
© 1999 Macmillan Magazines Ltd

Air traffic may increase
cirrus cloudiness

High-level cirrus clouds can evolve1,2 from
the condensation trails of aircraft, which
form as the mixture of warm, humid exhaust
gases and colder, drier air exceeds water satu-
ration3. In addition, the particles in exhaust
plumes from aircraft may allow ice nucle-
ation at lower supersaturations than those
required under natural conditions4. This
mechanism is sensitive to environmental
conditions, but may occur downstream of
the exhaust aerosol source regions. Here I
show that cirrus clouds increased in occur-
rence and coverage in the main air-traffic
flight corridors between 1982 and 1991.

I used synoptic cloud reports from land
and ship stations for 1982 to 1991 (ref. 5) to
establish the relationship between variations
in the occurrence of cirrus cloud and the
spatial distribution of aviation fuel con-
sumption6,7. During this period there was a
large increase in total fuel consumption by
air traffic, with an average annual growth
rate of 3.2% (ref. 8). I computed the cirrus
occurrence frequency at the 3°23° resolu-
tion from cloud reports (see Supplementary
Information). The change in cirrus occur-
rence frequency is then computed as the dif-
ference in frequency between 1987–1991 and
1982–1986, whereas its trend is estimated as
the absolute percentage increase along a best-
fit line over the 10 years of data.

The average change in cirrus occurrence
over land and ocean is plotted against fuel
consumption in Fig. 1a, b. Global annual
cirrus occurrence increases on average by
1.1% and 3.5% for land and ocean, respec-
tively, with regional average increases of
2.9% to 4.6% over the principal flight corri-
dors (defined as the twenty 3°23° grid-
boxes with most air traffic). The largest
changes correspond to positive trends in
cirrus occurrence of 8.5% and 7.0% (Table
1). Over North America, the trend in cirrus
occurrence varies between 2.4% and 9.9%
per decade, depending on the season. It is
largest in December–May, when there is the
highest frequency of persistent condensa-
tion trails9. Between 39° and 42° N, close to

the Great Lakes, the trend in annual mean
cirrus occurrence is 13.3%, more than twice
that for the rest of North America. Over
ocean, the trend is also very large in the
North Atlantic flight corridor, hence the
positive slope in Fig. 1c. Changes in cirrus
occurrence over the North Atlantic flight
corridor are significantly larger than over
the rest of the North Atlantic (Student’s t-
test, P40.03). Table 1 indicates that, with
only one exception, the trend in cirrus
increase is larger averaged over the 20 grid-
boxes in each region with most air traffic
for Eurasia, North America and the North
Atlantic Ocean in all seasons.

In the North Pacific Ocean there is the
largest increase in cirrus occurrence
between 40° and 60° N. There is little air

traffic here, but the region lies downwind
of the high-traffic area along the east coast
of Asia. It is plausible that cirrus occurrence
in the North Pacific is favoured by the pres-
ence of soot aerosols emitted by aircraft and
transported eastwards to areas where con-
ditions for cirrus formation are often met; a
large amount of natural cirrus cloud is
found over this region. Along the east coast
of Asia there has been a decrease in cirrus
occurrence, which might be explained by a
decrease in the mean flight level (computed
from refs 6,7), which lowers the potential
for condensation-trail formation.

A search for other possible causes of
increased cirrus, such as the effects of the El
Chichón and Mount Pinatubo volcanic
aerosols10, or long-term changes in relative
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FFiigguurree  11 Difference in cirrus occurrence fre-
quency between 1987–1991 and 1982–1986. 
a, Land; b, ocean; c, North Atlantic Ocean.
Results are averaged over grid-boxes with the
1992 fuel consumption at altitudes more than
8 km greater than the values displayed on the
x-axis, and show annual means (circles) and
seasonal means (triangles). The frequency of
cirrus occurrence is defined as the ratio of the
number of high-cloud observations to the
number of potential high-level cloud observa-
tions (situations where low- and middle-level
clouds do not completely obscure the higher
level of the atmosphere). Only observations
meeting the illuminance criterion defined by
Hahn et al.15 are included, introducing a bias
towards daytime. The bold line represents the
number of 3°23° grid-boxes from which the
annual mean is calculated. The curves are
truncated when the number of grid-boxes
used to calculate the mean falls below 20.

Table 1 Trends in cirrus cloud occurrence, cirrus amount when present and cirrus amount

Occurrence AWP Amount

DJF MAM JJA SON Annual Annual Annual

Land 2.5/6.4 1.8/9.7 2.4/6.8 0.6/2.2 1.7/8.5 11.9/11.9 0.0/2.9

Eurasia 1.2/2.6  10.8/1.1 1.7/4.4   10.8/11.4 0.6/1.6

N. America 7.0/7.8 9.9/16.5 3.2/9.5 2.4/7.3 5.6/13.3

Ocean 6.0/8.3 5.5/6.3 6.4/8.7 7.7/6.0 6.2/7.1 0.4/14.2 2.3/1.0

N. Atlantic 4.5/8.4 5.1/6.3 3.3/8.7 3.9/6.0 4.1/7.1

N. Pacific 8.7/5.8 8.4/1.9 5.8/2.5 10.4/4.8 8.4/4.1

In each column, the first figure reports the trend over the whole region, and the second figure shows the trend over
the 20 grid-boxes with most air traffic in 1992. For North America, the second figure is for the 10 grid-boxes with most
air traffic. Months (December to November) are denoted by their initial letter; AWP, amount when present. Trends are
given as per cent per decade.
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High metabolic rates 
in running birds

The ability to increase metabolic rate during
locomotion has been important in the
structural evolution and evolutionary suc-
cess of both birds and mammals. Greater
endurance capabilities are conferred directly
by greater maximal metabolic rates, which
vary between species. These maximal rates
are known for many mammals1 but have not
been determined for birds. We have mea-
sured oxygen consumption in a large flight-
less bird, the rhea, Rhea americana, while it
was running on an inclined treadmill, and
find an upper limit to aerobic metabolism
that is 36 times greater than the minimum
resting rate, a factorial increase exceeding
that reported for nearly all mammals.

We trained two female rheas (average
mass 21.8 kilograms) for two years to run
on a treadmill while wearing clear plastic
hoods. We then measured linear increases
in rates of oxygen uptake while the birds
ran up a 16° incline. The maximum rate of
oxygen uptake was 2.85 millilitres per kilo-
gram of body mass per second, reached at a
running speed of 4.0 metres per second.
There were no further increases in oxygen
uptake when running speeds were increased
to 4.7 metres per second, and plasma lactate
concentrations indicated an increasing
reliance on anaerobic glycolysis to provide
metabolic energy at these higher speeds.

Rates of lactate accumulation (4.4 to 6.8
mM min11) and peak concentrations (24.8
mM) matched values reported for mam-
mals running at speeds above their aerobic
maximum. Remarkably, the aerobic scope

(the maximum aerobic metabolic rate
divided by the minimum resting rate2) of
these relatively inactive birds is more than
3.5 times those of typical mammals1, and
equals those of some of the most capable
mammalian endurance runners (Fig. 1).

Although the rheas’ factorial increase in
anaerobic metabolism is 1.7 times greater
than the highest previously reported avian
values (Fig. 1), we believe that their aerobic
scope is representative of birds in general.
Previous avian values do not provide evi-
dence of being upper limits; they are proba-
bly below species’ maxima, but to unknown
extents. Nonetheless, the minimum meta-
bolic increase required for flight3 of 15 times
the resting value exceeds the aerobic power
of a typical mammal by a factor of 1.5, and
most avian species can fly. Even birds with
more limited endurance, such as the pen-
guin and domestic fowl, can increase their
aerobic metabolism by as much as a typical
mammal4,5. We suggest that, on average, the
aerobic scope of birds exceeds those of
mammals by a factor of two or more.

The structural basis of the rheas’ aero-
bic power indicates that respiratory 
structure–function relationships, previously
undetermined for birds, are quantitatively
similar to those of mammals throughout
most of the respiratory system, and are 
consistent with the concept of reasonable
animal design6 (Table 1). Rheas, like aerobic
mammals, achieve maximal high rates of
oxygen uptake with existing cardiovascular
and muscular structures, rather than by
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humidity and climate variations related to
the North Atlantic oscillation11,12, showed
that none of them, taken individually, is a
good explanation for the observed positive
trend in cirrus occurrence and its regional
distribution.

The trends in cirrus ‘amount when pre-
sent’ over the previously defined regions of
high fuel consumption are 11.9% and
14.2% for land and ocean, respectively
(Table 1). The combination of a large posi-
tive trend in cirrus occurrence associated
with a negative trend in the cirrus amount
when present is consistent with an increas-
ing amount of condensation-trail cirrus
covering a small portion of an otherwise
clear sky at the cirrus cloud level. This
results in a trend in cirrus coverage (cirrus
occurrence 2 cirrus amount when pre-
sent) of 0.0% averaged over land, rising to
2.9% over the continental regions with
most air traffic. Over ocean, these values
are 2.3% and 1.0%, respectively, because of
the aforementioned contribution of the
North Pacific Ocean to the global increase
in cirrus occurrence. Both radiative trans-
fer calculations and Earth Radiation Bud-
get Experiment measurements of the net
change in radiation associated with high,
thin clouds13 suggest a 0.2 W m12 cloud
radiative forcing per 1% of condensation
trail or high-level cloudiness. I therefore
estimate that the trend in cirrus amount
over the continental regions of high air
traffic (2.9%, as discussed above) would
correspond locally to an additional cloud
radiative forcing of about 0.7 W m12

between 1982 and 1991. A larger forcing
would be expected if calculated from the
beginning of commercial jet traffic until
the present time. However, we cannot rule
out the possibility that the observed change
in cirrus amount is not due solely to avia-
tion, or that other climate processes have
not masked an even larger aviation impact
on cirrus cloudiness. For instance, a previ-
ous analysis14 showed that other regions
experienced large positive trends in cirrus
amount between 1952 and 1981.
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Table 1 Mitochondrial volume densities and capillary densities of rhea muscles

Muscle Bird A Bird B

Vv (%) Na (mm–2) Vv (%) Na (mm–2)

Iliotibialis lateral 10.1 803 6.5 787

Gastrocnemius 11.8 864 7.9 642

Pectoralis 4.2 411 4.2 469

Humerotriceps 4.3 619 4.9 508

Mean mitochondrial volume densities (Vv) and capillary densities (Na) for leg muscles (iliotibialis and gastrocnemius)
were 9.04% and 774 mm–2, respectively; values for wing muscles (pectoralis and humerotriceps) were 4.37% and 
502 mm–2, respectively, for the rheas. Values for equivalent leg muscles of similarly sized mammals: for a 28-kg dog,
Vv 4 9.1% and Na 4 884 mm–2; for a 26-kg goat, Vv 4 3.4% and Na 4 719 mm–2.


