the temporal evolution.

Our measurements were made to verify
the theoretical relation (2) between normal
velocity and curvature. The experimental
data yield a diffusion coefficient, 2 x 1073
cm?/s, which is a good approximation of the
diffusion coefficient of the autocatalytic spe-
cies HBrO, and is comparable to the values
given in (15, 16), Dkcio, = 1.79 x 107>
cm?s (17, 18).
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July Temperatures in Europe from Pollen Data,

6000 Years Before Present

BriaN HUNTLEY AND I. COLIN PRENTICE

Mean July temperatures across Europe 6000 years before present were reconstructed
from palynological data by the transfer function method. Reconstructed summer
temperatures were warmer than those at present over most of Europe with the greatest
heating, more than 2°C, in the midcontinent and the far north. This pattern is
explained by high summer insolation and a weak zonal insolation gradient 6000 years
before present and the effective heating of the landmass relative to ocean and coastal
areas. A strong land-sea pressure gradient may in turn have increased westerly air flow
into southern Europe, which is consistent with cooler reconstructed summer tempera-
tures in the Mediterranean region, and reduced the environmental lapse rate in the

central European mountains.

APS BASED ON THE CHANGING

relative abundances of taxa in fos-

sil pollen records have shown that
continental-scale vegetation patterns re-
sponded in a coherent way to long-term
climatic changes during the past 10,000 to
20,000 years (1-4). In this report we use
transfer functions, as developed by Webb
and co-workers (5-8), to reconstruct mean
July temperatures for 6000 years before
present (B.P.) from European palynological
data (1). Our study is part of the Coopera-
tive Holocene Mapping Project (COH-
MAP), in which paleoclimate reconstruc-
tions based on palynological and other geo-
logical evidence (4-7, 9) have been com-

pared to atmospheric general circulation
model (GCM) simulations with global
boundary conditions (insolation, ice sheets,
sea-surface temperatures, and CO,) appro-
priate to past times (10, 11).

The mean annual temperature gradient in
Europe trends north-south, paralleling the
gradient of annual insolation. The prevailing
westerlies superimpose an east-west tem-
perature and precipitation gradient with
cool summers, warm winters, and high pre-

B. Huntley, Department of Botany, University of Dur-
ham, Science Laboratories, South Road, Durham, DH1
3LE, England.

L. C. Prentice, Institute of Ecological Botany, Uppsala
University, Box 559, $-751 22 Uppsala, Sweden.

Fig. 1. Surface pollen samples used
in the transfer function equations
and calibration regions. Subregion
1 represents the gradient from
Mediterranean sclerophyll vegeta-
tion through mixed-deciduous for-
est, bounded by the 17.5°C July
isotherm. Subregion 2 represents
the gradient from mixed-deciduous
forest through northern/montane
boreal forest and lies between the
17.5°C and 13.5°C July isotherms,
excluding montane regions south
of 51°N and the oceanic region
west of the —4.5°C January iso-
therm. Subregion 3 represents the
gradient from continental to ocean-
ic boreal and mixed-deciduous for-
est and extends from the 13.5°C
July isotherm to the Norwegian
coast, including southern Norway
west of 10°E but excluding north-
ern Fennoscandia east of 18°E.
Subregion 4 represents the gradient
from boreal forest through sub-
arctic Betula forest and extends east
of 18°E from the 13.5°C July iso-
therm to the 11.5°C July isotherm,
the approximate northern limit of .
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Pinus. Subregion 5 represents the

gradient from mixed-deciduous forest south of 51°N upwards from 17.5°C through the montane forest
belts. Subregion 6 represents the same July temperature range as subregion 2, west of the ~4.5°C
January isotherm but excluding the most oceanic area in southern Norway. Subregion 7 represents the
gradient north of the 11.5°C July isotherm from sub-arctic forest to shrub-tundra on the Arctic coast.
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Table 1. Transfer function regression coefficients (b;) and power terms (g;) by subregion. Pollen sums

are: subregion 1, Abies, Alnus, Betula, Carpinus, Corylus, Fagus, Picea, Quercus (deciduous and evergreen),
Tilia, Ulmus, Ostrya, Olea, Pistacia, Phillyrea; subregion 2, Alnus, Betula, Carpinus, Corylus, Fagus, Picea,
Pinus, Quercus; subregion 3, Alnus, Betula, Corylus, Picea, Pinus, Quercus; subregion 4, Alnus, Betula,
Juniperus, Picea, Pinus, Salix, Cyperaceae, Gramineae, Ericales.

Subregion
Taxon 1 3 4
b, a; b, a; b,' a; b,' a;
Alnus -0.40 05 +0.06 1.0 +0.30 0.5
Betula -1.04 0.25 -2.33 0.25
Fagus -0.26 0.5
Picea —-0.08 0.5 -0.06 1.0 +0.03 1.0
Pinus —1.68 0.25 +0.35 0.5
Quercus +0.15 1.0 +0.86 0.5
(deciduous)
Quercus -0.10 0.5
(evergreen)
Ostrya +0.08 1.0
Olea
+ Pistacia
+ Phillyrea +0.23 0.5
Table 2. Transfer function parameters by subregion.
Number Standard July
Sub- bo 5 tempera-
region °C) of obser- R error ture range
g vations (°C) C) &
1 23.6 68 0.90 0.8 17.5-26.0
2 26.0 98 0.48 0.8 13.5-17.5
3 11.1 26 0.81 0.5 11.5-15.5
4 10.6 29 0.82 0.2 11.5-13.5

cipitation toward the Atlantic Ocean. In
summer the westerlies track north of the
Mediterranean region and create a summer-
dry Mediterranean climate (12). These cli-
matic patterns are reflected in the distribu-
tion of vegetation and in surface pollen (13,
14), despite long and widespread human
impact on European vegetation. Vegetation
changes from tundra in the north to subarc-
tic Betula (birch) and Pinus (pine) forests,
boreal forests, temperate mixed-deciduous
forests, and Mediterranean vegetation char-
acterized by sclerophyll trees and shrubs in
the south. Picea (spruce) is abundant in the
boreal forest in the northeast; steppe re-
places mixed-deciduous forest in the south-
cast. Forests with Picea, Fagus (beech), and
Abies (fir) occur at middle elevations in the
mountainous areas of central and southern
Europe.

European vegetation was significantly
different 6000 years ago (13). Mixed-decid-
uous forests extended higher and farther
north than they do today. Sub-arctic Pinus
and Betula forests also extended farther
north, with Betula replacing tundra vegeta-
tion near the Arctic coast. The mixed-decid-
uous forests differed in composition, with
more Ulmus (elm) and Tilia (lime) and less
Fagus and Carpinus (hornbeam) than occurs
today. Picea forests were confined to the
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northeastern part of the region; Pinus and
Betula were abundant to the west of these
forests. Montane forests with Picea, Fagus,
and Abies were confined to the Balkans.
There was no steppe, and “Mediterranean”
vegetation was restricted to the Near East.
These differences can be explained qualita-
tively by postulating that: (i) summers were
warmer than they are today in central and
northern Europe; (ii) winters were colder in
northwest, central, and possibly southern
Europe but warmer with less reliable snow
cover than occurs today in northern Europe;
(iii) precipitation was higher in eastern Eu-
rope; and (iv) the summer drought period
was shorter (implying lower temperatures or
higher precipitation or both during the
growing season) in the Mediterranean re-
gion (12, 15).

We have quantified and mapped the dif-
ferences in summer temperature between
6000 B.P. and the present using pollen-
climate transfer functions. The transfer func-
tion model is:

Cr=1by + 'Zlbi'p?,é + o 1)

where Cy is the value of the climate variable
at site k; pj are the pollen percentage values
of n pollen types; by, b;, and g; are parameters
that are estimated from contemporary (sur-

face) pollen and modern climate data; and e
is random error. The exponents a; are re-
quired to linearize the relations between
pollen abundance values and the climate
variable. We estimated the 4; subjectively by
inspecting  graphical representations for
a; = 0.25, 0.5, and 1.0. We then fitted Eq. 1
by multiple linear regression onto the trans-
formed pollen values (16).

Several articles have discussed the as-
sumptions of transfer functions (3, 4, 6, 8).
The most fundamental are (i) that there are
quantitative relations between pollen abun-
dances and climate variables and that these
relations reflect a causal relation, however
indirect; and (ii) that changes in pollen
abundance reflect climatic changes. Other
factors that influence vegetation composi-
tion are neglected. These assumptions are
reasonable when examining first-order pat-
terns of change across the continent over a
period long enough for major changes in
insolation and atmospheric circulation to
have occurred. Transfer functions must sat-
isfy the assumptions of the multivariate lin-
ear regression model. The residuals must be
approximately normally distributed and ho-
moscedastic and must not show spatial auto-
correlation (8). We verified that these statis-
tical assumptions were reasonable in our
model by inspecting normal probability
plots and scatter plots of the residuals
against the climate variable, latitude, longi-
tude, and elevation. We also used Cook’s-
distance plots (8) to check that the predicted
climate values were stable when individual
data points were excluded. This check
guards against spurious regressions domi-
nated by a few outlying points and elimi-
nates the need to divide the modern data
into training and test sets (9).

One limitation of the transfer function
method is that a region as large as a conti-
nent is unlikely to yield monotonic relations
between pollen abundances and climate (4).
A large region usually has to be partitioned
into climatic subregions, each with a differ-
ent characteristic range of pollen assem-
blages (4, 8). Convenient boundaries be-
tween subregions commonly fall near abun-
dance modes for major pollen taxa, but their
precise location is subjective. We therefore
experimented with different positions for
the boundaries and with different numbers
of subregions and we examined scatter plots
of pollen abundance versus July mean tem-
perature to identify those subregions that
best met the criterion of monotonic rela-
tions. We eventually defined seven subre-
gions within the window 4°E to 32°E and
35°N to 72°N (Fig. 1) and constructed
separate transfer functions for each subre-
gion using a network of surface pollen sam-
ples (1, 17) and an estimate of modern July
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temperature at each sample location (18).
Then, for each 6000 B.P. sample, we located
the three most similar surface samples by the
chord-distance criterion (19). This gave an
initial basis for deciding which transfer func-
tion to apply. We made final assignments
using the iterative procedure developed by
Bartlein and Webb (8). These assignment
procedures resulted in only four out of the
seven equations being used for the final
reconstruction (Tables 1 and 2), and these
equations were used over areas that were

significantly different from the original sub-
regions (Fig. 2). The changes reflect the
considerable changes in the extent and loca-
tion of vegetation regions since 6000 B.P.
(13).

Differences between reconstructed (6000
B.P.) and present July mean temperatures
(Fig. -3) have a strong regional variation.
The differences are consistently larger than
the nominal standard errors (Table 2) (20)
at multiple sites in a region. The reconstruc-
tion indicates that July temperatures were

Fig. 2. Locations of the 6000 B.P.
palynological sites. Sites shown in
boxes had minimum squared
chord-distance values more than
0.15 higher than the values for
nearby sites; these were considered
anomalous and omitted from the
reconstruction. The regions out-
lined are those within which each
of the calibration equations was
applied. No reconstruction was
made for the sites in northernmost
France (20).
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Fig. 3. Reconstruction of the July 0N A

mean temperature anomaly pattern 2 S
at 6000 B.P. The isotherms are for
6000 B.P. minus present. .
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warmer than those today over most of Eu-
rope (by about 2°C in the midcontinent).
The latitudinal gradient was reduced (21),
with July temperatures >2°C warmer than
they are at present in the far north but cooler
than at present around the Mediterranean.
Areas of high elevation in central Europe
may have been warmer by as much as 5°C
(22). These results generally agree with the
classical idea of a mid-Holocene thermal
maximum in central and northern Europe
(23), but the temperature difference (Fig. 3)
varies considerably in space and July tem-
peratures were apparently cooler than at
present at low elevations in southern Europe
(21).

Plausible mechanisms that may be in-
voked to explain climatic differences be-
tween 6000 B.P. and today include the
response of the general atmospheric circula-
tion to orbitally induced changes in the
seasonal and latitudinal distribution of inso-
lation and the response of mesoscale climatic
processes to these circulation changes. The
first mechanism can be tested by a compari-
son of the reconstruction with GCM results
for simulations that change only the amount
and distribution of insolation; the second
mechanism cannot be tested until accurate
mesoscale climate models become available.

Quasi-periodic changes in mid- to high-
latitude insolation are well known to have
paced the growth and decay of the Northern
Hemisphere ice sheets (24), and changes in
insolation also caused direct, immediate cli-
matic responses [for example, in summer
temperatures at high latitudes (25) and in
tropical monsoons (26)] that were indepen-
dent of the effects of late Quaternary insola-
tion changes on the ice sheets (27). At 70°N,
July insolation at 6000 B.P. was =7% great-
er than it is today, but it was only =5%
greater at 30°N (10). We might therefore
have expected that, compared to current
conditions, summers would have been gen-
erally warm and the north-south summer
temperature gradient reduced at 6000 B.P.
The different thermal capacity of land and
water and the transfer of heat between them
must also be taken into account (10). A
GCM experiment (10, 28) (with prescribed
sea-surface temperatures similar to those to-
day) has indicated not only that increasing
July insolation to match conditions 6000
years ago should have caused temperature
increases of 1° to 2°C in Europe, but also
that the warming should have been greatest
in the midcontinent and less in coastal re-
gions, including the region around the Med-
iterranean. Thus we interpret much of the
pattern in Fig. 3 to reflect the combined
effects of altered summer insolation and the
differential heating of the landmass; the
approximate magnitude of the anomaly and
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the broadest features of its spatial pattern are
in agreement with the GCM experiment.

The same GCM experiment (10, 28) pro-
duced significant negative sea-level pressure
anomalies over continental Europe and
North Africa. Compared to current condi-
tions, these anomalies would have increased
westerly air flow into southern Europe; this
flow in turn would have increased orograph-
ic precipitation and thus produced cooler
and moister summers at Jow to moderate
clevations. The large increases in average
July temperature reconstructed for high ele-
vations might also be explained by more
frequent incursions of moist air into the
central European mountains, because at any
given altitude the moist adiabatic lapse rate
would then apply for a greater proportion of
the growing scason (29). This effect could
conceivably have lowered the mean environ-
mental lallase rate in summer by as much as
1°C km™', enough to produce the strong
differential heating suggested by the results
in Fig. 3.
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The Titan —1:0 Nodal Bending Wave in

Saturn’s Ring C

PAauL A. ROSEN AND JACK J. LISSAUER*

The most prominent oscillatory feature observed in the Voyager 1 radio occultation of
Saturn’s rings is identified as a one-armed spiral bending wave excited by Titan’s —1:0
nodal inner vertical resonance. Ring particles in a bending wave move in coherently
inclined orbits, warping the local mean plane of the rings. The Titan —1:0 wave is the
only known bending wave that propagates outward, away from Saturn, and the only
spiral wave yet observed in which the wave pattern rotates opposite to the orbital
direction of the ring particles. It is also the first bending wave identified in ring C.
Modeling the observed feature with existing bending wave theory gives a surface mass
density of ~0.4 g/cm? outside the wave region and a local ring thickness of <5 meters,
and suggests that surface mass density is not constant in the wave region.

HE VOYAGER 1 RADIO OCCULTA-

tion profiles of Saturn’s rings contain

numerous wave-like features (1). We
present strong evidence that the most prom-
inent, previously unidentified, wave is a one-
armed spiral bending wave excited by the
gravitational potential of the satellite Titan
at its —1:0 nodal inner vertical resonance
(IVR) (2). Bending waves form when the
periodic out-of-plane perturbations by a sat-
cllite in an inclined orbit and the self-gravity
of the ring disk force particles near a res-
onance into locally coherent vertical oscilla-
tions, warping the plane of the rings into a
corrugated spiral pattern (3, 4). A one-
armed spiral bending wave arises at a nodal
resonance, where the satellite perturbations

act with a periodicity equal to that of the
nodal regression rate of the ring particles.
The wave propagates outward, away from
Saturn. Its spiral pattern winds in a “lead-
ing” sense, that is, along the direction of
motion of the particles; the pattern rotates,
however, in a retrograde direction, against
the particles’ motion.

The Titan —1:0 nodal bending wave is
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