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The contrail study was aimed specifically to build up UK computer modelling
capability of contrail and contrail cirrus. The UK Met Office has one of the
wor | do s clinaeambdels.dt has more sophisticated treatment of cloud,

surface processes and aerosols compared to many models. However, at the
start of the project it was not able to explicitly model the effect of aviation

emissions and, in particular, aviation induced contrail cloud. The purpose of
this knowledge exchange study was to form a knowledge exchange
partnership with the UK Met Office. This exchange of expert knowledge was
designed specifically to include aircraft and a contrail parameterization into

the latest version of the Met Office climate model. Finally, once the
parameterization had been developed, a basic assessmen of contrail climate

impact has been performed with the climate model incorporating the new
parameterization.

The knowledge exchange was done by the secondment of Dr Alexandru Rap,
the University of Leeds KT fellow, to the UK Met Office. During three
secondment visits the computer code of the parameterization was written and
incorporated into the climate model. This effort was supported by Met Office
staff, who provided considerable support for the computer modelling and
computer coding effort that was undertaken. Once the parameterization was
introduced into the model and thoroughly tested climate integrations were
performed as a preliminary assessment of the climate impact of contrails.

Interesting science results were found from the study and three papers are
currently being submitted to scientific journals, highlighting these findings.

These science results relate to i) how radiative forcing is modified when
calculated interactively in the climate model and with an offline climatology;

i) A comparison of results with those of the German DLR group, who have a
similar parameterization in their model; iii) a study looking at the clima te
impact of contrails on temperature, precipitation and daily temperature range,

comparing the role of contrails to that of carbon dioxide.

The parameterization is now available in the Met Office model and can be
used to test the climate impact of aviati on in various ways. As a follow up to
this project, three years of future funding has also been obtained to continue

this collaboration with the UK Met Office. The NERCfunded Contrall
Spreading Into Cirrus (COSIC) project will develop a more advanced cortrail
parameterization for the model that allows an evaluation of contrail spreading

effects. New data on contrail spreading will be obtained from several flights of

the UK FAAM research aircraft over the North Atlantic. This new project will
also involve the Universities of Reading and Manchester, and receive in kind
support from DLR in Germany.
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Condensation trails, or simply contrails, are visible line high clouds that form
behind an aircraft. As with all clouds, their presence cause an alteration in the
Earth's radiation budget, via their shortwave (SW) albedo effect, i.e. they
reduce the amount of SW radiation reaching the Earth, and their longwave
(LW) greenhouse effect, i.e. they reduce the amount of LW radiation leaving
from Earth to space. The balance between these two competing effects is
strongly dependent of the cloud optical properties, Fu et al. [2000].

The theory behind the contrail formation process is well understood since the
publication of the first two papers that pro vided the explanation of this
process based on the thermodynamic theory, namely Schmidt [1941] and
Appleman [1953]. Nowadays it is therefore known that contrails form in liquid

saturation conditions as a result of heat and water vapour mixing between
the warm and moist exhaust and the cool ambient air. When they form in dry

air, they are usually short lived, but when the ambient relative humidity

exceeds ice saturation, they persist and can develop into extended cirrus
cloud layers, see e.g. Schumann [1996]. Existing studies have shown that for
these persistent contrails, their LW radiative forcing (RF) effect is larger than
their SW effect, meaning that contrails cause a positive net RF, and therefore
a warming, see e.g. Meerkotter et al. [1999]. The magnit ude of this net
positive RF estimated by various studies for the air traffic of the year 1985,
varies from a value of 2.0 mWm™ (Stuber and Forster [2007]) to a value of
17 mWm™? (Minnis et al. [1999]). According to the Intergovernmental Panel

on Climate Change (IPCC) fourth assessment, Forster et al. [2007], the
contrail radiative forcing for the year 2005 is estimated at 10 mWm 2, with an
uncertainty factor of three caused by a low level of current scientific
understanding. This represents an important share, i.e. approximately 20%,
of the total aviation RF. The high uncertainty factor still present in our

estimates of contrail RF is mainly due to the limited knowledge on contrail
optical properties and contrail coverage. When estimating global contrail RF,
most available models assume constant optical properties for contrails. To this
day there is only one climate model approach that has the ability of
considering a geographical variability for contrail optical depths, namely the
Ponater et al. [2002] model, with amendments by Marquart and Mayer
[2002]. As air traffic is expected to experience a significant increase in the
future, the contrail warming effect may become stronger and therefore, the

development of more reliable models that can accurately estimate contrall
formation and their radiative impact is crucial.

The aim of the current study was to develop a new contrail parameterisation
by adapting the contrail parameterisation from Ponater et al. [2002] to the UK
Met Office Climate Model HadGEM2. Tk has provided the research
community with a new tool for estimating the impact of contrails on the
Earth's radiative budget and climate and thereby enhanced UK scientific
capacity.
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The project was carried out through a knowledge transfer exchange and
several months of secondment of KT fellow Alexandru Rap to the UK Met
Office. The work also benefited from collaboration with Ruben Rodriguez de
Leon from Manchester Metropolitan University.

Section 2 of the report describes the methodology of our contrall
parameterisation. The results obtained for the contrail coverage, optical
depth, and radiative forcing are then presented in Sections 3, 4, and 5,
respectively. Finally, Section 6 discussesthe climate impact of contrails and
Section 7 discussessome of the main results and summarizes the conclusions
of this study, also discussingfuture work.

For the contrail parameterisation within HadGEM2 we adopt a similar
methodology as the one developed by Ponater et al. [2002] for the ECHAMA4
climate model. Based on contrail formation thermodynamics, the maximum
temperature and minimum relative humidity thresholds necessary for contrails
to form depend only on the ambient temperature, pressure and relative

humidity, as well as on the emission index of water vapour, the specific heat
of fuel combustion and on the propulsion efficiency of the aircraft engine.

The threshold temperature (in K) for contrail formation used in our
parameterisation is the one estimated in Schumann [1996], namely

T

oy = 226.69+9.43In(G - 0.053) +0.72In?(G - 0.053) Q)

where G is the slope of the mean phase trajectory in the turbulent exhaust
field on absolute temperature versus partial pressure of water vapour
diagram, has the unit of Pa K™* and is given by

El,,.C.p
G — H20%p 2
QU- 1) (@

where El.25=1.25 is the emission index of water vapour, ¢,=1004 J kg™* K is
the isobaric heat capacity of air, p is the ambient air pressure, U= 0 . & the
ratio of molecular masses of water and dry air, (=43 MJ kg* is the specific
combustion heat, and E=0.3 is the average propulsion efficiency of the jet
engine.

The critical relative humidity, r.on, for contrail formation at a given ambient
temperature 7 can then be calculated as
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— G(T B Tcontr) + e"q

)
r = ! sat contr (3)
contr eggt (T)

where €7,,(T) is the saturation pressure of water vapour with respect to the
liquid phase, at a given temperature 7.

As in Ponater et al. [2002], in order to adapt the theory of local contrall
formation to the HadGEM2 cloud scheme, we define a modified relative
humidity threshold 7 by combining the theoretical threshold 7.0, with the
threshold from the HadGEM2 cloud schemer,,=0.8:

*

crit

r = rcontr C"Dcrit ' (4)
Following Sundqgvist et al. [1989], the potential cloud coverage for all high
clouds, including both cirrus and contrails, is then given by

1- max ice’r(:ri
btotal =1- \/ 1- :* t) ) (5)

crit

where s, is the local relative humidity over ice, calculated by dividing the
model absolute humidity by the saturation humidity with respect to ice.
Similarly, if in equation (5), we replace r o with r.z; we can obtain a
corresponding potential cloud coverage for cirrus only, bgus. This allows us to
define a potential cloud coverage for contrails only as

potential _
bcontr - btotal - bcirrus' (6)

The final parameterised contrail coverage is then calculated using the
following expression

b

contr

= gD e, (7)
where Ais a non-physical scaling factor obtained by calibrating the temporal
and spatial average of contrail coverage to some observed conditions, and D
is the local distance flown that allows us to account for the dependency of the

contrail coverage on the density of air traffic. The contrail coverage

parameterised in this way by is a three-dimensional field, defined for every
longitude x latitude x altitude grid box in the model.

For the air traffic data of distance flown D, we use the AEROZ2k global air
traffic inventory, Eyers et al. [2004], that provides total distance flown by
aircraft on a three -dimensional grid for each month of the year 2002 and for
one week in June for four six-hourly time periods starting at midnight GMT.
This diurnal variation from that week in June is then applied to the distance
flown for all months.
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The contrail optical depth, t, is then calculated based on the ambient ice
water content and the contrail microphysical properties from Strauss et al.
[1997]. This also is a three -dimensional field, defined for each model grid
box.

In our contrail parameterisation for the HadGEM2 GCM, the contrail cover
represents a fractional coverage within each model grid box for all visible
contrails, as defined in Ponater et al. [2002], i.e. with an optical depth larger

than 0.02. Integrating the contrail coverage vertically for all model levels,

using the random overlap principle, a two-dimensional coverage distribution is
obtained. However, this distribution needs to be calibrated using some
available observations for contrail coverage, via the non-physical scaling
factor Afrom equation (7).

The observations employed for calibration in this study are those reported by

Bakan et al. [1994], which were also used in other studies such as Ponater et
al. [2002] and Radel and Shine [2008]. These observations are 24 hours
means of visual inspection of quicklook photographic prints from NOAA
satellites infrared images for the geographical area of 30°W to 30°E and 35°N
to 75°N (referred to as the Bakan area). The Bakan et al. [1994] study uses

observations from two periods, namely 1979-1981 and 1989-1992, while the
AEROZ2K traffic inventay we use in this study corresponds to the year 2002.
According to Radel and Shine [2008], a factor of 2 is a good approximation of

the air traffic increase in the Bakan area from 1985 (the year considered

representative for the Bakan et al. [1994] observa tions) to 2002. This factor

of 2 is therefore taken into account when scaling the contrail coverage

produced by the parameterisation to the observed average coverage for the
Bakan area, which was 0.375% for the year 1985.

Once the scaling factor is chosen, other observed coverages reported by
some existing studies for various geographical regions can be investigated,
see Figure 1. One such region is the Western Europe area of 10°W to 23°E
and 40°N to 56°N from Meyer et al. [2002], where data of the advan ced very
high resolution radiometer sensor onboard the NOAA 14 satellite was
analysed for the 1995-1997 period using an operational contrail detection
algorithm. The 1985 average contrail coverage for this region reported by
Meyer et al. [2002] is 0.5%, wh ile Bakan et al. [1994] and Stuber and Forster
[2007] reported values of approximately 0.7% and 0.9% , respectively. Our
value for the same region is 0.99% for the year 1985.
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Figure 1 T Regional contrail coverage estimates fro m the parameterisation in
percent.

For the Eastern Pacific area of 1200W to 150°W and 25°N to 55°N the
average contrail coverage during May, August and November 2002 and
February 2003 reported by Minnis et al. [2005] was 0.31%. Their calculation
was based on 1 km window channel data from the Advanced Very High
Resolution Radiometer (AVHRR) on the NOAAL6 satellite, that was analysed
using a automated detection method from Mannstein et al. [1999]. Using the
AEROZ2K air traffic data, combined with ECMWF analses, Radel and Shine
[2008] found a 2002 mean contrail coverage for the same region of 0.27%,
while the value found using our current study is 0.23% .

Meyer et al. [2007] used remote sensing observations from the NOAA/AVHRR
satellite, analysed by a fully automated contrail detection algorithm to
produce contrail coverage for two regions covering Japan (125.625°E to
148.125°E and 29.689°N to 48.245°N) and Thailand (91.88°E to 121.875°E
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and 0°N to 25°N), respectively. For these two regions their observed
coverages were 0.25% and 0.13%, respectively, while our parameterisation
generates coverages of 0.16% and 0.19% , respectively.

2002 Contrail coverage (%) (rnd ovp)

.....

30S

90S =

180 135W 90W  4BW 0 45E 90E 135E 180
Mean = 0.109088

0 0.002 0.01 0.05 0.2 1 5

Figure 2 T Global contrail coverage from the parameterization in percent

In terms of global contr ail coverage, the distribution produced by the current
study is illustrated by Figure 2. It can be seen that the contrail cover pattern

follows the one of the most intense air traffic, with maxima in North America,

Europe and East Asia. The parameterised alue for the annual mean global
coverage is 0.109%, which is in relatively good agreement with other recent
studies. Table 1 shows a comparison between this study and other studies for
global and some regional values of contrail coverages. Takng into
consideration the different methodologies and flight data used in order to

estimate the contrail cover, it can be stated that the agreement between

these results is fairly good.
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Table 1 T Globally averaged contrail coverage estimate in the published literat ure
compared to our own evaluation.

Contrail coverage (%)

Region Reference for traffic of year
1985 2002
Bakan Bakan et al. [1994] 0.375 -
West Europe Bakan et al. [1994] 0.7 -
Mever et al. [2002] 0.5 -
Stuber and Forster [2007] 0.9 -
this study 0.99 1.989
East Pacific  Minnis et al. [2005] - 0.31
Radel and Shine [2008] - 0.27
this study 0.116 0.232
Japan Meyer et al. [2007] 0.17 0.25
this study 0.08 0.161
Thailand Meyer et al. [2007] 0.06 0.13
this study 0.09 0.193
All globe Minnis et al. [1999] 0.09 -
Myhre and Stordal [2001] 0.09 -
Ponater et al. [2002] 0.07 -
Marquart et al. [2003] 0.06 -
Fichter et al. [2005] 0.047 -
Stuber and Forster [2007] 0.04 -
Radel and Shine [2008] 0.04 0.08
this study 0.055 0.109

Figure 3 illustrates the twelve monthly means for two quantities: (i) the
parameterised global contrail coverage and (ii) the air traffic (distance flown)
as reported by the Aero2k inventory. As expected intuitively, it can be seen
that there is correlation between the two quantities, with more traffic usually
being seen with higher contrail coverage. However, there are some
exceptions such as the fact that although the air traffic recorde d in June is
very similar with the one from September, the June mean contrail coverage is
larger than the September mean coverage by almost 20%. This is caused by
the fact that the contrail formation is affected by two independent factors,
one being the amount of air traffic, and the other one being the ambient
meteorological conditions. Thus, if the winter months correspond to low air
traffic (with a minimum in December) and the summer months correspond to
high air traffic (with a maximum in August), the m eteorological conditions are
less favourable to contrail formation in the three summer months, mainly
because of the fact that in these months the northern hemisphere mid -
latitudes upper troposphere relative humidity reaches its minimum (Stuber
and Forster [2007]).
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Figure 3 1 Monthly mean estimates of globally averaged distance flown (km) and
contrail coverage in percent

As explained in Section 1, the contrail radiative effect does not only depend
on coverage, but also on the contrail optical depth. The fact that most models
can only account for constant contrail optical properties is probably the main
cause of the current low level of scientific understanding associated with
contrail RF.

One of the greatest strengths of our parameterisation is exactly its ability to

allow for a variable optical depth that, along with contrail coverage, is
estimated during the parameterisation process as a three-dimensional
variable. However, before being used in the radiative calculations, this
variable optical depth needs to be scaled in order to match some
observations, in a similar way to the scaling of the contrail fraction. This
process is done by fixing the global mean optical depth to some specific
values. For most estimations presented in this study, this fixed global mean
optical depth is set to a value of 0.1, but sensitivity studies with other global

mean values are also investigated in Section5.2.

With the choice U=0.1 for the global mean value, the ¢ ontrail optical depth

distribution estimated by our model is the one presented by Figure 4. It can
be observed that the optical depth is higher in low latitudes, especially in the
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Western Pacific, Indian Ocean, South-East Asia and the Eastern Pacific regim
close to Central America. Within these areas, there are relatively large regions
where the optical depth is higher than 0.5, while in most other regions the
optical depth is somewhere around 0.1.

2002 Contrail optical depth, Mean=0.100
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Figure 4 1 annual averaged contrail optical depth est imate

Once contrail coverage and optical depth distributions are generated, these
can then be used in order to evaluate the contrail RF by employing a radiative
transfer model. The model used in this study is the Edwards-Slingo radiation
code, see Edwards and Slingo [1996], in both its off -line and on-line (within
HadGEMZ2) versions.

In order to evaluate the performance of this radiation code for estimating the
contrail RF we first perform some test calculations where the contrail cover is
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represented by a homogeneous constant global cloud cover of cirrus. As in
Meerkotter et al. [1999], a 100% homogeneous contrail coverage is assumed
at 250 hPa, with a constant optical depth
content IWC=21 mg m~, and a generalised effective s
different ice particle shapes are considered, namely spheres, aggregates, and
hexagonal cylinders. Using the off-line Edwards-Slingo code with the 144
(longitude) x 72 (latitude) x 23 (altitude) resolut ion, the LW, SW and net RFs
at the top of the atmosphere can be estimated. Table 2 shows the results
obtained by the model for the global mean RFs, compared with similar cases
presented in Meerkotter et al. [1999], Myhre and Stordal [2001], and Stuber
and Forster [2007]. It can be seen that the shape of the ice particles plays an
important role, with aggregates, hexagonal cylinders, and spherical ice
particles having correspondingly increasing net RFs, with lowest forcings for
aggregates and highest RFs for spheres. This difference in the net RFs is
mainly due to the different influences on the SW radiative flux, as the shape
does not change the LW fluxes significantly. The choice of the ice particle
shape is therefore an important factor in estimating the c ontrail RF, the one
chosen in this study as the most representative, being the hexagonal cylinder.
In terms of comparing our model results with those presented in the other
three publications, it can be seen that the RFs obtained by our Edwards-
Slingo code are within the ranges reported by the other authors.

Table 2 T Radiative forcing for 100% contrail coverage at 250 hPa. Dependence of

ice crystal shape. Studies are for July values, and for optical depth of 0.52 and an

ice water contentof2 1 mgm .

LW SwW Net

Wm?) | Wm? | Wm?2)
Spheresi This study 44.2 -11.0 33.2
Spheresi Meerkotter et al.[1999 51.6 -13.4 38.2
Aggregatesi This study 46.4 -27.9 18.5
Hexagonal cylindersi This study 43.7 -24.1 19.6
Hex cylT Meerkotter et al.[1999 51.5 -22.0 29.5
Hex cyli Myhre & Stordal [200] 45.6 -25.2 20.4
Hex cyli Stuber & Forster, [2007] 44.2 -20.3 23.9

Another test for the radiation code is done by considering the Myhre and

Stordal [2001] case, also repeated in Stuber and Forster [2007], w here a 1%

homogeneous contrail coverage is assumed at 250 hPa, with an optical depth

U =0.3 at 0.55 1 m, an i ce” aml@generatisetht ent |V
effective size Dge=23Tm. Table 3 shows the
both clear-sky and all-sky conditions, which are remarkably similar to those

reported by the above two papers. Investigating the all -sky case compared

with the clear-sky case, it is observed that both the LW and SW contrail RFs

are reduced by the presence of clouds, via the cloud masking effect.

However, since this effect has similar magnitudes in the LW and SW, this

results in the clouds having a very small effect on the net contrail RFs.
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Table 3 1 Radiative forcing for 1% contrail coverage at 250 hPa. Studies are for
3

July v alues, and for optical depth of 0. 3, an ice water content of 2 1 mg m ° and
hexagonal cylinders ice particles.
Clear sky (Wm-2) All sky (Wm-2)
Lw SW Net LW SW Net
Myhre & Stordal [200]] 0.27 -0.15 0.12 0.21 -0.09 0.12
Stuber & Forster [2007 0.25 -0.12 0.13 0.19 -0.06 0.13
This study 0.274 -0.15 0.124 0.224 -0.107 0.117

For purely technical reasons, on-line contrail RF calculations within HadGEM?2
are easier to be performed if the contrail is artificially considered as a new
aerosol species, rather than an ice cloud. The only shortcoming of such a
technical assumption is that, for aerosols, the model does not have an
"aerosol fraction". Therefore, if we are to include contrails as aerosols in
HadGEM2 RF calculations, then we must be able to control the contrail
coverage (cloud fraction) by another parameter, which is present in the
aerosol radiative transfer scheme of the model. The best candidate for such a
parameter is the aerosol optical depth. Thus, we want to check if, from a
radiative transfer point of view, it is reasonable to assume that instead of

having an x% contrail coverage of optical de pt h U, we can assume
100% contrail coverage of optical depth xU
the treatment of the contrail as aerosols. We consider two such coupled

cases: the first one with 1% contrail cov
100% contrail coverage and U =0.003, and

same coverages, but U =0.52 and U =0.0052,
sky and all-sky conditions are investigated.

The results presented in Table 4 show that when considering a 100% contrail
coverage, with a correspondingly smaller optical depth, the magnitude for
both the LW and SW forcings increases, compared with the case when a 1%
contrail coverage is assumed but with higher optical depth. However, for the

net forcings, these differences virtually cancel each other, meaning that
controlling the contrail fraction in the model by correspondingly altering the

optical depth is not an unreasonable assumption.

Table 4 7 Radiative forcing for 1% and 100% contrail coverage at 250 hPa
Studies are for July values, and various optical depth s.

Clear sky (Wm-2) All sky (Wm-2)
Coverage Optical depth LW SW Net LW SW Net
1% 0.3 0.274 | -0.15| 0.124 | 0.224 | -0.107| 0.117
100% 0.003 0.308 | -0.185| 0.123 | 0.252 | -0.139| 0.113
1% 052 0.437 | -0.2371 0.2 0.357 | -0.168| 0.189
100% 0.0062 0.533 | -0.32 | 0.213| 0.436 | -0.236| 0.2
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This section presents the results obtained for the contrail RF when using the

contrail coverage distribution generated by our model and the off-line version

of the Edwards-Slingo code. The offline radiation code uses a monthly

averaged climatology based on European Centre for Medium Range Weather
Forecasts Reanalysis data. Cloud data came from the ISCCP archive.

With the parameterised contrail coverage and optical depths, the model is run
for each of the twelve calendar months, producing monthly averages for the
contrail forcings. The geographical distribution of the forcings follows very
closely the coverage distribution, with the highest v alues located in North
America, Europe, and Eastern Asia. The clearsky annual global mean LW,
SW, and net RFs are 14.2,-7.3 and 6.9 mWm™, respectively, while the all-sky
values are 10.5, -4.5 and 6.0 mWm™, respectively. These values compare
favourably with the ones reported by other existing studies, especially the
more recent ones, see Table 5.

Table 5 7 Annual global mean all-sky radiative forcing s estimated by various
studies .

Radiative forcing (mWm-2)
1985 2002
Minnis et al [1999] 8.0 -
Myhre & Stordal [200] 9.0 15.0
Marquart et al [2003] 3.5 6.0
Fichter et al [2005] 3.2 -
Stuber & Forster [2007 2.0 2.8
Radel & Shine[2008] - 5.9
This study i off-line 3.0 6.0
This study i on-line 2.0 3.9

Figure 5 illustrates zonal mean annual averages of the top of the atmosphere
RFs for both clear-sky and all-sky conditions. The strong cancellation of the
LW and SW cloud masking effects means that the contrail net RF is reduced
by natural clouds by only approximately 13%, although the LW and SW
forcings are reduced by more than 25% and 38%, respectively. This is
consistent with the 10% net RF reduction reported by Radel and Shine
[2008].
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Figure 5 T Zonal means of contrail LW (red lines), SW (blue lines), and Net (black

lines) RFs [ mWm 2] for the year 2002 obtained using the off -line model in clear
sky (solid lines) and all ~ -sky (dashed lines) conditions.

One of the main advantages of the current parameterisation scheme is the
fact that it allows the es timation of the contrail RFs using the HadGEM2 on
line version of the Edwards-Slingo radiation code. Table 6 shows the RFs
estimated in this way, for a 192 (longitude) x 145 (latitude) x 38 (altitude)
resolution. The clear-sky annual global mean LW, SW, ard net RFs are 13.3, -
7.3 and 6.0 mWm™, respectively, while the all-sky values are 6.7, -2.8 and
3.9 mWm™, respectively. In clear sky conditions, both the geographical
distribution (illustrated by Figure 6) and the magnitude of the RFs are very
similar with those obtained when using the off -line version of the model.
However, in the all-sky case, although the geographical pattern is maintained,
the forcings are reduced by significant amounts. The LW and SW forcings in
all-sky conditions are reduced by approximately 50% and 60%, respectively,
compared to the clear-sky forcings. This results in the all-sky net RF being
reduced by approximately 35%, compared to the clear -sky net RF.

Table 6 7 Annual global mean contrail r adiative forcing  from the off -linean don-
line calculations

Clear sky (mWm-2) All sky (mWm-2)
LW SW Net LW SW Net

Off-line model 14.2 -7.3 6.9 10.5 -4.5 6.0
On-line model 13.3 -7.3 6.0 6.7 -2.8 3.9
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Figure 6 1 Radiative forcing from the online model. Longwave (top); shortwave
(mi ddle) and net (bottom). Clear sky forcings are shown in the left column and
all - sky forcings in the right column.

This significant influence of the other clouds on the contrail RF has not been
observed when the off-line model was employed. Also, it has not yet been
reported by other studies, e.g. Marquart et al. [2003], Stuber and Forster
[2007], Radel and Shine [2008], that showed a much smaller impact of
natural clouds. Figure 7 that plots the twelve monthly global mean contrail
RFs shows that this effect is clearly a significant feature throughout the whole
calendar year.
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