiles (numbers on the axes). Highest probabilities occur with increasing
geopotential height and increasing lapse rate.
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The produced matrix and the heatmap are only an example to get a feeling for the
meteorological conditions that persistent contrails prefer. Using different values for the
conditions would influence the probabilities. Different dimensions could be used as the base
and by adding another dimension the uncertainty could be reduced when enough cases are
available. Generally speaking, including additional dynamical conditions could improve
prediction possibilities for persistent contrails. If similar thresholds could be included in
weather prediction models like ERA — 5, then a prediction of persistent contrails on a local level

might be possible.
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6 DISCUSSION

6.1 Statistics of iRF

This section will discuss the results from the statistics of instantaneous radiative forcing (iRF).
The goal was to determine the weather influence on the instantaneous radiative forcing
variability. This variability can be clearly seen in the plots of the cdf’s and pdf’s, as well as in
the table with the different mean values from chapter 5.1.1. The random character of the weather
led to a wide distribution of the pdf of iRF, which follows an exponential decline in the positive
branch. The heavy tail of the pdf (figure 13), as well as the pdf x iRF plot (figure 16 in chapter
5.1.3) are proof of a disproportionate impact of strongly warming contrails (Big Hits) on the
overall radiative effect, even though they have very low probabilities and occur very rarely.
Monte-Carlo experiments showed how strongly a mean value from a sample of measurements
scatters depending on the sample and its size. The data also revealed a distinct seasonal pattern
in the occurrence and magnitude of iRF values (figure 11 and table 5). It is important to note,
however, that the frequencies are influenced by the number of available flights from MOZAIC
and should be not taken too literally. This is also valid for all other results so far. All the numbers
and values are just approximations. For one, they are certainly influenced by the
parameterizations and assumptions used for the iRF calculations. As mentioned before, the
model made sure to correctly reflect the relation of individual contrails and their radiative effect
with each other, but using different assumptions would give different numbers. For example,
using Myhre particles is the simplest way to parameterize the crystal size and habit distribution,
as they have wavelength-independent, so constant, optical properties (Myhre et al., 2009).
Those hexagonal “pseudo” particles also do not include solar absorption, but for contrails that
is nearly negligible, as “the path lengths of photons through atmospheric ice crystals are very
small compared to the absorption length” (Warren et al., 2006). In reality, contrails and contrail
cirrus consist of a mixture of different crystal habits with varying effective radii. Usually,
contrails consist of ice crystals like hexagonal plates, columns, and triangular plates of
30 — 60 um size (on average) (Duda et al., 2001; Yang et al., 2010). Those habits have varying
microphysical and radiative properties, which affects contrail radiative forcing (by varying
single-scattering characteristics) (Duda et al., 2001; Letu et al., 2019; Xiao et al., 2019). The
ratio of warming to cooling contrails could therefore be different when using different crystal
habits, as they have varying forward to backward scattering ratios.

All of this was neglected in the study to obtain an iRF measure with the least amount of degrees

of freedom. Including this would probably lead to a lot more variability and hence uncertainty,
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especially since the crystal habit evolves following the development of the ice cloud and since
the natural variation of ice crystal habits is still not completely known (Xiao et al., 2019).

The specific iRF values in the dataset are also influenced by the chosen MOZAIC data sample.
Different years would lead to different numbers. However, the numbers are not what is
important. The goal was not to exactly define eg. a mean iRF over 10 years but to find the
general characteristics and type of the distribution. Changing the assumptions would not
influence the essence of the results: That is, the distribution is wide, it is an exponential at
positive values, the highest radiative forcing values have the lowest probability but a very large
effect, and that the natural variability is huge. The observed variability is also just the lower
limit of natural variability, as only a part of the weather variability that directly defines the
instantaneous radiative effect was included. The solar zenith angle, as well as the height of the
tropopause that might be responsible for the seasonal variations, are part of the weather
variability of the dataset, but one might argue, that those are rather a climate variability and not
weather variability. Specifically, the solar zenith angle does not induce a random uncertainty
like RH; or T do. It is a deterministic variable and is known depending on the time. To the
author, however, it is not important how exactly this variability is called, but rather that it is
huge and irreducible. Considering that the interpolated radiative quantities used for the iRF
calculations (OLR, SRD, and RSR) are all given as an hourly mean, the variability could in
reality be even larger if not averaged. There might also be more variability if MOZAIC flights
of the whole globe and not only of the confined research area (30° to 70° latitude 125° to 145°
longitude) were included.

Another important point is, that there are many more sources of natural variability that
determine the overall radiative impact of contrails, which were not included in the study.
These are: i) technical aircraft variations, ii) turbulence and atmospheric dynamics iii) the
ambient air traffic density, and iv) natural cirrus.

1) The size (weight and wingspan), number of engines (two vs. four engines), fuel flow, and
speed of an aircraft determines the vertical extension and ice crystal number of the produced
contrail, but also its evolution (Gayet et al., 2012; Gierens and Strom, 1998; Jel3berger et al.,
2013; Sussmann and Gierens, 2001; Unterstrasser and Gorsch, 2014). The number of generated
ice crystals changes with the amount of water vapor and particles emitted, which depends on
the fuel flow (Unterstrasser and Gorsch, 2014). Sussman and Gierens (2001) found that
contrails formed from large aircraft survive longer in subsaturated conditions than smaller
aircraft, because of the larger water vapor emission. In general, those also have larger optical

thicknesses (Jel3berger et al., 2013). The wake vortex system with its descent and lifetime is
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controlled by the aircraft mass and geometry. Larger aircraft produce contrails with more ice
crystals, but the ice crystal loss is also stronger during the vortex phase, as the vertical
displacement of the wake vortices is stronger. The crystals descent faster and further down,
where they undergo more intense adiabatic heating and consequently sublimate (Unterstrasser
and Gorsch, 2014).

i) The dispersion, evolution, and lifetime of a contrail are also determined by atmospheric
dynamics like wind shear, advection, and turbulent mixing, as well as on the stratification
(Durbeck and Gerz, 1996; Unterstrasser and Gierens, 2010). In general, the disintegration of a
contrail from particle loss, be it by dynamical or microphysical cause (Bier et al., 2017), also
introduces a lot of variability.

iii) When looking at the effect of a single contrail in a certain area, one must consider, that other
contrails could already be there, especially in regions of high air traffic. If this is the case, all
contrails compete for the available condensable water vapor, which inhibits their growth
(Unterstrasser, 2020). Contrail coverage might also not be increased if the sky is already
covered by a contrail cirrus sheet (Gierens, 1998).

iv) Natural cirrus in vicinity to a new contrail have similar effects (Lynch et al., 2002).

All of these factors are not included in the present study, but they influence the overall radiative
effect of a contrail and therefore introduce natural variability. For a single contrail (not only for
a point), EF is the correct measure of the radiative effect. One can argue that EF would vary
even stronger than iRF, since more degrees of freedom are involved (evolution of the contrail
during its lifetime for the covered area (width x length)). The variability of EF could be
computed with CoCiP (Schumann et al., 2012). Finally, summing up all EF values for all
contrails in the atmosphere over a year would lead to the desired RF or ERF metrics and here
again more variability can be expected, e.g. by varying traffic patterns over the years, slow
evolution of the aircraft fleets etc. Hence, from a pointwise, to a local, to a global measure of
the radiative effect of contrail cirrus, more variability is introduced, which leads to larger
uncertainties.

There is one last issue that has to be discussed: How can the iRF from in-situ data be compared
to the results from global simulations like in the IPCC assessments? RF or ERF is given from
model simulations that calculate the radiative forcing from contrail coverage or volume. The
contrails are parameterized and not resolved individually for certain points as with the iRF.
Global models are not able to resolve contrails on a resolution of 1 x 1 kilometer like the iRF
dataset. They do however include interactions between other contrails and natural cirrus, which
is not considered by the iRF (Burkhardt and Karcher, 2011). IRF can therefore not be directly
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compared to global model results from ERF / RF. Nevertheless, what the results from the iRF
dataset showed is, that there is a fundamental limit to how precise RF and ERF can be
determined from model calculations. The many sources for natural variabilities and
consequently the large uncertainty is inevitable. Gettelman et al. (2021) is a good example of
that. The standard deviations for the ERF of 2019 and 2020 were 35 Wm2 and 50 Wm™2, which
did not get smaller even when the number of ensemble members were doubled. This shows that
we may never be able to constrain the uncertainty level significantly and to shrink the
corresponding error bars associated with contrail cirrus RF / ERF. In principle, it would be
possible to get a precise mean RF / ERF from measurements, but an unrealistically large number
of radiation measurements would be necessary.

If that is known, research could now focus more on a reliable forecast of situations that would
allow strong warming contrails. As mentioned, the climate effect of contrails cannot be
extracted from iRF. For example, an iRF value that indicates a Big Hit at one point of a contrail
does not mean, that the overall effect of the contrail is strongly warming. It is possible that the
overall effect of the contrail is only positive (not strongly positive), as the forcings of many
points along a large contrail balance themselves. Nonetheless, it is not likely that a contrail that
at one point has a very strong warming leads to an overall cooling effect. Thus, one can be quite
sure to reduce the overall radiative effect of contrails (and not prevent a cooling contrail) when
preventing Big Hits only. Teoh et al. (2020a) showed in their study that 2 % of the flown flights
distances contributed to 80 % of the energy forcing (EF). Preventing those would make a huge
difference. A precise global, annual mean RF / ERF to is not needed to avoid such strongly

warming contrails.

6.2 Meteorological conditions of Big Hits

In the ten years of data from MOZAIC flights, persistent contrails occurred in 10 % of all cases,
while Big Hits only had a probability of 1 %. Of that 1 %, most Big Hits only had short
extensions of less than 75 km in length. Big Hits occur rather patchy along the flight paths,
which is disadvantageous for avoiding Big Hits by flight diversion. This observation, however,
is largely influenced by the definition of when a Big Hit ends and a new one starts and at which
iRF a persistent contrail becomes a Big Hit. The limit of iRF > 19 Wm™ that was used in the
study is just a number that separated the strongest 10 % of the iRF values in the distributions.
A larger or smaller limit would result in different lengths of the Big Hits, as they were defined
based on points exceeding the iRF limit. A gap of ten points, where the calculated iRF fell short

of 19 Wm2, was allowed along a Big Hit. This gap translates to a distance of 10 kilometers of
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40 seconds flight time. The next point where iRF exceeded the limit again, would record a new
Big Hit. Therefore, the lengths of Big Hits would become larger if a larger gap would be
allowed. It is also important to mention, that in this study only individual points along
MOZAIC’s flight paths were analyzed and those give a limited picture of the atmosphere. The
aircraft crosses the ice supersaturated region (ISSR) only in one single line at a specific time,
but its true vertical and horizontal extension and its lifetime is not known. However, it became
clear, that high iRF values occur with a certain coherence and not randomly dispersed. The
longer and more coherent a strongly warming contrail, the easier it is to adjust the flight level
of the aircraft accordingly, to prevent its development.

As mentioned, the point prediction of persistent contrails is so far not accurate, because of a
poor prediction of the humidity field in ECMWF’s forecasts, and consequently unreliable
relative humidity data. Contrails require a relative humidity over ice of the ambient air of at
least 100 %. However, weather models tend to have problems with that threshold. This does
not mean, that the relative humidity field in ERA — 5 is in general unreliable. Gierens et al.
(2020) showed in a comparison of ERA — 5 to MOZAIC data, that RH; in the upper troposphere
region has a linear correlation of 0.67 — 0.92 depending on the data month used. For this study,
RHi from ERA — 5 and MOZAIC had a correlation of 0.89 for the whole dataset including all
general cases, persistent contrails, and Big Hits of the years 2000 — 2009 (every 100" point).
Linear correlation, however, is not sufficient for predicting persistent contrails from ERA — 5
RHi; values.

High RH; values occur in the atmosphere both in clear and cloudy sky with low concentrations
of ambient ice particles (Lamquin et al., 2009; Teoh, 2020). ERA — 5 underestimates the
frequency and degree of ice supersaturation because it uses an approximation to compute ice
supersaturation. In ECMWEF’s models, ice only forms when the limit for homogeneous
nucleation is reached. When a cirrus cloud forms, all supersaturated humidity is converted to
ice and RHi returns to ice saturation (RHi = 100 %) within one time step (Lamquin et al., 2009;
Tompkins et al., 2007). In reality, the reduction of supersaturation does not happen instantly.
The so-called relaxation time (Ovarlez et al., 2002), depends on the number of ambient ice
crystals and the size distribution, and consequently the consumption of excess water vapor. The
relaxation time is large with a low number of ambient ice crystals.

This assumption leads to an underprediction of high ice supersaturation values from ERA — 5.
The maximum RH; for ERA -5 is at 1.4, while for MOZAIC a maximum of 1.71 was recorded
for the whole dataset of this study. The correlation for RH; between ERA —5 and MOZAIC is
only 0.03 for persistent contrails. The pdf's for RHi from ERA — 5 showed that persistent

62



6 Discussion

contrails (defined by T and RH; from MOZAIC) had relative humidities over ice as low as zero.
The pdf of RHi for MOZAIC had its peak at RHi ~ 1 for persistent contrails and ~ 1.3 for Big
Hits. Fortunately, the pdf of RH; for ERA — 5 for persistent contrails is also centered around
one, but for Big Hits the pdf is not shifted towards larger RH; values. A large portion of
persistent contrails and Big Hits had an RH; <0.75 in the reanalysis. This suggests, that a lower
threshold than the 100 % for RHi; is beneficial for predicting contrail persistence from models.
Again, the goal of the analysis Big Hits was to find differences in meteorological conditions for
Big Hits, persistent contrails, and for the general situation. Specifically, dynamical
characteristics were of interest, as those have not been used for predicting persistence of
contrails so far.

As seen from the pdf's of the dynamical variables, Big Hits and persistent contrails prefer
negative vertical velocities (rising air motion), positive divergences (diverging/spreading air),
negative vorticities (anticyclonic (clockwise) flow in the northern hemisphere), and low
potential vorticities. Not much is known about dynamical characteristics of Big Hits and
persistent contrails, but one can compare those to characteristics of ice supersaturated regions
(ISSR’s). ISSR’s occur related to certain dynamical features. Gierens and Brinkop (Gierens and
Brinkop, 2012) find, that ISSR"s favor upward wind and divergent airflow. In the northern mid-
latitudes, ISSR’s are mainly located in areas of high pressure and anticyclonic flow. Those
results coincide with the characteristics of Big Hits and persistent contrails from this study.
Gierens and Brinkop account this pattern to the structure of warm/moist and cold/dry airstreams
in mid-latitude synoptic disturbances (Gierens and Brinkop, 2012). From several studies, it is
known that ISSR’s occur related to certain synoptic weather features.

In the northern mid-latitudes, those are storm tracks over the North Atlantic (Gettelman et al.,
2006; Lamquin et al., 2012; Spichtinger et al., 2003b; Wylie, 2002), the anticyclonic side of the
polar jet stream (Diao et al., 2015) and inside anvil cirrus clouds (D’Alessandro et al., 2017).
Késtner et al. (1999) found that most of their automatically detected persistent contrails in the
upper troposphere occur either in divergent flow patterns in warm air masses, ahead of a surface
warm front or a warm conveyor belt, or in locally turbulent cold air, ahead of a surface cold
fronts near a band of strong wind, where the cold air is moving rapidly. In their case study,
Spichtinger et al. (2005) also accounted fronts and warm conveyor belts to the formation of
ISSR’s, as those involve synoptic-scale upward motion. Irvine et al. (2012) showed, that the
location of ISSRs is linked to orography and the time-mean location of the jet stream. For their

research area (North Atlantic), the largest frequencies of ISSR occurrence were recorded over
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Greenland (orographic lifting), the southern side of the jet stream, and around the northern edge
of high-pressure ridges.

Knowing, that persistent contrails and Big Hits develop with distinct dynamical characteristics,
one could now add those to the already used thermodynamic criteria for an enhanced persistent
contrail prediction. This was tested with two simple methods, a logistic regression and with
model output statistics for conditional probabilities. The results showed, that, 1) predicting Big
Hits is quite reliable when it is already known for sure that contrails will be persistent and 2)
relatively high probabilities for the persistence of contrails can be determined by introducing
thresholds for dynamical variables and combining them with the SAC quantities. However,
this was only a first try and more combinations of variables have to be tested further, eg. with

a bigger dataset.
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7/ SUMMARY

Since the publication of the IPCC special report on Aviation and the Global Atmosphere in
1999 (Penner et al., 1999) there has been considerable research effort on the understanding of
aviation’s climate impact. Specifically, the radiative effect of contrails and contrail cirrus has
been studied intensely in the last two decades. Unfortunately, despite all the progress made in
process understanding and modeling and measurement possibilities, contrail cirrus radiative
forcing is still associated with a low level of scientific understanding (LOSU). This terminology
however is misleading. The science of contrails is not on a low level of understanding, as the
involved physics is known rather well. The problem lies within the difficulty of determining
the global, annual mean forcings (RF and ERF) with a narrow confidence band. This study
investigates one of the major causes for uncertainty, the natural variability. Specifically, the
weather-induced variability is examined from a large dataset of iRF values (instantaneous
radiative forcing) of potential contrails. This was done by excluding any other sources of
uncertainty, namely, modeling inadequacy, scenario uncertainty, and other natural variabilities.
IRF values were produced by combining ten years (2000 — 2009) of MOZAIC measurement
data from commercial passenger aircraft (16,588 flights) with ERA — 5 Reanalysis data. For
each point at cruise level along each flight, the temperature and relative humidity from
MOZAIC were checked for the Schmidt-Appleman criterion for contrail formation. If a
persistent contrail was possible, the iRF was calculated using the respective radiation quantities
from ERA — 5 using Schumann’s radiation formulae (Schumann, 2012, p. 212) with Ebert and
Curry’s (Ebert and Curry, 1992) parameterization for the optical thickness. For the statistics of
IRF only 1 % of the data points were chosen randomly to assure statistical independence.
47,032 iRF values were then analyzed for their variability. The cdf’s and pdf’s show strong
annual and interannual variations, that are exclusively caused by the random character of the
weather. A seasonal pattern in the data shows higher average iRF’s and also more persistent
contrails occurring in the summer months, while persistent contrails with a stronger cooling
effect occurred in the winter. 80 % of the data have a slightly positive iRF up to 19 Wm,
10 % show negative values and 10 % a strongly warming effect (Big Hit) with iRF > 19 Wm™,
The pdf distributions are wide and clearly non-gaussian. They are heavily skewed towards
positive values, with the positive branch of the pdf for the whole time series being an
exponential in the form of f(x|x > 1) x e~?*, with the factor b = 0.11~! Wm. In Monte-
Carlo experiments, a mean iRF was calculated 1,000 times each for two different sample sizes

(1% and 0.1 % of the 47,032 iRF values), representative of the size of a measurement campaign
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or a metastudy (comprising 10 measurement campaigns). The sample means scatter
considerably depending on the sample size. This scatter is exclusively caused by weather
variability. This variability is irreducible and sets a limit to how precise a mean RF can be
calculated from measurements. Therefore, calculating a long-term mean RF from
measurements that is more precise than what the model simulations predict, is not possible,
unless an unrealistically large number of measurements is available. In reality, the variability
of the overall RF of contrail cirrus is even larger when including all the other uncertainty
sources. The distributions would become even wider.

The heavy tail of the pdf (figure 13), as well as the plot of the first order effect function
(pdf x iRF) (figure 17 in chapter 5.1.3) are proof of a disproportionately large impact of strongly
endothermic contrails (Big Hits) on the overall radiative effect, even though they have very low
probabilities and occur rarely. In the dataset one point with RFLw > 100 Wm™, counterbalanced
by a certain RFsw, was present. Extreme value theory suggests that even larger values could be
possible. As such strongly warming contrails (Big Hits) have the largest effect, it is the safest
mitigation strategy to avoid specifically those. They are strong enough so that even with large
uncertainties they do not entail the danger that the prevention measure leads to perverted results
(eg. that these are not actually cooling contrails). Unfortunately, the accurate local prediction
of contrails is still not possible because of errors in the humidity field in most weather prediction
models. Because of the complex nature and the many involved processes, the humidity field is
still poorly modeled, which leads to unreliable relative humidities in the upper troposphere and
lower stratosphere. Especially large RH; values, which are prone to produce Big Hits, are
underrepresented. Therefore, this study focused on a new approach. When the meteorological
and dynamical conditions of Big Hits are known, they could be used as an addition to the SAC
quantities to improve prediction possibilities. This however is only possible if the distributions
for Big Hits can be separated from those of “only” persistent or non-persistent contrails and if
Big Hits occur in a coherent field and not only at random points in the atmosphere. Another
dataset was produced that included every Big Hit (iRF > 19 Wm™) along the ten years of
MOZAIC flights from 2000 — 2009 with every flight point (not only one percent of the
measurements). IRF was calculated in the same manner as for the first dataset. The results
showed, that the major share of Big Hits have rather small extensions. However, 13 % of Big
Hits still had a length of minimum 75 km, and 5 % were at least 150 km in length. The longest
Big Hit exceeded 1500 km. The radiative effect of such a contrail is very large and should be
avoided. The iRF along Big Hits changes only minimally with an amplitude of ~5 Wm unless

a change in the surrounding conditions induces stronger fluctuations. The distribution for iIRF
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from Big Hits follows the same exponential decline as the positive branch of the iRF for
persistent contrails.

Pdf’s were produced for meteorological conditions of Big Hits, persistent contrails, and the
general case. The comparison of pdf's for thermodynamic and dynamic quantities revealed
quite some differences depending on the variable. Big Hits and persistent contrails prefer
temperatures between 210 — 230 K, high absolute humidities, high relative humidities with
respect to ice, and an RHmax between ~ 1 — 1.5 for the database. ERA — 5 and MOZAIC values
agree well for temperature and RHmax, but RHi and absolute humidity are underestimated in
ERA — 5. The dynamical characteristics vertical velocity and divergence show only minimal
shifts towards negative and positive values for Big Hits and persistent contrails. Those variables
are not as suitable for improving the prediction of persistent contrails. Vorticity, potential
vorticity, geopotential height and the lapse rate, however, show a strong separation between the
pdf’s for Big Hits and persistent contrails to the pdf of the general case. Big Hits and persistent
contrails prefer anticyclonic flow, low potential vorticities up to 4 PVU, large geopotential
heights, and large lapse rates up to 10 K km™ for the data. The pdf’s for Big Hits (except for
temperature and vorticity) is slightly more separated to the pdf for the general case than the pdf
of persistent contrails. The distribution for |, the cosine of the solar zenith angle, showed, that
most Big Hits occur at night and or when the sun is very low and very high. Intermediate values
are not favored. The pdf’s overlap strongly, which means that persistent contrails and Big Hits
do not only develop during the favored patterns. Only the relative frequency of the patterns is
different within and outside of persistent contrails and Big Hits. Combining the quantities that
showed the largest separation together with the SAC quantities could allow an improved
prediction for contrail persistence and Big Hits, eg. in a regression analysis or a neural network.
This was tested with a logistic regression model, which was able to predict Big Hit occurrence
rather well, but only when it is already known for sure that contrails will be persistent. The
logistic model was not able to predict contrail persistence. Model output statistics were used to
predict the probability of persistent contrail formation. In a probability matrix, conditioned on
the lapse rate, geopotential height, potential vorticity, relative vorticity, temperature, RHmax,
and RHi, probabilities up to 93 % for contrail persistence were achieved. With an a priori
probability for persistent contrails of 11.5 %, this is quite an improvement. The results imply
that including dynamical variables to the contrail formation criterion (SAC) and ice
supersaturation (ISS) might enable the prediction of persistent contrails on a local level. The
thresholds for the conditioned probabilities could be included in a weather prediction model
like ECMWF’s integrated forecast model (IFS), to produce such probabilities before the flight
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planning period. Avoidance of persistent contrails or Big Hits would then become more reliable.
This, however, needs further research, as this study only gave an idea as to what the

consideration of dynamical characteristics can do.
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APPENDIX A

IDL program for kernel density estimator:

MAME -
KDE

PURFOSE :
Estimate the probability density underlying a set of discrete
samples (measurements) using the kernel density estimator method.

CATEGORY:
Statistics

CALLING SEQUENCE:
rhe = kde(p, x)

INPUTS:

KEYWORD PARAMETERS:
weight: weighting for sampled polints.

KEYWORD QUTPUTS:

variance: estimate for the variance between the returned density
and the true underlying density.

scale: smoothing factor, also called the bandwidth, used to
compute the density estimate

KEYWORD FLAGS:
By default, KDE uses the Epanechnikov kernel to compute
the kernel density estimate, this can be overridden by
setting one of the following flags:
GAUSSTAN: Gaussian kernel
TRIAMGULAR: triangular kernel
BIWETGHT: biweight kernel

oUTPUTS :
rho: probebility density estimated at each value specified by x

RESTRICTIONS:
Gaussian kernel used for multivariaste systems.

PROCEDURE :
Me_i = (1/n) \sum_{j = 1p*n K((p_J - x_1)/M) / b

where h is the estimated optimal smoothing parameter and
where K{z) is the selected kernel.

EFERENCES:

. B. W. Silverman,
Density Estimation for Statistics and Data Analysis
(CRC Press, Boca Raton, 1388)

Rl
1

2. B. E. Hansen, "Lecture Notes on Monparametrics"
University of Wiscensin, Spring 2880
hLLp:/ fwwin . SSC.WESC . edu/~bhansen/ 718/ NonParametricsl. pdf

3. Z. Ouyang, "Univariate Kernel Density Estimation"
Duke University, August 2885

EXAMPLE :
IDL> p = randomn{sesd, 18808)
IDL> x = 2. * findgen{188)/93.

IDL> rhe = kde(p,x)
IoL> plet, x, rho
oL plet, x, histogram{p, min=®, max=2, nbins=188), /noerase

MODIFICATION WISTORY:

@5,/18/2918 Written by David G. Grier, Mew York University

18/88/2011 DGG Corrected for case when more than 3/4 of input data
have same value. Thanks to Dan Martung (U Madisen)

For bringing this bug te light.

18/18/2811 DGG Added WEIGHT keyword.

12/85/2812 DGG Use rebin() rather then I cperator for efficiency
and clarity in n-dimensional code. Test scale with
arg_present(). Move normalizetion out of loops for efficiency.
Corrected n-dimensional normalization. Updated usage messages.

3 83/22/2913 DGG rebin{fsample) is more efficient.

i B2/18/2914 DG Added VARTANCE keyword.

i B2/13/2814 DGGE Cast indexes to long to awold integer overruns.

; Cast nx to float.

i ©2/25/2914 DGG Implemented MSE.

+ 83/81/2814 DGG Revised MSE caloulations.

+ 83/83/2914 DGG Implemented BIAS.

i B5/81/2014 DGG and Henrlque Moyses Implemented STGMA.

{ 85/82/2814 DGG Array-based implementation. Elimianted BIAS and MSE

i in favor of VARTAMCE.

©5/26/2814 WM, David Ruffner and Chen Wang corrected normalization
For M-dimensional case.

Copyright (c) 2018-2014 David G. Grier, Henrigue Moyses,
David Ruffner and Chen Wang

function kde nd, x, v, §
weight = weight, §

scale = scale, §
variance = variance, $
sigma = sigma

COMPILE_OPT IDL2, WIDDEM

sx = size{x, /dimensions)
sy = size(y, /fdimensions})
o mumber of dimensions

= sx[@]
nx = float{sx[1]) number of data points
= long{sy[1]} i number of sampling points

if ~isa{weight, foumber, Jarray) then 3
weight = replicate{l., nx)

if n_elements{weight) ne nx then §

message, 'welght must have the same mumber of elements as the first argument’

p: discrete measurements of the desired distribution: [ndimensions, nmeasurements]

x: values at which to estimate the probability density: [ndimensions, nsamples]

sigma: estimate for the statistical uncertainty of the estimated density.

WELp: / fwbd  Stat . duke. edu/~202/ shared/research/ readings/kernel smoothing . pdf

Appendix A

; optimal smoothing parameter in each dimension
; Silverman Eqs. {3.38) and {3.31)
sx = stddev(x, dimension=2)
rx = fliarr{nd)
for d = @, nd-1 do §
rxld] = igr(x[d,*])
h SX

W o= whers{rx gt le-18, ngood)
if ngood gt @ then §

Blw] = hlw] < rx(w]/1.34
h *= 8.9 / nx"d.2

if arg_present{scale) then scale = h

i density estimate

i Silverman Eg. (2.15) and Table 3.1
res = fltarriny)

variance = fltarr{ny)

sigma = Fltarr{ny)

Wfac = rebin{h, nd, nx, fsample)

norm = product{{2. * !pi * h*2)*{-8.5)) / nx
for j = 8L, ny-1L do begin
8.5 * total{{{x - rebin{y[*,j], nd, nx, Jeample)) / hfac) 2, 1)
where(z 1t 28., ngood)
it ngood gt 8L then begin
ker = norm * exp(-z[w])
val = weight[w] * ker
res[j] = total{val)
sigmalj] = total{val*2)
variance[j] = total{{val - res[j])"2)/nx
endif
endfor

sigma = sqrt{sigma)

return, res
end

Function kde_1d, x, v, §
welght = weight, $
scale = scale, §
biweight = biweight, §
triangelar = triangular, §
gaussian = gaussian, §
variance = variance, §
sigme = sigma

COMPILE_OPT IDL2, WIDDEN

float(n_slements(x)) ; number of data points

ny = n_elements{y) mumiber of samples

%

~isafweight, /number, jarray) then §

weight = replicate(l., nx)

n_slements (weight) ne nx then 3

message, "w&iglit must have same mumber of elements as first arg,unent."

[

i optimal smoothing paremeter

i Silverman Egs. (3.38) and (3.31)

sx = stddev(x) i standard deviation

rx o= 1gr(x) i Interguartile range

if rx 1t le-18 then $ i more than 3/4 data have same value
h=@.9 * sx / nx*@.2 %

else §
ho= 8.9 % {sx ¢ rx/1.34) / nxte.2

if arg_present{scale) then scale = h

i density estimate

; Silverman Eq. (2.15) and Table 3.1
t = x/h

s = y/h

z = rebin{t, nx, ny, /sample) - rebin{transpose(s), nx, ny, /sample)

it keyword_set{biweight) then begin
nerm = (15./16.) / (h * nx)
2 tsz
={z 1t 1.}
value = norm * mask # (1. - 2)*2
endif else iF keyword_set{triangular) then begin
norm = 1./{h * nx)
z = abs{z)
mask = (2 1t 1)
walue = nerm * mask * (1. - 2)
endif else if keyword_set{gaussian) then begin
norm = 1./{sqrt{2.%1pi) * h * nx)
z *= 22,
mask = {2 1t 28.)
walue = norm * mask * exp(-2z * mask)
endif else begin i Epanechnikev
norm = {3.04./s4r{5.)) / (h * nx)
2 *= 2/5.
mask = (2 1t 1.)
value = nerm * mask * (1. - 2
endelae

value rebin{welght, nx, ny, /foample)
result = total{value, 1)
if arg_present{sigma) then §
sigme = sgriftotel{value*2, 1))
if arg_present{variance) then §

wariance = total{{valee - rebin{transpose{result}), nx, ny, /sample)h*2, 1} / nx

return, result
end
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function kde, x, y,

COMFILE_OPT

g = ‘e

1f n_params(
message,

sx = sizefx)
sy = size(y)

if sx[e] gt
message,
message,
endit

if sy[e] ne
message,
message,

endif

welght = weight, §

scale = scale, §

gaussian = gaussian, §
bilweight = biweight, §
triangular = triangular, §
variance = variance, §
sigma = sigme

L2

= wdelp, x, [weight = W]}’

) ne 2 then §
umsg

2 then begin
umsg, JinF
'Fomust be organized 2s [ndimensions, npelnts]’

sx[8] then begin
umsg, /in
P oand X must have the same numbers of dimensions’

if (sx[®] eg 2) and (sx[1] ne sy[1]) then begin
v

message,
mEEage

endif

usg, /in
P and X must hawe the same numbers of dimensions'

ndims = (sx[8] eq 2) ? sx[1] : 1

if ndims gt

1 then begin

if keyword_set{blesight) or keyword_set{triangular) then §

message,

res = kde_nd(x, y, welght = weight, scale = scale, §

variance = variance, $
sigma = sigma)

endif else §
res = kde_ld(x, y, welght = weight, scale = scale, §

return, res
end

gaussian = gaussian,
Llweight = biweight, §
triangular = triangular, $
variance = variance, §

sigma = sigma)

‘Multidimensional: using Gaussiam kernel', /inf

Appendix A
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