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Abstract. The stability of the climate-vegetation system in the northern high latitudes is analysed
with three climate system models of different complexity: A comprehensive 3-dimensional model
of the climate system, GENESIS-IBIS, and two Earth system models of intermediate complexity
(EMICs), CLIMBER-2 and MoBidiC. The biogeophysical feedback in the latitudinal belt 60-70° N,
although positive, is not strong enough to support multiple steady states: A unique equilibrium in the
climate-vegetation system is simulated by all the models on a zonal scale for present-day climate and
doubled CO, climate. EMIC simulations with decreased insolation also reveal a unique steady state.
However, the climate sensitivity to tree cover, AT, exhibits non-linear behaviour within the models.
For GENESIS-IBIS and CLIMBER-2, ATF is lower for doubled CO, climate than for present-day
climate due to a shorter snow season and increased relative significance of the hydrological effect of
forest cover. For the EMICs, AT is higher for low tree fraction than for high tree fraction, mainly
due to a time shift in spring snow melt in response to changes in tree cover. The climate sensitivity
to tree cover is reduced when thermohaline circulation feedbacks are accounted for in the EMIC
simulations. Simpler parameterizations of oceanic processes have opposite effects on ATr: ATF is
lower in simulations with fixed SSTs and higher in simulations with mixed layer oceans. Experiments
with transient CO, forcing show climate and vegetation not in equilibrium in the northern high
latitudes at the end of the 20th century. The delayed response of vegetation and accelerated global
warming lead to rather abrupt changes in northern vegetation cover in the first half of the 21st century,
when vegetation cover changes at double the present day rate.

1. Introduction

The global distribution of vegetation is, to a first approximation, controlled by
climate (Woodward, 1987). Although summer water stress is possible in the conti-
nental interior of the northern high latitudes, the key limiting factor for tree growth
in the region is a heat (or temperature) factor, which can be expressed in terms of a
sum of degree-days (sum of surface air temperature for days when temperature
is above some threshold). In this form the heat requirement is usually used as
a factor which limits forest propagation northwards within terrestrial vegetation
models (Prentice et al., 1992; Cramer et al., 2001). At the same time, the physical
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Figure 1. Sketch of climate-vegetation interactions in the northern high latitudes and hierarchy of
model compartments in the feedback analysis. The arrows on the left indicate relations between vari-
ables, including amplification (+) or dampening (-) of the original change A. F refers to tree fraction;
T, to surface air temperature; R, to the net radiation at the surface; E, to evapotranspiration; SST, to
sea surface temperature; SI, to sea ice; H, to heat fluxes out of the ocean and into the atmosphere;
WNADW, to the intensity of the thermohaline circulation. The boxes in the middle indicate model
compartments necessary to investigate feedbacks shown on the left. The arrows on the right refer to
the types of models used in the paper.

characteristics of trees (e.g., height, albedo, roughness, stomatal resistance) differ
from those of grass or moss or bare ground. Such differences, in turn, explain the
effect of land cover change on climate.

Forests, even deciduous ones, significantly reduce the albedo of snow covered
surfaces (Betts and Ball, 1997; Ni and Woodcock, 2000). This is the basis for
the radiative feedback between forest and surface air temperature: increased tree
fraction — decreased surface albedo during snow season — increased air temper-
ature and earlier snow melt — longer and warmer growing season — increased
tree fraction. This feedback is positive, i.e., it enhances the system response to the
original external forcing (Figure 1). This feedback is dampened during the growing
season, when trees have a denser, more productive canopy than herbaceous plants
and moss, and, therefore, transpire more water. This suggests a greater latent heat
flux and a cooling of surface air in forests as compared to tundra (Pielke et al.,
1998). This hydrological feedback, although negative (Figure 1), is secondary to
the radiative feedback on the annual average.

The radiative feedback was first explored in simulations with multilayer energy
balance models (Otterman et al., 1984; Harvey, 1988). These studies found sig-
nificant hemispheric cooling in the absence of boreal forests masking the snow.
After land surface schemes in GCMs began to consider different vegetation types
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explicitly, see, e.g., Dickinson et al. (1986), the impact of boreal vegetation on
climate became a model benchmark. Sensitivity simulations with GCMs done by
Bonan et al. (1992), Thomas and Rowntree (1992), Chalita and Le Treut (1994),
and Douville and Royer (1996) confirmed the cooling effect of boreal deforesta-
tion. Their analysis was primarily focused on radiative effects. The subsequent
studies by Bonan et al. (1995), Betts (1999), Kleidon et al. (2000), and Heck et al.
(2001) revealed that during the summer the hydrological effect of deforestation is
comparable to the radiative effect.

Most of these simulations were done with sea surface temperatures (SSTs)
and sea ice prescribed from present-day observations. However, the radiative and
hydrological feedbacks depend on the oceanic response. Particularly, the original
increase in forest area can be amplified by the sea ice-albedo feedback: increased
surface air temperature — increased SSTs and decreased sea ice area — decreased
surface albedo — increased surface air temperature (Figure 1). The significance
of the sea ice-albedo feedback was first shown in boreal deforestation simulations
done by Harvey (1988) and Bonan et al. (1992). They used mixed layer ocean
models and thermodynamic sea ice models which are computationally inexpensive.
However, SST and sea ice changes, especially in the region of Atlantic deep water
formation, are dampened by a negative feedback due to the thermohaline circula-
tion (THC): increased SSTs — lower density of the surface water — decreased
thermohaline overturning and northward oceanic heat transport — reduced SSTs
(Figure 1). This and other feedbacks associated with changes in the oceanic circu-
lation (see, e.g., Rahmstorf et al., 1996) can be generated only by dynamic ocean
models which simulate ocean circulation. The time scale of deep ocean dynamics is
several hundred years, so the long-term effect of boreal deforestation on the THC
has not been explored with coupled atmosphere-ocean GCMs. Computationally
efficient climate models of intermediate complexity, EMICs, play a crucial role in
this respect (McGuffie and Henderson-Sellers, 2001; Claussen et al., 2002).

Paleosimulations for the mid-Holocene (Foley et al., 1994; Claussen and
Gayler, 1997; Ganopolski et al., 1998; Hewitt and Mitchell, 1998; Texier et al.,
1997; Crucifix et al., 2002) the last glacial maximum (Kubatzki and Claussen,
1998; Levis et al., 1999b), last interglacial time slices (Gallimore and Kutzbach,
1996; de Noblet et al., 1996; Kubatzki et al., 2000), and the last 1,000 years
(Brovkin et al., 1999) highlighted the boreal forest-climate feedback as an amplifier
of externally driven climate change. This feedback was also shown in doubled
CO, simulations (Levis et al., 1999c; Ganopolski et al., 2001; Bergengren et al.,
2001) where a northward shift of the boreal treeline influenced the regional climate
(Pielke and Vidale, 1995; Henderson-Sellers and McGuffie, 1995).

Non-linearities in biochemical and biophysical processes can result in various
steady states for ecosystems on a local scale (Scheffer et al., 2001). Zero-
dimensional models of climate-vegetation interactions on local (Bogatyrev, 1991)
and global scales (Svirezhev and von Bloh, 1996) pointed to the possibility of
multiple equilibria due to climate-vegetation interactions. However, experiments
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with geographically explicit models of the global climate system did not reveal
multiple steady states in the northern high latitudes. The easiest way to detect
multiple steady solutions is to allow climate-vegetation models to evolve freely
from different initial vegetation states, for example from 100% forest cover or from
100% tundra cover. Claussen (1994) and Kubatzki and Claussen (1998) in such
experiments with the coupled ECHAM-BIOME model obtained a unique steady
state for present-day and last glacial maximum time slices, respectively. Levis et
al. (1999a) in a similar experiment with the GENESIS-IBIS model for present-day
climate did not find multiple steady states in the Asian boreal region.

In this paper, we explore the stability of the climate-vegetation system in the
northern high latitudes under changes in external forcing. We use three coupled
atmosphere-ocean-vegetation models of different complexity: GENESIS-IBIS,
CLIMBER-2, and MoBidiC. Although model design differs, the three models show
similar sensitivity to interactive changes in vegetation cover under a doubled CO,
forcing (Table I). With the two EMICs, we investigate the role of radiative, hydro-
logical and oceanic feedbacks in more detail than with GENESIS-IBIS (Figure 1)
and perform long-term transient simulations to explore the difference between tran-
sient and equilibrium responses. We interpret the results of the numerical models
in terms of a simple conceptual model and perform a phase plane analysis (Brovkin
et al., 1998; Levis et al., 1999a). This qualitative geometrical analysis of stability
is complementary to the factor analysis of feedbacks (Schlesinger, 1985; Stein and
Alpert, 1993). The analysis is limited to biogeophysical feedbacks, i.e., the negative
feedback of the boreal forest on the carbon cycle is not considered. Recent investi-
gations agree that in the boreal region the biogeophysical feedbacks outweigh the
biogeochemical ones (Betts, 2000; Claussen et al., 2001). Our analysis is limited
by land surface and vegetation models which do not simulate fires or permafrost,
processes which influence vegetation dynamics in the boreal region (Fosberg et al.,
1999; Tyrtikov, 1995). These limitations do not degrade the equilibrium analysis
significantly because stationary distributions of permafrost (Gavrilova, 1981) and
boreal forests (Prentice et al., 1992) are well correlated with surface air temperature
which is accounted for in the models. Also, the coarse resolution employed by
the EMICs can undermine the significance of remote effects (Chase et al., 2000)
and short-term oscillations in the Arctic climate system (Baldwin and Dunker-
ton, 2001). This makes the comparison of the two EMICs with GENESIS-IBIS
very important. We use decadal averaging of the results to smooth out short-term
variability.

2. Conceptual Model of Climate-Vegetation Interaction in the Northern
High Latitudes

The conceptual model assumes that, in the northern high latitudes, with fixed ex-
ternal climate parameters E (e.g., atmospheric CO, concentration, insolation), the
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Table 1

Model summary

Model feature GENESIS-IBIS CLIMBER-2 MoBidiC
Resolution (°lat x °lon) 45x%x175 10 x 51 2.5x33
Atmospheric model GCM SDM? QGMP
Ocean model ML® (1) 2-D(p, 2)¢ (1) 2-D(g, )4
(2) fixed SSTs ~ (2) ML

Vegetation model DGVM DGVM DGVM

—number of PFTs 9 2 2
Analysed zonal belt 58.5-72°N 60-70° N 60-70° N
Simulated periods, yr:

—(8),% (0), (C) states 50 2,000 5,000

— F*(T, E) curves 50 10,000 10,000

—T*(F, E) curves 50 11,000 5,500

— transient CO, run - 2,200 2,200
2 x COy sensitivity:f

— fixed vegetation & 2.5 2.5 2.1

— interactive vegetation X 2.6 2.2

2 Statistical-dynamical model.

b Quasi-geostrophic model.

¢ Mixed layer ocean model.

d Zonally-averaged 3-basin ocean model.

¢ EMICs only.

f Difference in global mean annual temperature (°C) between 2 x CO, and 1 x CO,
simulations.

& Vegetation cover is prescribed from 1 x CO, simulation.

h Vegetation cover interacts with 2 x CO, climate.

equilibrium surface air temperature 7 over a sufficiently large land area depends
on the average tree fraction F (and not on other vegetation characteristics), while
the average tree fraction F depends on the surface air temperature 7 (and not
on other climate characteristics). The surface air temperature 7' in our analysis
is expressed in terms of growing degree-days above 0 °C (GDDO0). By tree fraction
F we understand a fraction of land covered by a tree canopy; during the snow
season, trees are assumed to be taller than snow depth (Chapin et al., 1996). When
vegetation and climate are in equilibrium, the values of F' and T solve the following
system of equations:

F = FXT, E), (1)
T =T*(F,E), ()

where F*(T, E) is an equilibrium dependence of vegetation on climate, or, in
mathematical terms, an equilibrium manifold for the variable F. This manifold is
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Figure 2. Schematic of the conceptual model. The solid curve represents the dependence of equilib-
rium tree fraction on air temperature in terms of degree-days. The dashed line represents the linear
model of degree-days as a function of tree fraction. Cases I and III correspond to one equilibrium
solution, ‘tundra’ I’ and "taiga" m/, respectively. Hypothetical case II corresponds to the stable
‘tundra’ II' and ‘taiga’ e equilibria as well as the unstable IT* solution. Arrows show the transition
of T*(F, E) under the evolution of an external parameter E. Fpqy is the potential maximum tree
fraction (close to 1).

obtained from the vegetation model assuming that 7' varies independently and not
in response to tree fraction changes. Similarly, 7*(F, E) is an equilibrium depen-
dence of the climate on vegetation which is obtained from the atmosphere/ocean
model assuming that F varies independently and not in response to temperature
changes. The climate system components outside the area of consideration (e.g.,
SST, sea ice) are assumed to be in equilibrium with F" and E. In the following, we
seek a parameterization for the dependencies F* and 7* based on results from our
simulations.

Theoretically speaking, the dependence of F' = F*(T, E) in cold regions obeys
the following general rule: F is near zero up to some critical threshold 7,, then
it grows fast, and approaches a saturation level (Figure 2). A further increase in
temperature can lead to a decrease in the tree fraction because of water or heat
stress, but we analyse here the part of the phase plane before such a decrease.

Temperature, in turn, increases monotonically, and for simplicity we assume
linearly, with an increase in F (Figure 2). Of importance upon comparing between
our models is the climate sensitivity to vegetation change, which can be quanti-
fied by the average slope of curve T*(F, E) expressed in terms of degree-days:
ATr(E)=T*(1, E) — T*(0, E).

The points of intersection of the curves F*(T, E) and T*(F, E) in Figure 2
represent the equilibria of the climate-vegetation system. In the general case, the
two curves intersect at either one or three points. The case of one intersection
corresponds to one stable equilibrium in the climate-vegetation system. It could
be a tundra state (case I) or a forest state (case III). Case II shows three solutions,
one of which (IT*) is unstable and separates the domains of attraction of the stable
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equilibria. The nongeneral, or degenerate, case of two intersection points between
curves F*(T, E) and T*(F, E) corresponds to a saddle-node bifurcation.

From an analysis of F* and T* as derived from our simulations, we may easily
conclude whether the simulated feedbacks between climate and vegetation can re-
sult in multiple steady states. Under a changing external forcing E, the equilibrium
manifold position will move to reflect a change in feedback strength.

Equations (1) and (2) are equilibrium solutions of a dynamical system which
describes the long-term dynamics of the northern high-latitude climate system.
Under changed external forcing E, this dynamical system evolves towards a new
equilibrium with a time scale determined by the response time of the slowest sys-
tem component. Results of the time scale analysis under transient CO, forcing are
presented in Section 4.3.

3. Interpretation of the GENESIS-IBIS Results

Foley et al. (1998) incorporated the IBIS biosphere model within the GENESIS
AGCM (version 2) (Thompson and Pollard, 1997). In the coupled model, GEN-
ESIS, a three-dimensional AGCM, simulates the physics and general circulation
of the atmosphere. It includes a 50-m slab-ocean model and a sea ice model. IBIS
simulates vegetation processes (Table I). This model configuration allows for the
simulation of the radiative and hydrological feedbacks, as well as their amplifica-
tion through the sea ice-albedo feedback discussed in Section 1 (Figure 1). Here
we interpret the results of the GENESIS-IBIS model in terms of Equations (1) and
(2). We analyse present-day results (Levis et al., 1999a) and results for doubled
atmospheric CO, conditions (Levis et al., 1999c).

For present-day climate, an analysis of multiple equilibria on a phase plane
was done by Levis et al. (1999a) on a regional scale. Here we use different units
for vegetation (tree fraction instead of leaf area index) and zonal averaging over
land (58.5-72° N) in order to compare the sensitivity of GENESIS-IBIS to that of
the two EMICs. In agreement with findings on a regional scale, there is a unique
equilibrium for the modern climate simulated by GENESIS-IBIS on a zonal scale.
The straight line 7*(F, 0) (0 is for present-day) and curve F*(T, 0) (not shown) in-
tersect at one point with approximate coordinates (1080, 0.4). T*(F, 0) (Figure 3a)
has ATy = 410 degree-days.

The doubled CO, experiment (referred to as RPV in Levis et al., 1999c)
was initialized from present-day conditions shown by point 1 in Figure 3a. In
IBIS, plant productivity depends on the concentration of atmospheric CO,, so
the curve F*(T, E) is a function of atmospheric CO,. Particularly, F*(T,C) >
F*(T,0), where C represents doubled CO, conditions. The procedure used to ob-
tain F*(T, C) is described for the present-day case in Levis et al., 1999a. F*(T, C)
in the form of a polynomial fit is shown in Figure 3a. For present-day GDDO,
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Figure 3. Interpretation of model results in terms of the conceptual model. (a) GENESIS-IBIS;
Point 1 is the initial state and point 2 is the final state in the doubled CO, experiment, arrows show
the system dynamics in terms of decadal averages. (b) CLIMBER-2, (c) MoBidiC; points 1, 2, and
3 are steady states in present-day (0), doubled CO; (C), and decreased insolation (S) simulations,
respectively. The solid curve represents F*(T'), dashed lines are for T*(F, E).
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F*(T,C) and F*(T, 0) are very similar, so point 1 is situated near F*(7T, C) in
Figure 3a.

The actual system dynamics in simulation (RPV) (Levis et al., 1999c¢) are shown
by arrows in Figure 3a, where the averaging period for F, T is 10 years. The system
state after 50 years of climate response is shown by point 2 with co-ordinates (1650,
0.9); it is situated very close to the curve F*(7T, C). This fact and the slowdown of
dynamics in the vicinity of point 2 suggest that the system is close to the new
equilibrium under the new CO, boundary condition.

To obtain curve T*(F, C), the results of another 20-year simulation (referred to
as R in Levis et al. (1999c¢)) are used. In this simulation, vegetation cover was fixed
to its present-day extent, while climate evolved freely to a new equilibrium under
double atmospheric CO,. On a phase plane, this equilibrium with co-ordinates
(1590, 0.45) corresponds to a crossing point of two curves, T*(F, C) and F*(T, 0).
The straight line passing through this point and point 2, to a first approximation,
is the T*(F, C) curve (see Figure 3b). The sensitivity ATF is about 130 degree-
days, considerably lower than the sensitivity for present-day climate. The curves
T*(F,C) and F*(T, C) intersect at one point. Consequently, the model has a
unique steady state under doubled CO, climate. This state consists of both denser
forest cover and warmer climate conditions than simulated for the same region at
present-day.

4. Experiments with EMICs

We have performed a set of experiments with two EMICs, CLIMBER-2
(Petoukhov et al., 2000; Ganopolski et al., 2001) and MoBidiC (Crucifix et al.,
2002). For the simulations presented here, MoBidiC was interactively coupled
to the vegetation module of CLIMBER-2, VECODE. With respect to the global
distribution of tree cover and the dynamics of the northern treeline under transient
climatic and CO, forcing, VECODE shows similar performance to other dynamic
global vegetation models including IBIS (Cramer et al., 2001).

For the stability analysis, we zonally average our model results over land points
in the zonal belt 60-70° N. In VECODE, equilibrium tree fraction F* does not
depend on atmospheric CO, concentration, so F*(T, E) = F*(T). Although in
every model grid cell F*(T) is non-linear, the zonally averaged F*(7T) shown
in Figures 3b,c is rather linear. In order to analyse the position of curve T*(F)
for different climatic conditions, we use the fully interactive EMICs to simulate
present-day climate (0), a warm doubled CO, climate (C), and a cold climate with
2% less total solar radiation than today (S). These steady states are then used as
initial conditions for simulations with tree fraction prescribed uniformly over the
studied area at levels from O to 1 by a step of 0.1 (see Table I for the time span of
the simulations). The grass fraction in the study area and all vegetation everywhere
else evolves freely towards a new equilibrium with climate. The results of these
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Table 11

Simulated climate sensitivity to forest cover, AT, for different
ocean configurations

Simulation Fixed SSTs  Mixed layer =~ Dynamic
ocean ocean
—2% insolation (S) 1702 520" 220,2 375 b
Present day (0) 852 550,P 410¢  150,2 345°
2 x CO; (C) 452 440,% 130¢  120,2350°
4 CLIMBER.
b MoBidiC.

¢ GENESIS-IBIS.

experiments are averaged over the last 20 years of each simulation (Figures 3b,c
and Table II).

In general, the sensitivity of the climate system to changes in forest cover,
ATpr, is lower for the warm climate than for the cold one. In CLIMBER-2, it is
220 degree-days for the cold climate, 150 degree-days for present-day climate,
and 120 degree-days for the doubled CO, climate. AT decreases with increasing
temperature due to several reasons. First, the warmer the climate, the earlier the
snow melt. Because of pronounced seasonal changes in the incoming radiation in
the region, the earlier the snow melt the smaller changes in absorbed radiation due
to the presence of forest. As a result, radiative effect of forest during the spring
decreases with increasing temperature. Second, in warmer climate the period of
vegetation growth, then forest transpires more water than grassland and cools the
surface air, is longer. Therefore, the hydrological effect of forest (negative feed-
back) increases with increasing temperature. This leads to a further reduction in
ATp.

The changes in radiative and hydrological effects of forest are also pronounced
in case of increasing tree fraction under the same external forcing. These changes
explain non-linear response of temperature to the changes in the tree fraction,
see curves T*(F, E) in Figures 3b,c. The higher the tree fraction, the earlier the
snow melt, the weaker the radiative effect and the stronger the hydrological effect
(see discussion in Section 4.1). Therefore, the climate sensitivity is higher for low
values of tree fraction than for high values of tree fraction.

As with CLIMBER-2, MoBidiC exhibits a unique steady state (see Figure 3c) in
each of the simulated climates. The low GDDO at present-day equilibrium, results
from a slight cold bias of the model in the high latitudes. The climate sensitivity
ATy is 375, 345, and 350 for (S), (0), and (C) respectively. AT is higher than in
CLIMBER-2, due to the absence of a hydrological feedback and the presence of
the cold bias in the northern high latitudes in MoBidiC. However, as in CLIMBER-
2, and due to the same processes, these results indicate higher climate sensitivity to
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forest cover for low tree fractions than for high ones. Our result is independent from
the finding by Ni and Woodcock (2000) that, in the presence of snow, reducing low
tree fractions gives greater increase in albedo than reducing high tree fractions.
If such a mechanism were incorporated in the land surface schemes of EMICs, it
would amplify the feedback for low tree fractions.

The sensitivity of CLIMBER-2 to its albedo parameterization was also ex-
plored. We prescribed snow albedo to the maximum value allowed by the land
surface scheme (0.6 and 0.9 for visible and near-infrared wavelengths, respec-
tively), and tree albedo to the minimum possible value (0.05 and 0.23 for the
same radiation bands). In response, present-day climate becomes warmer and the
sensitivity AT increases from 150 to 500 degree-days at equilibrium. Initializing
this system with F = 0 and F' = 1 and allowing vegetation to evolve freely, we
find that the model converges to the one solution with ¥ ~ 0.4. The model shows
no propensity for multiple steady states in the region.

4.1. SEASONALITY OF RADIATIVE AND HYDROLOGICAL EFFECTS

With CLIMBER-2, we explore the seasonality of the temperature sensitivity to for-
est fraction, shown here as the temperature difference at equilibrium between two
present-day simulations, one with F' = 1 and the other with F' = 0 in the belt 60—
70° N (Figure 4). The strongest response on the annual average occurs in the high
northern latitudes where temperature increases by 1-2 °C (Figure 4a). Atmosphere
and ocean circulations spread the warming globally (0.3 °C). The seasonal response
differs from the annual response due to changes in the relative significance of the
radiative and the hydrological feedbacks. In winter, changes in albedo barely affect
climate in the high northern latitudes due to very little incoming radiation. At that
time, oceanic feedbacks result in a warming (not shown) similar in magnitude
to the annual average. The hydrological effect of forest is also absent in winter.
In May and June, when there is still snow on the ground, the radiative effect is
most significant and the warming over land in the zone 60-70° N reaches 2—4 °C
(Figure 4b). In July and August, the albedo difference between forest and tundra
is small (less than 0.1) and the warming is much less pronounced than in spring.
In contrast, the hydrological effect is stronger, resulting in relative summer cooling
over the study area (Figure 4c). Still, the overall zonal and global effect of F = 1
versus F' = 0 is a warming enhanced by increased SSTs and atmospheric water
vapour.

4.2. OCEANIC FEEDBACKS

To assess the importance of oceanic feedbacks in CLIMBER-2, we repeat ex-
periments (S), (0), (C) with equilibrium SSTs and sea-ice prescribed from the
equivalent fully interactive simulations presented in Section 4. The climate sensi-
tivity AT is equal to 170, 85, and 45 degree-days for (S), (0) and (C), respectively
(Table II). The sensitivity of the model with fixed SSTs and sea ice is significantly
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lower than in the model with the dynamic ocean, especially for the doubled CO,
climate. The overall effect of the interactive ocean feedbacks, including sea ice-
albedo and thermohaline circulation feedbacks, is a significant amplification of the
radiative and hydrological feedbacks induced by changes in forest cover.

In contrast, the mixed-layer configuration of MoBidiC (Gaspar, 1988) exhibits
considerably higher sensitivity to change in the forest cover than the dynamic ocean
model (Table II). The major difference between the two ocean configurations is an
absence of the THC feedback in the mixed layer ocean. Simulation with dynamic
ocean reveals a small decrease in the intensity of the thermohaline circulation in
the Northern Atlantic (NADW) with increasing temperature, but the direct effect
of changes in NADW on the heat fluxes is rather small in comparison with indirect
effect via modification of the sea ice-albedo feedback. Mixed-layer ocean has much
shallower mixed layer depth than the dynamic ocean in the region of the deep
convection in the northern Atlantic. Because of the reduced thermal inertia in the
region, mixed-layer ocean model simulates much stronger response of SSTs and
sea ice to the external heat forcing than the dynamic ocean model. In the presence
of the THC feedback, the sea ice-albedo feedback is much less pronounced. We
conclude that the THC feedback to changes in the forest cover is negative.

4.3. TIME SCALE ANALYSIS: TRANSIENT CO; EXPERIMENT

Under a transient increase in the atmospheric CO, concentration, the trajectory of
the climate system in the phase space differs from the equilibrium response. How
far, then, from equilibrium is the present state of climate and vegetation in the
northern high latitudes? Which component of the climate system sets the dominant
time scale at different parts of the system trajectory? To address these questions,
we applied to both EMICs a scenario of transient atmospheric CO, concentrations
from a pre-industrial value (280 ppm, year 1800) to twice that value (560 ppm).
The scenario (Figure 5a) combines ice core data (Neftel et al., 1990), observations
(Keeling, 1993), and results from a simulation of a box model for the global car-
bon cycle (Svirezhev et al., 1999) driven by the IPCC 1S92a emission scenario
(Houghton et al., 1992). After the year 2055, when atmospheric CO, stabilizes at
the 560 ppm level, atmospheric CO, is assumed constant for ca. 2,000 years while
the climate-vegetation system relaxes towards a new equilibrium.

Points 1 and 2 are the initial and final equilibrium states from simulations (0)
and (C), respectively (Figures 5b,c). Equilibrium manifolds F*(T), T*(F, 0), and
T*(F, C) are shown for reference, while transient states of the system, each a
10-year average, are presented as series of dots. Both EMICs begin with a weak
system response through approximately 1970 (slow increase in temperature, nearly
constant tree fraction). After 1970 or so, both EMICs go through three clear phases:
(i) The system dynamics (shown by arrows in Figure 5b) accelerate with rapid
atmospheric but slow vegetation responses to increasing CO, concentrations. (ii)
After the atmospheric CO, concentration stabilizes, the temperature increase slows
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Figure 5. System dynamics under transient CO, forcing. (a) Transient scenario of atmospheric
CO; concentration. (b) CLIMBER-2, (c) MoBidiC. Points 1 and 2 are the initial and final states,
respectively. Dots show decadal averages.

to the response rate of the ocean. In this phase the dynamics are driven mainly by
the vegetation response. (iii) Approximately 200 years later, the trajectory meets
the F*(T) manifold. From there the system evolves slowly to equilibrium (point 2).
This last stage of the trajectory coincides with the F*(T) manifold, suggesting
that the vegetation is in quasi-equilibrium with climate. At the thousand-year time
scale, then, the system dynamics are determined by the equilibration of the deep
ocean with the new land-atmosphere conditions. The assumption that the ocean
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response time considerably exceeds the response time of vegetation is confirmed
by an additional transient simulation performed with a mixed-layer MoBidiC con-
figuration (not shown). In this case, the transient trajectory is only characterized by
steps (i) and (i1), while step (iii) is absent.

These results point to a significant disequilibrium between the vegetation cover
and climate in the northern high latitudes for the present decade. For example, in
the CLIMBER-2 simulation the 1990 value of F(T') is lower than the correspond-
ing equilibrium value F*(T) by 0.05 (Figure 5b). This disequilibrium is due to the
delayed response of vegetation to climate change. The difference increases up to
0.1 during the first half of the 21st century due to accelerated warming and despite
the rising rate of change in tree fraction, A F/At. The latter increases from about
1% per decade (1900-2000) to about 2% per decade (2020-2060). A F'/ At doubles
near 2020 in the MoBidiC simulation as well (Figure 5c). While small, this change
is significant for the sensitive northern environment. Because the change in the tree
fraction occurs on a decadal to century time scale, it can be interpreted as rather
abrupt in comparison with nearly steady position of the boreal treeline during the
last 3,000 yrs (MacDonald et al., 2000).

Increased tree cover, in turn, amplifies the warming in the area, although the
strength of the feedback declines as the climate warms. Let us note that a simplified
description of vegetation dynamics in the models can lead to overestimation of the
rate of the vegetation migration and a greater disequilibrium between climate and
vegetation than in our simulations (Solomon and Kirilenko, 1997).

5. Conclusions

We investigate the stability of the climate-vegetation system in the northern
high latitudes with climate-vegetation models of different complexity: a three-
dimensional model (GENESIS-IBIS) and two EMICs (CLIMBER-2 and Mo-
BidiC). Results of numerical experiments are interpreted in terms of equilibrium
manifolds on a phase plane. A unique steady state is simulated by all the models on
a zonal scale for present-day climate and doubled CO, climate. Decreased insola-
tion experiments with the EMICs also result in a unique equilibrium. In sensitivity
experiments with CLIMBER-2, no multiple steady states on a zonal scale are found
for intentionally changed parameterizations of snow and forest albedos. However,
we cannot rule out the possibility of multiple steady states, for example, due to
local scale interactions.

The EMIC simulations show lower climate sensitivity (expressed in degree-
days) with higher tree fractions. This is mainly due to a time shift in spring snow
melt in response to changes in tree cover. The radiative effect of forests on air tem-
perature is higher in spring than in summer. The higher the tree fraction, the earlier
the snow melt, the weaker the radiative effect and the stronger the hydrological
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effect of tree cover. Therefore, the climate sensitivity is higher for low values of
tree fraction than for high values of tree fraction.

The GENESIS-IBIS and CLIMBER-2 simulations reveal that the climate sen-
sitivity to changing tree fraction is higher for the present-day than for the doubled
CO; climate. In particular, the warmer climate has a shorter snow season, which
leads to a decrease in the significance of the radiative feedback. Simultaneously, as
the growing season lengthens, the hydrological feedback increases in importance.
In MoBidiC, the hydrological feedback is not simulated, and the difference in ATg
between cold and warm climates is less pronounced (Table II).

The EMIC experiments presented in this paper are, to our knowledge, the first
simulations exploring the effect of ocean circulation on the climate sensitivity to
forest cover in the boreal region (Figure 1). These simulations indicate that the
sensitivity is smaller with fixed SSTs and sea ice than with an interactive ocean
(CLIMBER-2), which is in turn smaller than with a mixed layer ocean (MoBidiC,
see Table II). The mixed layer ocean and interactive sea ice amplify the radiative
and hydrological feedbacks which originate on land, while THC feedback dampen
the signal.

There is growing observational evidence of recent changes in the northern high-
latitude environment including a decline in Arctic sea ice cover, a rise in surface
air temperature and photosynthetic activity of plants, and even indicators of a
northward trend in the position of the tree line (Serreze et al., 2000). Results of
our numerical experiments agree with such observations. EMIC simulations driven
with a scenario of transient CO, reveal that in the 1990s the rate of tree fraction
F increase in this region was about 1% per decade, while the equilibrium tree
fraction F'* grows at a rate of about 2% per decade. This points out the significant
disequilibrium between present-day climate and vegetation cover in the northern
high latitudes, due to a delay in the vegetation’s response. Under accelerated CO,
warming, the rate of change in vegetation cover in the following two decades dou-
bles in the models to 2% per decade. The changes in vegetation cover, in turn,
amplify regional warming, although the feedback weakens as the climate warms.

Figure 1 is a simplified cartoon of the complex climate-vegetation interac-
tion in the northern high latitudes. Keeping in mind each model’s limitations,
it is important to investigate feedbacks with a spectrum of models of different
complexity. Every class of models, from greatly simplified conceptual models to
high-resolution regional GCMs, plays an important role in this analysis.
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