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PRrEviOUs studies' ™ have demonstrated that the predictions of glo-
bal climate models are highly sensitive to large changes in vegeta-
tion cover, such as the complete removal of tropical or boreal
forests. Although these studies have illustrated the potential effects
of massive deforestation on the climate system, vegetation changes
of this scale are very unlikely to occur. Investigating past environ-
ments may better illustrate the possible interactions between cli-
mate and vegetation cover. For example, palaeobotanical evidence
indicates that 6,000 years ago boreal forests extended north of the
modern treeline®, apparently in response to high-latitude warming
resulting from variations in the Earth’s orbit”®. The expanded
boreal forests, which took the place of tundra, must also have
affected climate by significantly reducing the surface albedo®. Here
we use a global climate model to examine the relative effects of
orbitally-induced insolation variations and of the northward exten-
sion of boreal forests on the mid-Holocene climate. Orbital varia-
tions alone warm the high latitudes by 2 °C or more in summer,
autumn and winter. The subsequent northward extension of boreal
forests gives rise to an additional warming of approximately 4 °C
in spring and about 1 °C in the other seasons. This suggests that
large positive feedbacks between climate and boreal forests may
have taken place in the recent geological past.

We perform three climate simulations with the GENESIS glo-
bal climate model (GCM) version 1.02 (refs. 9, 10): Control
(control climate simulation), Exp-A (climate simulation with
changes in the Earth’s orbit) and Exp-B (climate simulation with
changes in the Earth’s orbit and expanded boreal forests). In all
of these simulations atmospheric CO, concentrations are held
constant. We examine the effects of two forcing mechanisms on
the global climate: orbital forcing (Exp-A minus Control) and
the subsequent vegetation forcing (Exp-B minus Exp-A).

In Exp-A, we change the Earth’s orbital parameters from the
modern values to represent conditions 6 kyr ago; eccentricity
from 0.0167 to 0.0187, axial tilt from 23.4° to 24.1° and date of
perihelion from early January to mid-September’®. The change
in the date of perihelion increases the amplitude of the seasonal
cycle of Northern Hemisphere insolation by ~3%, leading to
enhanced heating in summer and enhanced cooling in winter.
The increased axial tilt further enhances high-latitude summer
insolation. In the high northern latitudes, increased summer
insolation leads to warmer ocean temperatures and delays the
formation of sea ice, resulting in warmer winter conditions and
hence year-round warming''.

Palacobotanical data indicate that a northward expansion of
boreal forests occurred during the middle Holocene'? '°. This
expansion must have resulted, in part, from the orbitally-induced
high-latitude warming'*. In Exp-B, we extend the northern limit
of boreal forests based on two criteria: (1) palacobotanical evi-
dence, which is sparse in many regions, and (2) GCM sensitivity
considerations which require that changes in boundary condi-
tions cover several contiguous model grid-cells (Fig. 1). Because
of the coarse spatial resolution of the GCM (~4.5° latitude by
7.5° longitude), there are differences between the imposed boreal
forest expansion and the palaeobotanical data. For example, in
portions of North America, the observed expansion was less
extensive than that imposed in our simulations; but in Asia,
there is better agreement. In the future it will be possible to
repeat these simulations with higher-resolution GCMs and more
complete palacovegetation datasets.

Both orbital forcing and vegetation forcing operate mainly by
affecting the amount of solar radiation absorbed by the surface.
In response to orbital forcing, annual absorbed solar radiation
in the high northern latitudes (defined here as 60-90° N)
increases by ~4 W m™ (Table 1). On the annual average, vegeta-
tion forcing lowers the land surface albedo from 0.36 to 0.26
(Table 1), primarily by replacing snow-covered tundra with an
evergreen forest that protrudes above the snow, resulting in an
additional 8 W m™" absorbed solar radiation. In these simula-
tions, the changes in high-latitude cloud cover are not statis-
tically significant and do not appreciably feed back on the
surface energy balance.

On the annual average, orbital forcing warms the high lati-
tudes by 1.8 °C (Table 1, Fig. 2a). Vegetation forcing produces
an additional annual-average warming of 1.6 °C (Table 1,
Fig. 2b). The largest temperature increases due to vegetation
forcing generally coincide with the areas of expanded forest.

FIG. 1 The prescribed extent of boreal
forests used in the GENESIS GCM simula-
tions. GENESIS specifies surface properties
on a 2° latitude by 2° longitude grid (solid
colours), whereas the atmospheric model
operates on a 4.5° latitude by 7.5° longi-
tude grid (lines).

[l modem forest

[l imposed forest expansion

52

NATURE - VOL 371 - 1 SEPTEMBER 1994



LETTERS TO NATURE

TABLE 1 Simulated climate variables from 60 to 90 °N

Control Exp-A Exp-B
Surface temperature (°C) —-8.4 —6.6 -5.0
Deep soil ice fraction 0.31 0.28 0.23
(1.75-4.25 m)
Precipitation (mmd ™) 1.73 1.81 1.88
Runoff (mmd ™) 0.89 1.00 1.09
Sea ice thickness (cm) 79.0 63.0 56.0
Sea ice fraction 0.52 0.46 0.43
Snow-cover thickness 13.0 11.0 10.0

(cm H,0)

Snow-cover fraction 0.40 0.34 0.30
Surface albedo, winter 0.434 0.423 0.301
Surface albedo, spring 0.576 0.581 0.414
Surface albedo, summer 0.172 0.166 0.149
Surface albedo, autumn 0.275 0.234 0.182
Surface albedo, annual 0.364 0.356 0.265

Absorbed solar radiation, 7.3 6.0 6.9
winter (Wm™?)

Absorbed solar radiation, 136.0 135.1 157.1
spring (W m™?)
Absorbed solar radiation, 253.9 277.4 284.8

summer (W m™?)
Absorbed solar radiation, 43.8 49.6 50.9
autumn (W m™?)
Absorbed solar radiation,
annual (Wm 3

111.2 115.3 1233

Summary of GENESIS climate model simulations for Control (modern),
Exp-A (orbital forcing) and Exp-B (orbita! forcing + vegetation forcing). All
values are annual averages for land only unless otherwise stated. As a
general basis of comparison of the sensitivity of this climate model, we
note that the GENESIS GCM simulates a global surface temperature
warming of 2.1 °C due to doubled atmospheric CO,, which is towards
the low end of the range in recent climate model experiments®®.,

However, the magnitude and pattern of these changes must be
assessed relative to the inherent interannual variability of the
GCM™. The simulated interannual variability of surface tem-
perature is large across North America from eastern Alaska to
Greenland, and small across northern Eurasia. Thus the simu-
lated warming due to vegetation forcing (Fig. 2b) has a higher
statistical significance over northern Eurasia than over eastern
North America and Greenland. Similarly, the 3 °C warming due
to orbital forcing (Fig. 2a) in North America has no higher
statistical significance than the 1-2 °C warming elsewhere. Over-
all, the 1.8 °C annual-average warming due to orbital forcing,
and the additional 1.6 °C warming due to vegetation forcing,
are both statistically significant at the 95% level.

Although the annual-average temperature changes from both
orbital and vegetation forcing are of similar magnitude, the sea-
sonal responses differ significantly (Fig. 3). Under orbital
forcing, monthly average temperature changes are >1 °C begin-
ning in June, with a maximum change of ~5 °C in December.
Vegetation forcing produces a maximum temperature response
of ~4°C in March and April, and temperature increases of
>1°C occur throughout the year (except in January and
October).

Snow and ice cover play an important role in the high-latitude
climates. Both orbital forcing and the subsequent vegetation
forcing result in similar decreases in snow cover over land and
Arctic sea ice (Table 1). Taken together, orbital and vegetation
forcing reduce snow and sea-ice volume by nearly 40%. The
reduction of the highly reflective snow and ice cover enhances
both orbital and vegetation forcing, thus acting as an additional
positive feedback mechanism®.

The hydrological cycle is strongly affected by both orbital and
vegetation forcing. Annual precipitation over high-latitude land
increases by ~5% in both simulations (Table 1). The enhanced
rate of precipitation results from an increase in the water vapour
content of the atmosphere under warmer conditions. Runoff,
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which includes surface runoff and subsurface drainage, increases
by ~10% in response to both orbital and vegetation forcing. In
addition, orbital and vegetation forcing each warm the high-
latitude soils and reduce the amount of deep soil ice by ~10%.

Compared to the present day, the climate in the middle Holo-
cene was substantially warmer in the high northern latitudes.
Our mid-Holocene climate simulation without vegetation feed-
backs (Exp-A) yields a 1.8 °C high-latitude warming, in good
agreement with other modelling studies™®''. However, palaeocli-
matic analyses indicate that the annual-average surface tempera-
tures may have been as much as 3 “C warmer than present in
northern Eurasia and northern North America in the middle
Holocene”**. The large positive feedback due to the northward
extension of boreal forests (Exp-B) could help to explain the
amount of observed mid-Holocene warmth, which orbital for-
cing alone does not appear to produce.

The amplification of high-latitude warming shown here may
also be relevant to issues of anthropogenic climate change. The

5120

FIG. 2 a, Annual-average surface temperature increases due to mid-
Holocene orbital forcing (Exp-A minus Control). Units are in °C; the con-
tour interval is 1 °C. b, Annual-average surface temperature increases
due to mid-Holocene vegetation forcing (Exp-B minus Exp-A). Same units
and contour interval as a.
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FIG. 3 Changes in zonal-average (over land from 60° to 90 °N) monthly
surface temperatures due to orbital and vegetation forcing.

estimates of high-latitude warming in response to greenhouse
gas emissions™ may need to be re-evaluated for the effects of
possible vegetation feedbacks in light of these results. Further
investigations of the interactions between climate and vegetation
should be performed with fully coupled models of the climate
system (including improved cloud, sea-ice and ocean processes)
and the terrestrial biosphere. In addition, improvements in
model resolution would depict the shifts in palacovegetation
more accurately than was possible here. O
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A BROAD sheet of water flowing over non-cohesive sediment typ-
ically breaks up into a network of interconnected channels called
a braided stream (Fig. 1). The dynamics of such networks are
complex; channels migrate laterally, split, rejoin and develop bars,
with the flow shifting unpredictably from one part of the network
to another. Many processes are known to operate in a braided
river'™, but it is unclear which of these are essential to explain
the observed dynamics. We describe here a simple, deterministic
numerical model of water flow over a cohesionless bed that cap-
tures the main spatial and temporal features of real braided rivers.
The patterns arise from local scour and deposition caused by a
nonlinear dependence of bedload sediment flux on water discharge.
Although the morphology of the resulting network depends in detail
on the sediment-transport rule used in the model, our results sug-
gest that the only factors essential for braiding are bedload sedi-
ment transport and laterally unconstrained free-surface flow.
Recently, a number of workers have used cellular computer
models to study naturally occurring spatial patterns® °. In these
models the cells of a lattice interact according to rules based on
abstractions of the physics governing a system. Here we present
a cellular model of stream braiding (see Box 1). The initial condi-
tion for the model is a uniform slope with white-noise elevation
perturbations; the latter have an amplitude of the order of the
mean downhill elevation difference between adjacent rows of
cells. We include high side walls to contain the flow. An iteration
begins when water is introduced into some of the cells at the
upstream end of the lattice, and begins moving downstream cell-
by-cell, carrying sediment. When the water reaches the down-
stream end of the lattice, the iteration ends, and the elevation

FIG. 1 Aerial photograph of part of the braided Aichilik River on the
north slope of the Brooks Range in Alaska. Flow is from top to bottom.
The slope is ~0.001, the gravel flat is ~0.5 km wide, and the flow
depths are of the order of 1 m.
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