Clim Dyn (2018) 50:3745-3755
DOI 10.1007/s00382-017-3840-5

@ CrossMark

Vegetation-cloud feedbacks to future vegetation changes

in the Arctic regions

Mee-Hyun Cho' - Ah-Ryeon Yang? - Eun-Hyuk Baek! - Sarah M. Kang? -

Su-Jong Jeong® - Jin Young Kim® - Baek-Min Kim'

Received: 28 July 2016 / Accepted: 25 July 2017 / Published online: 31 July 2017

© Springer-Verlag GmbH Germany 2017

Abstract This study investigates future changes in the
Arctic region and vegetation-cloud feedbacks simulated
using the National Center for Atmospheric Research Com-
munity Atmosphere Model Version 3 coupled with a mixed
layer ocean model. Impacts of future greening of the Arc-
tic region are tested using altered surface boundary condi-
tions for hypothetical vegetation distributions: (1) grass-
lands poleward of 60°N replaced by boreal forests and
(2) both grasslands and shrubs replaced by boreal forests.
Surface energy budget analysis reveals that future green-
ing induces a considerable surface warming effect locally
and warming is largely driven by an increase in short wave
radiation. Both upward and downward shortwave radiation
contribute to positive surface warming: upward shortwave
radiation decreases mainly due to the decreased surface
albedo (a darker surface) and downward shortwave radia-
tion increases due to reduced cloud cover. The contribu-
tion of downward shortwave radiation at surface due to
cloud cover reduction is larger than the contribution from
surface albedo alone. The increased roughness length also
transported surface fluxes to upper layer more efficiently
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and induce more heating and dry lower atmosphere. A
relatively smaller increase in water vapor compared to the
large increase in low-level air temperature in the simula-
tion reduces relative humidity and results in reduced cloud
cover. Therefore, vegetation-cloud feedbacks induced from
land cover change significantly amplify Arctic warming. In
addition to previously suggested feedback mechanisms, we
propose that the vegetation-cloud feedback should be con-
sidered as one of major components that will give rise to an
additional positive feedback to Arctic amplification.

Keywords Arctic greening - CAM3 - Albedo -
Roughness - Vegetation-cloud feedback

1 Introduction

A greater degree and faster rate of warming over the high-
latitude terrestrial Arctic region are occurring compared to
rising average global temperatures due to various climate
feedbacks in the Arctic region (Rothrock et al. 1999; Ser-
reze et al. 2000; ACIA 2005; Chapin et al. 2005; Screen and
Simmonds 2010; Pearson et al. 2013). Changes in high-lat-
itude vegetation-ecosystems that cause major feedback pro-
cesses have been the focus of many studies, with significant
efforts to clarify the physical mechanisms of the feedback
processes (Chapin et al. 2005; Foley 2005). Considering
the various feedback mechanisms over the Arctic region,
near future changes in the ecological environment of the
terrestrial Arctic are expected to be dramatic (Swann et al.
2010; Miller and Smith 2012; Myers-Smith et al. 2015), as
large areas of the Eurasian tundra covering major perma-
frost regions are exposed to the direct influence of accel-
erating Arctic warming. Since the year 2000, enhancement
of vegetation greenness in the permafrost areas has been
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observed (Tucker et al. 2001; Zhou et al. 2001; Bunn et al.
2007; Bhatt et al. 2010), including expansion of shrubs in
Northern Alaska and the pan-Arctic regions (Tape et al.
2006). Jeong et al. (2011a), using an atmospheric circula-
tion model coupled to a dynamic global vegetation model
(DGVM) (Levis et al. 2004), showed that grasslands and
shrubs in high latitudes are replaced with boreal forests in
response to CO, doubling, supporting those studies based
on observations.

The alteration of the Earth’s surface due to forestation
or deforestation is regarded as a significant human-induced
change. Though on a global scale, radiative forcing esti-
mates of landscape alteration appear to be small (Solomon
et al. 2007), in regions where the landscape changes have
been intensive, the impact of land use land cover change
is comparable to those of greenhouse gases and sea sur-
face temperatures (SSTs) (Pielke et al. 2011; De Noblet-
Ducoudré et al. 2012). For example, under global warm-
ing, the evaporative cooling effect of tropical forest can
mitigate the warming. On the other hand, the low albedo
of boreal forests that is induced from decreased snow and
increased vegetation enhance the warming (Bonan 2008b).
However, though in the high-latitude region, the enhanced
greenhouse effect produced from increased water vapor can
enhance the warming (Swann et al. 2010).

The albedo effect is prominent among vegetation-
climate feedback components over high latitude regions
(Levis et al. 1999; Douville et al. 2000; Bonan 2008b).
Vegetation changes affect the local climate system by
altering the surface energy budget and hydrological cycle
(Jeong et al. 2011b). For example, if vegetated surfaces
replace permafrost areas, such as snow-covered or barren
surfaces, the increased absorption of solar energy due to
reduced surface albedo induces additional surface warming
(Bonan et al. 1992; Foley et al. 1994; Chapin et al. 2005).
In addition, the land surface energy change is the dominant
mechanism by which trees directly modify climate at high-
latitudes (Swann et al. 2010; Macias-Fauria et al. 2012;
Kang et al. 2015). Increases in absorbed shortwave (SW)
radiation due to changes in Arctic vegetation are maxi-
mized in boreal summer (Chae et al. 2015). The resulting
surface and upper-level warming in the high-latitude and
Arctic regions caused by vegetation feedback have remote
impacts, such as weakening prevailing tropospheric west-
erly winds (Lawrence et al. 2008; Jeong et al. 2012) and
shifting tropical precipitation northward (Swann et al.
2010; Kang et al. 2015).

Although numerous studies of the vegetation-climate
feedback over high latitude have emphasized the albedo
feedback (Bonan et al. 1992; Foley et al. 1994; Chapin et al.
2005; Levis et al. 1999; Douville et al. 2000; Foley 2005;
Bonan 2008a, b; Lawrence et al. 2008; Swann et al. 2010;
Jeong et al. 2011a, 2012; Macias-Fauria et al. 2012; Miller
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and Smith 2012; Chae et al. 2015), most have focused on
changes in upward SW radiation. Surface albedo is the
ratio of the upwelling to the downwelling SW radiation at
the surface. The upwelling SW radiation at the surface is
largely determined by land cover reflectivity. In contrast,
downwelling SW radiation at the surface can be altered
by clouds, aerosols, and gases. Changes in vegetation type
or cover can modify cloud formation through changes in
atmospheric circulation (Xue and Shukla 1993; Chapin
et al. 2005; Lee et al. 2011; Yamashima et al. 2011).

Numerous studies have identified clouds as a crucial
component in amplifying recent Arctic warming (Graversen
et al. 2008; Graversen and Wang 2009; Palm et al. 2010;
Jun et al. 2016) and future increased greenhouse forcing
(Vavrus 2004). Clouds tend to cool the surface by reflecting
incoming solar radiation from space while also warming
the surface by absorbing and re-emitting longwave radia-
tion from the Earth’s surface. In addition, cloud formation
is greatly affected by surface conditions, such as snow and
sea-ice conditions and vegetation cover (Curry et al. 1996;
Vavrus 2004). Even though the abrupt change of vegeta-
tion in the permafrost over Arctic region has been reported
(Jorgenson et al. 2001; Christensen et al. 2004; Hinzman
et al. 2005), there are few studies of vegetation cloud feed-
backs. Over mid-latitude regions, higher (lower) frequency
convective cloud days have been reported related to high
relative density of forest vegetation (crops) on the surface
(Carleton et al. 1994). Over the tropical Amazon region,
Pinto et al. (2009) investigated Amazonian forest feedbacks
on cloud formation.

The objective of this study is to investigate the sensitiv-
ity of atmospheric responses to future greening of Arctic
tundra and examine the role of vegetation-cloud feedbacks.
We investigate atmospheric responses to future changes
in the Arctic tundra using a global climate model coupled
with a slab ocean model as the ocean component. The
simulations adopt surface boundary conditions for differ-
ent hypothetical plant functional types (PFTs) represent-
ing the future Arctic tundra over northern high latitudes.
This study is organized as follows. Section 2 discusses the
model used in this study and the surface boundary condi-
tions for the simulation. Section 3 describes the direct
impacts of vegetation changes and provides descriptions of
vegetation-cloud feedbacks induced by surface condition
changes. Section 4 provides the summary and discussion.

2 Methods
2.1 Model

We use the National Center for Atmospheric Research
(NCAR) Community Atmospheric Model version 3.1
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(CAM3.1) atmospheric general circulation model coupled
with a slab ocean model (SOM) as the ocean component.
The model uses a finite volume dynamical core and a model
grid resolution of 2° by 2.5° horizontal resolution with 26
hybrid-sigma levels in the vertical. CAM3.1 is coupled
to a uniform depth, motionless, 100 m slab ocean model,
which allows the coupled system to have its own SST vari-
ability. The SOM represents a uniform (well-mixed) oce-
anic mixed layer that determines SST by integrating the net
surface heat flux. To account for the oceanic heat transfer
through the mixed layer bottom, needed to correct model
biases, a flux correction (Q-flux) is applied to the SOM. It
is constrained with surface fluxes from the last 100 years of
a 200-year simulation with CAM3.1, run with prescribed
observed climatological SST and sea-ice conditions (Col-
lins et al. 2004). The land-surface processes in CAM3.1
are calculated using Community Land Model version 3
(CLM3) (Oleson et al. 2004) that effectively considers heat,
moisture, and momentum fluxes between land surfaces
and the atmosphere. The model also considers thermal and
hydrological processes at the surface and interior of a near-
surface soil layer (Bonan et al. 2002; Oleson et al. 2004;
Dickinson et al. 2006).

2.2 Experiments
To investigate the sensitivity of atmospheric responses to

future greening of Arctic tundra and examine the role of
vegetation-cloud feedbacks, we conduct three 100-year

(a) CONT

"

Boreal forest

Fig. 1 Arctic vegetation types used for each simulation (CONT: left,
GtoBF: middle, GStoBF: right) are represented. Different Plant Func-
tional Types are indicated by different colors: blue, dark purple and

(b) GtoBF

time-slice experiments. The time-slice experiments have
the advantage of providing a large statistical sample of the
changed climate (Cubasch et al. 1995). The first 20 years
are discarded and the remaining 80 years average used to
assess the model response to the vegetation cover change in
an equilibrium state. The inter-member standard deviation
over the high-latitude region is 0.43 K for surface air tem-
perature (SAT), whereas the difference due to the effects
of vegetation greening are much larger (seven times) than
these inter-member standard deviation values at the 99%
confidence level. Other variables analyzed in this study
also showed similar high confidence levels.

The control simulation (CONT) is simulated with
the climatological PFT representing the present climate
(Fig. 1a). Jeong et al. (2011a) showed that northern high
latitudes with grass and shrubs will likely be replaced by
boreal forests under CO, doubling. Hence, in the sensitivity
experiments, grass and shrubs poleward of 60°N, which are
typical vegetation species found in extreme cold conditions
in the tundra, are replaced by boreal forests, which typically
occupy the subarctic (boreal) climate. Vegetation cover
southward of 60°N is the same as that used in CONT. To
examine the model sensitivity to these surface vegetation
changes, this study considers different degrees of vegeta-
tion cover changes: (1) ‘Grass into Boreal Forest’ (GtoBF)
and (2) ‘Grass and Shrub into Boreal Forest” (GStoBF).
Each condition corresponds a possible future state of the
Arctic tundra with a significant change (GStoBF) and a
moderate change (GtoBF) (Fig. 1).

(c) GStoBF

»

Shrub Grass

purple corresponding to boreal forest, shrub, and grass, respectively.
The yellow circle in each panel indicates the Arctic circle
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The model setup is the same as described in Chae
et al. (2015) and Kang et al. (2015), except for the use of
the finite-volume dynamic core instead of a T42 spectral
dynamic core. The atmospheric conditions are prescribed
to the 1990s monthly climatology. Except for the surface
vegetation distribution, every component, including pre-
sent-day CO, concentrations (335 ppmv), is the same in the
three experiments, CONT, GtoBF, and GStoBF. We ana-
lyze the differences between the perturbed experiments and
the control in the summer growing season (June—August).
It must be noted that the bootstrapping methods were per-
formed to determine the significance of differences in
means (GtoBF-CONT, GStoBF-CONT) in Figs. 2, 4, and
5. Bootstrapping entails the random resampling of a data
set N times, with replacement, to generate N bootstrap
samples (Wilks 2006). We obtained 1000 mean differences
through this method. The two-sided Student’s 7 test was
also performed and the results were very similar to boot-
strapping (not shown).

3 Results

3.1 Climate response to changes in high-latitude
vegetation cover

To examine the impact of vegetation cover changes, dif-
ferences in SAT over high-latitudes in GtoBF and GStoBF
from CONT are displayed (Fig. 2a, b). Comparing Fig. 2a,
b with the vegetation map in Fig. 1, the changes in SAT
patterns match the variations in area of vegetation cover.
The similarity of spatial warming patterns to surface veg-
etation cover changes suggests that the increased surface
warming is primarily induced by the biophysical effect of
local vegetation change. Over the high-latitude Eurasian
continent and Alaska, we identified significant increases in
SAT, up to about 3 K for GtoBF and 7 K for GStoBF. In
Fig. 2, the observed changes are statistically significant at
the 99% level in most of regions.

Changes in vegetation type lead to a decrease in surface
albedo and an increase in net SW radiation at the surface
(Fig. 2c—f). A high-latitude vegetation change over Eura-
sia and Alaska leads to a major albedo decrease, up to
20%. The regions of large surface albedo change match
well with the replaced area of vegetation type, as shown
in Fig. 1. Obviously, this is partly due to darker vegeta-
tion surfaces reflecting less SW radiation; the boreal forest
is much darker than shrubs or grasslands. The change in
upward SW radiation at the surface between GStoBF and
CONT is 11.5 Wm™2, averaged over 60°N poleward. It is
also notable that a significant reduction in albedo and rise
in net SW radiation appears in the Arctic Ocean in both
cases. This decrease in surface albedo is related to reduced
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Arctic sea ice cover, which is most evident over the Laptev,
East Siberian, Chukchi, and Beaufort seas (not shown). The
darker ocean surface over those regions causes a significant
reduction in upwelling SW radiation, which yields a large
decrease in surface albedo. In addition, the albedo decrease
over the center of the Arctic Ocean is related to snow melt
over the sea ice. Therefore, the simulation results indicate
that changes in future vegetation cover can induce a sea ice
decrease in the Arctic Ocean, further enhancing the posi-
tive feedback chain in the Arctic. This result is also con-
sistent with a previous study that investigated the doubling
CO, response coupled with dynamic vegetation model
(Jeong et al. 2014). They state that the increased vegetation
brings additional sea ice melting and, therefore, amplifies
warming over the Arctic region.

Changes in high-latitude vegetation modify the physical
properties of the land surface that affect the surface energy
budget. The responses of individual terms in the zonally
averaged surface energy budget are shown for GStoBF
in the boreal summer (Fig. 3; Table 1). The response in
GtoBF differs in magnitude, but is qualitatively similar,
therefore, the results from GStoBF will be shown in brevity
hereafter. For the latitudinal band 60°N-75°N, where land-
mass regions show the largest changes in vegetation cover,
the dominant response is an increase in net SW radiation
(+27.3 Wm™2) at the surface (Table 1). The surface energy
balance budget indicates that surface fluxes and longwave
radiation compensate for the absorbed SW radiation at the
surface. The increased surface temperature from net SW
radiation enhances longwave radiation (8.9 Wm™?). Sen-
sible heat fluxes (9.1 Wm™2) toward the lower atmosphere
also increase due to the increased surface temperature. In
the case of the latent heat flux, biophysical changes from
grass and/or shrub to boreal forest further increase the
latent heat flux (8.9 Wm™) through a rise in evapotranspi-
ration. In Fig. 3 and Table 1, the net SW radiation (+27.3
Wm™2), the sum of the downwelling and upwelling SW
radiation, is the dominant component and has a positive
value. This substantial increase in net SW radiation at the
surface is associated with a reduced albedo. The albedo
effect is —7%. The upwelling SW radiation change, —7.6
Wm™2, is affected by surface reflectivity. The large decrease
in low clouds, —11%, contributes to a considerable increase
in downwelling SW radiation, +19.7 Wm™2. The pattern of
changes in the downwelling SW radiation (Fig. 4a) matches
the variation in area of vegetation cover (Fig. 1). The mag-
nitude of the rise in downwelling SW radiation is much
larger than upwelling SW radiation.

Note that the steep increase in net SW radiation 60°N
poleward is largely contributed by the increase in downward
SW radiation, especially between 60°N-—75°N, although
both components of SW radiation contribute surplus energy
in this latitude band. In contrast, over 75°N poleward, the
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(a) SAT (GtoBF-CONT)

Fig. 2 Surface air temperature (a, b); albedo (c, d); and net short
wave radiation at the surface, Wm™>; e, f changes in boreal sum-
mer (JJA). a, ¢, e Are for GtoBF minus CONT and b, d, and f are
for GStoBF minus CONT. Dotted regions show the confidence lev-
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GStoBF - CONT
40 | 1 L | L 1

[W/m?]

-40 , . . | , .
30N 60N 90N
latitude

Fig. 3 Differences in mean summer (JJA) zonal mean surface energy
budget (Wm™2). a GtoBF minus CONT and b GStoBF minus CONT.
For the terms of the energy budget, upward shortwave radiation
(SWup, black), downward shortwave radiation (SWdown, purple), net
shortwave radiation (SW, red), net longwave radiation (LW, green),
latent heat fluxes (LH, blue), and sensible heat fluxes (SH, brown) are
depicted

Table 1 Changes in the model simulated variables by the land sur-
face changes over high-latitude land (60-75°N)

Variables Units GStoBF-CONT
SAT K 39
SW down Wm™2 19.7
SW up Wm™2 7.6
SW net Wm™2 273
LW net Wm™2 8.9
Latent heat Wm™ 8.9
Sensible heat Wm™ 9.1
Surface albedo % -7
Low cloud % -11
PBL height m 74.2

Bold indicates that the difference is statistically significant at a 99%
confidence level (bootstrapping)

strong decrease in upward SW radiation induced from addi-
tional sea-ice melting leads an increase in net SW radiation.
The additional sea-ice melting accounts for the increased
vegetation. Because the surface changes from sea-ice to sea
surface is much darker than that from shrub/grass to boreal
forest, the decrease in solar insolation reflection is much
greater over 75°N poleward than southward. However,
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the steep increase in downward SW radiation between
60°N-75°N latitude band is unexpected; the source of this
steep increase is discussed in Sect. 3.2.

3.2 Vegetation-cloud feedback

As mentioned in Sect. 3.1, the marked warming in Fig. 2
is not solely induced by an increase in absorption of SW
radiation due to a decrease in upward SW radiation at the
surface. The large increase in downwelling SW radia-
tion, up to 50 Wm™2, also contributed to warming at loca-
tions with large changes in vegetation cover (Fig. 4a). The
changes in downwelling SW are much larger than changes
in upwelling SW radiation (Table 1). Low clouds are highly
reflective to solar radiation in the Arctic during summer
(Curry et al. 1996; Schweiger and Key 1994; Vavrus and
Waliser 2008). The low level cloud cover in GStoBF is
reduced by up to 20% over high latitude land with vegeta-
tion changes (Fig. 4b). Furthermore, the spatial patterns
of downwelling SW radiation at the surface and low cloud
fraction are well correlated. SW cloud forcing, defined as
the difference between all sky SW radiation and clear sky
SW radiation, is positive over that region (Fig. 4c). That is,
the region of significant changes in high-latitude vegetation
cover experiences increased downwelling SW radiation
due to decreased cloud cover. Similar responses appear in
GtoBF with smaller magnitudes (not shown). Verification
of cloud fraction simulations in polar regions using CAM3
is well documented in Vavrus and Waliser (2008) based on
surface observations and several sets of satellite observa-
tion data. In comparison, the summer cloud amount simu-
lated by CAM3 fits remarkably well with observations, the
error is below 5%.

How do low level clouds decrease in response to sur-
face vegetation changes? Here we propose two possible
factors: (1) planetary boundary layer (PBL) height change
and (2) low level relative humidity (RH) change. First,
the change in surface vegetation can effectively increase
PBL height. Two processes, surface albedo change and
surface roughness change, can mediate the effects of land
surface change through vertical heat transport. As men-
tioned in Sect. 3.1, over 60°N-75°N, the albedo reduc-
tion in GStoBF leads to surface warming, which can pro-
duce additional thermal turbulence. The roughness length
is also an important factor for mechanical turbulence pro-
duction that can mix sensible and moisture fluxes from
the surface to the atmosphere. The roughness length for
vegetation is about 10% of canopy height (Oleson et al.
2004; Bonan 2008a). The canopy height is 14-17 m
for boreal forests and 0.5 m for grass and shrubs. Both
mechanical turbulence, induced from the roughness
change, and thermal turbulence, induced from decreased
albedo, enhance mixing of sensible and latent heat fluxes
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(a) Down SW sfc

(b) Low cloud

(c) SWCF

80E
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Fig. 4 a Downwelling shortwave flux response at the surface
(Wm™); b low cloud fraction; and ¢ short wave cloud forcing
(Wm™?) for GStoBF minus CONT for boreal summer (JJA). Dotted

(a) PBL height

(b) q (850hPa)

Fig. 5 Changes in a PBL height (m); b specific humidity (kg/kg,
shading) at 850 hPa; and ¢ relative humidity at 850 hPa for GStoBF
minus CONT for boreal summer (JJA). Dotted regions show the con-

to the atmosphere (not shown). The activated vertical
mixing extends the boundary layer height and this raises
the low cloud bottom height (Fig. 5a).

To examine the relative importance of the surface albedo
and roughness, we performed two additional sensitivity
experiments based on GStoBF. One is with the albedo of
boreal forest unmodified (use the values of grass and shrub
as is in CONT), and the other one is with the surface rough-
ness of boreal forest unmodified (use values of grass and
shrub as is in CONT). The SAT (RH) difference between
each experiment (roughness effect only and albedo effect
only) and CONT was similar to 2.3 and 2.6 K (3.6 and
4.4%). This suggests that the effect of roughness length and
albedo each contribute significantly to the heating and dry-
ing of the lower atmosphere. And their combined effects,

004 008 012 0.8 -35 -30 -25 20 -15 <10 -5 0 5 10 15 20 25 30 35

regions show the confidence levels, which indicate that the differ-
ences between CONT and GStoBF exceeded the 99% bootstrapping
significance level

(c) RH (850hPa)
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fidence levels, which indicate that the differences between CONT and
GStoBF exceeded the 99% bootstrapping significance level

that is, GStoBF, further strengthen warming (3.9 K) and
drying (5.1%) of the surface.

Second, surface vegetation change can decrease RH in
the lower level. The conversion of Arctic grass and shrub to
boreal forest enhances evapotranspiration from vegetation
(Goulden et al. 1997, 1998; Bonan 2008b), which leads
to an increase in moisture over the high-latitude Eurasian
continent and North American continent (Fig. 5b). A black
spruce forest in northern Canada lost 2.0-2.5 mm of water
per day during the warm summer months (Bonan 2008a).
Comparing Fig. 5b with the vegetation map in Fig. 1, the
pattern of changes in specific humidity at 850 hPa matches
the area of vegetation cover changes. In spite of the increase
in specific humidity, RH decreases over the modified veg-
etation region (Fig. 5¢).
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To examine the cause for RH reduction, we analyze the
vertical structure of temperature and humidity averaged over
the regions 60-75°N and 60-150°E, where RH changes are
largest (Fig. 6). According to Lawrence (2005), a 5% reduc-
tion in RH is accompanied by an increase in the difference
between the air temperature (t) and the dew point temperature
(ty) of 1 °C for moist air (RH>50%).

RH = 100 — 5(t — ty) €))

Changes in RH are anti-correlated with changes in t — t;.
For example, at 900 hPa, t — t4 increases by 3.5 °C from
CONT to GStoBF, and RH is reduced by about 15%. This
result implies that the rise in dew point temperature is much
smaller relative to air temperature, which leads to a decrease
in RH. Environmental RH is an important factor for deter-
mining cloud fraction. In global climate models, the thresh-
old RH value is a powerful diagnostic tool forvaluating the
representation of subgrid variability for cloud fraction param-
eterizations (Song et al. 2014). Most global climate models,
including NCAR CAM3, currently assign the stratus cloud
fraction (f) as a function of the gridbox average RH (Vavrus
and Waliser 2008):

RH — RHy;y 17 )
[ 1 = RHyy ] . @

GStoBF - CONT
RH, Cloud Fraction [%]

-10 0 10
IR RN R

100 -
200 — -
300
400
500 —

600 —

Pressure [hPa]

700 —
800
900 —
1000

-4.0 2.0 0.0 2.0 4.0
t-t4 [°C]

Fig. 6 RH (black), cloud fraction (gray), and difference between
temperature and dew point temperature (red) profiles averaged over
60-75°N and 60-150°E region for GStoBF minus CONT for boreal
summer (JJA)
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where RHypy is the minimum RH at which clouds form
(0.8 over land, 0.9 elsewhere). Figure 6 shows that changes
in cloud fraction and RH are well correlated. Because
GStoBF is forced by surface driven vegetation change,
the decrease in cloud fraction is dominant at lower levels
(below 700 hPa). The maximized reduction in RH near
surface (below 925 hPa) is associated with a PBL height
increase, which enhances surface air mixing with relatively
dry upper air and induces a decrease in RH in the PBL. The
PBL height increase reduces near surface clouds, as men-
tioned previously. In contrast, the maximum cloud fraction
decrease appears near 900 hPa and the difference dwindles
along with the reduction in RH difference with height. This
implies that surface-driven heating dries the lower tropo-
sphere, which enhances a reduction in low-level clouds,
as described in Eq. (2). The decrease in low-level clouds
causes an increase in downwelling SW, which again leads
to surface heating. We call this positive feedback the “vege-
tation-cloud” feedback.

4 Summary and discussion

We investigated impacts induced by possible future green-
ing of the Arctic region using a slab ocean model coupled
to a general circulation model. An increase in net SW
radiation due to vegetation cover changes in the Arctic
region drives local impacts, most directly by decreasing
surface albedo (Fig. 2c, d) and indirectly by decreasing
cloud cover over the region (Fig. 4b). The upwelling SW
radiation decreases due to reflectivity changes from surface
vegetation. Downwelling SW radiation increases consider-
ably following the decrease in clouds as an indirect effect
of vegetation change. Consequently, net SW radiation at
the surface largely increases. Until now, previous research-
ers have overlooked this marked increase in downwelling
SW radiation at the surface generated by decreasing clouds.
This result implies that clouds are a crucial component in
the vegetation-climate feedback. The SW input at the sur-
face is balanced by an upward longwave flux, and sensible
and latent heat fluxes; this energy balance leads to heating
of the lower-level atmosphere. Furthermore, for the first
time, a detailed physically plausible explanation for the
possible reduction of high-latitude cloud cover is discussed
in association with the future vegetation cover changes.
Combining with the Intergovernmental Panel on Climate
Change (IPCC 2014) report results mainly driven by green-
house gas forcings, we suggest that the high-latitude cloud
cover may not significantly increase by the increase of
future greenhouse forcings because of compensating effects
of high-latitude vegetation cover described by our study.

As summarized in Fig. 7, the possible future greening
of the Arctic region can amplify Arctic warming through
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Fig. 7 Vegetation-cloud feedbacks. Plus and minus signs indicate increasing and decreasing respectively

vegetation-cloud feedbacks. The Arctic land greening
induce a reduction in albedo and an increase in roughness
length. Both of them contribute to a significant decrease
of lower level cloud amount. The increase in PBL height
and decreases in low level RH account for the reduction
in low level clouds. Smaller increases in water vapor rela-
tive to that of air temperature results in an RH reduction.
Decreases in cloud fraction account for the increased down-
ward SW radiation. The decrease in low clouds amplifies
the SW radiation surplus at the surface and enhances sur-
face heating. We call this positive feedback the “vegetation-
cloud” feedback and suggest the feedback be considered as
a major component that can give rise to additional positive
feedbacks amplifying Arctic warming. Furthermore, this
study indicates that the vegetation-cloud feedback may play
arole in sea-ice or snow changes.

The amplitude of the response depends on the strength
and positioning of local heating. We note that the GStoBF
experiment gives us a much stronger heating response, even
though the modified vegetation portion is spatially small.
The GStoBF experiment modifies the northern coastal ter-
restrial part of the Arctic region compared with the modifi-
cation in GtoBF (Fig. 1). This implies that there will be an
amplified atmospheric response if the northward tree line
migration in the Arctic tundra reaches the northern coastal
region.

Although these features are robust and seem to indi-
cate that changes in future vegetation cover in the Arc-
tic will be a major factor modulating future climate,
caution is needed in the interpretation. First, this study
considered the biogeophysical feedback effect only; the

biogeochemical feedback effect was not included. Sec-
ond, there are large discrepancies in the vegetation distri-
bution between the simulated dynamic vegetation model
and the real world. These discrepancies may affect the
present results. Third, we used a fixed CO, level for the
current climate, i.e. 335 ppm, for all simulations, to focus
on sensitivity to vegetation cover. Considering the direct
warming effect of CO, and positive feedback processes
over the Arctic region in response to increasing CO,, our
model response may underestimate the magnitude of tem-
perature and circulation response expected in the future.
Finally, although the CAM3 simulates cloud amount and
related radiation reasonably well during summer, CAM3
has many limitations in macrophysics (Park et al. 2014).
We will revisit these feedbacks and results in future work
with upgraded version 5, CAMS.
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