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Consistent with low modelled reactive chlorine concentrations,
several workers report model underpredictions of ozone depletion
of between 25 and 40% (refs 16, 17), although these discrepancies
may be due partly to incorrectly modelled gas-phase reactions
rather than heterogeneous processing. Edouard et al.22 have sug-
gested that such underprediction by three-dimensional models may
be caused by averaging small-scale structure in species concentra-
tion over large grid boxes. This arises because of the nonlinear
dependence of key reaction rates on concentration. This offers a
possible explanation for underpredicted ozone loss in three-dimen-
sional models, but does not explain low modelled ClO and does not
refer to predictions of trajectory models13. Whether uncertainties in
the temperature fields used in models are responsible for model
underpredictions13,15, or whether the mountain-wave activation
mechanism suggested here is inappropriate can only be assessed
by undertaking a multi-year model simulation and comparison
with available data. However, it should be noted that mountain
waves can act as a continuous source of inhomogeneities in
reactive chlorine concentrations on a scale of a few kilometres,
which, according to the findings of Edouard et al.22, will make their
inclusion in three-dimensional models highly problematic.

Other sources of gravity waves should also be examined for their
potential role in chlorine activation; Wu and Waters23,24 have shown
from satellite data that there is evidence for middle-atmosphere
gravity waves that correlate not only with surface topography but
also with upper-tropospheric convection and stratospheric polar
vortices. Gravity waves occurring at the vortex edge should also be
examined for their potential contribution to the general decrease in
ozone which has been observed at middle latitudes over the past
decade1. M
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Tree-ring chronologies that represent annual changes in the density
of wood formed during the late summer can provide a proxy for local
summertime air temperature1. Here we undertake an examination
of large-regional-scale wood-density/air-temperature relationships
using measurements from hundreds of sites at high latitudes in
the Northern Hemisphere. When averaged over large areas of
northern America and Eurasia, tree-ring density series display a
strong coherence with summer temperature measurements aver-
aged over the same areas, demonstrating the ability of this proxy
to portray mean temperature changes over sub-continents and
even the whole Northern Hemisphere. During the second half of
the twentieth century, the decadal-scale trends in wood density
and summer temperatures have increasingly diverged as wood
density has progressively fallen. The cause of this increasing
insensitivity of wood density to temperature changes is not
known, but if it is not taken into account in dendroclimatic
reconstructions, past temperatures could be overestimated. More-
over, the recent reduction in the response of trees to air-tempera-
ture changes would mean that estimates of future atmospheric
CO2 concentrations, based on carbon-cycle models that are uni-
formly sensitive to high-latitude warming, could be too low.

We have based this analysis on tree-growth data derived from
trees sampled at more than 300 locations spread across the Northern
Hemisphere (Fig. 1). These generally cool and moist sites were all
chosen at relatively high latitudes or high elevations for the
potential sensitivity of year-by-year tree growth to local temperature
variability2. Though many of the sites are not strictly at tree-line,
these data are a good proxy for the growth of the northern part of
the boreal forest, rather than the large areas of closed-canopy, more
drought-sensitive southern coniferous forests. Ring widths and the
densities of the parts of the rings formed in late summer (maxi-
mum-latewood ring densities) were measured using multiple tree
cores from each site1. The measurement series were then individu-
ally detrended to remove inherent age-related bias, by taking
residuals from a simple function fit to the raw data and the resulting
dimensionless indices averaged to form separate ring-width and
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density chronologies for each site3. The detrending process results in
a loss of multi-century variance, the extent of which is dependent on
tree age and the flexibility of the fitted function4,5. These chron-
ologies represent tree growth variability on timescales of years to
centuries.

The fidelity of the local temperature sensitivity of these data has
been clearly demonstrated by comparison with instrumental
records and by the use of similar chronologies, or groups of
chronologies, to reconstruct either regional-mean or detailed spatial
patterns of past temperature variability at various locations, such as
in northern Fennoscandia, western and northern North America
and northern Russia2,6–9, frequently using principal component
regression techniques10. Here we have simply combined the dimen-

sionless chronologies into large regional mean series, as defined in
Fig. 1 legend, and rescaled the regional means and variances to
match over a common base (1881–1940). Our purpose is to identify
very large (sub-continental scale) growth signals, necessarily
obscuring any individual and localized site factors.

Table 1a shows the strength of the associations between these
regional chronologies and summer mean temperatures11 (April–
September for density and June–August for the ring-width com-
parisons) averaged over similar areas (Fig. 1). The correlations focus
separately on short (interannual) and longer-timescale (decadal and
above) common variability in that they are calculated using high-
pass (,10-year) and low-pass (.10-year) filtered data respectively.

On the interannual timescale, averaged across all regions, about

Table 1 Correlations between tree-ring and temperature series

Maximum-latewood density* Ring widths†

Interannual‡ Decadal§ Interannual Decadal

1881–1960 1881–1981 1881–1960 1881–1981 1881–1960 1881–1981 1881–1960 1881–1981
...................................................................................................................................................................................................................................................................................................................................................................
a Regional-mean tree-growth series versus temperature
...................................................................................................................................................................................................................................................................................................................................................................
NWNAk 71 66 58 46 35 33 12 15
SWNA 72 75 72 63 27 22 −4 4
ENA 72 73 82 70 33 31 26 15
NEUR 89 87 92 81 73 64 56 45
SEUR 59 62 82 79 44 39 −6 7
WSIB 82 83 75 58 41 42 45 28
CSIB 56 51 83 67 42 34 54 44
ESIB 52 56 78 52 27 37 21 37
...................................................................................................................................................................................................................................................................................................................................................................
NORTH 73 71 90 60 32 28 78 34
SOUTH 64 67 73 65 37 41 12 13
...................................................................................................................................................................................................................................................................................................................................................................
ALL 68 70 89 64 47 47 74 43
...................................................................................................................................................................................................................................................................................................................................................................
b Tree-growth series versus Northern Hemisphere mean temperatures
...................................................................................................................................................................................................................................................................................................................................................................
NORTH 45 44 74 41 16 11 79 42
SOUTH 2 10 61 40 8 14 25 28
...................................................................................................................................................................................................................................................................................................................................................................
ALL 33 36 81 46 19 17 75 51
...................................................................................................................................................................................................................................................................................................................................................................
All correlations in this table have been multiplied by 100.
* Correlated against April–September mean instrumental averages.
† Correlated against June–August instrumental data.
‡ Interannual correlations involve timeseries of residuals from decadally smoothed curves.
§ Decadal correlations are calculated using decadally smoothed series.
kRegional acronyms defined in Fig.1 legend.

Figure1Spatial patterns of relative tree-growth decline.a, The location (circles) of

tree-ring chronologies and the division (black lines) into regional averages. b, The

locations (black lines) of the grid-box temperatures used for comparison with the

tree growth series. The coloured contours show where the ring density (a) and

ring width (b) are enhanced (positive) or suppressed (negative) relative to

summer temperature during the period 1975–85 compared to the period 1935–45.

Values are dimensionless, being the change in the difference of two normalized

time series in each grid box. Definition of regions and number of sites:

southwestern (SWNA, 53 sites), northwestern (NWNA, 30) and eastern (ENA,

34) North America; northern (NEUR, 46) and southern (SEUR, 72) Europe; western

(WSIB, 42), central (CSIB, 31) and eastern (ESIB, 6) Siberia; all 125 sites in SWNA

and SEUR form the composite region SOUTH, and all 189 sites in the six northern

regions form the NORTH region; ALL is an average of all 314 sites.
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50% of the variance (r2) of each temperature series is common to the
density series, with the individual regional variances ranging from
80% (NEUR) to ,30% (CSIB and ESIB). Consistently similar
correlations are achieved, either calculated over the shorter
(1881–1960) or extended (to 1981) periods, or when larger regional
density chronologies made up of the NORTH (incorporating the
NWNA, ENA, NEUR, WSI, CSIB and ESIB) and SOUTH (SWNA
and SEUR) data are compared with the equivalent regionally-
averaged temperatures.

The regional correlations for the decadally smoothed densities
and temperatures are, in general, higher than the interannual values,
with per cent common variances ranging from 34 (NWNA) to 85
(NEUR) and averaging ,60%: but only for the period 1881–1960.
When the decadal correlations are calculated over the longer 1881–
1981 period, consistent falls in the common variances are apparent
in all areas. The falls are relatively small in the southern regions
(from 67% to 62% in SEUR; and from 52% to 40% in SWNA) but
much greater in the northern areas with a maximum fall in
ESIB of .30% (from 61% to 27%). The average degradation in
decadal-timescale common variance is nearly 20% across all eight
regions. This low-frequency loss in temperature sensitivity is even
more apparent when the correlations for the larger regions are
compared over the two periods: over 30% loss of common variance
overall, with the simple correlations falling from 0.90 to 0.60 in the
NORTH and from 0.73 to 0.65 in the SOUTH, and 0.89 to 0.64 in
ALL (the average series for all 314 sites).

For the period before 1960, these smoothed NORTH and
SOUTH density averages also have 55% and 37% variance in
common, respectively, with the full ‘Northern Hemisphere’ (land
and marine) mean temperature record11 (NHT), while density series
ALL has 66% variance in common with the NHT (Table 1b). (The

latter can be compared with a value of 87% for the comparison
between the actual temperature data for the ‘ALL’ region and the
NHTseries). Recalculating these density and NHT correlations over
a period extended by only 21 years results in common variances
falling by 17% and 16% for the NORTH and SOUTH series, and
21% for the ALL.

In general, the ring-width/temperature correlations are lower
than those for the densities. This is particularly evident on an
interannual timescale because ring widths are more strongly auto-
correlated and may integrate temperature forcing over a wider,
seasonal (perhaps annual) window and over more than a single
year9,12,13. However, the recent relative loss of decadal temperature
sensitivity is also apparent in the ring-width data and is more
noticeable in the larger spatial aggregate series where the tempera-
ture associations are stronger, especially, as with density, in the
northern regions.

Figure 2 illustrates the temporal changes in the association
between the smoothed tree growth and appropriate temperature
series for the eight individual regions and for the NORTH, SOUTH
and ALL aggregate series. Instrumental summer temperatures show
slight increases in all areas. Most of this warming occurred in the
first half of this century so that mean temperature levels in recent
decades and the warmth of the late 1980s only match, or barely
exceed, the levels of earlier warm periods. A negative bias in the
comparable tree-growth records during the second half of this
century is apparent in all regions. In all but the two southern
regions, the temperature and tree growth curves increasingly
diverge. In the areas where the growth data extend through to the
warm late 1980s and early 1990s (NEUR, WSIB, CSIB, ESIB), the
divergence is at a maximum in the most recent years.

Averaged around the Northern Hemisphere, early tree growth

Figure 2 Regional tree growth and

temperatures over the past 120 years.

Decadally smoothed tree growth (thin

lines), maximum-latewood density or

ring width, plotted against mean

summer temperatures (thick lines),

April–September for density and June–

August for ring width, for each of the

regions described in Fig. 1. The differ-

ence series (growth minus temperature),

shaded to emphasize negative values,

are shown to the right of each pair of

curves. All data series have been scaled

to have zero mean and unit variance over

the period 1881–1940 (except the short

ESIB temperature series which uses

1932–75).
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(ALL) can be seen to follow closely the decadal trends in recorded
summer temperatures, tracking the rise to the relatively high levels
of the 1930s and 1940s and the subsequent fall in the 1950s.
However, although temperatures rose again after the mid-1960s
and reached unprecedentedly high recorded levels by the late 1980s,
hemispheric tree growth fell consistently after 1940, and in the late
1970s and 1980s reached levels as low as those attained in the cool
1880s. Over the hemisphere, the divergence between tree growth
and mean summer temperatures began perhaps as early as the
1930s; became clearly recognisable, particularly in the north, after
1960; and has continued to increase up until the end of the common
record at around 1990. The reason for this increasingly apparent
and widespread phenomenon is not known but any one, or a
combination, of several factors might be involved.

The positive linear thermal response of the trees may break down
above some absolute threshold, perhaps with lower soil moisture
exerting increasing stress at a number of sites13. However, the fidelity
of the long-term growth response to the relatively high tempera-
tures in the middle part of the century would imply the need for a
concomitant lowering of soil moisture levels over very widespread
areas during recent decades. There is little evidence that this has
occurred in the regions represented by these trees14,15. Also the
maintenance of high positive interannual temperature correlations
during recent decades, argues against a simple soil-moisture-related
explanation of the reducing tree growth. However, more subtle
changes in precipitation or temperature seasonality, such as the
documented move to warmer springs, and associated earlier snow
melt16 mean that it would be unwise to dismiss summer drought
sensitivity too readily. Other factors such as increasing competition
with other plants and increasing insect herbivory could play a
role17,18, but the apparent widespread synchroneity of the phenom-
enon suggests a hemispheric-scale influence. Higher UV-B levels19–21

or decreased solar radiation receipts (increased optical depth)22–24

may be involved, but attempting to isolate such effects will be
problematic in the presence of increasing atmospheric CO2

concentrations and increasing amounts of acidic deposition and
tropospheric ozone, all of which, along with climate variability, are
likely to influence tree growth25,26.

Whatever the cause, this change in tree-growth response has
important implications for studies of past and future climate
change. The common use of least-squares regression for developing
dendroclimatic transfer function equations to estimate past cli-
mates, imposes an equality of means in both the predictand and
predictor time series over the fitting or ‘calibration’ period10. Any
bias in mean tree growth will, therefore, be ‘corrected’ during
calibration, with the consequence that the derived regression
coefficients will be biased. Our results imply that this might
increasingly result in systematic overestimation of past tempera-
tures, particularly in regions where the loss of low-frequency tem-
perature sensitivity in tree growth is greatest (eastern Siberia and
eastern North America: see Fig. 1), where tree-ring ‘standardization’
is designed to preserve maximum long-timescale chronology
variability4, and where transfer functions are calibrated over the
most recent decades.

The potential importance of these results for modelling future
temperatures derives from their relevance to carbon-cycle-model
experiments that seek to explain the history of measured atmo-
spheric CO2 concentrations and provide realistic projections27,28.
Along with spatio-temporal analyses of past CO2 measurements,
these experiments show the existence of an important missing CO2

sink, a large part of which is believed to be the northern terrestrial
biosphere, including the boreal forest29. Accurate parametrization of
the magnitude of this sink is necessary in order to reduce the
uncertainties in the CO2 mass balance and hence in projections of
future CO2 concentrations and climate27. Although we emphasize
that our results apply generally only to the high-latitude temperature-
sensitive forest regions of the Northern Hemisphere, the degrada-

tion in thermal response of this significant area of the world’s
biosphere suggests that we should be cautious in assuming, in
carbon-cycle-model experiments, a constant temperature-dependent
biospheric CO2 uptake during different halves of the present
century, and in any future warmer world. Such an assumption
may lead to underestimates of future atmospheric concentrations of
CO2 and conservative estimates of future warming. However, the
real significance of our results, in this regard, can only be gauged by
quantifying the impact of reduced tree growth on absolute amounts
of carbon sequestered and comparing these with estimates over
previous centuries based on earlier tree-ring data. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

The individual site tree-ring chronologies were produced from multiple
increment core samples replicated within and between trees. The individual
ring width (TRW) and maximum-latewood-density (MXD) measurement
series were corrected for age-related bias by taking residuals from a generalized
exponential or ‘‘Hugershoff’’ function of the form Gt ¼ atbexpð 2 ctÞ, where Gt

is the biological growth trend, t is time and a, b and c are empirically fitted
constants3. A simple arithmetic average of the resulting dimensionless indices is
computed across each year to form each site chronology. We examined a cross-
section of the data looking for systematic misfits of the function in recent years
without finding evidence that the results we describe are an artefact of
inappropriate standardization.

Before measuring absolute densities, resin and heartwood compounds were
extracted with alcohol and water. There was no evidence of heartwood/
sapwood bias in the density profiles and no evidence of bias associated with
technical difficulties measuring very narrow rings.

The individual MXD and TRW site chronologies were normalized with
respect to their mean and standard deviation for the period 1901–40. Within
each region, all chronologies were averaged together with a time-dependent
weighting equal to the fraction of all possible tree cores that were available for a
particular year of each chronology. Each regional mean thus obtained tended to
have greater variance during years when few chronologies were available to
contribute to the average; this effect was corrected30 for by scaling by the square
root of the effective number (n9) of independent samples available in each year,
where n9 ¼ n=½1 þ ðn 2 1Þr̄ÿ. Here, r̄ is the mean intersite correlation between
the n chronologies, a measure of the regional-scale common signal. After
correction, each regional mean timeseries was normalized with respect to
1881–1940.

Regional mean temperature time series were constructed by averaging
together the stated monthly mean temperature anomalies from each 58 by 58
box in which a chronology for that region is located (Fig. 1). The variance of
each of these series was also corrected according to the effective number of
independent samples that contributed to each year’s mean, and was also
normalized with respect to 1881–1940. The Northern Hemisphere mean
temperature series is made up of all available gridbox data, including land and
marine data, north of the Equator.

In the most recent period (1983–92), the regional mean tree-growth
timeseries (particularly ALL and NORTH) are spatially biased towards
northern Eurasia, due to the earlier development of chronologies in other
regions. For comparison, similarly biased temperature time series were
constructed by using a time-dependent sampling area defined each year by
choosing only those boxes that had MXD and TRW chronology values in them.
These biased series were very similar to those temperatures computed from the
fixed regional grids (Fig. 1) and do not alter any of the conclusions drawn here.
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Scattered waves that precede the seismic phase PKP (which
traverses the Earth’s core) have been used to identify and locate
small-scale heterogeneity in the Earth’s mantle1–6. A recent study
has demonstrated that the global data set of these precursors is
consistent with weak heterogeneity (about 1 per cent r.m.s.
velocity variation) distributed throughout the mantle7. Here we
show, however, that anomalously large PKP precursors from
earthquakes in northern Tonga require much stronger hetero-
geneity (10–15 per cent r.m.s. velocity variation) in a layer about

60 km thick near the core–mantle boundary below Tonga. This
region of the core–mantle boundary is also marked by low shear-
wave velocities in the lower mantle8 and is near an area of very low
compressional-wave velocity in the lowermost tens of kilometres
of the mantle9, which has been interpreted as evidence for the
presence of partial melt10. The strength of the scattering that we
observe provides strong support for the presence of partial melt in
this area, and also suggests that vigorous small-scale convection is
taking place at the core–mantle boundary.

The nature of the lowermost mantle remains elusive. As the core–
mantle boundary (CMB) is the lower bound on mantle convection,
it must underlie at least a thermal boundary layer11. However, just
above the CMB may also be home to chemical heterogeneity12. The
lowermost mantle shows two kinds of seismic structure. First,
layering in P- and S-wave velocities and anisotropy is seen in the
few hundred kilometres above the CMB13. Second, weak fine-scale
heterogeneity is inferred from scattered waves that precede the
seismic phase PKP1–6. Until recently, the few per cent amplitudes
inferred for these two types of structures were small enough that
variations in mineralogy and reasonable temperature differences
without melt could provide an explanation7,11,14. One or more
patches of the CMB, which correlate with large-scale slower than
average lower mantle, seem to have greater perturbations. Recent
work9,15 suggests P-wave velocity reductions of ,10% in the lowest
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Figure 1 Ray-paths and travel times of PKP phases. A receiver located 1408 from

an earthquake can detect seismic energy that has passed through the inner core

(PKPdf) as well as energy deflected from P to the outer core branches PKPab and

PKPbc by a scatterer located at the CMB. Owing to the unusual ray geometries

caused by the sharp drop inP-wavevelocity at the CMB, this scattered energy can

precede PKPdf. Although we have depicted near-source scattering at the CMB,

scattering at any depth in the mantle at either end of the path can give rise to

precursors. The lower panel shows the four branches of PKP from a surface

event. In addition to the inner and outer core refracted phases just discussed is

PKPcd, the phase that reflects off the inner core. Possible arrival times for the

precursors are indicated by the shaded region. In the top panel, the eight-pointed

star marks the earthquake, the five-pointed star marks a possible scattering

region, and the triangle marks the receiver.


