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al clue as to why the tropical oceans exerted
such strong control over atmospheric events
leading to the droughts of 1998 –2002. Together with the unusual persistence of the
tropical-wide SST anomaly pattern itself, the
modeling results offer compelling evidence
that the widespread mid-latitude drought was
strongly determined by the tropical oceans. It
is thus more than figurative, although not
definitive, to claim that this ocean was “perfect” for drought insofar as it satisfied many
of the requirements for severe, sustained precipitation deficits and temperature increases.
To what, then, can the tropical SST anomalies of 1998 –2002 be attributed? ENSO is a
naturally occurring fluctuation of the coupled
ocean-atmosphere system (20), and climate
proxy records (for instance, ice cores, tree
rings, and corals) suggest that this phenomenon has occurred for millennia (21). Even the
persistence of the cold SST conditions during
the 4-year period, although unusual, was not
unprecedented (10, 22). This and other evidence indicates that the recent statistics of
ENSO have not changed detectably beyond
the range of natural variability (23, 24). On
the other hand, the warmth of the tropical
Indian Ocean and the west Pacific Ocean was
unsurpassed during the 20th century, being
embedded within a multidecade warming
trend. Climate attribution studies find that
this warming (roughly 1°C since 1950) is
beyond that expected of natural variability
and is partly due to the ocean’s response to
increased greenhouse gases (25, 26). The
state of the tropical ocean during 1998 –2002
thus combined a naturally occurring, interannual cooling of the eastern Pacific with a
lower frequency, possibly inexorable, warming of the Indian and west Pacific oceans. The
resultant exaggeration of zonal contrast in
SST did not occur during the prior, protracted
La Niña periods of the 20th century, providing a unique oceanic condition during 1998 –
2002. It is an open question whether such
tropical oceanic forcings will become more
prevalent during the 21st century. Because of
deficiencies in coupled ocean-atmosphere
models, little confidence exists with regard to
projections of the future statistics of ENSO
(such as its duration and amplitude) or of the
regional pattern of mean tropical SST change
itself. The atmospheric modeling results of
1998 –2002 suggest an increased risk for severe and synchronized drying of the midlatitudes if the tropical mean SSTs or their
interannual variability increase the ocean’s
west-east contrast over the equatorial Pacific.
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Energetic Radiation Produced
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Using a NaI(Tl) scintillation detector designed to operate in electrically noisy
environments, we observed intense bursts of energetic radiation (⬎⬎10 kiloelectron volts) during the dart leader phase of rocket-triggered lightning, just
before and possibly at the very start of 31 out of the 37 return strokes measured.
The bursts had typical durations of less than 100 microseconds and deposited
many tens of megaelectron volts into the detector. These results provide strong
evidence that the production of runaway electrons is an important process
during lightning.
Attempts to measure x-ray emission from lightning have been intermittently reported since
1925, when C. T. R Wilson (1) first proposed
that the strong electric fields associated with

thunderstorms could accelerate electrons to relativistic energies. However, these results have
been generally inconclusive because of the sporadic nature of lightning and the electromagnet-
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most of the energetic radiation occurring during the dart leader phase, although some additional contribution from the start of the
return strokes cannot be ruled out. The term
“energetic radiation” is used here, because
the detector cannot distinguish between xrays/gamma rays and energetic electrons. Because of the attenuation of x-rays/gamma
rays and energetic electrons in the atmosphere, this observed energetic radiation almost certainly originated within a few hundred meters of the instrument and, therefore,
was most likely produced by the local electric
fields associated with the lightning and not by
electric fields in the overhead thunderclouds.
Figure 2, which shows the data for the first
stroke of the third flash on 20 July, has an
energetic radiation signal beginning just before
the return stroke, the time of which (derived
from the current measurement at the launch
tower) is indicated by the vertical dotted line.
No such signal is present from the control detector, which is consistent with energetic radiation. The black dashed line shows the detector

response function for an energetic particle detected at the time of the return stroke. The only
free parameter in the fit of the response function
to the data is the signal amplitude. As Fig. 2
illustrates, the pulse shape is consistent with that
of energetic radiation with a deposited energy of
⬃3 MeV. Indeed, the 45-s decay time seen in
the data indicates that charge was deposited in
the front end of the preamplifier, which cannot
be explained by noise pickup in the system.
Because for each lightning flash an entire
1 s of data was recorded, followed by another
1-second background record, about 10 s later,
the background rate as a function of energy
was accurately measured and found to be 23
counts/s for pulse heights above 0.5 V, corresponding to energies above 1.5 MeV.
Based on these measurements, the odds that a
background signal produced this event are
calculated to be much less than 1 in 4300.
Figure 3 shows the output signals associated
with the second leader/return stroke sequence of
the second flash on 20 July 2002. The energetic
radiation signature seen in the active detector is
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Fig. 1. Output signals from the
active PMT (top red data points)
and control PMT (bottom blue
line) for one 662-keV gamma ray
emitted by a Cs-137 radioactive
source. The control data have
been shifted down for clarity.
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circuit.
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line) measured in association
with a triggered lightning leader/
0.5
return stroke sequence. The control data have been shifted down
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line shows the time of the return
stroke determined by the current
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measured at the launch tower.
The black dashed line is the deControl PMT
tector response function, corresponding to an energetic particle
–0.5
depositing 3 MeV in the NaI( Tl)
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time produced by a single enerTime (microseconds)
getic particle (black dashed line),
indicating that this event is produced by more than one high-energy photon or electron, with
energetic particles arriving between 0 and 16 s before the return stroke.
Signal amplitude (V)

ically noisy environment it generates (2). In this
report, we present observations of energetic
radiation produced in association with rockettriggered lightning. These results have important implications not only for lightning physics
but also for the fundamental process of the
runaway breakdown of air, in which electrons
are accelerated to relativistic energies by strong
electric fields (3).
Rocket-triggered lightning is a useful tool
for studying lightning processes, allowing both
the time and the location of lightning strikes to
be controlled. Lightning discharges to the
ground are complicated but can loosely be divided into two phases: the leader phase, in
which channels of ionization are created between the cloud and the ground, and the return
stroke phase, in which a large current flows,
starting at the ground and propagating upward,
draining the charge from the leader channel.
The leader phase is of particular interest for
runaway breakdown because large electric
fields can be generated in front of the downward-propagating leaders. There are two basic
types of leaders associated with cloud-toground lightning: the stepped leaders, which
take a halting, tortuous path from the cloud to
the ground, and the faster dart leaders, which
follow a more direct path. Most triggered lightning strokes produce only dart leaders and are
similar to the subsequent strokes in natural
lightning. Preliminary observations indicate
that stepped leaders may produce energetic radiation in natural lightning (4), but no such
measurements have been reported for dart leaders or for triggered lightning.
The characteristic signals from the instrument used for the energetic radiation measurements (5) are illustrated in Fig. 1, which shows
the preamplifier output signals from the active
NaI(Tl)/photomultiplier tube (PMT) detector
and the control PMT detector (without scintillator), produced by a single 662-keV gamma
ray from a radioactive source. The detector
response function, determined by the preamplifier circuit, is plotted as a black dashed line in
Fig. 1 and allows signals from energetic particles to be distinguished from spurious signals.
On 20 July, 25 July, and 13 September
2002, a total of seven rocket-triggered lightning flashes were produced during thunderstorm conditions at the International Center
for Lightning Research and Testing at Camp
Blanding, Florida (5). These flashes contained a total of 37 leader/return stroke sequences that terminated at the rocket launcher. Intense bursts of energetic radiation were
observed just before 84% of these return
strokes. The observations are consistent with
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much larger than that shown in Fig. 2 and, in
fact, is clipped at 1 V, at the maximum value of
the analog-to-digital converter (ADC) in the
data acquisition card. Nevertheless, the trailing
edge of the signal can still be fit to the detector
response function (black dashed line in Fig. 3)

and is again completely consistent with energetic radiation, this time with a total deposited
energy of ⬎⬎10 MeV.
Although the active detector produced a
very large signal for this event, the control
detector produced only a very small response.
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Fig. 3. (A) Output signals
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line) and control PMT
(blue line) measured in
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turn stroke sequence. This
event is clipped at 1 V
–1.0
because of saturation of
10
B
the ADC. The black
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dashed line shows the de0
tector response for an im–5
pulse of ⬃80 MeV of to–10
tal deposited energy in
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dotted line). The energet4
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ic particle signal begins
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160 s before the return
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–2
pattern that occurred
–4
during the rise phase indi–6
cates that several distinct
–8
energetic particle events
–10
occurred before the re–750
–500
–250
0
250
500
750
turn stroke. (B) Current
Time (microseconds)
associated with the lightning return stroke measured at the launch tower. The current provides the external trigger (threshold ⫽ –7.1 kA) for the
data acquisition electronics. (C) Vertical electric ﬁeld measured 260 m from the launch tower. The
electric ﬁeld before zero time is a result of a downward-propagating negatively charged dart leader.
The ﬁeld after zero is the result of an upward-propagating return stroke discharging the leader
channel.
Fig. 4. Still photograph of the second
triggered lightning ﬂash on 20 July
2002. The exposure was for 6 s and
contains all strokes for this ﬂash (the
narrow and twisting channels). The wider central column is from the burning of
the copper wire that trailed from the
rocket; that burning was due to the
initial stage current that precedes the
leader and return stroke sequences. The
structure at the bottom of the picture is
the top of the launch tower. The return
strokes terminate on a rod attached to
the launch tubes.
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The signal from the control has a pulse shape
consistent with the detector response function
(i.e., a 45-s decay) but with the very small
amplitude of ⬃0.02 V. The gain on the control detector’s fiber optic receiver is actually
4.2 times larger than for the active detector,
making the contrast between the sizes of the
signals from the two detectors even larger.
The small signal from the control detector
may have been produced by energetic radiation directly striking the PMT photocathode.
Similar small signals have been observed
from the control PMT using a Co-60 gammaray source. The return stroke occurred at time
zero in the figure and can be seen in the lower
two panels of Fig. 3, which plot the electric
current measured at the launch tower and the
change in the vertical electric field, measured
by a 0.16-m2 flat-plate antenna 260 m away.
The energetic radiation precedes the return
stroke by 160 s (Fig. 3), a time period
corresponding to the dart leader phase of the
lightning. A photograph of the triggered
lightning flash that produced the data in Fig.
3 is shown in Fig. 4.
Because of their high intensity and short
duration, the events reported here cannot be
explained by variations in the naturally occurring background rate, such as from radioactive washout (6) or variations in the cosmic
ray rate from meteorological effects (7).
Based on background measurements made by
the instrument, the odds that the event seen in
Fig. 3 is an accidental coincidence with a
naturally occurring background event, such
as an atmospheric cosmic ray, are calculated
to be much less than 1 in 3750.
The large saturating signal with a complicated rise before the return stroke,
shown in Fig. 3, is typical of the 21 energetic radiation events observed on 20 and
25 July 2002. Of these events, only two had
peaks below 1 V. On the other hand, for the
10 events observed on 13 September 2002,
the majority were similar to the event
shown in Fig. 2, with peaks below 1 V. The
smaller signal sizes seen on 13 September
may be explained by the distance between
the instrument and the launcher; in September, the instrument was twice as far from
the launcher as it was in July.
All the energetic radiation events, regardless
of size, have signals with exponential decays
that are completely consistent with the detector
response. Furthermore, unlike gamma rays from
radioactive sources and unlike cosmic ray
events, all the energetic radiation events observed in association with lightning have complicated rising portions, indicating that multiple
energetic particles (x-rays, gamma rays, or energetic electrons) are producing the signals. The
attenuation of x-rays in the 0.32-cm aluminum
window on the top of the instrument increases
rapidly below about 30 keV, with 30-keV x-rays
attenuated to 0.42 times their original number
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Sex chromosomes are primary determinants of sexual dimorphism in many organisms. These chromosomes are thought to arise via the divergence of an ancestral
autosome pair and are almost certainly inﬂuenced by differing selection in males
and females. Exploring how sex chromosomes differ from autosomes is highly
amenable to genomic analysis. We examined global gene expression in Drosophila
melanogaster and report a dramatic underrepresentation of X-chromosome genes
showing high relative expression in males. Using comparative genomics, we ﬁnd
that these same X-chromosome genes are exceptionally poorly conserved in the
mosquito Anopheles gambiae. These data indicate that the X chromosome is
a disfavored location for genes selectively expressed in males.
The Drosophila melanogaster X chromosome
is present in one dose in males and two in
females. There are at least three aspects of this
fact that might influence X-chromosome development over large time scales. First, the dose
difference has led to a dosage-compensation
mechanism based on elevated transcription of
X-chromosome genes in males (1). However,
some X-chromosome genes may be expressed
at lower levels in males than females because of
dose, especially in germ cells where dosage
compensation has not been documented (2).
This might be a disadvantageous condition for
genes encoding abundant male-specific proteins. Second, as males are hemizygous, mutations in X-chromosome genes are immediately
available for selection even if those mutations
would be recessive in diploids (3, 4). This
would promote accumulation of genes with
functions favorable to males on the X chromosome. Third, two-thirds of the X chromosomes
in a population reside in females. Positive selection in females would lead to X feminization, whereas selection against male-advantage
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genes deleterious to females would lead to demasculinization of the X chromosome.
Genes showing sex-biased gene expression
profiles are also likely to have sex-biased functions. To investigate how genes with sex-differential expression profiles are distributed among
the chromosomes in Drosophila, we have used
an Incyte microarray to assay the expression of
14,142 predicted transcripts in competitive hybridizations [available from the Gene Expression Omnibus (5) under accessions GPL20, and
GSM2456-GSM2469]. Sex-bias is conservatively defined as greater than twofold and is
justified by the observation that ⬎99% of array
elements are within twofold in control hybridizations (Fig. 1A). Recent work has shown that
sex-biased gene expression is significant in Drosophila (6–8). This first report of sex-biased
expression of the full (predicted) genome also
strongly indicates that there is significant sexbiased expression—especially in gonads (Fig.
1, B to D).
To investigate how genes with sex-biased
expression are distributed in the genome, we
parsed the data according to chromosome location (Fig. 2). The X chromosome showed a
significant departure from a random distribution
of genes with male-biased expression. For example, in gonad (Fig. 2A), only 10% of the
transcripts were male-biased (at a twofold cutoff ), whereas 14 to 17% of the autosomal transcripts showed male-biased differential expression. This highly significant underrepresentation
of X-chromosome genes with male-biased expression held at 4- and 10-fold cutoffs as well
(Fig. 2A). Similarly, with no cutoff, 45% of
X-chromosome genes were expressed preferentially in testis. Corresponding frequencies for
the autosome arms were 57, 57, 58, and 56%.
We also examined the expression profiles of
whole male flies and male flies with gonads
removed (Fig. 2, D and G). Although the number of genes showing male-biased expression is
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and 10-keV x-rays attenuated to 3.6 ⫻ 10
times their original number, making it unlikely that
the instrument is measuring x-rays below 10 keV.
Our results are similar to those of Moore
et al. (4), who observed energetic radiation
from natural lightning in association with the
stepped leader phase. The radiation seen by
Moore et al. occurred for several milliseconds before the return stroke, whereas we
observed energetic radiation up to 160 s
before the return stroke. Because stepped
leaders are usually not produced during the
traditional form of rocket-triggered lightning
used for our study, the difference in the time
scales between the two observations may reflect the fact that the average speed of dart
leaders is about one to two orders of magnitude faster than that of stepped leaders.
When taken together with observations of
x-ray bursts in thunderstorms (8–12) and terrestrial gamma-ray bursts (13–15), these new observations indicate that runaway electrons are
commonly produced in atmospheric discharges.
Furthermore, because triggered lightning can
make copious amounts of energetic radiation,
such experiments make the detailed study of
this phenomenon practical.
⫺8
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