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Abstract We present a study that suggests greening in

the circumpolar high-latitude regions amplifies surface

warming in the growing season (May–September) under

enhanced greenhouse conditions. The investigation used a

series of climate simulations with the Community Atmo-

spheric Model version 3—which incorporates a coupled,

dynamic global vegetation model—with and without veg-

etation feedback, under both present and doubled CO2

concentrations. Results indicate that climate warming and

associated changes promote circumpolar greening with

northward expansion and enhanced greenness of both the

Arctic tundra and boreal forest regions. This leads to

additional surface warming in the high-latitudes in the

growing season, primarily through more absorption of

incoming solar radiation. The resulting surface and tropo-

spheric warming in the high-latitude and Arctic regions

weakens prevailing tropospheric westerlies over 45–70N,

leading to the formation of anticyclonic pressure anomalies

in the Arctic regions. These pressure anomalies resemble

the anomalous circulation pattern during the negative phase

of winter Arctic Oscillation. It is suggested that these cir-

culation anomalies reinforce the high-latitude and Arctic

warming in the growing season.
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1 Introduction

The high-latitude and Arctic regions have experienced

substantial climate warming in recent decades. The degree

and rate of warming in these regions has been much

greater and faster than for the global average temperature

due to various climate feedbacks (e.g. Rothrock et al.

1999; Serreze et al. 2000; ACIA 2005; Chapin et al. 2005;

Screen and Simmonds 2010). Great attention has been

paid to the changes in the vegetation-ecosystems in the

high-latitude and Arctic regions during this climate

warming and to their potential to generate feedbacks and

cause further climate change (e.g. Chapin et al. 2005;

Foley 2005).

Associated with recent increase in temperature and the

extension of growing season, significant enhancement of

vegetation greenness in the Arctic tundra and grassland

areas has been observed (Tucker et al. 2001; Zhou et al.

2001; Bunn et al. 2007), and also the expansion of shrubs

in Northern Alaska and pan Arctic regions (Tape et al.

2006). The physiological effect of rising CO2 on vegeta-

tion (i.e., the CO2 fertilization effect) is suggested to have

also contributed to these changes by increased
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photosynthesis of plants, particularly among C3 plants

(Mooney et al. 1999). Such vegetation changes, in turn,

affect the local climate system by altering the surface

energy budget and hydrological cycle. For instance, if

snow-covered or barren surfaces are replaced by vegetated

surface, increased absorption of solar energy due to

reduced surface albedo induces additional surface warm-

ing (Bonan et al. 1992; Foley et al. 1994; Chapin et al.

2005). On the other hand, an increase in vegetation

activity has a surface-cooling effect if the enhanced

vegetation activity induces a large increase in evapo-

transpiration from vegetated land surfaces (Jeong et al.

2009). Another possibility suggested is that an increase in

vegetation activity (i.e., enhanced plant growth) may slow

down the increasing concentration of CO2 and alleviate

warming by carbon sequestration, the uptake of the

atmospheric CO2 (Watson 2000). Hence it is widely rec-

ognized that the vegetation-climate feedback has a great

potential to amplify or dampen either natural or anthro-

pogenic climate change.

The significance of the vegetation-feedback effect for

climate models’ responses to anthropogenic climate forc-

ings—and even to the paleo-climate perturbations—has

been previously recognized (Bonan et al. 1992; Foley et al.

1994). Although the vegetation feedback operates differ-

ently depending on regional climate characteristics and

vegetation types (Levis et al. 1999), climate model simu-

lations generally suggest that the vegetation changes have a

positive feedback effect on climate warming, particularly

in the high-latitudes and Arctic—more vegetation growth

feeds warming, which is mainly caused by reduced surface

albedo (Bonan et al. 1992; Foley et al. 1994; Levis et al.

1999; Zhang and Walsh 2006; Notaro et al. 2007; Notaro

and Liu 2008; O’ishi and Abe-Ouchi 2009; Swann et al.

2010).

The objective of the present study is to further

investigate the role of vegetation feedback effects on the

climate change response to greenhouse warming. By

utilizing a fully coupled climate–vegetation model, a

series of idealized simulations with present and doubled

CO2 concentration are performed, both with and without

vegetation feedback. The contribution of vegetation

feedbacks to the changes is quantitatively estimated from

several sensitivity experiments. The vegetation feedback

effect to surface air temperature (SAT) and the associ-

ated surface energy budget are analyzed, and the asso-

ciated large scale circulation change and its role in

driving climate change in the high-latitude and Arctic are

discussed.

The modeling system used and experiments performed

are described in Sect. 2, the estimated vegetation feedback

effect and circulation change are presented in Sect. 3,

followed by discussion and summary in Sect. 4.

2 Model experiments

2.1 Model description

To investigate the vegetation feedback effect under climate

warming, a series of global climate model experiments are

conducted using the Community Atmospheric Model ver-

sion 3 (CAM3; Collins et al. 2004) an atmospheric general

circulation model developed by the National Center for

Atmospheric Research (NCAR). We use a version with a

horizontal resolution of T42 (approximately 2.8� 9 2.8�)

and 26 hybrid-sigma vertical levels.

The land surface model incorporated with CAM3 is the

Community Land Model version 3 (CLM3; Oleson et al.

2004), which adopts a dynamic global vegetation model

(DGVM), a modified version of the Lund-Potsdam-Jena

vegetation model (Sitch et al. 2003; Levis et al. 2004; and

many references therein). The DGVM simulates the evo-

lution of vegetation cover and structure under given cli-

matic conditions. The DGVM represents global vegetation

with 10 plant functional types (PFTs; see Table 2), and

calculates every PFTs’ leaf area index (LAI), canopy

height, and fractional cover relative to the portion of the

grid cell allocated to natural vegetation, which represents

only ‘non-agricultural’ vegetation. Synchronous climate-

vegetation coupling enables CAM3-DGVM to consider the

biogeophysical and biogeochemical interactions between

climate and vegetation. The plant-atmosphere exchange of

CO2 is parameterized by the DGVM, but the atmospheric

concentration of CO2 is set to be fixed in the current

CAM3-DGVM because the terrestrial carbon cycles are not

fully resolved. If not coupled to the DGVM, CAM3 runs

with prescribed fractional cover and seasonal cycle of LAI

of PFTs estimated from satellite observation.

2.2 Experimental design

A potential distribution of present-day vegetation is

obtained by a spin-up simulation of the CAM3-DGVM for

500 years under ‘present’ climate forcings: i.e., 355 ppmv

CO2 concentration and observed climatological seasonal

cycles (1961–1990) of sea surface temperatures (SST) and

sea ice concentration derived from UK Met office Hadley

center (Rayner et al. 2003). Evolving from an initial non-

vegetated state, the simulated global vegetation fields

reaches a quasi-equilibrium state in terms of the factional

cover and LAI of global vegetation from about model year

350. The ‘present’ vegetation field, a possible state of

global vegetation which could be reached under the

‘present’ climate condition without the interference of

human activity, is taken from an average of last 50 years of

the ‘spin-up’ simulation’. The simulated ‘present’ vegeta-

tion field captures fairly-well the major vegetated area with
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a reasonable seasonal cycle of plants’ growth, despite some

deficiencies (Levis et al. 2004).

Three ensemble experiments are performed to estimate

the ‘CO2 radiative effect’ and ‘vegetation feedback effect’

from climate change under doubled CO2 concentration. A

brief summary of the experiments are given in Table 1.

The first experiment, referred to as P, is a ‘P’resent climate

simulation. The CO2 concentration is fixed to 355 ppmv

(observed concentration in year 1992), and concentrations

for other GHGs are taken from observed values for the

same year; for instance, CH4 and N2O concentrations are

set to 1.7090 and 0.3080 ppmv, respectively. By turning

off the DGVM, the ‘present’ vegetation field: the fractional

coverage and seasonal cycles of LAI for each of PFTs from

the spin-up simulation is prescribed for this P experiment.

The second experiment, referred to F, is an idealized

‘F’uture climate simulation. The CO2 concentration is

doubled to 710 ppmv, but the ‘present’ vegetation field is

again prescribed. Consequently, the difference between the

P and F simulation is attributed to the radiative forcing due

to the doubled CO2 concentration—‘CO2 radiative effect’.

This term implicitly includes the contributions from

changed sea ice and SST that arise under enhanced

greenhouse conditions (see below). The third experiment,

referred to FV, is another ‘F’uture climate simulation with

the doubled CO2 concentration, but includes the ‘V’ege-

tation feedback effect by turning on the DGVM. Accord-

ingly, the vegetation is allowed to respond to the overlying

climate conditions, and so provide a feedback effect to

climate. Hence, the difference between the FV and F is

considered as the ‘vegetation feedback effect’ associated

with the climate warming that results from doubling CO2

concentration.

In order to consider the ocean’s impact on climate

change, the climatological distribution of sea ice and SSTs

derived from present and doubled CO2 simulations of

NCAR Community Climate System Model version 3

(CCSM3; Collins et al. 2006) are prescribed as boundary

conditions for the present (P) and future (F and FV)

experiments respectively. The main features of the SST and

sea ice differences between the present and future simu-

lations of CCSM3 are overall warming in the SST and

reduced sea ice concentrations in the Arctic region and

Antarctic (figure not shown). With respect to the present

values, the sea ice concentration over the Arctic sea (north

of 65N) shows a 33.70% decrease, and the global mean

SST increases by 1.62�C with relatively larger increase in

the high-latitudes (1.89�C increase for 60N–90N) in the

May to September average.

All three experiments (P, F, and FV) are integrated for

100 years, with 5 ensemble members initiated by taking

slightly different atmospheric initial conditions. Consider-

ing the adjustment time for the model, only the results for

last 50 years of the experiments are utilized for analysis.

Here we mainly focus on the temperature and atmospheric

circulation changes in the growing season (May–Septem-

ber). This is the primary growing season for most vegeta-

tion in the Northern Hemisphere, and hence when the

vegetation feedback effect is expected to be most pro-

nounced. Ensemble averages from three experiments are

compared, where the CO2 radiative and vegetation effect

are defined as:

1. CO2 radiative effect (F minus P)

2. Vegetation feedback effect (FV minus F)

3. All effect (FV minus P)

The statistical significance of each effect (i.e., a differ-

ence between two experiments) is calculated by a two-

sided Student’s t test based on the mean and standard

deviation estimated from the 50-year simulation results.

3 Results

3.1 Vegetation change under doubled CO2

concentration

CAM3 simulates surface temperature increases across the

entire Northern Hemisphere (NH) in response to the ele-

vated CO2 concentration (Fig. 1). Most regions show SAT

increases in the range of 1.5–2.5�C (2.1�C for NH average

over land) where the degree of warming tends to be rela-

tively larger over dry, high-latitude continental regions.

The magnitude of warming is comparable to that shown by

the IPCC AR4 models for the second half of twenty-first

century under the A1B scenario; an increase of about

2–3�C over land surface during summer (c.f. Fig. 13 in

Chapman and Walsh 2007). Due to the differences between

the prescribed SST and sea ice climatologies in the present

(P) and future (F and FV) experiments, the reduced Arctic

sea ice concentration and warmer SSTs in the high-lati-

tudes in the future experiments may contribute to the rel-

atively large warming in the high-latitude coastal regions.

Precipitation also increases for most parts of the NH, par-

ticularly in high-latitude regions (Fig. 1b). Over some mid-

latitudes, e.g. the southern Europe and western North

America, drier conditions are found. This feature results

from atmospheric circulation changes associated with ele-

vated CO2 concentration (Solomon et al. 2007). In general,

Table 1 Summary of experiments performed

Vegetation CO2 SST/SIC

P Present prescribed Present Present

F Present prescribed Future Future

FV DGVM Future Future
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strong increases in temperature and precipitation in the

Arctic and high-latitudes are most distinct, being consistent

with results from previous observational and modeling

studies (Chapman and Walsh 2007; Solomon et al. 2007;

Min et al. 2008).

These changes in climate conditions affect the plant’s

establishments and growth, in addition to a direct physio-

logical effect on plant’s photosynthesis from the CO2 fer-

tilization effect. Therefore, global vegetation exhibits

considerable changes in its fractional coverage and LAI

(a) (b)Fig. 1 a The growing season

(MJJAS) SAT and

b precipitation change by the all

effect (FV-P). Areas with a

difference significant at the 99%

confidence level are stippled

(a) (b) (c)

(d) (e) (f)

Fig. 2 Mean fractional cover of a grass and b tree species, and c mean leaf area index in the warm season under present level of CO2

concentration (P). d–f their change due to doubled CO2 (i.e. FV-P)
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under a doubled CO2 climate. Figure 2 and Table 2 rep-

resent the overall vegetation change in the NH corre-

sponding to a doubled CO2 climate. The most notable

changes are found over the high-latitudes, north of 60N.

The northward expansion and greening of plants are con-

spicuous over the northern rim of the high-latitudinal

continents where low temperature and low radiation input

are major environmental controls over plant’s growth

(Chapin 1983, 1987). The fractional covers of all PFTs

increase, particularly for the Arctic grass group which

more-than doubled (15.68–35.24%) its fractional coverage.

Along with the increase in the fractional coverage of

vegetation, the vegetation greenness greatly increases over

the high-latitudes; LAI increase from 0.70 for the P sim-

ulation to 1.49 for the FV simulation. On the other hand,

the vegetation changes in the mid-latitudes (30–60N) are

relatively modest. The fractional coverages of C3 non-

arctic grass and boreal broadleaf deciduous PFTs increase

(29.62–34.60 and 4.94–5.52% respectively) but those of

other plant species decrease slightly. The LAI slightly

increases on average (2.42–2.61) but varies with location.

A decrease in the LAI is detectable in western USA and

southwestern Europe, where the growing season precipi-

tation decreases slightly (Fig. 1b).

3.2 Vegetation feedback effect on SAT

The most pronounced feature of vegetation feedback effect

on SAT is warming over high-latitude land areas associated

with circumpolar greening (Fig. 3a). Large increases in

SAT are found in the northernmost region of the Eurasian

and North American continents. The average SAT anomaly

resulting from the vegetation feedback effect for the land

areas in north of 60N is 0.3�C. This warming effect is most

pronounced in June and July; the area-averaged SAT

change in the north of 60N is 0.59 and 0.47� respectively,

and become insignificant in August and September (0.20

and -0.02�C in the north of 60N) when plant activity in the

high-latitude start to cease. In contrast, cooling dominates

the mid-latitude land areas over North America, Western

Europe, and East Asia. The zonal mean SAT change

clearly shows the meridional structure of the vegetation

feedback effect (Fig. 3b): enhanced warming of up to

0.4�C in the high-latitude north of 50N, and slight cooling

Table 2 Fractional [%] cover of each PFT simulated by CAM3-DGVM under present (P) and doubled concentration of CO2 (FV) and its change

(FV-P)

Tree species High-latitudes (60–90N) Mid-latitudes (30–60N)

P FV FV-P P FV FV-P

Temperate needleleaf evergreen 0.41 0.45 ?0.03 1.20 0.89 -0.31

Boreal needleleaf evergreen 2.98 3.62 ?0.64 6.69 6.40 -0.29

Temperate broadleaf evergreen 0.00 0.01 ?0.01 0.94 0.80 -0.13

Temperate broadleaf deciduous 2.32 3.09 ?0.77 6.49 6.19 -0.29

Boreal broadleaf deciduous 2.13 4.43 ?2.30 4.94 5.52 ?0.58

c3 arctic grass 15.68 35.24 ?19.56 16.29 15.05 -1.24

c3 non-arctic grass 2.66 5.35 ?2.69 29.62 34.60 4.97

Tropical broadleaf evergreen and temperate broadleaf evergreen, which are not found (zero fractional cover) over the domain for both P and FV,

are not listed

(a) (b)Fig. 3 Vegetation feedback

effect (FV-F) on a growing

season SAT changes. Areas

with a significant difference at

the 99% confidence level are

stippled. b zonal mean growing

season SAT changes by all (FV-

P; black solid line), CO2

radiative (F–P; red dashed line),

and vegetation feedback (FV-F;

blue dotted line) effect in the

growing season. The SAT is

averaged over land
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in the mid-latitudes. The well-defined meridional structure

and contrast in SAT changes between the high- and mid-

latitudes provides the potential to induce atmospheric cir-

culation change. This will be discussed further in the next

section.

Two different physical feedback effects associated with

the circumpolar greening can be considered as primary

contributions to the SAT change; a decrease in surface

albedo causes additional surface warming while an

increases in latent heat (LH) fluxes associated with an

increase in transpiration causes surface cooling. The

change in surface radiation, and surface sensible heat (SH)

and LH flux by vegetation change (Fig. 4) manifest the

different contribution of the two feedback effects on the

SAT change. In the high-latitude land regions (50–70N), an

increase in absorbed shortwave radiation at surface (SW;)

is notable. This is consistent with the vegetation increase in

high-latitude regions, where increased vegetation cover and

leaf abundance (i.e. higher LAI) reduces the surface

albedo. Decreasing cloud cover over the high-latitude

regions where the SAT warming is prominent additionally

contributes to the increase in SW;, but the change is

considered to be modest (figure not shown). The emitted

longwave radiation (LW:) increases with increased surface

temperature, but the magnitude is about the half of the

SW; increase (Fig. 4a). Consequently, there is a surplus in

net incoming radiation at the surface, which is mostly

balanced with an increase in sensible heat (SH) release

from surface (Fig. 4b). On the other hand, latent heat (LH)

only increases slightly associated with a modest increase in

precipitation from the vegetation feedback effect (figure

not shown), causing a modest (evaporative) cooling effect

at surface. Therefore, these feedbacks cause a net warming

effect on near-surface air temperature.

In the mid-latitudes (30–50N), both the SW; and LW:
decrease from the vegetation feedback effect. As the

decrease in SW; is larger than the decrease in LW:, there

is a net radiative cooling at the surface, which is mostly

balanced with a decrease in SH flux. The vegetation

changes in the mid-latitudes are horizontally uneven when

compared to the changes in the circumpolar high-latitudes.

This implies that vegetation feedbacks may cause other

effects that induce cooling in the mid-latitudes. The large-

scale atmospheric circulation change by vegetation feed-

back, discussed in next section, contributes a cooling effect

in the mid-latitudes, which partially offsets surface

warming from increased CO2.

3.3 Circulation changes from the vegetation feedback

effect

The circulation changes from the vegetation feedback

effect are investigated by examining changes in atmo-

spheric sea level pressure (SLP) and geopotential height

(Z) (Fig. 5). There is an anomalous positive pressure

center in Arctic region north of 50N, while negative

pressure anomalies are found in the mid-latitudes over the

north Pacific, East Asia, and northeastern America.

Interestingly, this arctic high pressure/mid-latitude low

pressure pattern in the growing season resembles the

anomalous SLP pattern found during the negative phase

of the AO, a primary internal dynamical mode of large-

scale atmospheric circulation variability (Thompson and

Wallace 1998). Despite less pronounced mid-latitude

centers in the North Atlantic and North Pacific compared

to those in the winter AO pattern, the hemispheric pattern

of the anomalous SLP and Z at 500 and 200 hPa exhibit a

well-defined negative AO-like structure. The structure

extends from surface (Fig. 5a) through the mid- to upper-

troposphere (Fig. 5b–c), and becomes more zonally-sym-

metric in the upper troposphere.

This negative AO-like circulation change is sustained by

the circumpolar warming arising from the vegetation

feedback effect. The vertical structures of the tropospheric

wind and temperature changes from the vegetation feed-

back effect reveal a systematic dynamical relationship

(a) (b)Fig. 4 Vegetation feedback

effect (FV-F) on a zonal mean

changes in absorbed SW

(positive downward), emitted

LW (positive upward), and net

radiation (positive downward) at

surface, and b zonal mean

surface sensible and latent heat

change (positive upward) over

land in the growing season
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between the circumpolar warming and circulation change

(Fig. 6a). Tropospheric warming from the vegetation

feedback is distinct over 50–70N from the surface to lower

to mid troposphere, extending to the Arctic region aloft.

Surface warming in the Arctic region in winter tends to be

mostly confined to near the surface due to very stably-

stratified atmospheric conditions (Tjernström and Graver-

sen 2009). However, the atmosphere is less stable in the

growing season, so moderate vertical mixing enables the

lower tropospheric warming to be transported to the mid

and upper troposphere. Additionally, an increase in surface

roughness by the enhanced vegetation can induce more

turbulence and vertical mixing by lowering aerodynamic

resistance (Bonan 2008). Along the southern flank of the

circumpolar warming, negative westerly wind anomalies

throughout the troposphere are found around 50–70N, with

a maximum at 60N at 300–250 hPa. The latitudes of

maximum decrease in zonal wind almost coincide with the

latitudes of maximum increase in SAT. To a large extent,

the anomalous wind and tropospheric temperature changes

from the vegetation feedback satisfy a thermal wind bal-

ance relationship. The easterly wind anomalies, extending

to the upper troposphere with a maximum value at

300 hPa, coincide with the decreased meridional temper-

ature gradient caused by the circumpolar warming. The

maximum altitude of the easterly wind anomalies is

dynamically linked with the existence of the significant

cooling over the polar cap region above 300 hPa. Kug et al.

(2010a, b) pointed out that such anomalous anticyclonic

flow (i.e. a weakened polar vortex) induces a divergence of

(a)

(b) (c)

Fig. 5 Changes in a SLP, b Z at 500, and c 200 hPa in the growing season by the vegetation feedback effect (FV-F). Solid and dashed lines

indicate positive and negative values respectively, and gray shading indicates area with a significant difference at the 99% confidence level

J.-H. Jeong et al.: Greening in the circumpolar high–latitude 1427
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heat flux by synoptic eddies, which leads to atmospheric

cooling in the upper troposphere.

The atmospheric circulation changes caused by vegeta-

tion feedback (Fig. 6a) are clearly discernable even when

compared with that induced by the CO2 radiative effect

(Fig. 6b), although the temperature change from vegetation

feedback (Fig. 6a) is much smaller than that from the CO2

effect (Fig. 6b). Perhaps this is because the changes in

vegetation and associated surface temperature exhibit a

zonally-elongated structure mostly concentrated around

50–70N, where the strong meridional temperature gradient

with the strongest upper-level westerlies are found in

summer. Hence such well-defined, large-scale anomalous

temperature anomalies could efficiently induce large-scale

circulation anomalies. Contrasting to the negative AO-like

change from the vegetation feedback, the zonal wind

changes from the CO2 effect resemble the pattern of the

positive AO phase; the zonal wind is strengthened over

50–70N while is slightly weakened in the mid-latitudes

over 30–50N, indicating northward shift of the mid-latitude

jet. Thus the circulation changes caused by vegetation

feedback effect tend to counteract those caused by the CO2

radiative effect. Interestingly, the anticyclonic circulation

anomalies in the Arctic from the vegetation feedback effect

also contrast with the cyclonic circulation anomalies over

the Arctic found in climate model experiments forced by

reduced sea ice in summer and autumn (Alexander et al.

2004; Deser et al. 2010).

This atmospheric circulation change is not just a

response associated with the surface changes, but seem-

ingly plays an additional role in reinforcing the vegetation

feedback effect (Figs. 3, 4). The anticyclonic circulation

anomalies in the Arctic and high-latitude regions may lead

to less cloudiness and more absorption of shortwave

radiation at surface, which promote surface warming. The

surface cooling in the mid-latitudes caused by the vege-

tation feedback can be partly explained by the cyclonic

circulation anomalies. The anticyclonic anomaly and

reduced zonal wind may allow more cold air from the

Arctic to move southward, resulting in a cooling effect in

the mid-latitudes, as suggested by Overland and Wang

(2010). An increased cloudiness from the cyclonic circu-

lation anomalies in the mid-latitudes may also provide a

cooling effect.

4 Summary and discussion

In the present study, the possible amplification of high-

latitude and Arctic warming in the growing season by

vegetation feedbacks is investigated. Coupled vegetation-

climate model simulations suggest that, in the growing

season, circumpolar greening in the high-latitudes ampli-

fies surface warming, primarily by inducing more absorp-

tion of incoming SW radiation. In addition, our modeling

results show that large-scale circulation changes arising

from the vegetation feedback effects further strengthen the

Arctic warming by forming high-pressure anomalies over

the Arctic sea. In accordance with previous studies, the

present results again emphasize the importance of incor-

porating vegetation feedback effects into climate change

projections. Because the climate change projections of the

IPCC AR4 were modelled with fixed (present day) vege-

tation, our results indicate that the IPCC projections may

have underestimated the warming over the polar region, but

overestimated the warming over the mid-latitudes.

(a) (b) (c)

Fig. 6 Zonal mean temperature (shading, unit: K) and zonal wind (contours, unit: m s-1) change in the growing season by a vegetation feedback

effect (FV-V), b CO2 radiative effect (F–P), and c all effects (FV-P). The contour interval of zonal wind is 0.01 m s-1
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In winter, the diminishing Arctic sea ice is the main

driver of the amplified surface warming in the Arctic

region under increasing concentrations of greenhouse gases

(Screen and Simmonds 2010), and the arctic amplification

is further contributed by the enhanced greenhouse effect

associated with increases in water vapor (Schneider et al.

1999). Despite being less prominent in the growing season,

the feedback associated with water vapor increases also

contributes to the amplified warming in growing season

through the vegetation feedback. In addition to the

increased moisture-holding capability due to the warmer

temperature, enhanced surface evapotransipiration by

enhanced vegetation activity may induce an increase in

tropospheric moisture content over the high-latitude and

Arctic region (Fig. 7). It is very likely that the additional

greenhouse effect caused by water–vapor feedback rein-

forces the Arctic warming in the lower to mid troposphere.

Indeed, modeling by Swann et al. (2010) suggested that the

Arctic warming induced by increased water–vapor from

enhanced transpiration is up to 1.5 times larger than the

warming induced by albedo changes from conversion of

the bare ground to deciduous forests.

There are some important caveats when interpreting the

results of this study. The suggested Arctic warming and

circulation change caused by the vegetation feedback may

lead to additional changes in sea ice and ocean circulation,

but this is not taken into consideration in our present

modeling system. Certainly, such changes could affect the

ocean circulation and sea ice cover and thickness, which

would invoke considerable feedback effects. For instance,

the anticyclonic atmospheric circulation response from the

vegetation feedback effect (Fig. 5) may cause sea ice

change. The Ekman drift associated with the anticyclonic

circulation in the Arctic tend to move ice away from the

coast, which consequently will reduce the overall ice area

(Ogi and Wallace 2007). Such sea ice changes may then

affect the climate in the following autumn and winter, as

well as summer. Besides, the Arctic warming and humidity

increases caused by the vegetation feedback effect are not

confined to sub-Arctic landmasses, but span most parts of

the Arctic Ocean (see Fig. 7b, c). Presumably this also

enhances the Arctic warming by melting more sea ice.

Swann et al. (2010) shows this feedback effect can be

arisen by the vegetation feedback in the high-latitudes. We

plan to address these issues with a series of experiments by

using a GCM with fully sea ice and ocean model.

Also the limitations of the DGVM need to be carefully

noted. First, the simulated potential vegetation has dis-

crepancies against observed vegetation. CAM3-DGVM

tends to underestimate the forest cover, but overestimate

the grass cover (Bonan and Levis 2006). This is also the

case in the simulated vegetation in northern high-latitudes.

Another important discrepancy is the missing treatment of

some important plant species in the Arctic ecosystem such

as shrubs, sedges, and mosses. Especially, an increase in

abundance and extent of shrubs in tundra area is one

expected response to climate warming (Walker and

Coauthors 2006). Compared to other arctic plants in the

tundra, shrubs have a lower albedo and a stronger inter-

action with snow, and therefore a stronger positive feed-

back effect on the climate warming is expected (Sturm

et al. 2001; Chapin et al. 2005). Grass and some other tree

species undertake the shrub’s role in the present CCSM3-

DGVM and the simulated vegetation changes. However, in

(a)
(b) (c)

Fig. 7 a Zonal mean specific humidity (shading, unit: x1.e-5 g/kg)

and temperature (contours, unit: �C) change by vegetation feedback

effect (FV-F). The contour interval of temperature is 0.1�C. Changes

in b temperature and c specific humidity at 850 hPa in the growing

season by vegetation feedback effect
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a broad sense, the simulated change in vegetation under an

elevated CO2 concentration reflects the ‘more greening in

the high-latitudes under surface warming’ that has been

widely suggested by previous observation and modeling

studies (e.g. Levis et al. 1999; Notaro et al. 2007; Swann

et al. 2010). Therefore, the suggested feedback effects

provide possible consequences from the enhanced vegeta-

tion in the high-latitudes, despite the discrepancies and

limitations mentioned above. The second limitation with

the usage of DGVM is that the vegetation feedback effect

based on ‘potential’ vegetation change can be unrealistic in

regions where there are large anthropogenic influences on

land-use. Anthropogenic land-use changes, such as culti-

vation, irrigation, urbanization, and deforestation, have

greatly influenced local climate, but this was not taken into

account in the present modeling system. Necessarily, such

considerations may have crucial influences on regional-

scale climate changes, as well as on hydrological and

biogeochemical changes. However, Myhre et al. (2005)

estimated the radiative forcing caused by anthropogenic

vegetation changes between pre-agricultural times to

present to be modest in global average (-0.09 Wm-2), and

minimal in the high-latitudes where this study is focussed.

Also to note is that changes in the carbon cycle by vege-

tation, and their possible feedback effects on climate

change, are not considered in the present study. The

atmospheric concentration of CO2 is considerably modu-

lated by vegetation’s uptake and storage of carbon, and the

overlying climate determines the efficiencies of those

processes. In particular, the present study suggests a large

vegetation increase and amplified warming by the vegeta-

tion feedback effect over the permafrost regions where

massive amount of organic carbon are stored in soils

(Schuur et al. 2008). Because thawing permafrost, from

warming and the resulting microbial decomposition of

frozen organic carbon, is expected to give a significant

feedback effect by releasing carbon to the atmosphere

(Davidson and Janssens 2006; Zimov et al. 2006; Schuur

et al. 2008), the competition between carbon uptake from

above-ground greening and microbial decomposition of

below-ground organic carbon needs to be carefully exam-

ined in order to accurately predict the climate feedbacks

from terrestrial ecosystems under a changing climate.
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