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The importance of the diurnal and annual cycle of
air traffic for contrail radiative forcing
Nicola Stuber1, Piers Forster1†, Gaby Rädel1 & Keith Shine1

Air traffic condensation trails, or contrails, are believed to have a
net atmospheric warming effect1, although one that is currently
small compared to that induced by other sources of human
emissions. However, the comparably large growth rate of air traffic
requires an improved understanding of the resulting impact of
aircraft radiative forcing on climate2. Contrails have an effect on
the Earth’s energy balance similar to that of high thin ice clouds3.
Their trapping of outgoing longwave radiation emitted by the
Earth and atmosphere (positive radiative forcing) is partly com-
pensated by their reflection of incoming solar radiation (negative
radiative forcing). On average, the longwave effect dominates and
the net contrail radiative forcing is believed to be positive1,2,4. Over
daily and annual timescales, varying levels of air traffic, meteoro-
logical conditions, and solar insolation influence the net forcing
effect of contrails. Here we determine the factors most important
for contrail climate forcing using a sophisticated radiative transfer
model5,6 for a site in southeast England, located in the entrance to
the North Atlantic flight corridor. We find that night-time flights
during winter (December to February) are responsible for most of
the contrail radiative forcing. Night flights account for only 25 per
cent of daily air traffic, but contribute 60 to 80 per cent of the
contrail forcing. Further, winter flights account for only 22 per
cent of annual air traffic, but contribute half of the annual mean
forcing. These results suggest that flight rescheduling could help
to minimize the climate impact of aviation.

Contrails form in the wake of aircraft only when the surrounding
atmospheric conditions—in connection with the characteristics of
the aircraft exhaust—are favourable7. In ice-supersaturated regions8

contrails can exist for several hours. Flight management systems
could be modified to reduce contrail radiative forcing. One way to
reduce contrail coverage and forcing is by changing flight routes
and/or cruising altitudes to avoid ice-supersaturated regions9,10.
Another is to reduce the radiative forcing of contrails when they
are present. Because of the compensation between positive longwave
and negative shortwave forcings, shifting air traffic to times when the
negative effects are largest would reduce the net contrail radiative
forcing11. Our work aims to understand which parts of the diurnal
and annual cycle of relevant parameters have the largest impact on
the net radiative forcing of contrails.

We used AERO2k flightdata12 over Herstmonceux (southeast
England; longitude 0.328E, latitude 50.908N), a location for which
vertical temperature and humidity profiles are available from radio-
sonde observations. AERO2k holds information on height-resolved
distances flown in a 18 £ 18 grid for each month in 2002 and for four
six-hourly time periods—starting at midnight Greenwich Mean Time
(GMT)—averaged over one week in June 2002. Using the size of the
gridbox and the distance travelled in it, we first calculated the
maximum possible contrail cover over Herstmonceux, initially assum-
ing that all aircraft produce persistent contrails. In accordance with
measurements13 and model simulations14 of line-shaped, persistent

contrails, we assumed a contrail width of 2 km and a contrail lifetime
of 2 hours. We scaled the data obtained using the monthly total air
traffic over Herstmonceux to get diurnally resolved data for each
month and assumed that these data for the year 2002 are also
representative for the year 2003, for which Met Office radiosonde
profiles were available. We corrected the systematic dry bias in the
radiosonde humidity measurements15, and applied the Schmidt–
Appleman thermodynamic criterion for contrail formation16,17 to
determine the contrail cover. For contrail formation the mixture of
aircraft exhaust and ambient air must reach water saturation; contrail
persistency requires ice supersaturation.

We compared predictions of contrail-favourable conditions made
on the basis of radiosonde data with our observations of the
occurrence of persistent contrails. Data from the radiosonde ascent
at Herstmonceux successfully predicted whether or not persistent
contrails formed over Reading in 60 of the 81 cases analysed (see
Table 1). Statistical tests of the resulting contingency table showed
that these predictions were not due to chance (see the uncertainty
analysis in Methods section ‘Statistical significance of radiosonde
contrail predictions’ and Table 1).

Air traffic over Herstmonceux shows a distinct annual cycle (Fig. 1a)
with a summer (June, July, August; JJA) maximum and a winter
(December, January, February; DJF) minimum, with approximately
20% fewer flights. Flight restrictions at nighttime mean that approxi-
mately 75% of the total air traffic over Herstmonceux occurs between
06:00 and 18:00 GMT. Figure 1b shows the contrail frequency of
occurrence, that is, the percentage of days each month when
persistent contrails could occur. In mid-latitudes the upper tropo-
spheric relative humidity has its lowest values during summer18, so
the contrail frequency is lowest in summer. The radiosonde data
indicate that contrail formation over Herstmonceux is almost twice
as likely in winter than in summer. Figure 1 shows that the peaks of
air traffic and contrail-favourable conditions occur in different
seasons.

Using the AERO2k data and only introducing a contrail if
atmospheric conditions were favourable at the actual cruising alti-
tudes, we calculated the instantaneous radiative forcing at the top of
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Table 1 | Predicted and observed contrails over Herstmonceux

Persistent
contrails
predicted

Either short-lived
contrails or no

contrails predicted

Observations of persistent contrails 24 18
No persistent contrails observed 3 36

Contingencies are shown for persistent contrails observed over Reading, and predicted from
radiosonde data for Herstmonceux. Observations were made at Reading between July 2004
and June 2005 at least four times a day and compared to persistent contrail-favourable
conditions predicted on the basis of radiosonde ascents made at Herstmonceux within about
one hour of the observation at Reading.
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the atmosphere due to contrails over Herstmonceux, using a sophis-
ticated radiative transfer model5,6. We allowed for the full diurnal
cycle of shortwave insolation but used a single radiosonde atmos-
pheric profile at all times of day—the choice of a single background
profile was found to have a negligible impact on the radiative forcing.
We complemented the radiosonde data with climatological profiles
providing information on ozone, higher level temperatures and
humidities, and surface albedo. We assumed a contrail visible optical
depth of 0.1, standard-sized contrail particles19 and random overlap
for contrails at different altitudes. As the radiosonde data gives no
information on natural clouds, the calculations were performed for
otherwise clear-sky conditions. However, we investigated the effect of
this assumption through sensitivity studies (see the uncertainty
analysis in Methods section ‘Effect of natural clouds on contrail
radiative forcing’).

The diurnal, annual mean radiative forcings (Fig. 2) are 0.78 and
20.54 Wm22 in the longwave and shortwave, respectively, resulting
in a net forcing of 0.23 Wm22. The locally large net forcing is due to
the location of Herstmonceux in the entrance to the North Atlantic
flight corridor. The diurnal variation in longwave radiative forcing
reflects the daily variation in air traffic (Fig. 1a). Each of the two time
periods 06:00–12:00 GMT and 12:00–18:00 GMT contributes
roughly 50% to the diurnal, annual mean shortwave radiative
forcing. Strikingly, because of the near cancellation between short-
wave and longwave forcings for these time periods, almost 82% of the
annual mean net radiative forcing is due to flights between 18:00 and

06:00 GMT, even though these night flights are responsible for only
25% of the air traffic.

The annual cycle of forcings (Fig. 3) reveals the complex inter-
action and competition of different effects: Time-averaged shortwave
forcings are affected by daylength and solar zenith angle. With all
other parameters held fixed, the shortwave effect will increase with
solar zenith angle and the duration of sunlight. The effect of these two
factors is superimposed on the annual variation in meteorological
conditions and air traffic. Daytime shortwave forcings are smallest in
summer because the combination of low solar zenith angles and
smaller chances of forming a contrail dominates the effect of
comparably higher summertime air traffic and longer daytime hours.

The annual cycle of longwave radiative forcing shows the domi-
nant role of variations in meteorological conditions and hence
contrail frequency of occurrence, compared to variations in air
traffic. The cancellation between longwave and shortwave forcings
is large throughout the year and the net forcing can sometimes be
negative (Fig. 3b). The seasonal cycle of the diurnal mean radiative
forcing (heavy black line in Fig. 3b) emphasizes the importance of
winter (DJF) flights, which contribute 50% to the annual mean
contrail radiative forcing despite being responsible for only 22% of
the flights.

The net forcing is the residual from subtracting two comparatively
large numbers, so its magnitude and sign are very sensitive to
uncertainties in input parameters. Important sources of uncertainty
are the contrail’s ice crystal size and optical depth (see the uncertainty
analysis in Methods section ‘Sensitivity of radiative forcing to

Figure 1 |Air traffic and contrail occurrence over Herstmonceux. a, Annual
cycle of total column air traffic over Herstmonceux. Contributions of the
four individual six-hour time periods are indicated by differently shaded
bars. b, Annual cycle of the frequency of possible persistent contrail
occurrence over Herstmonceux; that is, the number of days eachmonthwith
persistent contrail-favourable conditions at one or more levels. This
frequency is based solely on the meteorological conditions, indicating the
potential percentage of contrail days. It does not take into account the
actual vertical profile of air traffic. The heavy black line shows the seasonal
mean.

Figure 2 |Annual mean longwave, shortwave, and net radiative forcing due
to persistent contrails over Herstmonceux. The contributions of flights
occurring during different time periods to the diurnal mean values are
indicated by differently shaded bars.

Table 2 | Percentage contribution of night flights to radiative forcing
over Herstmonceux

Relative size 0.5 Relative size 1.0 Relative size 2.0

Optical depth 0.05 116 81 63
Optical depth 0.1 113 82 62
Optical depth 0.3 115 81 64
Optical depth 0.5 123 87 67

The perecentage contribution of flights between 18:00 and 06:00 to the diurnal, annual
mean net radiative forcing over Herstmonceux is shown. Percentages are given for different
contrail particle sizes and contrail visible optical depths.
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contrail optical depth and particle size’ and Table 2). We found that
the contribution of night-time flights to the total forcing decreased
when crystal sizes were increased. However, even for the largest ice
crystals, night-time flights were still found to contribute at least 62%
to the daily mean forcing, depending on the contrail optical depth.
Decreasing particle sizes implies a decrease in net forcing. However,
this decrease in absolute forcing is accompanied by a further increase
in the relative importance of night-time flights, as daytime net
forcings become negative.

Natural clouds were omitted in the calculations described above
because cloud data was not available from the radiosondes. In
sensitivity calculations using climatological cloud distributions (see
the uncertainty analysis in Methods section ‘Effect of natural clouds
on contrail radiative forcing’) we found that natural clouds reduce
both the shortwave and longwave contrail radiative forcing. How-
ever, their effect on the net forcing is variable, increasing daytime net
forcings and decreasing night-time net forcings. As a consequence,
the contribution of night-time flights to the diurnal mean net
radiative forcing was smaller for cloudy (59%) than for clear-sky
(82%) conditions. However, given their comparably small share of
daily total air traffic (25%), night-time flights still contribute
disproportionately to the diurnal mean forcing.

The sensitivity studies showed that changing contrail optical
properties or the presence of natural clouds did not have an
appreciable effect on the relative importance of the winter season
for the annual mean contrail radiative forcing.

In summary, flights between 18:00 and 06:00 GMT have a dis-
proportionate effect on the daily mean radiative forcing over Herst-
monceux. Given the current flight schedules, these flights account for
only 25% of total air traffic, yet they contribute 60 to 80% to the net
radiative forcing. Flights during winter (DJF) are almost twice as
likely to form a contrail as are summer (JJA) flights and contribute
50% to the annual mean radiative forcing.

Emissions from aircraft affect climate in numerous ways1,2. How-
ever, the radiative properties of contrails and their short lifetime
make them the only mechanism for which a rescheduling of flight
times can significantly change the radiative forcing. Our results show
that, in terms of radiative forcing, the southeast of England already
benefits from night-flying restrictions. At locations without such

restrictions the contribution of night-time flights to daily mean
contrail radiative forcing could be even larger than at Herstmonceux.
For example, for South-East Asia, the AERO2k data set indicates that
40% of flights occur during night, and we find that these flights
contribute 73% to the diurnal, annual mean forcing (see the
uncertainty analysis in Methods section ‘Effect of natural clouds
on contrail radiative forcing’). In view of this, we argue that shifting
air traffic from night-time to daytime would help to minimize the
climate effect of contrails.

METHODS
Statistical significance of radiosonde contrail predictions. We predicted
persistent contrail-favourable conditions by applying the Schmidt–Appleman
thermodynamic criterion to the radiosonde data. An error in the prediction of
whether a contrail could occur might be introduced either by errors in the
threshold values of temperature and humidity given by the Schmidt–Appleman
criterion and/or by errors in the radiosonde data. False decisions would have a
direct impact on the contrail cover and hence on the radiative forcing.

The Schmidt–Appleman criterion has been tested and verified in experimen-
tal studies20,21. We therefore assume that any false decisions are due solely to
errors in the radiosonde data. We compared predictions of contrail-favourable
conditions made on the basis of Herstmonceux radiosonde data with obser-
vations of persistent contrails over Reading. The distance between Reading and
Herstmonceux is smaller than the typical spatial scale of contrail clusters22,23 and
the mean extension of ice-supersaturated regions24,25. We statistically tested the
resulting contingency table (Table 1) using different tests. The ‘odds ratio’26

compares the odds of making a true forecast with those of making a false one. It is
1 if there is no correlation between observations and predictions, and larger or
smaller than 1 for a positive or negative correlation. For our case we get an odds
ratio of 16. The probability that there is a positive correlation between observing
persistent contrails over Reading and predicting contrails from Herstmonceux
radiosonde ascents exceeds 99.5%.

In addition, we calculated the significance of the Peirce skill score, which gives
a measure of accuracy for both the ‘yes’ and ‘no’ events and compares the hit rate
with the false alarm rate. The score takes values between 21 and 1, being zero in
case of a random forecast and greater than zero if there is some forecasting skill.
We calculated a score of 0.49.
Sensitivity of radiative forcing to contrail optical depth and particle size. In
view of the uncertainties associated with contrail optical properties, in addition
to the reference experiment described above we conducted a number of
sensitivity experiments in which we changed both the contrail particle size
and the contrail optical depth. Increasing the particle size results in an increase in

Figure 3 | Annual cycle of the diurnal-mean contrail radiative forcing over Herstmonceux for the four time periods. a, Longwave (positive) and shortwave
(negative) radiative forcing. b, Net radiative forcing. The heavy black line shows the seasonally averaged diurnal-mean radiative forcing.
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the magnitude of the shortwave forcing, and vice versa, while the longwave
forcing is practically unaffected. In contrast, with increasing optical depths
the magnitude of both the shortwave and the longwave radiative forcing
increases.

The IPCC’s estimate of contrail radiative forcing1 relied on an optical depth of
0.3. However, as typical values are now believed to be lower27,28 we adopted a
value of 0.1 in our reference experiment, decreasing it to 0.05 and increasing it to
0.5 in the sensitivity experiments. Additionally, we varied the contrail particle
size. The standard size used in the reference experiment is based on contrail ice-
crystal size distributions derived from both in situ measurements and a
temperature-dependent parameterisation19. We conducted experiments with
relative contrail particle sizes of 0.5 and 2.0. These are equivalent to halving or
doubling the standard width as well as the standard length of the hexagonal ice
particles, respectively. Table 2 gives the percentage of diurnal mean contrail
radiative forcing that is due to flights between 18:00 and 06:00 GMT for different
contrail optical depths and particle sizes.
Effect of natural clouds on contrail radiative forcing. It has been shown11 that
the presence of natural clouds has a negligible effect on the global mean, annual
and diurnal mean net contrail radiative forcing. However, the study did not give
details on the effects of clouds on the diurnal and annual cycle of contrail
radiative forcing.

To determine the effects of natural cloudiness on contrail radiative forcing we
combined AERO2k data with analysis data from the integrated forecast system of
the European Centre for Medium-Range Weather Forecasts to calculate global
contrail cover and calibrated the contrail cover to an annual and diurnal area
mean value of 0.375% (ref. 29) in the Bakan area22. As input for the radiative
transfer model we derived atmospheric profiles using a three-dimensional
climatology compiled at the University of Reading. This climatology is based
on satellite, aircraft and ground-based observations and provides long-term
monthly mean profiles of temperatures and the mixing ratios of water vapour
and ozone extending up to 1 hPa. Information is also given about the surface
albedo and the amount, optical depth and height of low, mid- and high-level
clouds. Cloud information is based on ISCCP C2 data30.

We analysed the results for selected locations. For western Europe (Herstmon-
ceux), clouds reduce the contribution of night-time flights to annual, diurnal
mean contrail radiative forcing to 59% (from 82% for cloud-free conditions).
For the East Coast of the United States, 36% of flights occur during the night,
contributing 53% to the diurnal, annual mean radiative forcing. For South-East
Asia night flights (40%) contribute 73%, and in the North Atlantic flight
corridor (48%) they contribute 58%.
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