
The potential of condensation trails
(contrails) from jet aircraft to affect
regional-scale surface temperatures has

been debated for years1–3, but was difficult
to verify until an opportunity arose as a
result of the three-day grounding of all
commercial aircraft in the United States in
the aftermath of the terrorist attacks on 11
September 2001. Here we show that there
was an anomalous increase in the average
diurnal temperature range (that is, the dif-
ference between the daytime maximum and
night-time minimum temperatures) for the
period 11–14 September 2001. Because per-
sisting contrails can reduce the transfer of
both incoming solar and outgoing infrared
radiation4,5 and so reduce the daily tempera-
ture range, we attribute at least a portion of
this anomaly to the absence of contrails
over this period.

We analysed maximum and minimum
temperature data6 from about 4,000 weather
stations throughout the conterminous Unit-
ed States (the 48 states not including Alaska
and Hawaii) for the period 1971–2000,
and compared these to the conditions that
prevailed during the three-day aircraft-
grounding period. All sites were inspected
for data quality and adjusted for the time 
of observation. 

Because the grounding period com-
menced after the minimum temperatures
had been reached on the morning of 11
September and ended before maximum
temperatures were attained on 14 Septem-
ber (at noon, Eastern Standard Time), we
staggered the calculation of the average
diurnal temperature range (DTR) across
adjacent days (for example, 11 September
maxima minus 12 September minima). We
repeated this procedure for the three-day
periods immediately before and after the
grounding period, and also for the same
periods (8–11, 11–14 and 14–17 September)
for each year from 1971 to 2000. 

DTRs for 11–14 September 2001 mea-
sured at stations across the United States
show an increase of about 1.1 �C over 
normal 1971–2000 values (Fig. 1). This is in
contrast to the adjacent three-day periods,
when DTR values were near or below the
mean (Fig. 1). DTR departures for the
grounding period are, on average, 1.8 �C
greater than DTR departures for the two
adjacent three-day periods.

This increase in DTR is larger than any
during the 11–14 September period for the
previous 30 years, and is the only increase
greater than 2 standard deviations away
from the mean DTR (s.d., 0.85 �C). More-
over, the 11–14 September increase in DTR

was more than twice the national average for
regions of the United States where contrail
coverage has previously been reported to 
be most abundant (such as the midwest,
northeast and northwest regions)7.

Day-to-day changes in synoptic atmos-
pheric conditions can affect regional DTRs8.
In particular, a lack of cloud cover helps to
increase the maximum (and reduce the
minimum) temperature. Maps of the daily
average outgoing long-wave radiation
(OLR)9,10 — a proxy for optically thick
clouds — show reduced cloudiness (that is,
larger OLR) over the eastern half of the
United States on 11 September, but more
cloud (smaller OLR) over parts of the west.
Cloud cover subsequently decreased in the
west and increased over much of the eastern
half of the country during the next two
days, producing predominantly negative
three-day OLR changes in the east and 
positive values in parts of the west. 

Our findings indicate that the diurnal
temperature range averaged across the United
States was increased during the aircraft-
grounding period, despite large variations in
the amount of cloud associated with mobile

weather systems (Fig. 2). We argue that the
absence of contrails was responsible for 
the difference between a period of above-
normal but unremarkable DTR and the
anomalous conditions that were recorded.
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Contrails reduce daily temperature range
A brief interval when the skies were clear of jets unmasked an effect on climate.
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Figure 1 Departure of average diurnal temperature ranges (DTRs)

from the normal values derived from 1971–2000 climatology

data for the indicated three-day periods in September 2001.

These periods included the three days before the terrorist attacks

of 11 September; the three days immediately afterwards, when

aircraft were grounded and there were therefore no contrails; and

the subsequent three days.
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Figure 2 Flight lines: jet contrails can clearly be seen as thin

streaks in this satellite image of the southwestern United States.

frogs from the mountains of Papua New
Guinea. As the offspring jump off at
different points, they may benefit from
reduced competition for food, lower
predation pressure and fewer oppor-
tunities for inbreeding between froglets,
which may explain why this unusual form
of parental care evolved.

I quantified the parental care behaviour
of several species of microhylid frog at 
the Crater Mountain Biological Research
Station, Chimbu Province, Papua New
Guinea (6° 43� S, 145° 05� E), which is
located on the largest tropical island in

Animal behaviour

Male parenting of 
New Guinea froglets

Male parental care is exceptionally
rare in nature, although one of 
the most fascinating aspects of

New Guinea’s biodiversity is the evolution
of male care in the frog family
Microhylidae1. Here I report a new mode
of parental care: transport of froglets 
by the male parent, which was recently
discovered in two species of microhylid


