
metal. This is caused by strong interactions  
between the meta-atoms.

Choi et al.1 estimate that a much higher 
refractive index — of a few hundred — could 
be obtained by further shrinking the gaps and 
embedding the layers of metamaterial in a sub-
strate that has a higher refractive index than 
polyimide, for example strontium titanate. Such 
an index would be a remarkable amplification of 
the refractive indices of nature’s mater ials. How-
ever, this requires a precision of 10–50 nano-
metres for the manufacture of the metallic 

C L I M AT E  C H A N G E

Human influence  
on rainfall
Rising concentrations of anthropogenic greenhouse gases in the atmosphere 
may already be influencing the intensity of rainfall and increasing the risk of 
substantial damage from the associated flooding. See Letters p.378 & p.382

R I C H A R d  P.  A L L A N

The varying distribution of fresh water 
across the globe, involving complex  
patterns of rainfall in space and time, 

crucially affects the ecosystems and infra-
structure on which human societies depend. 
The recent severe floods in Australia, Sri Lanka 
and Brazil, which were partly associated with an 
episodic cooling in the equatorial Pacific Ocean 
(La Niña), highlight the effect of natural fluc-
tuations in atmospheric circulation systems on 
rainfall distributions. However, global warm-
ing resulting from anthropogenic emissions of 
greenhouse gases may have compounded the 
effects of such fluctuations, a possibility that is 
considered in two papers in this issue1,2.

Min et al. (page 378)1 provide evidence that 
human-induced increases in greenhouse-gas 
concentrations led to the intensification of 
heavy precipitation events over large swathes 
of land in the Northern Hemisphere during 
the latter half of the twentieth century. They 
combined a rigorous ‘detection and attribu-
tion’ framework with extreme-value theory 
(a statistical technique designed for analys-
ing rare events) to place daily rain-gauge data 
and climate-model simulations on a com-
mon scale. A tentative but intriguing finding 
by these authors is that climate models may 
underestimate the effects of anthropogenic 
global warming on rainfall intensification, a 
possibility that has implications for projections 
of future climate.

sized planar layers to create bulk-like meta-
materials. They formed each layer by printing 
arrays of thin I-shaped gold building blocks, 
or ‘meta-atoms’, onto a polymer (polyimide) 
substrate using the conventional lithographic 
technique used for printing electronic circuits. 
The resulting metamaterials, which are free-
standing and flexible (Fig. 1a), have a very high 
refractive index — more than 30 at the terahertz  
frequency regime.

The refractive index depends on the prod-
uct of a material’s electrical and magnetic 
responses to an electromagnetic field. The 
authors achieved a large electrical response 
by placing the I-shaped meta-atoms close to 
one another, leaving only a small gap. Upon 
irradiation with terahertz light, the small gap 
between the bars of two adjacent I meta-atoms 
produces an extremely strong electric dipole 
that significantly enhances the electrical 
response (Fig. 1b). However, at the same time, 
the incoming light has the detrimental effect 
of decreasing the material’s magnetic response 
by inducing electric-current loops that prevent 
the light’s magnetic field from penetrating the 
metallic structures. The authors came up with 
a creative approach to minimize this effect: 
they thinned the metallic structures such that 
the area subtended by the loop current was 
reduced, effectively minimizing the loss of 
the magnetic response. In this way, the overall 
refractive index, which arises primarily from 
huge electrical dipole moments, was kept at a 
high value.

To measure the refractive index, Choi et al.1 
used terahertz time-domain spectroscopy, in 
which terahertz pulses are sent through the 
sample and the time-dependent transmit-
ted pulses are recorded and transformed into 
frequency-dependent values. The detailed 
features of these transmitted pulses are then 
used to deduce the sample’s refractive index. 
The authors found that the metamater ial’s 
observed high index occurs over a broad band 
of frequencies with low energy loss in the 

Incident
light

Opposite
charges

I-shaped gold
structure

Metamaterial

a b

Figure 1 | Choi and colleagues’ high-refractive-index metamaterial1. a, Photograph of the centimetre-
sized, free-standing and flexible metamaterial. b, The internal structure of the metamaterial consists of a 
lattice of I-shaped gold unit cells, each 60 micrometres in size. When light of terahertz frequency is shone 
onto the material, the small gap between the bars of two adjacent I cells produces an extremely strong 
electric dipole of equal but opposite oscillating charges, which confers a high refractive index on the 
material. (Modified from ref. 1.)

structures into a large (centi metre-scale) area 
of metamaterial, which can be challenging.

A shortcoming of Choi and colleagues’ 
I-shaped metamaterials is the fact that they are 
sensitive to the polarization of incident light. 
Although the authors also designed isotropic 
two-dimensional metamaterials, which are 
insensitive to polarization, it will be a challenge 
to build truly isotropic three-dimensional 
meta materials with a refractive index that is 
both high and does not depend on polarization. 
But for now, the unusually high index of Choi 
and colleagues’ materials has demonstrated a  
hidden potential of metamaterials, which once 
again beats the limitations of naturally occur-
ring materials and will greatly extend our  
ability to manipulate light. ■
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Climate models typically do not have suf-
ficient resolution to satisfactorily represent 
processes at the level of cloud formation, and 
there is considerable variation in simulations of 
the relationship between rainfall extremes and 
warming in the tropics3,4. Pall et al. (page 382)2 
get around this issue by considering an event 
relating to a large-scale weather pattern that 
can be represented by high-resolution versions 
of such models. They link human influence on 
global-warming patterns with an increased risk 
of severe flooding that is associated with a dis-
placement in the North Atlantic jet stream (a 
fast, eastward-moving ribbon of air at around 
8–12 kilometres altitude). The consequence of 
jet-stream displacement was recurrent, unu-
sually prolonged periods of heavy rain over 
England and Wales in autumn (September–
November) 2000 (Fig. 1). 

The authors’ approach involved conducting 
multiple climate simulations of this event, with 
realistic control runs and further scenarios in 
which the anthropogenic warming patterns 
were artificially removed. Building up convinc-
ing statistics required thousands of model sim-
ulations, which were made possible through 
the use of idle time on personal computers 
volunteered by members of the public. 

Feeding the precipitation simulations into 
river-flow models allowed Pall et al. to gauge 
the influence of anthropogenic greenhouse-gas 
emissions on the risk of damaging floods occur-
ring in England and Wales during autumn 2000. 
They conclude that flooding risk was indeed 
“substantially increased” by these emissions, 
although the exact scale of the effect is difficult 
to estimate. However, their results vary with 
the range of anthropogenic warming patterns 
estimated separately from four coupled ocean–
atmosphere climate models. The  set of differ-
ent models used to simulate the relationships 
between temperature, precipitation and flood-
ing also requires further evaluation. Neverthe-
less, applying their technique to further severe 
flooding events may prove valuable for inform-
ing policies aimed at improving adaptation to 
climate change. 

More generally, in considering changes in 
the pattern and intensity of precipitation, the 
underlying physical and geographical context 
provides essential background. The root cause 
of the reported changes in rainfall with increas-
ing atmospheric temperature is centred on 
atmospheric water vapour5. The convergence 
of moisture-laden air masses leads to air uplift, 
cloud formation and eventual precipitation 
(rain, snow or hail). A warming atmosphere 
can carry greater quantities of gaseous water 
(approximately 6–7% more is carried per oC 
of warming near Earth’s surface, as determined 
by the Clausius–Clapeyron equation). It has 
long been thought that the intensity of the 
heaviest rainfall is modulated through this 
simple relationship, again increasing at around 
6–7%  per oC. However, water vapour also con-
trols precipitation by influencing the radiative 

cooling of the atmosphere (through the absorp-
tion and emission of infrared radiation). The 
temperature dependence of radiatively induced 
increases in total global precipitation (around 
2–3% per oC of warming5,6) is substantially 
lower than the 6–7% per oC increase in intense 
rainfall implied from changes in atmospheric 
moisture. 

Intense rainfall is inherently local, but is 
fuelled by a supply of atmospheric moisture 
from farther afield that may otherwise have con-
tributed to more moderate rainfall elsewhere. 
So rapid increases in precipitation intensity in 
one region imply a decrease in intensity, dura-
tion and/or frequency in other regions7. Many 
climate models show this projection through 
an increasing intensity of rainfall in wet regions 
(above the 2–3% per oC rate of increase in global 
precipitation due to radiative cooling), together 
with a tendency towards diminished rainfall in 
the already dry subtropics5,6. Because of the 
implications for future flooding and drought, 
it is vital to establish the physical basis for these 
changes5, and to verify theory with further 
observational evidence1,3,8. 

The detailed physical mechanisms deter-
mining changes in the distribution of extreme 
rainfall also require further investigation. Addi-
tional latent energy released within storms can 
invigorate vertical motion, increasing rainfall 
intensity to above 6–7% per oC (ref. 9). Alter-
natively, limitations on sources of moisture 
and counteracting dynamical feedbacks could 
explain increases in heavy-rain intensity of less 
than 6–7% per oC (ref. 8). One other possibility 
to explore is the role of atmospheric aerosols 
(especially those that absorb sunlight), which 
may influence global and regional precipitation 
by modulating the energy balance between the 
atmosphere and Earth’s surface10,11.

Predicting regional changes in the water 
cycle presents a considerable challenge, but that 
endeavour is essential in formulating strategies 
for adapting to and mitigating such changes. 
Subtle shifts in large-scale atmospheric circula-
tion may affect local rainfall to a much greater 
extent than the thermodynamic processes 
relating to atmospheric water vapour content. 
Understanding the regional responses of rain-
fall patterns to global warming is therefore 
crucial. In the meantime, as these two papers1,2 
demonstrate, robust physics, combined with 
carefully constructed observing systems and 
detailed modelling, indicate that the frequency 
of intense rainfall events is likely to increase 
with anthropogenic greenhouse-gas-induced 
warming. ■
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Figure 1 | The floods of autumn 2000. Geese take to the inundated streets of York, northern England.
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