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Abstract. A comprehensive general circulation model -  Like natural cirrus, contrails have a radiative forcing ef-
cluding ice supersaturation is used to estimate the climatdect on climate (Marquart and Mayer, 2002), cooling in the
impact of aviation induced contrails. The model uses a resshortwave by reflecting radiation to space, but heatingén th
alistic aviation emissions inventory for 2006 to initiatene longwave due to a low emission temperature. The longwave
trails, and allows them to evolve consistently with the mode effect is thought to dominate for these clouds in the long-
hydrologic cycle. « term average (Dietmiller et al. , 2008; Rap et al., 2010). Es
The radiative forcing from linear contrails is very sengti  timates of radiative forcing associated with linear coitgra
to the diurnal cycle. For linear contrails, including thermtial range from 2 to 10 miliwatts per square meter (mWan(see
cycle of air traffic reduces the estimated radiative fordilgg summary in Lee et al., 2010). The uncertainty mainly results
29%, and for contrail cirrus estimates, the radiative fogci  from the coverage and optical depth of contrails (Lee et al.,
is reduced by 25%. Estimated global radiative forcing fram 2010). Some studies (Myhre and Stordal, 2001; Stuber and
linear contrails is 0.003%#0.0005 Wn1 2. The linear contrail ~ Forster, 2006, 2007; Fromming et al. , 2011; Newinger and
radiative forcing is found to exhibit a strong diurnal cycle Burkhardt, 2012) showed that the diurnal cycle of air traffic
The contrail cirrus radiative forcing is less sensitiveite di- can also affect contrail radiative forcing. Stuber and t&rs
urnal cycle of flights. The estimated global radiative fagei  (2007) found that 60% of the global mean contrail radiative
from contrail cirrus is 0.01:220.01 Wn1 2. Over regions withe  forcing was attributed to night flights even though they only
the highest air traffic, the regional effect can be as large as accounted for 40% of the distance travelled by aircraft, and
Wm—2, Newinger and Burkhardt (2012) reported 54% and 63% of
the net contrail radiative forcing over the US and Western
Europe, respectively, was due to night flights.
55 Uncertainties in assessing the radiative forcing due te con
trail cirrus are even higher. It is routinely observed tliae{
shape contrails subsequently shear and spread after forma-
tion, termed contrail cirrus, and the additional cloudsége
to spreading may increase by a factor of 1.8 (Minnis et al.,
2004). Larger spreading factors were reported by a recent
study by Burkhardt and Karcher (2011) in which they found
an estimated radiative forcing of 31 mWrhfor contrail cir-
rus by numerical simulations of a general circulation model
(GCM) using a separate contrail cloud class.

Keywords. contrail, climate modeling, radiative forcing,
aviation impact

1 Introduction

Aircraft effects on clouds, have significant impacts on &li-
mate (Lee et al., 2010; Burkhardt et al., 2010). When aitcraf
exhaust mixes with ambient air, liquid drops may form and
freeze if the ambient air is cold and the humidity is high

(Schmidt, 1941; Appleman, 1953), forming 'condensation . S ; . .
trails’ or contrails, behind an aircraft. These line-shzapie- ® In this study, the radiative forcing of linear contrails and

- : : trail cirrus is assessed by using the Community Atmo-
rus, the so-called linear contrails, may persist and take upCon X )
water vapor from ambient air if the air is supersaturatet wit Zrt)here Ir\1/loc_ielr\§/er5|onr? (’C\l:'éxlg) gf the Na_t|0nEaI Ctlhenstertfor
respect to ice. Persistent contrails may last minutes ugwto s Mrgofpc?;rgM e\?\?arc (I ) ‘ OmTudn'W ar h tys em
eral hours (Minnis et al., 1998). Additional cloudiness be- odel ( )- We employ an integrated approach to con-

yond line-shaped contrails may be induced due to the spréa [ails_by treaFing them as part of the mpdel hydr_ologic cycle
ing and shearing of contrails, known as contrail cirrus (8ch his is possible because CAM5 now includes ice supersat-

mann and Wendling, 1990: Minnis et al., 1998). uration and can simulate the key formulation and evolution
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2 Chen and Gettelman: contrail radiative forcing

process of contrails. A detailed aviation emissions inegnt Chen et al. (2012) demonstrated that this contrail parame-
is incorporated into CAM5 and the importance of the con-terization is sensitive to the initial ice particle size ased
sideration of the daily cycle of flights is examined by usiag and the cross-sectional area of contrails. The volume of con
aircraft emissions averaged on an hourly, daily, and mgnthl trails upon formation determines how much ambient humid-
basis. The model and experimental design are described iity from the supersaturated region is taken into the colstrai
Section 2, results are presented in Section 3, and disaisssio These uncertainties were examined in Chen et al. (2012). For
are in Section 4. example, use of a more moderate ice particle size in contrail
1o initialization will enhance ice number concentration asd r
flectance. A reduction of the cross-sectional area in cdntra
initialization will decrease the amount of ice mass in con-
trails and the contrail coverage. Chen et al. (2012) found a
reduction of the cross-sectional area from 30&r800 m to
2070 100 mx 100 m results in a decrease in ice mass by a factor
f 4 and a decrease in contrail coverage by a factor of 2.

2 Methodology
2.1 Model description

This work uses CAM version 5 (Gettelman et al.,
Neale et al., 2010). The model includes a detailed treatmen?
of cloud liquid and ice microphysics (Morrison and Gettel-
man, 2008), including a representation of particle siz&idis
butions, a detailed mixed phase with a representation of wa- ) ) ) ]
ter uptake onto ice (the Bergeron-Findeisen process) and icPTeVious estimates on the globally-averaged contraibradi
supersaturation (Gettelman et al., 2010). This is couped tt|ve_forcmg |n(j|cated that _the magnitude of the forcing as-
a consistent radiative treatment of ice clouds, and an alfbs Sociated with linear contrails was less than 10 mWrLee

model that includes particle effects on liquid and ice cloud €t@l-» 2010) and2the radiative forcing of contrail cirrusicb
(Liu et al., 2012). Critical for contrail formation, CAM5 pa ~ '€ach 31 mWm= (Burkhardt and Karcher , 2011) based on

simulate the mean relative humidity and reproduce the dis@ COMPprehensive estimate with a GCM. There are higher es-
tribution of the frequency of ice supersaturation in the up-imates in the literature, e.g. (Stordal et al.,, 2005) ested

per troposphere and lower stratosphere (UTLS) (Chen a g @ircraft-induced cloudiness based on observed trends-in ci
2012) as observed from the Atmospheric Infra Red SoundefUS coverage and reported an estimated radiative forcing be
(AIRS) satellite (Gettelman et al., 2006), including thedie  tween 10 and 80 mWn¥. More recently, Schumann and

spheric asymmetry of higher frequency of supersaturation aCraf (2013) rzeported an estirgnated contrail radiative fegci
Southern Hemisphere midlatitudes. of 50 mWnt 2 (40-80 mWnT1 <) based on the same global

150 aircraft emissions employed in this study.

2.2 Contrail Parameterization Capturing such small perturbations through GCM simula-

tions is a major challenge since the variability of the model
The contrail parameterization used is described in deimay be higher than the contrail forcing. Estimates with a
tail by Chen et al. (2012). The parameterization follows free running CAMS5 indicate that the detectable (95% confi-
the Schmidt-Appleman Criteria (Schmidt, 1941; Appleman, dence limit for a student’s t-test) globally averaged rtdea
1953): persistent contrails form if the ambient air tempera flux perturbation at the top of the atmosphere to distinguish
ture is below a critical temperature (Schumann , 1996), andany radiative flux perturbation from the model internal vari
the relative humidity is above ice supersaturation. Whem co ability is 100 mWn12, from a 20-year simulation. The ra-
trails are triggered, ambient water vapor above ice supersadiative forcing due to linear contrails and contrail cirigs
uration in the contrails is added to condensate. The volumevery likely to be lower than 100 mWni? and thus the free-
of the contrails is a product of the flight path distance and arunning mode of CAMS5 is not an adequate modeling frame-
cross-sectional area, assumed to be 30Q 300 m (Chen  work for this study.
etal., 2012). Ice particles within the contrails are asslitoe The model variability of CAM5 is reduced by driving sim-
be spherical and have an initial diameter ofyfl (Schroder  ulations using specified dynamics (CAM5-SD). Using fixed
et al., 2000). The assumption on the particle shape andsizmeteorology (imposed pressure, winds and atmospheric and
has a significant impact on the contrail radiative forcing an sea surface temperatures) a globally-averaged pertarbati
will be discussed further in Section 3.2. The enhancement oibove 10 mWm? is statistically significant, based on the
cloud fraction due to formation of persistent contrailsjaal 95% confidence level of a student’s t-test from a 20-year sim-
to the contrail ice mass, consisted of the aircraft watepvap ulation with repeating yearly meteorology (see solid cunve
emissions and the ambient humidity, divided by an assumedrig. 1). As aircraft emissions are incorporated into CAM5-
empirical value for the In-Cloud Ice Water Content (ICIWC) SD simulations, globally-averaged radiative fluxes at tipe t
(Schumann, 2002). Chen et al. (2012) demonstrated that thief the atmosphere surpass the model variabilities by the end
contrail parameterization was able to produce a reasonablef 20-year simulations as shown in Fig. 1.
spatial and seasonal distribution of contrails comparexdbto In order to address the meteorological and statistical un-
servations. 175 certainties and to gain more confidence in our results, we

2.3 Modeling framework
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employ an ensemble modeling technique with four ensemin energy balance at the top of the atmosphere is taken as
ble members. Four different yearly meteorological fields ar the radiative forcing due to contrail cirrus. Simulations a
used to drive each of the four members under CAM5-SD inrun on al.9° x 2.5° latitude-longitude grid driven by me-
which aircraft emissions are included. These four yearly me teorology obtained from a free-running CAM5 simulation
teorologies are obtained by performing a free-running CAM5with fixed climatological SSTs repeated annually. Resuks a
simulation without aircraft emissions for four years. Ifisth  from four ensemble member of 20 year average differences
study, each of the experiments is repeated four times wittbetween a simulation with contrails and aviation water vapo
the only difference in the background meteorological fields and a simulation without aviation emissions.

The spread of the four ensemble members allow us to deter-

mine: 1) the uncertainty in our calculation of the globaly a

eraged radiative forcing and 2) the significance of localrad 3 Resultsfrom CAMS5-SD simulations

tive forcing due to the presence of contrails. It is consder

significant when the magnitude of local perturbations eslgge Three experiments were conducted with the Aviation Envi-
two standard deviations of the four ensemble members.  ronmental Design Tool (AEDT) emission inventory (Barrett

As described previously, larger uncertainties could tesul et al., 2010) which is converted to hourly, daily, and moythl
from the initial contrail particle size assumed and the &ros data following the procedure described in Chen et al. (2012)
sectional area of contrails. In this study, we assume a di+our different yearly meteorologies, from a four-year free
ameter of 1Qum based on contrails aged for 20-30 minutes running CAM5 simulation, were used, separately, to drive
(Schroder et al., 2000), and a fairly large cross-sectiare  four CAM5-SD ensemble simulations, i.e. each member uses
(300 m x 300 m) for water uptake based on plume model a different one-year meteorology repeatedly. Uncertaimty
experiments (H. W. Wong at Aerodyne Research, personaihe contrail radiative forcing was represented by two saad
communication 2012). deviations among these realizations.

First we look at linear contrails. We assume that (1).4he Both the instantaneous and integrated contrail radiative
lifetime of contrails was equal to the time step of CAM5, 30 forcing are examined. For linear contrails the estimates ar
minutes, (2) all contrails vanished at the end of each timebased on diagnostic calculations over 5 years and for con-
step, and (3) contrails did not feedback on the model statetrail cirrus the estimates are based on differences between
Thus, these diagnostic calculations (calling the micrgds/  two simulations over 20 years.
and radiation code twice with and without contrails and avia
tion H,O) yield an estimate of the radiative forcing for linear 3.1 Instantaneous effect of contrails
contrails at each time step. Results are from four ensemble
members of 5-year averages by repeating its own meteorolFor linear contrails, the daily cycle of flights is very im-
ogy annually. These experiments provide an exact estimatportant in assessing the radiative effects. As illustrared
of the linear contrail perturbation with no uncertainty as i Fig. 2a and c, when the daily cycle of flights is consid-
Fig. 1, since we are performing a diagnostic calculation atered (hourly emissions), the global contrail ice mass ex-
each time step, not computing differences in pairs of siau-hibits a much stronger diurnal cycle than when using daily
lations. Furthermore, aircraft emssions and contrailsagre  or monthly emissions (Fig. 2a). The peak in global contrail
sumed to have no impact on model states. The forcing obice mass takes place around noon at local time when using
tained from these online diagnostic calculations is defamed hourly emissions, but in the early morning hours when using
the “instantaneous effect” which represents our best @sim daily or monthly emissions. The intensity in longwave radi-
for linear contrail radiative forcing. 265 ation forcing is found to follow that of the contrail ice mass

The second set of experiments is designed to look at con¢Fig. 2a,c). Graf et al. (2012) reported that a strong diur-
trail cirrus in which aircraft water vapor emissions were in nal cycle could be identified in aviation induced cirrus aove
corporated into the hydrologic cycle of the model without over the North Atlantic flight corridor with two daily peaks
any assumption on the lifetime of contrails. Contrail @liti  at 6 and 18 UTC which correlate well with air traffic. Over
ization is the same as for linear contrails, but the cloud-icethe Eastern US and Central Europe, the ice mass and forcing
in the model is increased, along with ice number and cloudof linear contrails also exhibit very similar behavior ashe
fraction, and the background water vapor is appropriately d global average.
creased. The model hydrologic cycle then operates on the The highest number of flights are located in the Eastern
contrail as any other cloud and it can freely evolve, but is un US and Central Europe with more flights taking place during
differentiated from other clouds (in contrast to the sefgara the daytime over the two continents (Chen et al., 2012). The
contrail cloud class of Burkhardt and Karcher (2011)).-Lin results illustrated in Fig. 2, with model output at each grid
ear contrails, once formed, freely evolve during model sim-point calibrated to its local time, reveal that the peak @& th
ulations, depending on the ambient atmospheric temperatursimulated contrail ice mass takes place around noon at lo-
and humidity. These experiments are compared with a coneal time over both continents. Therefore, averaging dircra
trol simulation without aircraft emissions and the diffece:sc  emissions on a monthly or daily basis, which shifts some
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daytime flights to the nighttime, alters the radiative forc- over the globe and over these two regions is higher than the
ing. The longwave (heating) effect remains approximatelyglobal average attributed to night flights reported by Stube
the same in the diurnal average (as discussed below), but thend Forster (2007) (60%).
shortwave effect is reduced because more contrails occur in Due to the assumption on the life time of linear contrails
darkness when the diurnal cycle is averaged out. ao  in our first set of simulations, our estimated raditive farei
Similar results have been presented in some recent studidsr linear contrails is likely to be lower than reality. Rirs
(Newinger and Burkhardt, 2012; Schumann and Graf, 2013Jinear contrails could persist longer than 30 minutes. 8dco
which demonstrated that daily air traffic density had an im-our experimental design would miss the lag effect repornied i
portant impact on the contrail radiative forcing. However, Newinger and Burkhardt (2012); Schumann and Graf (2013),
is worth noting that these two studies mainly focused on.the.e. the maximum in contrail coverage tends to lag the peak
diurnal cycle of contrail-cirrus radiative forcing, whiilus- of air traffic density by a few hours.
trated in Fig.2 is for linear contrails.
Contrails induce a positive forcing due to longwave ra- 3.2 Monthly averaged contrail radiative forcing
diation coherent with the diurnal cycle in contrail ice mass
with hourly emissions (Fig. 2c). The global longwave posi- Both the instantaneous and integrated calculations ebdibi
tive forcing is found to have a maximum of 12.5 mW#nat 1 consistent seasonal cycle with higher positive radiative-f
PM local time and a minimum of 4.5 mWnd at 12 AM locaks  ing during the Northern Hemisphere winter months (Fig. 3),
time, with a diurnal average of 7.6 mWrh. However, when  which is consistent with atmospheric conditions in the UTLS
using daily or monthly averaged aircraft emissions, thgton more favorable for contrail formation and higher ice mass
wave forcing shows little diurnal variation. This resulests  during the winter than in the summer (Chen et al., 2012).
to suggest that there is little daily variation in the aiftra In the instantaneous calculations, significant differsnce
emissions within each month. The diurnal average shows alin the global radiative forcing are introduced when us-
most no variation when using hourly emissions (ensembleéng hourly, daily, or monthly averaged aircraft emissions
mean), daily or monthly emissions. (Table 1). The simulation with hourly aircraft emissions
Contrails also produce a negative forcing due to short-produces the lowest radiative forcing throughout the year
wave radiation (Fig. 2b) with a stronger diurnal cycle. The (Fig. 3a,b,c). Hourly aircraft emissions accurately repre
largest negative forcing globally is found at 1 PM local time the daily cycle of flights and capture the strong daytime nega
(-15.5 mwnr 2 using the hourly emissions and -10 mW  tive shortwave forcing, thus resulting in weaker net radéat
for daily or monthly emissions). A window with zero short- forcing.
wave cooling is found between 8 PM and 4 AM local time, The integrated effect of contrail cirrus is greater than the
which is night time without solar radiation. The diurnal eve instantaneous effect. The monthly averaged forcing fraen th
age in linear contrail shortwave forcing is -4.6, -3.6 an@s3 integrated calculation is roughly three times of that in the
mWm~2 using hourly, daily and monthly emissions, respec- instantaneous calculations (Table 1). Because the irttayra
tively. effects allow for longer contrail lifetimes, and water vapo
The intensity of contrail shortwave forcing is regulated by emission impacts on natural cirrus, the integrated effect i
the local solar zenith angle. When aircraft emissions are avless sensitive to the frequency of aircraft emissions input
eraged on a daily or monthly basis, the number of daytisne(hourly, daily, monthly, see Fig. 3d,e,f).
flights is reduced over regions where air traffic is mostly-con ~ Table 1 has uncertainty reflecting meteorological variabil
centrated during the daytime, e.g. the Eastern US and Cerity. Uncertainties in contrail radiative forcing could bis@
tral Europe, and thus contrail formation during the daytime induced by parametric assumptions made in our contrail ini-
decreased, underestimating shortwave forcing. The ratteff tialization. For example, linear contrail radiative fargiin-
of linear contrails (Fig. 2d) exhibits a strong diurnal @ul-:s creases by a factor of 9 when the particle diameter is reduced
dependent of the frequency of aircraft emissions due to thérom 10 to 5um which almost scales linearly with the parti-
shortwave forcing. Even though the positive longwave forc-cle number concentration. The contrail radiative forcieg d
ing takes place around noon, it is mostly canceled out by thecreases by a factor of 2.5 when the cross-sectional area is
negative shortwave forcing. As aresult, the netradiative-f  reduced to 100 nx 100 m. Based on Schroder et al. (2000),
ing of linear contrails is peaked at both 7 AM and 7 PM (geea diameter of Sum in particle size for young contrails (20-
Fig. 2d,h,I). 30 minutes) is too small. But a diameter of 7.B can re-
Our instantaneous calculations reveal that 113% of thesult in an increase in the particle number, and hence radia-
contrail radiative forcing over the Eastern US is due to high tive forcing (scaling linearly with number concentratiday)
flights (due to net negative forcing between 6 AM and 6 PM, a factor of 2.5. Therefore, the uncertainty in Table 1 should
Fig. 2), 66% of the contrail radiative forcing over Centratkes be multiplied by a factor of 2.5 to account for the parametric
rope is due to night flights (Fig. 2I), and 92% of the global uncertainty which is the uncertainty stated in the conclusi
contrail radiative forcing is due to night flights (Fig. 2d). section. Additional uncertainties in contrail radiatieeding
The portion of contrail radiative forcing due to night flight estimates could further result from the contrail partitiaze.
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The sensitivity of particle shape on the contrail radiative- et al. , 2011). In particular, Fromming et al. (2011) found
ing has been investigated in several studies (Marquart,et alnearly linear relationship between contrail radiativecfing
2003; Rap et al., 2010; Markowicz and Witek, 2011) which and contrail optical depth. The ice water content and optica
suggested that the assumption of a spherical shape foi.comlepth associated with contrail cirrus by the ensemble mean
trail ice particles could result in a less intense shortweaxe using hourly emissios can be seen in Fig. 6. The most pro-

ing. nounced simulated contrail optical depth is confined over th
Eastern US and Central Europe, while the pertubation dptica
3.3 Annual global and regional contrail radiative forcing depth associated with contrail cirrus presented by Buidkhar

w0 and Karcher (2011) was more wide spread with largest per-

A map of the radiative forcing based on the instantaneougubations in the tropics. This explains why our estimate in
calculations using hourly aircraft emissions (Fig. 4) cades  contrail radiative forcing is lower than several previotigis
regions with substantial radiative forcing located aloigl ies.
tracks over North America and Europe and the North At-
lantic. Similar features are also found in the integratdelatf
as show in Fig. 5a,b. The global average radiative forcing4 Discussions and conclusions
at the top of the atmosphere under the instantaneous assump-
tion simulated by CAM5-SD ranges from 2.9to 4.5 mWfass  Instantaneous calculations indicate that contrail radiat
(Table 1), depending on whether hourly, daily or monthly forcing is very sensitive to the frequency of aircraft emis-
emissions are used. The forcing is 55% higher when usingsions incorporated into CAM5-SD. Without the considera-
the monthly emissions compared with that using the hourlytion of the daily cycle of flights, the simulations failed to
emissions. The net radiative forcing associated with con-capture the pronounced diurnal cycle of linear contrai for
trail cirrus increases only 25% when using daily, insteag ofmation and substantially reduced strong negative shogwav
hourly, emissions (12.4 to 15.5 mWrhin Table 1). There-  forcing in the afternoon hours leading to a 29% overestimate
fore, the integrated effect of contrails is clearly muchsles of contrail radiative forcing. Thus, it is essential to ingo-
sensitive to the daily cycle of flights than the instantarseou rate aircraft emission of high frequency into GCM simula-
effect. tions to produce credible assessments for linear contail r

The global average may not be a good measure of the4nagdiative forcing. Other factors which can strongly influence
nitude of contrail impact, especially within high air traffi the estimate of linear contrail radiative forcing includie t
corridors. The regional mean radiative forcing can reach 34ice particle size, the cross-sectional area, and therlitetf
and 129 mwm? for Eastern US and Central Europe, respec-contrails.
tively (boxes in Fig. 4b,c, as listed in Table 1 with hourly = The integrated contrail cirrus simulations, however, have
emissions). Similarly, even though contrail cirrus onlppf lower sensitivity to the diurnal cycle of aircraft emission
duces a global forcing of 12.4 mWmi, the regional mean The overestimate by ignoring a diurnal cycle was only 25%
is roughly 200 and 600 mWn?, respectively. The local ef- for contrail cirrus. Consequently, using monthly averaged
fect is as large as 400 mWrA (0.4 Wm-2) over much of  aircraft emissions in GCM simulations could produce rea-
the Northeastern US (Fig. 5¢), and up to 1000 mWn{1 sonable integrated contrail radiative forcing but with awa
Wm-—2) over the highest air traffic regions of Western ku- (high) bias to the estimates.
rope (Fig. 5d). Contrail cirrus radiative forcing is roughly a factor of 4

The regional impact of contrail cirrus was also investigate larger than the effect of linear contrails. Assuming a lnea
in some recent studies. Burkhardt and Karcher (2011) rerelation between the forcing and the lifetime of contrahs
ported that radiative forcing of more than 300 mWhtould results imply that contrails last 2 hours on average which
be induced by contrail cirrus over the Eastern US and Cestrais reasonable compared with observations. The overal inte
Europe. Newinger and Burkhardt (2012) found that the con-grated effect of contrail cirrus by CAMS5 is estimated11)
trail radiative forcing ranged between 100 and 300 m¥m mWm~2 (from Table 1 with the multiplication of 2.5 to ac-
over the US and between 200 and 500 mWrover Western  count for parametric uncertainty), lower than other reesnt
Europe (see their Fig. 3). These numbers are overall consigimates by Burkhardt and Karcher (2011).
tent with our simulations (see Table 1). However, Schumann To put these results in perspective, contrail cirrus is a sig
and Graf (2013) reported a longwave radiative forcing of 720nificant fraction of the global average aviation £fdiative
mWm~2 over the North Atlantic area which is higher than forcing of about 30 mWm? (Lee et al., 2010). It is also im-
our estimated longwave forcing over the Eastern US (630portant to note that the 200-600 m\Whover Europe is a
mWm~2 using hourly emission, see Table 1) where air traffic significant fraction of the total anthropogenic radiativect
density is even higher. a0 ing from long-lived greenhouse gases. Though the global ef-

One important factor in controlling the uncertainties in fect of contrails is insignificant, the regional conceritiat
contrail radiative forcing estimates is contrail opticalpth  of forcing might be important. One of the advantages of our
(Stuber and Forster, 2007; Karcher et al., 2010; Frommingmethod is that the contrail parameterization can be rudénsi
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a full Earth System model with a coupled ocean to ascertain L.L.Limand R. Sausen, 2010: Transport impacts on atmospher

any effects on the surface temperature. The regional effect
the surface temperature is a subject of future investigatie°
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Fig. 1. Radiative forcing due to contrail cirrus: global annual rages using hourly (dashed line), daily (dash-dotted lina§l monthly
(dotted line) aircraft emission. Solid line is the significa threshold (95% confidence interval).

Table 1. Table of the global mean and regional averages over East&nadd Central Europe of shortwave radiative forcing atoipeof
the atmosphere\FSNT), longwave radiative forcing at the top of the atmospHAFLNT), radiative forcing at the top of the atmosphere
(A RESTOM), shortwave cloud forcing{ SWCF), longwave cloud forcingXLWCF), and net cloud forcingACF) due to contrails and
contrail cirrus from the instantaneous and integratedutations by CAM5-SD simulations using hourly/daily/molytlaviation emissions.
The uncertainty of the contrail radiative forcing from tlaslations with hourly aviation emissions is representgtidn standard deviations
of the four ensemble members. All units in mW#a

Radiative forcing Global Eastern US Central Europe
instantaneouAFSNT -4.6+0.1/-3.6/-3.6 -915/-62/-62 -119-4/-84/-84
integratedAFSNT -12.2:0.4/-19.3/-20.4  -43842/-359/-348 -572:55/-430/-461
instantaneouFLNT 7.6+0.2/7.6/7.6 1185/117/117 22714/209/209
integratedAFLNT 3442/35/36 616-21/591/600 1138127/1040/1043
instantaneoUARESTOM 3.14:0.2/4.0/4.0 26.%5.0/55/55 108-12/125/125
integratedARESTOM 12.4-4.0/15.7/15.5 18530/232/252 571%81/610/583
instantaneou®\SWCF -4.6:0.1/-3.6/-3.6 -915/-62/-62 -119-4/-83/-84
integratedASWCF -21:-5/-19/-20 -425-38/-356/-344 -56F58/-426/-452
instantaneous\LWCF 7.74+0.2/7.717.7 119-5/118/118 23@-14/211/212
integratedALWCF 3742.2/39/40 638-22/607/615 116%129/1082/1087
instantaneou&CF 3.14+0.2/3.6/3.6 28-5/56/56 11312/128/127
integratedACF 16+4/20/20 208-28/251/271 60181/656/635
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Fig. 2. The diurnal cycle of cloud ice mass, shortwave (FSNT), losepv(FLNT), and net radiative forcing (RESTOM) at the top of
atmosphere based on diagnostic calculations by CAM5-Sb haurly, daily, and monthly averaged aircraft emissionsrdiie globe, the
Eastern US (denoted by the red box in Fig. 4b) and Centralgeufdenoted by the red box in Fig. 4¢) under the instantanassismption
(linear contrails). The gray shading represents the enlgemban+ two standard deviations using hourly aircraft emissiorise Thodel
output at each grid point is calibrated to its local time.
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Fig. 3. The monthly averaged net radiative forcing over the gloksst&n Us and Central Europe by CAM5-SD under instantanagus
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(a) Global A RESTOM, ensemble mean (W/m2)
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Fig. 4. The spatial distribution of net radiative forcing, in Wrh at the top of the atmosphere based on instantaneous ¢ainalay CAMS5-
SD with hourly averaged aircraft emissions. In (b) and (oJy@ahe magnitude of perturbations in each grid cell thatiisve two standard
deviations of the four ensemble members is plotted.
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(a) A RESTOM, ensemble mean (W/m2) (b) A RESTOM (W/m2) above 20

(c) A RESTOM (W/m2) above 20, US
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Fig. 5. Radiative forcing due to contrail cirrus: map of the ensemlean by using hourly emissions in W (b) the magnitude of
perturbations in each grid cell in (a) that is above two séaddleviations of the four ensemble members.
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(a) A IWP (g/m2) due to contrail cirrus
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Fig. 6. The spatial distribution of (a) ice water path in gfand (b) optical depth due to contrail cirrus. The resultbased on the ensemble
mean of those simulations using hourly aircraft emissigmbanly pertubations above two standard deviations of tsemble are plotted.



