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don’t require boundary conditions
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specific processes or get higher 

resolution simulations, but require 
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What is in a land model?

UCAR/CLM

Modern land 
surface models 
are very complex
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What is in a land model?
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What is in a land model?

UCAR/CLM

Carbon & Nitrogen Cycles

Modern land 
surface models 
are very complex
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What is in a land model?
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What is in a land model?
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What is in a land model?
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What is in a land model?
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What is in a land model?

UCAR/CLM

Land use

Modern land 
surface models 
are very complex
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What is in a land model?
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What is in a land model?
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High latitude model components that are “extra” important

UCAR/CLM

Permafrost

Combines:

• surface energy budget (melting frozen soils)

• hydrology (lots of water stored in frozen soil)

• carbon cycles (lots of old organic carbon stored in frozen soil)
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PermafrostTotal permafrost area is projected to decrease 
by > 5 million km2 with warming

Obu et al. 2018 via IPA
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PermafrostTotal permafrost area is projected to decrease 
by > 5 million km2 with warming

Obu et al. 2018 via IPA

A LOT of carbon stored in permafrost (~ 2x as much as is currently in the atmosphere; Dolman et al., 2010 via IPCC)
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Permafrost

UCAR / Lawrence & Slater 2005, Lawrence et al. 2012

Total permafrost area is projected to decrease 
by > 5 million km2 with warming

Obu et al. 2018 via IPA

A LOT of carbon stored in permafrost (~ 2x as much as is currently in the atmosphere; Dolman et al., 2010 via IPCC)
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NASA

Arctic land surfaces are changing in response to climate change
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Tchebakova et al. 2009

Yellow: forest to steppe       Green: tundra to forest

Simulated change in vegetation with global warming

NASA

Arctic land surfaces are changing in response to climate change
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Tchebakova et al. 2009

Yellow: forest to steppe       Green: tundra to forest

Simulated change in vegetation with global warming

NASA

“Drunken trees” – thawing permafrost alters ground 
stability

Arctic land surfaces are changing in response to climate change
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Tchebakova et al. 2009

Yellow: forest to steppe       Green: tundra to forest

Simulated change in vegetation with global warming

NASA

“Drunken trees” – thawing permafrost alters ground 
stability

Arctic land surfaces are changing in response to climate change

Arctic land surfaces changes can 
themselves modify the climate
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Arctic land surfaces changes can themselves modify the climate

With warming, forests are expected to expand polewards
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Arctic land surfaces changes can themselves modify the climate

Swann et al. 2010

Increasing forest cover in the Arctic:

• Makes surface darker (warming effect)

• Increases atmospheric water vapour (a 
strong greenhouse gas –> more warming)

With warming, forests are expected to expand polewards
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Arctic land surfaces changes can themselves modify the climate

Swann et al. 2010

Increasing forest cover in the Arctic:

• Makes surface darker (warming effect)

• Increases atmospheric water vapour (a 
strong greenhouse gas –> more warming)

temperature or sea-ice-cover are damped. The !V ! IO anoma-
lies can be considered as the whole earth system response includ-
ing the response both to direct forcing and any associated
feedbacks. The difference between the two anomalies,
!!" ! !""!V ! IO#-!""!V ! FO#, represents the additional
feedback (from both land and ocean) experienced when the
ocean and sea-ice are allowed to adjust.

The expansion of trees at high-northern latitudes leads to an
annual mean near-surface atmosphere warming (!T) of 1 and
0.2 K over the Arctic (all area north of 60 °N) for !V ! IO
and!V-FO, respectively. The spatial pattern of!T is widespread
in both the annual mean (Fig. 2A and C) and throughout the year
(Table 1). The phasing of peak !T is shifted to spring (in both FO
and IO) in contrast to winter polar amplification associated with
greenhouse gas forcing (18). The annual mean !T comes about
as a result of land and ocean feedbacks to the initial forcing from
northern expansion of Arctic vegetation but does not have an
identical spatial pattern (Fig. 1, Fig. 2A).

Feedbacks over both land and ocean (in IO runs) amplify the
warming forced directly by changes in vegetation. Over the ocean,
warming leads to a reduction in sea-ice area (13% in July, 26% in
September) which, in turn, decreases ocean albedo by 8% (blue
dashed line with “$” Fig. 3A) and increases the evaporative flux
by 21% in July (blue dashed line with “$” Fig. 3B). Sea surface
temperatures and ice area are held constant in the V-FO case, but
!albedo over the ocean is nonzero as snow and cloud cover are
allowed to change (blue dashed line with “o” Fig. 3A).

Low cloud cover anomalies are negative over both land and
ocean (by up to 8% in!V ! IO), but the change is not significant.
The decrease in low cloud is due to an increase in stability from
warming aloft. This is counter to the assertion of Eugster et al.
(ref. 12) who state (but do not test) that increases in ET from
adding deciduous vegetation should increase cloudiness.

The expansion of trees in the Arctic has two direct implications
for climate. First, there is a decrease in surface albedo over land
in the springtime (green solid line in Fig. 3A) as relatively dark
stems and leaves cover bright snow. Leaf-out occurs across the
Arctic in June, but stem area and a small residual leaf area
are maintained throughout the year and mask snow area causing
the largest albedo change when the sun comes out in April and
May. Second, there is enhanced ET in the summer (red dashed
dot line in Fig. 3B) leading to an increase in atmospheric water
vapor and consequently the greenhouse effect. The increase in

ET also cools at the surface, but the latent cooling is too small
to overcome the greenhouse warming from the increase in water
vapor and direct heating from the increase in absorbed solar
radiation leading to a net warming. Almost all !ET over land
comes from transpiration (compare green solid line and red
dashed dot line in Fig. 2B) but with the increase in ET there
is a slight compensating decrease in soil evaporation.

The addition of trees causes both a decrease in albedo and an
increase in water flux from transpiration. Warmer air holds more
water vapor than colder air thus we expect water vapor in the
atmosphere will increase, somehow, in response to increases in
temperature. It is very difficult, if not impossible, to isolate
the initial effect of the water vapor directly released from en-
hanced transpiration (the “trigger”) from the water vapor result-
ing from a subsequent increase in temperature (the “response”),
as the distribution of both !T and !!T covaries with column
water vapor increase (Fig. 2).

Precipitation minus evaporation (P ! E) is generally positive in
the Arctic, i.e. there is a net import of water vapor from lower
latitudes. The effective water vapor import anomalies, calculated
by closing the water budget (see Methods section), shows a
decrease in net import from lower latitudes in July for
!V ! IO and April !V-FO. The July reduction in import of
water occurs when !T is the largest and corresponds with the
summer growing season confirming that the increase in column
water vapor comes from within Arctic inputs of water to the at-
mosphere.

Direct Comparison of Forcing Mechanisms. To explicitly separate the
effects of albedo and changes in water vapor on the net radiative
imbalance (!F) at the top of the atmosphere, we performed a

Fig. 1. Map showing the land area converted to broad-leaf deciduous trees
in V-FO and V-IO in units of 104 km2. The converted area totals
3;000; 000 km2.

Fig. 2. (A) The anomaly (!V ! IO) in near-surface atmospheric temperature
in degrees Celcius (deg C) between a model experiment where trees are
introduced on bare ground north of 60 °N and a corresponding control
run with no added trees. (B) The same as (A) for column water vapor in
percent. (C) The difference !"!V ! IO-!V-FO# in near-surface atmospheric
temperature in deg C between two anomalies where trees are introduced
on bare ground north of 60 °N, one with an interactive ocean model
(V-IO), and the other with fixed ocean and sea-ice (V-FO). (D) The same as
(C) for column water vapor in percent.
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temperature or sea-ice-cover are damped. The !V ! IO anoma-
lies can be considered as the whole earth system response includ-
ing the response both to direct forcing and any associated
feedbacks. The difference between the two anomalies,
!!" ! !""!V ! IO#-!""!V ! FO#, represents the additional
feedback (from both land and ocean) experienced when the
ocean and sea-ice are allowed to adjust.

The expansion of trees at high-northern latitudes leads to an
annual mean near-surface atmosphere warming (!T) of 1 and
0.2 K over the Arctic (all area north of 60 °N) for !V ! IO
and!V-FO, respectively. The spatial pattern of!T is widespread
in both the annual mean (Fig. 2A and C) and throughout the year
(Table 1). The phasing of peak !T is shifted to spring (in both FO
and IO) in contrast to winter polar amplification associated with
greenhouse gas forcing (18). The annual mean !T comes about
as a result of land and ocean feedbacks to the initial forcing from
northern expansion of Arctic vegetation but does not have an
identical spatial pattern (Fig. 1, Fig. 2A).

Feedbacks over both land and ocean (in IO runs) amplify the
warming forced directly by changes in vegetation. Over the ocean,
warming leads to a reduction in sea-ice area (13% in July, 26% in
September) which, in turn, decreases ocean albedo by 8% (blue
dashed line with “$” Fig. 3A) and increases the evaporative flux
by 21% in July (blue dashed line with “$” Fig. 3B). Sea surface
temperatures and ice area are held constant in the V-FO case, but
!albedo over the ocean is nonzero as snow and cloud cover are
allowed to change (blue dashed line with “o” Fig. 3A).

Low cloud cover anomalies are negative over both land and
ocean (by up to 8% in!V ! IO), but the change is not significant.
The decrease in low cloud is due to an increase in stability from
warming aloft. This is counter to the assertion of Eugster et al.
(ref. 12) who state (but do not test) that increases in ET from
adding deciduous vegetation should increase cloudiness.

The expansion of trees in the Arctic has two direct implications
for climate. First, there is a decrease in surface albedo over land
in the springtime (green solid line in Fig. 3A) as relatively dark
stems and leaves cover bright snow. Leaf-out occurs across the
Arctic in June, but stem area and a small residual leaf area
are maintained throughout the year and mask snow area causing
the largest albedo change when the sun comes out in April and
May. Second, there is enhanced ET in the summer (red dashed
dot line in Fig. 3B) leading to an increase in atmospheric water
vapor and consequently the greenhouse effect. The increase in

ET also cools at the surface, but the latent cooling is too small
to overcome the greenhouse warming from the increase in water
vapor and direct heating from the increase in absorbed solar
radiation leading to a net warming. Almost all !ET over land
comes from transpiration (compare green solid line and red
dashed dot line in Fig. 2B) but with the increase in ET there
is a slight compensating decrease in soil evaporation.

The addition of trees causes both a decrease in albedo and an
increase in water flux from transpiration. Warmer air holds more
water vapor than colder air thus we expect water vapor in the
atmosphere will increase, somehow, in response to increases in
temperature. It is very difficult, if not impossible, to isolate
the initial effect of the water vapor directly released from en-
hanced transpiration (the “trigger”) from the water vapor result-
ing from a subsequent increase in temperature (the “response”),
as the distribution of both !T and !!T covaries with column
water vapor increase (Fig. 2).

Precipitation minus evaporation (P ! E) is generally positive in
the Arctic, i.e. there is a net import of water vapor from lower
latitudes. The effective water vapor import anomalies, calculated
by closing the water budget (see Methods section), shows a
decrease in net import from lower latitudes in July for
!V ! IO and April !V-FO. The July reduction in import of
water occurs when !T is the largest and corresponds with the
summer growing season confirming that the increase in column
water vapor comes from within Arctic inputs of water to the at-
mosphere.

Direct Comparison of Forcing Mechanisms. To explicitly separate the
effects of albedo and changes in water vapor on the net radiative
imbalance (!F) at the top of the atmosphere, we performed a

Fig. 1. Map showing the land area converted to broad-leaf deciduous trees
in V-FO and V-IO in units of 104 km2. The converted area totals
3;000; 000 km2.

Fig. 2. (A) The anomaly (!V ! IO) in near-surface atmospheric temperature
in degrees Celcius (deg C) between a model experiment where trees are
introduced on bare ground north of 60 °N and a corresponding control
run with no added trees. (B) The same as (A) for column water vapor in
percent. (C) The difference !"!V ! IO-!V-FO# in near-surface atmospheric
temperature in deg C between two anomalies where trees are introduced
on bare ground north of 60 °N, one with an interactive ocean model
(V-IO), and the other with fixed ocean and sea-ice (V-FO). (D) The same as
(C) for column water vapor in percent.
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With warming, forests are expected to expand polewards



34

Arctic land surfaces changes can themselves modify the climate

Swann et al. 2010

Increasing forest cover in the Arctic:

• Makes surface darker (warming effect)

• Increases atmospheric water vapour (a 
strong greenhouse gas –> more warming)

sensitivity analysis using a one-dimensional offline version of the
radiation calculations from our atmospheric model (see Methods
section). As with the full global model experiments, the FO con-
ditions are used to estimate the “direct” effect of adding trees (as
the response of the system is damped by the fixed ocean) and the
!!F (!V ! IO minus !V-FO) is used to estimate feedbacks.
Adding trees to the bare ground in the Arctic causes a “direct”
increase in !F over land of 0.96 Wm!2 due to the decrease in
albedo and of 0.95 Wm!2 due to increased water vapor from
transpiration (shaded area of first two columns in Fig. 4). The
net radiative imbalance is amplified when the ocean is allowed
to respond (!!F, nonshaded area in columns in Fig. 4) due to
an increase in terrestrial productivity and a consequent (i) dark-
ening of the land surface by additional leaves (0.23 Wm!2), (ii)
additional increase in water vapor from ET (0.44 Wm!2), and
(iii) “indirect” feedbacks from the increase in sea surface tem-
perature and melting of sea-ice (0.44 Wm!2 from ocean albedo
and 0.94 Wm!2 from evaporation changes). With the full
response of both atmosphere and ocean, the !F over land due
to anomalous water vapor from ET is substantial and of the same
magnitude as the direct !F due to albedo change.

Our hypothesis is as follows (Fig. 5): Expansion of deciduous
forest causes a darkening of the surface due to the masking of
bright snow by relatively dark stems and leaves and a concomitant
increase in transpiration by the new leaves. These initial forcings,
the lowering of albedo, and increase in column water vapor, cause
an increase in surface temperature over land. Water transpired by
plants is efficiently mixed throughout the Arctic leading to
surface warming over the ocean. Warming over the ocean, in turn,
leads to the melting of sea-ice (in !V ! IO) resulting in a darker
ocean surface as well as an increase in evaporation from the
warmer ocean and newly ice-free water. This feedback chain
warms the land surface further leading to greater productivity,
lower albedo, and greater transpiration. The total temperature
change seen in !V ! IO includes both the initial forcing and all
consecutive feedbacks listed here.

Discussion and Summary
We find that expansion of deciduous trees in the Arctic modifies
both the short-wave and long-wave energy budgets, and initiates
additional positive feedbacks associated with decreased sea-ice
albedo and enhanced water vapor from evaporation from the
Arctic Ocean. In particular, our analysis of the radiative energy
imbalance due to the radiative forcing effects of water vapor is of
the same order of magnitude as short-wave forcing from albedo
changes. Thus, this study does not support the conventional
wisdom (e.g. ref. 3, ref. 11) that land albedo is the dominant
means by which terrestrial vegetation interacts with climate at
high-northern latitudes.

The temperature increase obtained in this experiment
("1 degree across the Arctic) is modest in the global context
but suggests that changing land cover in the Arctic could amplify
an ongoing warming. The total !F over land due to water vapor
from increased transpiration alone (1.4 Wm!2), while regional,
falls in between the estimated regional forcing (north of 60 °N)
from CO2 of an increase from 291 ppm to 370 ppm
(1.1 Wm!2) and from 291 ppm to 437 ppm (1.85 Wm!2) (19).

The expansion of deciduous woodlands has been observed in
past times of warming (4, 15), and is predicted by some studies of
future warming (14). Our study shows that the expansion of de-
ciduous forest has a positive feedback on regional climate change.
We suggest that an increase in deciduous woodland coverage
might accelerate further expansion as warming provides more fa-
vorable growing conditions for deciduous trees at high-northern
latitudes. We find a number of aspects of hydrology counter to
stated (but untested) assumptions about the climatic role of de-
ciduous vegetation from ecological literature (e.g. an expected
increase in cloud cover (12) or the role of ET (5, 11)). This study
does not investigate the timescale associated with expansion and
therefore we cannot say if this is a mechanism that might lead to
abrupt change. However, it suggests that vegetation changes
create a positive feedback through albedo and transpiration
and produce a strong warming if they act in combination with
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temperature or sea-ice-cover are damped. The !V ! IO anoma-
lies can be considered as the whole earth system response includ-
ing the response both to direct forcing and any associated
feedbacks. The difference between the two anomalies,
!!" ! !""!V ! IO#-!""!V ! FO#, represents the additional
feedback (from both land and ocean) experienced when the
ocean and sea-ice are allowed to adjust.

The expansion of trees at high-northern latitudes leads to an
annual mean near-surface atmosphere warming (!T) of 1 and
0.2 K over the Arctic (all area north of 60 °N) for !V ! IO
and!V-FO, respectively. The spatial pattern of!T is widespread
in both the annual mean (Fig. 2A and C) and throughout the year
(Table 1). The phasing of peak !T is shifted to spring (in both FO
and IO) in contrast to winter polar amplification associated with
greenhouse gas forcing (18). The annual mean !T comes about
as a result of land and ocean feedbacks to the initial forcing from
northern expansion of Arctic vegetation but does not have an
identical spatial pattern (Fig. 1, Fig. 2A).

Feedbacks over both land and ocean (in IO runs) amplify the
warming forced directly by changes in vegetation. Over the ocean,
warming leads to a reduction in sea-ice area (13% in July, 26% in
September) which, in turn, decreases ocean albedo by 8% (blue
dashed line with “$” Fig. 3A) and increases the evaporative flux
by 21% in July (blue dashed line with “$” Fig. 3B). Sea surface
temperatures and ice area are held constant in the V-FO case, but
!albedo over the ocean is nonzero as snow and cloud cover are
allowed to change (blue dashed line with “o” Fig. 3A).

Low cloud cover anomalies are negative over both land and
ocean (by up to 8% in!V ! IO), but the change is not significant.
The decrease in low cloud is due to an increase in stability from
warming aloft. This is counter to the assertion of Eugster et al.
(ref. 12) who state (but do not test) that increases in ET from
adding deciduous vegetation should increase cloudiness.

The expansion of trees in the Arctic has two direct implications
for climate. First, there is a decrease in surface albedo over land
in the springtime (green solid line in Fig. 3A) as relatively dark
stems and leaves cover bright snow. Leaf-out occurs across the
Arctic in June, but stem area and a small residual leaf area
are maintained throughout the year and mask snow area causing
the largest albedo change when the sun comes out in April and
May. Second, there is enhanced ET in the summer (red dashed
dot line in Fig. 3B) leading to an increase in atmospheric water
vapor and consequently the greenhouse effect. The increase in

ET also cools at the surface, but the latent cooling is too small
to overcome the greenhouse warming from the increase in water
vapor and direct heating from the increase in absorbed solar
radiation leading to a net warming. Almost all !ET over land
comes from transpiration (compare green solid line and red
dashed dot line in Fig. 2B) but with the increase in ET there
is a slight compensating decrease in soil evaporation.

The addition of trees causes both a decrease in albedo and an
increase in water flux from transpiration. Warmer air holds more
water vapor than colder air thus we expect water vapor in the
atmosphere will increase, somehow, in response to increases in
temperature. It is very difficult, if not impossible, to isolate
the initial effect of the water vapor directly released from en-
hanced transpiration (the “trigger”) from the water vapor result-
ing from a subsequent increase in temperature (the “response”),
as the distribution of both !T and !!T covaries with column
water vapor increase (Fig. 2).

Precipitation minus evaporation (P ! E) is generally positive in
the Arctic, i.e. there is a net import of water vapor from lower
latitudes. The effective water vapor import anomalies, calculated
by closing the water budget (see Methods section), shows a
decrease in net import from lower latitudes in July for
!V ! IO and April !V-FO. The July reduction in import of
water occurs when !T is the largest and corresponds with the
summer growing season confirming that the increase in column
water vapor comes from within Arctic inputs of water to the at-
mosphere.

Direct Comparison of Forcing Mechanisms. To explicitly separate the
effects of albedo and changes in water vapor on the net radiative
imbalance (!F) at the top of the atmosphere, we performed a

Fig. 1. Map showing the land area converted to broad-leaf deciduous trees
in V-FO and V-IO in units of 104 km2. The converted area totals
3;000; 000 km2.

Fig. 2. (A) The anomaly (!V ! IO) in near-surface atmospheric temperature
in degrees Celcius (deg C) between a model experiment where trees are
introduced on bare ground north of 60 °N and a corresponding control
run with no added trees. (B) The same as (A) for column water vapor in
percent. (C) The difference !"!V ! IO-!V-FO# in near-surface atmospheric
temperature in deg C between two anomalies where trees are introduced
on bare ground north of 60 °N, one with an interactive ocean model
(V-IO), and the other with fixed ocean and sea-ice (V-FO). (D) The same as
(C) for column water vapor in percent.
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temperature or sea-ice-cover are damped. The !V ! IO anoma-
lies can be considered as the whole earth system response includ-
ing the response both to direct forcing and any associated
feedbacks. The difference between the two anomalies,
!!" ! !""!V ! IO#-!""!V ! FO#, represents the additional
feedback (from both land and ocean) experienced when the
ocean and sea-ice are allowed to adjust.

The expansion of trees at high-northern latitudes leads to an
annual mean near-surface atmosphere warming (!T) of 1 and
0.2 K over the Arctic (all area north of 60 °N) for !V ! IO
and!V-FO, respectively. The spatial pattern of!T is widespread
in both the annual mean (Fig. 2A and C) and throughout the year
(Table 1). The phasing of peak !T is shifted to spring (in both FO
and IO) in contrast to winter polar amplification associated with
greenhouse gas forcing (18). The annual mean !T comes about
as a result of land and ocean feedbacks to the initial forcing from
northern expansion of Arctic vegetation but does not have an
identical spatial pattern (Fig. 1, Fig. 2A).

Feedbacks over both land and ocean (in IO runs) amplify the
warming forced directly by changes in vegetation. Over the ocean,
warming leads to a reduction in sea-ice area (13% in July, 26% in
September) which, in turn, decreases ocean albedo by 8% (blue
dashed line with “$” Fig. 3A) and increases the evaporative flux
by 21% in July (blue dashed line with “$” Fig. 3B). Sea surface
temperatures and ice area are held constant in the V-FO case, but
!albedo over the ocean is nonzero as snow and cloud cover are
allowed to change (blue dashed line with “o” Fig. 3A).

Low cloud cover anomalies are negative over both land and
ocean (by up to 8% in!V ! IO), but the change is not significant.
The decrease in low cloud is due to an increase in stability from
warming aloft. This is counter to the assertion of Eugster et al.
(ref. 12) who state (but do not test) that increases in ET from
adding deciduous vegetation should increase cloudiness.

The expansion of trees in the Arctic has two direct implications
for climate. First, there is a decrease in surface albedo over land
in the springtime (green solid line in Fig. 3A) as relatively dark
stems and leaves cover bright snow. Leaf-out occurs across the
Arctic in June, but stem area and a small residual leaf area
are maintained throughout the year and mask snow area causing
the largest albedo change when the sun comes out in April and
May. Second, there is enhanced ET in the summer (red dashed
dot line in Fig. 3B) leading to an increase in atmospheric water
vapor and consequently the greenhouse effect. The increase in

ET also cools at the surface, but the latent cooling is too small
to overcome the greenhouse warming from the increase in water
vapor and direct heating from the increase in absorbed solar
radiation leading to a net warming. Almost all !ET over land
comes from transpiration (compare green solid line and red
dashed dot line in Fig. 2B) but with the increase in ET there
is a slight compensating decrease in soil evaporation.

The addition of trees causes both a decrease in albedo and an
increase in water flux from transpiration. Warmer air holds more
water vapor than colder air thus we expect water vapor in the
atmosphere will increase, somehow, in response to increases in
temperature. It is very difficult, if not impossible, to isolate
the initial effect of the water vapor directly released from en-
hanced transpiration (the “trigger”) from the water vapor result-
ing from a subsequent increase in temperature (the “response”),
as the distribution of both !T and !!T covaries with column
water vapor increase (Fig. 2).

Precipitation minus evaporation (P ! E) is generally positive in
the Arctic, i.e. there is a net import of water vapor from lower
latitudes. The effective water vapor import anomalies, calculated
by closing the water budget (see Methods section), shows a
decrease in net import from lower latitudes in July for
!V ! IO and April !V-FO. The July reduction in import of
water occurs when !T is the largest and corresponds with the
summer growing season confirming that the increase in column
water vapor comes from within Arctic inputs of water to the at-
mosphere.

Direct Comparison of Forcing Mechanisms. To explicitly separate the
effects of albedo and changes in water vapor on the net radiative
imbalance (!F) at the top of the atmosphere, we performed a

Fig. 1. Map showing the land area converted to broad-leaf deciduous trees
in V-FO and V-IO in units of 104 km2. The converted area totals
3;000; 000 km2.

Fig. 2. (A) The anomaly (!V ! IO) in near-surface atmospheric temperature
in degrees Celcius (deg C) between a model experiment where trees are
introduced on bare ground north of 60 °N and a corresponding control
run with no added trees. (B) The same as (A) for column water vapor in
percent. (C) The difference !"!V ! IO-!V-FO# in near-surface atmospheric
temperature in deg C between two anomalies where trees are introduced
on bare ground north of 60 °N, one with an interactive ocean model
(V-IO), and the other with fixed ocean and sea-ice (V-FO). (D) The same as
(C) for column water vapor in percent.
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With warming, forests are expected to expand polewards
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Arctic land surfaces changes can themselves modify the climate

Swann et al. 2010

Increasing forest cover in the Arctic:

• Makes surface darker (warming effect)

• Increases atmospheric water vapour (a 
strong greenhouse gas –> more warming)

sensitivity analysis using a one-dimensional offline version of the
radiation calculations from our atmospheric model (see Methods
section). As with the full global model experiments, the FO con-
ditions are used to estimate the “direct” effect of adding trees (as
the response of the system is damped by the fixed ocean) and the
!!F (!V ! IO minus !V-FO) is used to estimate feedbacks.
Adding trees to the bare ground in the Arctic causes a “direct”
increase in !F over land of 0.96 Wm!2 due to the decrease in
albedo and of 0.95 Wm!2 due to increased water vapor from
transpiration (shaded area of first two columns in Fig. 4). The
net radiative imbalance is amplified when the ocean is allowed
to respond (!!F, nonshaded area in columns in Fig. 4) due to
an increase in terrestrial productivity and a consequent (i) dark-
ening of the land surface by additional leaves (0.23 Wm!2), (ii)
additional increase in water vapor from ET (0.44 Wm!2), and
(iii) “indirect” feedbacks from the increase in sea surface tem-
perature and melting of sea-ice (0.44 Wm!2 from ocean albedo
and 0.94 Wm!2 from evaporation changes). With the full
response of both atmosphere and ocean, the !F over land due
to anomalous water vapor from ET is substantial and of the same
magnitude as the direct !F due to albedo change.

Our hypothesis is as follows (Fig. 5): Expansion of deciduous
forest causes a darkening of the surface due to the masking of
bright snow by relatively dark stems and leaves and a concomitant
increase in transpiration by the new leaves. These initial forcings,
the lowering of albedo, and increase in column water vapor, cause
an increase in surface temperature over land. Water transpired by
plants is efficiently mixed throughout the Arctic leading to
surface warming over the ocean. Warming over the ocean, in turn,
leads to the melting of sea-ice (in !V ! IO) resulting in a darker
ocean surface as well as an increase in evaporation from the
warmer ocean and newly ice-free water. This feedback chain
warms the land surface further leading to greater productivity,
lower albedo, and greater transpiration. The total temperature
change seen in !V ! IO includes both the initial forcing and all
consecutive feedbacks listed here.

Discussion and Summary
We find that expansion of deciduous trees in the Arctic modifies
both the short-wave and long-wave energy budgets, and initiates
additional positive feedbacks associated with decreased sea-ice
albedo and enhanced water vapor from evaporation from the
Arctic Ocean. In particular, our analysis of the radiative energy
imbalance due to the radiative forcing effects of water vapor is of
the same order of magnitude as short-wave forcing from albedo
changes. Thus, this study does not support the conventional
wisdom (e.g. ref. 3, ref. 11) that land albedo is the dominant
means by which terrestrial vegetation interacts with climate at
high-northern latitudes.

The temperature increase obtained in this experiment
("1 degree across the Arctic) is modest in the global context
but suggests that changing land cover in the Arctic could amplify
an ongoing warming. The total !F over land due to water vapor
from increased transpiration alone (1.4 Wm!2), while regional,
falls in between the estimated regional forcing (north of 60 °N)
from CO2 of an increase from 291 ppm to 370 ppm
(1.1 Wm!2) and from 291 ppm to 437 ppm (1.85 Wm!2) (19).

The expansion of deciduous woodlands has been observed in
past times of warming (4, 15), and is predicted by some studies of
future warming (14). Our study shows that the expansion of de-
ciduous forest has a positive feedback on regional climate change.
We suggest that an increase in deciduous woodland coverage
might accelerate further expansion as warming provides more fa-
vorable growing conditions for deciduous trees at high-northern
latitudes. We find a number of aspects of hydrology counter to
stated (but untested) assumptions about the climatic role of de-
ciduous vegetation from ecological literature (e.g. an expected
increase in cloud cover (12) or the role of ET (5, 11)). This study
does not investigate the timescale associated with expansion and
therefore we cannot say if this is a mechanism that might lead to
abrupt change. However, it suggests that vegetation changes
create a positive feedback through albedo and transpiration
and produce a strong warming if they act in combination with
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Fig. 5. Diagram representing the response and feedback of vegetation and
sea-ice processes on climate at high-northern latitudes.
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temperature or sea-ice-cover are damped. The !V ! IO anoma-
lies can be considered as the whole earth system response includ-
ing the response both to direct forcing and any associated
feedbacks. The difference between the two anomalies,
!!" ! !""!V ! IO#-!""!V ! FO#, represents the additional
feedback (from both land and ocean) experienced when the
ocean and sea-ice are allowed to adjust.

The expansion of trees at high-northern latitudes leads to an
annual mean near-surface atmosphere warming (!T) of 1 and
0.2 K over the Arctic (all area north of 60 °N) for !V ! IO
and!V-FO, respectively. The spatial pattern of!T is widespread
in both the annual mean (Fig. 2A and C) and throughout the year
(Table 1). The phasing of peak !T is shifted to spring (in both FO
and IO) in contrast to winter polar amplification associated with
greenhouse gas forcing (18). The annual mean !T comes about
as a result of land and ocean feedbacks to the initial forcing from
northern expansion of Arctic vegetation but does not have an
identical spatial pattern (Fig. 1, Fig. 2A).

Feedbacks over both land and ocean (in IO runs) amplify the
warming forced directly by changes in vegetation. Over the ocean,
warming leads to a reduction in sea-ice area (13% in July, 26% in
September) which, in turn, decreases ocean albedo by 8% (blue
dashed line with “$” Fig. 3A) and increases the evaporative flux
by 21% in July (blue dashed line with “$” Fig. 3B). Sea surface
temperatures and ice area are held constant in the V-FO case, but
!albedo over the ocean is nonzero as snow and cloud cover are
allowed to change (blue dashed line with “o” Fig. 3A).

Low cloud cover anomalies are negative over both land and
ocean (by up to 8% in!V ! IO), but the change is not significant.
The decrease in low cloud is due to an increase in stability from
warming aloft. This is counter to the assertion of Eugster et al.
(ref. 12) who state (but do not test) that increases in ET from
adding deciduous vegetation should increase cloudiness.

The expansion of trees in the Arctic has two direct implications
for climate. First, there is a decrease in surface albedo over land
in the springtime (green solid line in Fig. 3A) as relatively dark
stems and leaves cover bright snow. Leaf-out occurs across the
Arctic in June, but stem area and a small residual leaf area
are maintained throughout the year and mask snow area causing
the largest albedo change when the sun comes out in April and
May. Second, there is enhanced ET in the summer (red dashed
dot line in Fig. 3B) leading to an increase in atmospheric water
vapor and consequently the greenhouse effect. The increase in

ET also cools at the surface, but the latent cooling is too small
to overcome the greenhouse warming from the increase in water
vapor and direct heating from the increase in absorbed solar
radiation leading to a net warming. Almost all !ET over land
comes from transpiration (compare green solid line and red
dashed dot line in Fig. 2B) but with the increase in ET there
is a slight compensating decrease in soil evaporation.

The addition of trees causes both a decrease in albedo and an
increase in water flux from transpiration. Warmer air holds more
water vapor than colder air thus we expect water vapor in the
atmosphere will increase, somehow, in response to increases in
temperature. It is very difficult, if not impossible, to isolate
the initial effect of the water vapor directly released from en-
hanced transpiration (the “trigger”) from the water vapor result-
ing from a subsequent increase in temperature (the “response”),
as the distribution of both !T and !!T covaries with column
water vapor increase (Fig. 2).

Precipitation minus evaporation (P ! E) is generally positive in
the Arctic, i.e. there is a net import of water vapor from lower
latitudes. The effective water vapor import anomalies, calculated
by closing the water budget (see Methods section), shows a
decrease in net import from lower latitudes in July for
!V ! IO and April !V-FO. The July reduction in import of
water occurs when !T is the largest and corresponds with the
summer growing season confirming that the increase in column
water vapor comes from within Arctic inputs of water to the at-
mosphere.

Direct Comparison of Forcing Mechanisms. To explicitly separate the
effects of albedo and changes in water vapor on the net radiative
imbalance (!F) at the top of the atmosphere, we performed a

Fig. 1. Map showing the land area converted to broad-leaf deciduous trees
in V-FO and V-IO in units of 104 km2. The converted area totals
3;000; 000 km2.

Fig. 2. (A) The anomaly (!V ! IO) in near-surface atmospheric temperature
in degrees Celcius (deg C) between a model experiment where trees are
introduced on bare ground north of 60 °N and a corresponding control
run with no added trees. (B) The same as (A) for column water vapor in
percent. (C) The difference !"!V ! IO-!V-FO# in near-surface atmospheric
temperature in deg C between two anomalies where trees are introduced
on bare ground north of 60 °N, one with an interactive ocean model
(V-IO), and the other with fixed ocean and sea-ice (V-FO). (D) The same as
(C) for column water vapor in percent.
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temperature or sea-ice-cover are damped. The !V ! IO anoma-
lies can be considered as the whole earth system response includ-
ing the response both to direct forcing and any associated
feedbacks. The difference between the two anomalies,
!!" ! !""!V ! IO#-!""!V ! FO#, represents the additional
feedback (from both land and ocean) experienced when the
ocean and sea-ice are allowed to adjust.

The expansion of trees at high-northern latitudes leads to an
annual mean near-surface atmosphere warming (!T) of 1 and
0.2 K over the Arctic (all area north of 60 °N) for !V ! IO
and!V-FO, respectively. The spatial pattern of!T is widespread
in both the annual mean (Fig. 2A and C) and throughout the year
(Table 1). The phasing of peak !T is shifted to spring (in both FO
and IO) in contrast to winter polar amplification associated with
greenhouse gas forcing (18). The annual mean !T comes about
as a result of land and ocean feedbacks to the initial forcing from
northern expansion of Arctic vegetation but does not have an
identical spatial pattern (Fig. 1, Fig. 2A).

Feedbacks over both land and ocean (in IO runs) amplify the
warming forced directly by changes in vegetation. Over the ocean,
warming leads to a reduction in sea-ice area (13% in July, 26% in
September) which, in turn, decreases ocean albedo by 8% (blue
dashed line with “$” Fig. 3A) and increases the evaporative flux
by 21% in July (blue dashed line with “$” Fig. 3B). Sea surface
temperatures and ice area are held constant in the V-FO case, but
!albedo over the ocean is nonzero as snow and cloud cover are
allowed to change (blue dashed line with “o” Fig. 3A).

Low cloud cover anomalies are negative over both land and
ocean (by up to 8% in!V ! IO), but the change is not significant.
The decrease in low cloud is due to an increase in stability from
warming aloft. This is counter to the assertion of Eugster et al.
(ref. 12) who state (but do not test) that increases in ET from
adding deciduous vegetation should increase cloudiness.

The expansion of trees in the Arctic has two direct implications
for climate. First, there is a decrease in surface albedo over land
in the springtime (green solid line in Fig. 3A) as relatively dark
stems and leaves cover bright snow. Leaf-out occurs across the
Arctic in June, but stem area and a small residual leaf area
are maintained throughout the year and mask snow area causing
the largest albedo change when the sun comes out in April and
May. Second, there is enhanced ET in the summer (red dashed
dot line in Fig. 3B) leading to an increase in atmospheric water
vapor and consequently the greenhouse effect. The increase in

ET also cools at the surface, but the latent cooling is too small
to overcome the greenhouse warming from the increase in water
vapor and direct heating from the increase in absorbed solar
radiation leading to a net warming. Almost all !ET over land
comes from transpiration (compare green solid line and red
dashed dot line in Fig. 2B) but with the increase in ET there
is a slight compensating decrease in soil evaporation.

The addition of trees causes both a decrease in albedo and an
increase in water flux from transpiration. Warmer air holds more
water vapor than colder air thus we expect water vapor in the
atmosphere will increase, somehow, in response to increases in
temperature. It is very difficult, if not impossible, to isolate
the initial effect of the water vapor directly released from en-
hanced transpiration (the “trigger”) from the water vapor result-
ing from a subsequent increase in temperature (the “response”),
as the distribution of both !T and !!T covaries with column
water vapor increase (Fig. 2).

Precipitation minus evaporation (P ! E) is generally positive in
the Arctic, i.e. there is a net import of water vapor from lower
latitudes. The effective water vapor import anomalies, calculated
by closing the water budget (see Methods section), shows a
decrease in net import from lower latitudes in July for
!V ! IO and April !V-FO. The July reduction in import of
water occurs when !T is the largest and corresponds with the
summer growing season confirming that the increase in column
water vapor comes from within Arctic inputs of water to the at-
mosphere.

Direct Comparison of Forcing Mechanisms. To explicitly separate the
effects of albedo and changes in water vapor on the net radiative
imbalance (!F) at the top of the atmosphere, we performed a

Fig. 1. Map showing the land area converted to broad-leaf deciduous trees
in V-FO and V-IO in units of 104 km2. The converted area totals
3;000; 000 km2.

Fig. 2. (A) The anomaly (!V ! IO) in near-surface atmospheric temperature
in degrees Celcius (deg C) between a model experiment where trees are
introduced on bare ground north of 60 °N and a corresponding control
run with no added trees. (B) The same as (A) for column water vapor in
percent. (C) The difference !"!V ! IO-!V-FO# in near-surface atmospheric
temperature in deg C between two anomalies where trees are introduced
on bare ground north of 60 °N, one with an interactive ocean model
(V-IO), and the other with fixed ocean and sea-ice (V-FO). (D) The same as
(C) for column water vapor in percent.
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With warming, forests are expected to expand polewards

When we think about the effects of climate on 
high latitude vegetation, permafrost, and water, 
we also have to think about how Arctic change 

can feed back on the climate system
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Arctic land surfaces changes can themselves modify the climate

Kim et al. 2021

Increasing forest cover in the Arctic:

• Makes surface darker (warming effect)

• Increases atmospheric water vapour (a 
strong greenhouse gas –> more warming)

• Alters cloud cover
• As much warming comes from

changes in cloud cover (driven by
changes in vegetation) as by the
change in surface albedo

With warming, forests are expected to expand polewards
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Arctic land surfaces changes can themselves modify the climate

Kim et al. 2021

Increasing forest cover in the Arctic:

• Makes surface darker (warming effect)

• Increases atmospheric water vapour (a 
strong greenhouse gas –> more warming)

• Alters cloud cover
• As much warming comes from

changes in cloud cover (driven by
changes in vegetation) as by the
change in surface albedo

With warming, forests are expected to expand polewards
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Arctic land surfaces changes can themselves modify the climate

Kim et al. 2021

Increasing forest cover in the Arctic:

• Makes surface darker (warming effect)

• Increases atmospheric water vapour (a 
strong greenhouse gas –> more warming)

• Alters cloud cover
• As much warming comes from

changes in cloud cover (driven by
changes in vegetation) as by the
change in surface albedo

With warming, forests are expected to expand polewards
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Arctic land surfaces changes can themselves modify the climate

Kim et al. 2021

Increasing forest cover in the Arctic:

• Makes surface darker (warming effect)

• Increases atmospheric water vapour (a 
strong greenhouse gas –> more warming)

• Alters cloud cover
• As much warming comes from

changes in cloud cover (driven by
changes in vegetation) as by the
change in surface albedo
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Arctic land surfaces changes can themselves modify the climate

Kim et al. 2021

Increasing forest cover in the Arctic:

• Makes surface darker (warming effect)

• Increases atmospheric water vapour (a 
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Arctic land surfaces changes can themselves modify the climate

Kim et al. 2021

Increasing forest cover in the Arctic:

• Makes surface darker (warming effect)

• Increases atmospheric water vapour (a 
strong greenhouse gas –> more warming)
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• As much warming comes from

changes in cloud cover (driven by
changes in vegetation) as by the
change in surface albedo
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Changes to the Arctic land surface are both impacted by and impact climate, 
both regionally and globally

Figure: UCAR
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Changes to the Arctic land surface are both impacted by and impact climate, 
both regionally and globally

Figure: UCAR
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Use these coupled Earth System Models to understand how changes in one part of the 
system can amplify or damp human-induced climate change



44



45

• Talked about how high-latitude vegetation change can alter high-latitude 
climate pretty substantially. How widely are these effects felt? (Are they 
local, isolated to where the plants change?)
• Pan-arctic responses, but starting to be some evidence for high-

latitude-tropics teleconnections

• How quickly do models simulate vegetation change?
• Models are divided on this. Lots of models, you have to tell them what 

plants go where. Only these “dynamic” vegetation models allow plants 
to actually move around, and they don’t typically account for how the 
plant is going to get there in the first place. Instead, they use “climate 
envelopes”. However, this doesn’t allow for plant 
acclimation/evolution/novel ecosystems that we don’t have in the 
current climate. 

“Planted” Questions:


