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Spectral analysis of the sub-tropical percentage data (Fig. 4)
indicates coherence with the 23±19-kyr oscillations (precession)
just below the 80% con®dence interval. The effects of the seasonality
and precipitation produced by the increased amplitude of the
seasonal cycle of solar radiation appear to have had a signi®cant
in¯uence on the distribution and composition of the sub-tropical
vegetation in the Hungarian late Pliocene.
The pollen spectrum of both taxonomic groups (that is, boreal
and sub-tropical) is, however, dominated by a strong low-frequency
component of ,124 kyr. Even though there are only at most three
cycles to be resolved in this data set, such variance is clearly visible in
the record (Fig. 3). This is of particular signi®cance, as the 124-kyr
peak is non-existent in the calculated insolation forcing (Fig. 4)15.
There is some evidence from oceanic records of signi®cant
environmental change at the 95±124-kyr interval. Dust data in
deep sea cores exhibit a strong response at this period in the time
interval considered here20. Changes in atmospheric dust content are
thought to re¯ect directly changes in continental aridity and
terrestrial vegetation cover21, but until now there has been little
direct pollen evidence to support this suggestion. The 124-kyr
variance observed in our pollen record strongly supports the link
between the dust content observed in marine cores and terrestrial
vegetation change.
The results from Pula thus indicate that in addition to forcing at
the orbital frequencies of precession and obliquity, internally driven
nonlinear responses of the climate system at a period of ,124 kyr
were as important (if not more important) in driving terrestrial
vegetation dynamics and were presumably associated with this
broad-scale environmental change. This terrestrial sequence provides the basis for beginning to understand the physical relationships between vegetation, ice volume and insolation forcing during
a critical period in the Earth's climate system.
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Assessments of the regional impacts of human-induced climate
change on a wide range of social and environmental systems are
fundamental for determining the appropriate policy responses to
climate change1±3. Yet regional-scale impact assessments are
fraught with dif®culties, such as the uncertainties of regional
climate-change prediction4, the speci®cation of appropriate environmental-response models5, and the interpretation of impact
results in the context of future socio-economic and technological
change6. The effects of such confounding factors on estimates of
climate-change impacts have only been poorly explored3±7. Here
we use results from recent global climate simulations8 and two
environmental response models9,10 to consider systematically the
effects of natural climate variability (30-year timescales) and
future climate-change uncertainties on river runoff and agricultural potential in Europe. We ®nd that, for some regions, the
impacts of human-induced climate change by 2050 will be
undetectable relative to those due to natural multi-decadal climate
variability. If misleading assessments ofÐand inappropriate
adaptation strategies toÐclimate-change impacts are to be avoided,
future studies should consider the impacts of natural multidecadal climate variability alongside those of human-induced
climate change.
Most climate-change impact studies follow a conventional
methodology11,12 of simulating an environmental indicatorÐfor
example, runoff, crop yield, natural biomeÐ®rst, under current
climate, and then under a scenario of climate change. These
Table 1 Global and European climate changes for HadCM2 simulations.
*pCO2
(p.p.m.v.)

²DTANNglobal (8C)

²DTANNeurope
(8C)

²DPDJFeurope
(%)

²DPJJAeurope
(%)

³Control

334

60.30

60.24

61.90

63.64

§GGa-1
GGa-2
GGa-3
GGa-4
GGa-mean

515
515
515
515
515

1.97
1.88
1.93
1.86
1.91

2.57
2.50
2.05
2.09
2.30

8.48
5.53
9.37
4.27
6.89

-0.33
-2.25
-4.09
-3.33
-2.51

§GGd-1
GGd-2
GGd-3
GGd-4
GGd-mean

435
435
435
435
435

1.42
1.31
1.34
1.44
1.38

1.70
1.83
1.48
1.89
1.72

6.85
2.40
7.79
5.00
5.49

-2.18
-0.11
-1.61
-0.27
-1.04

.............................................................................................................................................................................

.............................................................................................................................................................................
* Actual CO2 concentrations for GGa and GGd are estimated using the mix of greenhouse
gases in, respectively, the IS92a and IS92d emissions scenarios30, together with the total
CO2-equivalent forcing used in the HadCM2 experiments.
² ANN, annual; DJF, boreal winter; JJA, boreal summer. Climate changes over Europe are
calculated for land only.
³ Control climate numbers are 2j model estimates of natural variability on 30-year timescales.
§ GGa and GGd are, respectively, greenhouse-gas-only forcing scenarios equivalent to a 1%
and 0.5% yr-1 increase in CO2 concentration from 1990 to 21008. Simulations 1 to 4 represent
individual simulations in each ensemble, each with the same forcing but with different initial
model conditions17. GGa and GGd numbers are model-simulated climate changes extracted
for the period 2035±64. All changes are expressed with respect to the 1961±90 mean climate.
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scenarios typically represent some future period, for example the
year 2050, or some future atmospheric condition, for example twice
the pre-industrial level of atmospheric CO2. If the simulation model
incorporates non-climate parameters (for example, fertilizer application) then these may also be perturbed to re¯ect a different future
physical or technological environment. The difference between the
two simulations is then an estimate of the impact of humaninduced climate change, that is, the `impact signal'.
Much of the work reported by the Intergovernmental Panel on
Climate Change3,7 has followed this approach, and many estimates
of climate-change damage functions used in economic analyses rely
on these types of results13±16. This methodology is extended here by
exploring the effects on impact indicators of uncertainty in the
baseline climate (that is, natural climate variability inducing
`impact noise') and uncertainty in the climate-change signal. The
former is achieved by using multi-century simulations of unforced
climate and the latter through the use of ensemble scenario
simulations. A climate-change ensemble consists of a number of
simulations made with the same climate model and identical
external forcing, but with each simulation starting from slightly
different initial conditions. Ensemble simulations therefore provide
a representation of the `unpredictability' of the climate system. This
approach allows us to interpret simulated climate-change impacts
in a probabilistic framework based on signal-to-noise ratios. Two
impact indicators for EuropeÐrunoff and water-limited wheat
yieldÐare used to illustrate the method. We focus on changes in
the mean, although our approach can also be applied to extreme
events and we provide an example of this.
We use results from a recent set of climate-change experiments
performed by the UK Hadley Centre with their coupled ocean±
atmosphere model (HadCM28,17). These experiments include a long
multi-century control simulation and four ensemble simulations,
each ensemble being forced with a different anthropogenic forcing
scenario. Seven independent 30-year climates were extracted from
the ®rst 240 years of the control simulation, along with 30-year
climates for the periods 1961±90 and 2035±64 from two of the four
ensembles: GGa and GGd. GGa represents a widely used forcing
scenario of 1% yr-1 growth in CO2-equivalent concentrations for
the next century, while GGd represents a low forcing scenario of
Ratio of impact of ensemble-mean
climate change to maximum absolute
impact due to natural variability

0 to 0.25
0.25 to 0.5
0.5 to 0.75

0.75 to 1
1 to 1.25
1.25 to 1.5

1.5 to 1.75
1.75 to 2
more than 2

0.5% yr-1 growth17 (see details in Table 1). These extracted model
climatesÐboth control and scenarioÐare converted into mean
climate anomalies from the 1961±90 period of the respective model
simulations, which are then added to the observed 1961±90 climate.
Inter-annual and inter-daily climate variability is assumed to be
unchanged in all cases, our concern in this study being to examine
the relative impacts of multi-decadal (30-year timescale) climate
variability. We treat the climates resulting from the control simulation as describing multi-decadal `natural climate variability'
(although model-simulated rather than observed) and those from
the scenario simulations as describing `climate change' by the year
2050. Other climate models would yield different results to those
shown here, and a full range of forcing scenarios would be necessary
for a comprehensive analysis of impact uncertainty; we illustrate
one important aspect of uncertainty, however, using the selected
data. The observed baseline climate data are monthly mean values
for the 1961±90 period gridded at a 0.58 latitude/longitude
resolution18. The model anomalies at a resolution of 2.58 latitude
by 3.758 longitude were interpolated to the observed resolution
using a gaussian space-®ltering routine. More sophisticated `downscaling' methods exist19, but were not applied here.
Runoff was simulated at a spatial scale of 0.58 latitude/longitude,
using a daily water balance model applied separately in each cell
with soil and vegetation parameters derived from spatial databases9.
The model does not simulate the direct effect of elevated CO2
concentrations in reducing potential evapotranspiration, as this is
assumed to be offset at the catchment scale by increased plant
growth. The monthly input data are `downscaled' to the daily scale,
using a stochastic model that generates randomly distributed daily
rainfall amounts constrained by the monthly total. The model
simulates well the broad pattern of runoff across Europe, and has
been used to assess the implications of climate change9.
There are three ®ndings from the application of the hydrological
model with the different climate data sets. First, the spatial patterns
of runoff change resulting from climate change are different to those
associated with natural climate variability. The climate change
scenarios result in a strong north±south gradient of change9,
while the runoff anomalies due to climate variability are less
geographically structured. Second, the patterns of runoff change
Significance of difference between
impact of climate change and
impact of natural variability

Significant at 1%
Significant at 5%

Figure 1 Relative impact of climate change on runoff. Change in mean annual

cent change in annual runoff caused by natural climate variability. Ensemble-

runoff on a grid of 0.58 resolution across Europe due to climate change by 2050

mean runoff change is the average of the four runoff changes induced by the four

under the GGa forcing scenario, expressed relative to the change in runoff due to

ensemble climate changes. Right panel, signi®cance of the difference in mean

natural climate variability. Left panel, absolute ensemble-mean per cent change in

annual runoff induced by 2050 climate change (n=4) and by natural climate

mean annual runoff by 2050 expressed as a ratio of the absolute maximum per

variability (n=7); two-tailed t-test.
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are less consistent between the different natural climates (an average
impact pattern correlation amongst the seven experiments of 0.21)
than between the climate-change scenarios (average impact pattern
correlations of 0.78 and 0.56 for GGa and GGd, respectively, with
the lower correlations under GGd re¯ecting the weaker climate
forcing of these simulations). Third, and most important at the
catchment and water management scale, the impacts of multidecadal climate variability may be greater than the impacts of
climate change (Fig. 1). For this climate model and for these
experiments, the impacts of climate change on mean runoff by
2050 are signi®cantly greater than natural climate variability in
northern and southern Europe, but are no different to those of
natural climate variability across large parts of western and central
Europe. Similar results were found using the value of the monthly
runoff that was exceeded 90% of the time; this is a measure of low
¯ow, calculated from the 30 individual years of simulated monthly
runoff. This is because although the percentage impact of climate
change on this extreme is greater than on the mean, the impact of
multi-decadal natural climate variability on this measure is also
greater. Different results may be obtained with other de®nitions of

Figure 2 Relative changes in mean wheat yield at a national scale. Change in
mean water-limited wheat yield (t ha-1 change from 1961±90 yield) for ten
European countries due to natural climate variability (left bar; n=7) and due to
climate and CO2 change by 2050 under the GGd (middle bar; n=4) and GGa forcing
scenarios (right bar; n=4). Top panel, atmospheric CO2 concentration is held
constant at 334 parts per million by volume (p.p.m.v.). Bottom panel, atmospheric
CO2 concentration increases to 435 p.p.m.v. for the GGd scenario and to 515
p.p.m.v. for the GGa scenario. Horizontal lines show maximum and minimum
estimates in each case. Ensemble-median estimates are marked with an open
square (GGd) or circle (GGa) where climate change causes a non-signi®cant
change in yield and with a ®lled square or circle where the change is signi®cant at
the 95% level from two-tailed t-test. Ensemble-median impacts are the median of
the four impacts induced by the four ensemble-member climate changes.
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extreme behaviour; where an increase in mean precipitation is
associated with a greater relative increase in precipitation intensity,
for example, the ¯ood signal might expect to be strengthened.
Winter wheat yield was simulated at this same spatial resolution
using the EuroWheat model10. EuroWheat is a simple mechanistic
crop model that simulates the response of wheat development and
yield to changes in climate (temperature, precipitation, solar
radiation, relative humidity and wind speed) and atmospheric
concentrations of carbon dioxide (through altered radiation use
and water-use ef®ciencies). The model operates at two interacting
time intervals: development and potential growth are determined
on a daily time-step whilst water limitations to growth are computed on a monthly basis. EuroWheat has been shown to emulate
the behaviour of widely used daily models (for example,
AFRCWHEAT20,21, CERES22,23) under current and future climates
at two sites in Europe10. It is also able to reproduce well the observed
spatial pattern of wheat yield and has been used to investigate
climate-change impacts on European wheat productivity10,24,25.
Wheat productivity in Europe is highly sensitive to multi-decadal
natural climate variability, with local (that is, 0.58 grid cell) changes
in 30-year mean water-limited yield of up to 63 t ha-1 (approximately 645% of mean 1961±90 yield). When wheat yields are
aggregated to the national scale, the absolute range of yield response
to climate variability decreases, but still varies from 0.5 t ha-1 (8% of
mean 1961±90 yield) in Italy to 1.3 t ha-1 (14.6%) in Romania
(Fig. 2, top panel). Climate change aloneÐwithout considering
effects on the plant of elevated CO2 concentrationsÐonly results in
signi®cant changes (in this case increases) in mean yield by 2050 for
both GGa and GGd scenarios in three northern European countries:
Finland, Germany and the Netherlands (Fig. 2, top panel). Elsewhere in Europe, climate-change impacts on mean wheat yield are
indistinguishable from those due to natural climate variability,
although Denmark, France and Italy experience signi®cant yield
increases under at least one of the two forcing scenarios. Including
the effects of elevated CO2 alters the signal-to-noise ratio for wheat
yield substantially (Fig. 2, bottom panel). Ensemble-median
national yields increase by between 1.2 (15%) and 2.9 t ha-1
(39%) for the GGa scenario and between 0.9 (9%) and 1.8 t ha-1
(29%) for the GGd scenario. All these increases are statistically
signi®cant. This high sensitivity of wheat yield to CO2 concentration has been reported in many experimental and modelling
studies26±28, although whether such increases would be fully realised
in the ®eld and at large scales is less clear.
We believe that this is the ®rst use in climate-change impact analysis
of climate model results extracted both from long simulations of
unforced climate and from ensemble scenario simulations. Conventional impact analyses implicitly assume that each scenario represents
just the signal of climate change and that multi-decadal natural climate
variability can be ignored. Our analysis shows that these assumptions are not correct. First, there is considerable variability in
unforced 30-year climates and this natural climate variability can
induce non-trivial responses in impact indicators. This conclusion
is strengthened given the likelihood that the climate model simulations used here have underestimated natural climate variability29.
Second, climate-change scenarios derived from ensembles of climate
model simulations, even when averaged over 30 years, contain
differing magnitudes of both climate variability and climate
change and this induces substantial uncertainty in the impact signal.
The particular patterns and magnitudes of change in runoff and
wheat yield produced by our analysis may be speci®c to the climate
and impact models used and to our choice of impact indicator
(mean or extremes). Furthermore, the impact signal may be either
over- or under-estimated, given that we have not simultaneously
considered changes in variables such as land use, fertiliser application, pests, soil erosion or plant breeding. The way we interpret
these changes, however, has wider validity and the results have a
number of important general implications.
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First, in some sectors and for some regions human-induced
climate change may not have as great an impact on natural resources
as might multi-decadal natural climate variability. Comparing
present resources only with those simulated under future climate
change may exaggerate the importance of climate change by ignoring the impacts of natural variability on these time-scales: the
estimated impacts may occur even in the absence of human-induced
climate change. Second, the results suggest that in many areas it will
be very dif®cult to detect the impact of climate change, even on a
multi-decadal time scale; the different spatial patterns of climate
change and climate-variability impact, suggest that detection is best
undertaken by looking over a large geographic area. Third, adapting
our management systems to withstand multi-decadal natural
climate variability (adequately de®ned) may, in some sectors and
for some regions, be a suf®cient medium-term response to the
prospect of climate changeÐalthough elsewhere it may not. Last,
the results do not suggest that we can ignore the possibility that
climate change will affect our natural resource base; what they do
show is that some impacts of natural climate variability may be as great
as, or greater than, the estimated impacts of human-induced climate
change. This study shows that it is possible, and suggests that it is
important, to compare the impacts of climate change alongside
those of natural multi-decadal climate variability in order both to
assess the importance of climate change and to help in the
development of appropriate adaptation strategies.
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Komatiites are high-temperature, ¯uid, magnesium-rich lavas
typically of Archaean age. A striking characteristic feature of
such lavas is `spinifex' textureÐplate-like crystals of olivine
((Mg,Fe)2SiO4), millimetres to decimetres long, in a ®ne-grained
matrix of spherulitic clinopyroxene (Ca(Mg,Fe,Al)(Si,Al)2O6),
dendritic chromite ((Mg,Fe)(Cr,Al,Fe)2O4) and altered glass1±4.
Sheaves of olivine crystals can reach lengths exceeding one metre,
even in komatiite ¯ows less than 10 metres thick, in sharp contrast
to the millimetre-scale post-eruption growth of crystals in more
common volcanic rocks. Crystal growth of this magnitude might
be a consequence of the high content of the constituent elements
of olivine in komatiitic liquid, combined with the low viscosity
and high chemical diffusivity of the lavas. But ¯ows lacking
spinifex texture are not uncommon, and those with such texture
often contain substantial amounts of submillimetre olivine crystals of unremarkable appearance, so chemical considerations
alone do not appear to provide a suf®cient explanation. Here we
present evidence that spinifex texture develops as a result of large
thermal gradients, coupled with conductive and radiative heat
transfer within olivine crystals ®xed in the cool upper layers of the
lava ¯ows. This mode of growth has features in common with the
high-temperature techniques used to grow large synthetic single
crystals, but is rarely considered in geological contexts.
Many komatiites, including the exceptionally fresh and well
exposed ¯ows at Pyke hill in Munro township, northeastern
Ontario, erupted as subaqueous lava ¯ows1,4. The thermal effect of
seawater in®ltration into the fractured upper crust of the ¯ows has
not previously been considered in komatiite cooling models5,6.
Thermal contraction of the solidi®ed sheet-like lava ¯ows (below
,1,000 8C) caused extensive fracturing on a centimetre to decimetre scale (Fig. 1). The permeability of a rock body can be
estimated from the number and mean width of its fractures7; that
of the illustrated Pyke hill lava tube is ,10-11 m-2. This is close to the
calculated bulk permeability of young oceanic crust (,10-12 m-2)8;
by contrast, unfractured igneous rocks have typical in situ permeabilities of the order of 10-16 to 10-18 m-2. Thus we expect a
substantial heat ¯ux to have been transported by water circulation
through cracks. Semiquantitative measurements of hydrothermal
heat ¯uxes from basalt ¯ows include ,40 kWm-2 at Heimaey9,
100 kWm-2 (with transient ¯uxes approaching 1 MWm-2) at
Kilauea10, and ,1 MWm-2 at VatnajoÈkull11 (estimated from data
in that reference). Such heat transfer rates cannot be achieved by
conduction through more than a few centimetres of solid rock.
Because fracturing leads to further ingress of sea water, hydrothermal cooling/cracking fronts are probably self-propagating (at least
in thin ¯ows) and would migrate rapidly downwards. Observations9±11 and modelling12 of subaqueous basalt ¯ows have demonstrated that cooling fronts could move at rates as high as several
decimetres per hour, resulting in thermal gradients .104 K m-1 and
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