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water vapor feedback and contribution of heat transport (by 
−0.20 and −0.55 W m−2 K−1, respectively) and increases 
in the lapse rate feedback and cloud feedback (by 0.13 and 
0.58 W m−2 K−1, respectively) during winter in this model 
experiment. This study suggests that the change in Arctic 
cloud amount effectively reforms the contributions of indi-
vidual climate feedbacks to Arctic climate system and leads 
to opposing effects on different feedbacks, which cancel 
out in the model.

Keywords Climate model feedback · Radiative kernels · 
Arctic cloud parameterization

1 Introduction

The high-latitude regions are known to be highly sensi-
tive to increasing greenhouse gas, mainly because of ice-
albedo feedback (Screen and Simmonds 2010; Crook and 
Forster 2014) and/or the poleward heat transport (Alexeeve 
et al. 2005; Solomon 2006). However, recently it has been 
found that the lapse rate feedback was also a main con-
tributor for sensitivity in Arctic region in dynamical model 
simulations (Pithan and Mauritsen 2014). Moreover, cloud 
feedback is an important source of Arctic amplification 
(Taylor et al. 2013), although cloud feedbacks provide the 
largest source of uncertainty of climate sensitivity (Soden 
and Held 2006). Such feedback processes in the Arctic 
region are indeed complicated, and their strengths require 
more clarification.

Climate feedbacks have been commonly quantified by 
the feedback parameters (λ) in the unit of watts per square 
meter per Kelvin, meaning the top-of-atmosphere (TOA) 
energy flux changes in the response to the surface tempera-
ture change. Because of the strong effect of Arctic clouds 

Abstract This study investigates the alteration of cli-
mate feedbacks due to overestimated wintertime low-level 
cloud amount bias over the Arctic region (60°N–90°N) in 
a climate model. The climate feedback was quantitatively 
examined through radiative kernels that are pre-calculated 
radiative responses of climate variables to doubling of car-
bon dioxide concentration in NCAR Community Atmos-
phere Model version 3 (CAM3). Climate models have vari-
ous annual cycle of the Arctic cloud amount at the low-level 
particularly with large uncertainty in winter and CAM3 
may tend to overestimate the Arctic low-level cloud. In this 
study, the seasonal variation of low-level cloud amount was 
modified by reducing the wintertime cloud amount by up to 
35 %, and then compared with the original without seasonal 
variation. Thus, we investigate how that bias may affect cli-
mate feedbacks and the projections of future Arctic warm-
ing. The results show that the decrease in low-level cloud 
amount slightly affected the radiation budgets because of 
a small amount of incident solar insolation in winter, but 
considerably changed water vapor and temperature pro-
files. Consequently, the most distinctive was decreases in 
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on the energy budget and the distributions of many climate 
variables such as cloud, water vapor, lapse rate, and sur-
face albedo, the Arctic cloud simulation would be of vital 
importance in determining individual climate feedbacks. 
The Arctic cloud simulation is, however, a great challenge 
in current climate models. For example, different influ-
ences of cloud phase (ice and liquid) onto the net surface 
longwave radiation in the Arctic winter are difficult to be 
parameterized in climate models (Shupe and Intrieri 2004; 
Cesana et al. 2012a, b), and parameterization of ice nuclea-
tion processes in mixed-phase clouds is still insufficient to 
simulate the observation with climate models (Xie et al. 
2013). In addition, reliable long-term observations of vari-
ous cloud characterization in the Arctic region including 
height, thickness, optical depth, and types are insufficient 
to get insight of the cloud parameterization (Comiso and 
Hall 2014).

The seasonality is one of the important characteristics 
of Arctic cloud. Although there are large inter-satellite 
spreads of cloud observations (Chan and Comiso 2013), the 
satellite data generally show the minimum cloud amount 
in winter season. However, most climate models could not 
capture the seasonality (Liu et al. 2012; Vavrus and Wal-
iser 2008). Vavrus and Waliser (2008) (hereafter VW08) 
simply replaced the Arctic low cloud parameterization to 
alleviate the overestimated cloud in freezing seasons. The 
VW08 altered the low-level cloud scheme by restriction of 
specific humidity during winter to make the more natural 
annual cycle of cloud amount in a model. We adapted the 
cloud amount function suggested by VW08, for the sake of 
altering seasonal cloud amount.

How Arctic climate feedbacks would be affected by 
the cloud amount change is a key question in this study. 
Quantitative calculation of the changes of the individual 
climate feedback parameters in the climate model is pos-
sible using the radiative kernels since they can allow one 
to convert the changes in individual climate variables 
into their radiative changes, pre-calculated by the radia-
tive transfer modeling (e.g., Soden et al. 2008). Nonlin-
ear interaction among individual feedbacks may not be 
well explained in this approach (Mauritsen et al. 2013). 
Nevertheless, this approach enables the calculation of 
the changes in the climate feedbacks, due to the modifi-
cation of Arctic cloud amount. As the Arctic climate is 
characterized by a strong seasonal cycle, seasonally dif-
ferent solar radiation is an important characteristic in the 
Arctic climate system. Thus, seasonally different climate 
feedbacks were quantified in model experiments. Detailed 
model experiment design and methodology for calculat-
ing the climate feedbacks using the radiative kernels will 
be explained in the next section.

2  Methodology

2.1  Model description and experiment design

This study was performed with the Community Atmos-
phere Model version 3 (CAM3) developed by the National 
Center for Atmosphere Research (Collins et al. 2004). 
CAM3 remains useful to investigate the present question as 
to how cloud amount affects climate feedbacks as used by 
many recent studies (Jonko et al. 2012, 2013; Choi et al. 
2014a). Community Land Model version 3 (CLM3) (Ole-
son et al. 2004) is embraced to simulate land surface and 
subsurface layers, whereas the Slab Ocean Model (SOM) 
and thermodynamic sea ice model were used to calculate 
the physical processes over ocean and sea ice, respec-
tively. Flux coupler is the medium for heat and momentum 
fluxes between CAM3, CLM3, and SOM. Using the SOM, 
CAM3 reaches to the equilibrium climate state under CO2 
doubling, which is quite similar to that simulated using a 
full-depth ocean model in much shorter time (Kiehl et al. 
2006; Danabasoglu and Gent 2009). The equilibrium cli-
mate sensitivity of CAM3, 2.7 °C, is a middle level among 
the third phase of the Coupled Model Intercomparison Pro-
ject (CMIP3) (Meehl et al. 2007).

It should be noted that the cloud parameterization in 
the updated version of the model (CAM4 and CAM5) has 
been significantly changed (Neale et al. 2010). Accord-
ing to Kay et al. (2012), the evolution of modeled Arctic 
low cloud fraction is distinguished especially during win-
ter time. Interestingly, Arctic low cloud fraction in CAM3 
during winter time is more similar to that in CAM5, and 
rather differs from CAM4 (comparing the black lines in 
Fig. 1c with Fig. 11 of Kay et al. 2012). On the other hand, 
the equilibrium climate sensitivity of CAM4 is 3.2 K and 
that of CAM5 is 4.0 K (Gettelman et al. 2012). However, 
the change in the climate sensitivity is mainly attributed to 
the change in shortwave cloud feedback in ‘the tropics and 
middle latitudes’ (Gettelman et al. 2012), not to the Arctic 
climate feedbacks. Therefore, the Arctic climate feedbacks 
among different version of CAMs are comparatively sta-
ble than the other regions, despite of the large change of 
the low-level cloud fraction during winter time. The reason 
will be investigated in this study.

The cloud parameterization in CAM3 consists of con-
vective and stratiform processes (Boville et al. 2006; Col-
lins et al. 2006). The CAM3 low-level cloud amount func-
tion was calculated using the grid box-averaged relative 
humidity (RH):

(1)f =

[

RH − RHMin

1− RHMin

]2

.
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The RHMin is the minimum RH at the level clouds are 
formed. However, this representation is not suitable for dry 
and extremely cold atmospheric condition of typical Arc-
tic winter (Beesley 2000). VW08 implemented a threshold 
value (0.003 kg kg−1) of specific humidity (q) to adjust the 
cloud fraction in the cold and dry atmospheric condition:

This formula effectively reduces the derived cloud fraction 
by Eq. (1) only where the q value falls below the threshold 
value, although it considers temperature and humidity only. 
Consequently, this reforms the seasonal cycle of cloud 
amount, and therefore reduces the bias in low-level strati-
form cloud amount (750 hPa or higher) in the Arctic winter. 
Thus the alteration of cloud scheme is useful to examine 
the effect of seasonality of cloud although this does not 
promise the physical balance in the model world.

The two different cloud schemes, named as Voff and Von 
(original parameterization and replaced one respectively 
as in VW08) were tested in the simulations by CAM3. To 
calculate the equilibrium climate sensitivity for each cloud 
scheme, four 100-year simulations are conducted: two for 
the control concentration of CO2 (C_Voff, C_Von) and two 
for the doubled concentration of CO2 (D_Voff, D_Von). Last 
40 model years for each simulation were analyzed to obtain 
an equilibrated climatology. The response of variables 

(2)f = f
[

max
(

0.15,min
(

1.0,
q

0.003

))]

.

to 2 × CO2 was measured as the difference between two 
equilibrated climatology (D_Voff minus C_Voff and D_Von 
minus C_Von). The control simulation, twentieth century 
CO2 concentration is 355 ppmv, and the doubled CO2 con-
centration is 710 ppmv. In addition, the ocean flux from the 
subsurface layer of the mixed layer in all experiments is pre-
scribed to the same value as that of the Von control experi-
ment. This constraint enables to obtain climate feedbacks 
largely associated with atmospheric responses to 2 × CO2.

2.2  Calculation of climate feedbacks

The climate feedback parameter (�) is defined as the 
changes in the radiative flux (dR) at the TOA in response 
to the change in the global (or regional) mean surface tem-
perature 

(

dT̄s
)

, because of the increase in the CO2 con-
centration from control to doubling. The imposed global 
radiative forcing (G) owing to the doubling of CO2 is 3.36 
W m−2 (y-axis intercept calculated by the regression of the 
net downward flux at TOA against the global average sur-
face air temperature change for 40-year-run) (Gregory et al. 
2004). Then, radiative flux is changed at TOA to balance 
the imposed forcing (dR = −G). The total climate feed-
back parameter (�), total derivative (dR/dT̄s), can be sepa-
rated into several partial derivatives with respect to differ-
ent feedback processes using the chain rule as shown in the 
following equation:

Fig. 1  Annual cycle of Arctic a 
surface temperature of C_Voff, 
D_Voff, C_Von and D_Von; b 
responses of surface tempera-
ture for Voff and Von experi-
ments. Same annual cycle but 
for c low-level cloud amount 
and d responses of low-level 
cloud amount. Responses 
represent the differences of 
the temperature/cloud amount 
from the control to 2 × CO2 
condition in each cloud scheme 
experiment. The differences 
in the responses between the 
Voff and Von schemes are also 
plotted as orange bars in b and 
d. Last 40 years are averaged 
at each month over the Arctic 
region [60°N–90°N]
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Here, different feedback processes in the last term in 
Eq. (3) indicate the change in the flux because of various 
variables, xi [e.g., temperature (T), cloud (C), water vapor 
(w), and albedo (α)], responding to dT̄s. The climate feed-
back parameters (in units of Wm−2 K−1) by the Planck 
function (P) and lapse rate (L) are calculated as

Here, the Planck response acts like the negative feedback 
associated with the temperature change dependent on ther-
mal emission. The Planck feedback consists in the two 
parts: the changes in surface temperature feedback ( ∂R

∂Ts

dTs
dT̄s

 ) 

and vertical atmospheric temperature feedback (∂R
∂T

dTs
dT̄s

). 

The lapse rate feedback is also relevant to temperature, but 
for the changes in temperature difference between upper 
level and surface (dT − dTs). The sum of Eqs. (4a) and 
(4b), �P + �L is known as the temperature feedback (�T); 
first terms in both the equations are remained to compose 
the temperature feedback. Thus, the temperature feedback 
represents the longwave flux change by the vertical and sur-
face temperature distribution. The water vapor and albedo 
are also well-known variables affecting radiative flux at 
TOA, and feedback to the surface temperature and the cor-
responding climate feedback parameter were calculated as

where the partial derivatives (∂R/∂xi) are the monthly radi-
ative feedback kernels for CAM3 (Shell et al. 2008; Soden 
et al. 2008). The radiative kernels describe the radiative 
changes at TOA in response to the perturbation of variables 
(T, w, α) that affects radiative flux, and these are used in 
previous studies for computing and comparing individual 
feedback parameters (Shell et al. 2008; Jonko et al. 2012; 
Choi et al. 2014a).

The cloud feedback parameter (�C) is defined by using 
non-cloud variable kernels (Ki = ∂R/∂xi). The differences 
between clear-sky (K0

i ) and all-sky kernels (Ki) are used to 
estimate the effect of the cloud radiative feedback (Soden 
et al. 2008, Jonko et al. 2012, Shell et al. 2008):

(3)� =
dR

dT̄s
=

∑

i

∂R

∂xi

dxi

dT̄s

(4a)�P =
∂R

∂Ts

dTs

dT̄s
+

∂R

∂T

dTs

dT̄s
,

(4b)�L =
∂R

∂T

dT

dT̄s
−

∂R

∂T

dTs

dT̄s
.

(4c)�w =
∂R

∂w

dw

dT̄s
; �α =

∂R

∂α

dα

dT̄s

(4d)

�C =
dCRF

dT̄s
+

(

K0
T − KT

)

(

dT

dT̄s

)

+

(

K0
w − Kw

)

(

dw

dT̄s

)

+

(

K0
α − Kα

)

(

dα

dT̄s

)

.

The difference of cloud radiative forcing (dCRF) between 
the doubled and control CO2 world is calculated from the 
longwave and shortwave radiative changes by cloud in 
model.

The total feedback is the sum of Planck, lapse rate, 
cloud, water vapor, and albedo feedback parameters. Thus, 
the Eq. (3) can be rewritten as

Here the residual feedback parameter (�Res) mainly 
occurs from the atmospheric heat energy transport and 
uptake/release of heat flux from Arctic Ocean. And the non-
linearities of the radiative kernels also contribute the resid-
ual feedback parameter. Individual feedback parameters are 
functions of latitude, longitude, altitude (except for surface 
albedo and cloud feedback), and time. Thus, the feedback 
parameters are integrated from the surface to the tropo-
pause and averaged globally or regionally and seasonally. 
The tropopause is simply defined to be 300 hPa at the pole 
and linearly decreased to 100 hPa at the equator (Soden and 
Held 2006; Jonko et al. 2012; Choi et al. 2014a).

The changes in the individual and total climate feedback 
parameters because of the VW08 scheme is designated by 
�
′ = �

′
P + �

′
L + �

′
C + �

′
w + �

′
α + �

′
Res, where primes are 

the Von minus Voff. Therefore, examining �′ is the main 
objective of this study. Hereafter, �′ on the annual, summer 
(June, July and August), and winter (December, January 
and February) averages for the Arctic region [60°N–90°N] 
will be investigated.

3  The impact of the cloud modification on climate 
feedbacks

3.1  Mean climate states

Prior to discuss climate feedbacks, the equilibrium climate 
states for control (C_Voff and C_Von) simulations are 
listed in Table 1. This table overall shows that the use of 
the cloud scheme (Von) actually changed winter low-level 
cloud amount without notable changes in the other cli-
mate variables (cloud radiative forcing, net radiative flux, 
sea ice fraction, and surface albedo). Because of the Von 
scheme, the annual low-level cloud amount decreased by 
19 % (from 66 to 47 %) in control CO2 simulation, and in 
addition the winter cloud amount decreased by 35 % (from 
65 to 30 %) (a in Table 1). The two standard deviations 
(2σ) of the summer, winter, and annual-mean low-level 
cloud amounts are 0.03, 0.02, and 0.01 in Voff simulation, 
respectively. Here, we suppose that the significant change 
is beyond 2σ (95 % values of a Gaussian distribution). Con-
trary to the winter cloud, the summer cloud amount does 
not decrease significantly over the Arctic region. However, 

(5)� = �P + �L + �C + �w + �α + �Res.
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Table 1  The Arctic [60°N–90°N] averages (40 years) of the climate variables for the Voff and Von experiments in control CO2 concentrations 
(C_Voff and C_Von)

Variable Season C_Voff C_Von C_Von minus C_Voff

a

 Low-level cloud amount (air pressure ≥ 750 hPa) Summer 0.67 (0.03) 0.66 (0.03) −0.01

Winter 0.65 (0.02) 0.30 (0.02) −0.35

Annual 0.66 (0.01) 0.47 (0.01) −0.19

b

 Ts (K) Summer 277.72 (0.68) 278.08 (0.62) 0.36

Winter 249.38 (1.84) 248.65 (1.77) −0.73

Annual 263.42 (0.72) 263.27 (0.76) −0.15

c

 Shortwave cloud radiative forcing (W/m2) Summer −101.78 −101.39 0.39

Winter −1.61 −1.35 0.25

Annual −38.87 −38.04 0.83

d

 Shortwave net flux at TOA (downward) (W/m2) Summer 203.52 205.26 1.74

Winter 7.10 7.38 0.28

Annual 91.16 92.73 1.57

e

 Shortwave net flux at surface (downward) (W/m2) Summer 101.38 103.11 1.73

Winter 2.69 3.03 0.34

Annual 43.41 45.19 1.78

f

 High-level cloud amount (air pressure ≤ 750 hPa) Summer 0.27 0.27 0.

Winter 0.23 0.22 −0.01

Annual 0.24 0.24 0.

g

 Longwave cloud radiative forcing (W/m2) Summer 25.65 25.64 −0.01

Winter 16.85 15.81 −1.04

Annual 21.50 20.65 −0.85

h

 Longwave net flux at TOA (upward) (W/m2) Summer 218.27 218.97 0.70

Winter 165.60 166.37 0.77

Annual 190.41 191.63 1.22

i

 Longwave net flux at surface (upward) (W/m2) Summer 31.62 32.29 0.67

Winter 30.89 38.38 7.49

Annual 31.90 37.44 5.54

j

 Latent heat flux at surface Summer 25.35 26.04 0.69

Winter 14.04 13.21 −0.83

Annual 18.52 18.16 −0.36

k

 Sensible heat flux at surface Summer 7.88 8.19 0.31

Winter 7.17 1.27 −5.90

Annual 8.06 4.69 −3.37

l

 Sea ice fraction Summer 0.204 0.203 −0.001

Winter 0.369 0.368 −0.001

Annual 0.294 0.292 −0.002
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the impact of the cloud bias correction is low on the surface 
temperature. The Arctic temperature changes (0.36 and 
−0.73 K in the summer and winter, respectively) due to the 
Von scheme are less than the 2σ of the arctic temperature 
mean (0.68 and 1.84 K in the summer and winter, respec-
tively) in the control simulation (b in Table 1). The change 
in the annual-mean surface temperature (−0.15 K) is even 
smaller.

Then why the surface temperature change is very small 
despite the large decrease of cloud amount? To answer 
this question, variables affecting the radiative forcing and 
therefore the temperature in the control CO2 simulations 
are explained as the following. The decrease in the winter 
cloud amount is large; however, the effect on the shortwave 
radiative flux at TOA and surface is not so large because of 
small shortwave cloud radiative forcing in the Arctic win-
ter (c, d and e in Table 1). The Von scheme only affected 
the low-level cloud with temperature closer to the surface 
temperature (a and f in Table 1). Thus, the cloud radiative 
forcing and thermal longwave radiative flux at TOA were 
not changed largely (g and h in Table 1). The change in the 
longwave net flux at the surface is large, but does not nec-
essarily affect the surface temperature due to compensation 
of the surface turbulent heat fluxes (latent and sensible) (h 
i, j and k in Table 1). Moreover, sea ice cover and albedo 
changes are trivial (l and m in Table 1) because of the small 
change in the surface temperature (b in Table 1), resulting 
in a small change in the radiative flux at the surface and 
TOA (d, e, l, and m in Table 1).

To put it simply, the mean states of the major climate 
variables in the Voff and Von conditions are almost equal, 
although the cloud amount is largely different in winter. 
Thus, it can be said that the difference in the climate feed-
backs between the Voff and Von conditions, which will be 
shown in the next section, may not be attributed to different 
mean climate states, but mainly to the effect of low-level 
cloud response to the 2 × CO2 simulations.

3.2  Climate feedbacks

We shall begin with a discussion about the differences 
in the equilibrium climate states between the control and 
2 × CO2 simulations, in order to investigate the effect 

of the Von scheme on the individual and total climate 
feedbacks. The annual cycle for 40 years of the Arc-
tic surface temperature and the response to 2 × CO2 
(dT̄s = T̄s,2CO2

− T̄s,1CO2
) are shown in Fig. 1a, b. The 

increases in the surface temperature because of 2 × CO2 
(dT̄s) were measured by the difference between the solid 
line (T̄s,1CO2

) and the dashed line (T̄s,2CO2
) in Fig. 1a both 

for Voff and Von simulations. The responses (dT̄s) for the 
Voff and Von schemes are plotted as the black and red lines 
in Fig. 1b, respectively, showing larger values in the win-
ter than other seasons. The differences in the surface tem-
perature responses between the Von and Voff experiments 
(dT̄ ′

s = (dT̄s)Von − (dT̄s)Voff ) are also plotted in Fig. 1b 
(orange bars), showing distinctively larger differences in 
November and December. On the annual average, dT̄s in 
the Voff simulation is 3.5 K (the annual mean of the black 
line in Fig. 1b), whereas dT̄s in the Von simulation is 3.27 K 
(the annual mean of the red line in Fig. 1b). Namely, the 
Von scheme makes the equilibrium climate sensitivity to 
2 × CO2 (the orange bars in Fig. 1b) decreased. However, 
the surface temperature change because of the use of the 
Von scheme only takes 6.6 % of the climate sensitivity to 
2 × CO2 (i.e., dT̄

′
s/(dT̄s)Voff = (3.27− 3.5)/3.5).

Figure 1c shows that the annual cycles of low-level 
cloud amount in the Voff (black lines) and Von simula-
tions (red lines). The low-level cloud amount for the cold 
dry seasons was unrealistically large in the Voff simula-
tion, but decreased in the Von simulation (VW08). The 
cloud responses to 2 × CO2 (dC̄ = C̄2CO2

− C̄1CO2
) and 

their differences between the Von and Voff simulations 
(dC̄′ = (dC̄)Von − (dC̄)Voff ) are also plotted in Fig. 1d, and 
dC̄′ were amplified for most periods except the summer 
(the orange bars in Fig. 1d). dC̄ for the Voff simulation is 
only 0.048 % on the annual average (the annual mean of 
the black line in Fig. 1d), whereas dC̄ for the Von simula-
tion is 3.8 % (the annual mean of the red line in Fig. 1d). 
Thus, the Von scheme increased cloud responses, dC̄. The 
Von simulation (VW08) reduces cloud amount in cold dry 
season in the control CO2 simulation and this might derive 
the increase in cloud amount in the doubled CO2 simula-
tion, which is not necessarily realistic. To sum up, the 
change in the surface temperature responses on the doubled 

2-sigma values for seasonal-mean and annual-mean variables of low-level cloud and surface temperature are written in brackets

Table 1  continued

Variable Season C_Voff C_Von C_Von minus C_Voff

m

 Surface albedo for diffuse radiation Summer 0.362 0.357 −0.005

Winter 0.495 0.495 0.

Annual 0.483 0.480 −0.003
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CO2 due to the Von scheme is only 6.6 % in the control 
simulation, in spite of the large changes in cloud responses.

The vertical profiles of temperature for summer, win-
ter and annual mean are plotted (Fig. 2a–c). In the control 
simulations, the Voff and Von experiments do not make a 
large difference in tropospheric temperature (black and red 
solid lines), as shown in the surface temperature in Table 1. 
Rather, temperature differences between doubling and con-
trol CO2 experiments at each cloud scheme are large (dif-
ferences between dashed and solid lines are large) in sum-
mer, winter and also in a whole year. The inversion layer 
at the lower troposphere in winter shows cold and stable 
atmospheric condition in the Arctic region, which affect 
the temperature feedback parameter. The strong inversion 
layer in polar night is a consequence of radiative cooling 
at the surface. Thus cloudy and cloud-free state can affect 
the stability of the boundary layer (Pithan et al. 2014). 
The surface radiative cooling is strong in the cloud-free 
state, enhancing the atmospheric stability. However, the 
Von schemes in this study do not show the stronger stable 

states at the low-level during winter in the control and dou-
bling CO2 experiments as expected in the real world (see 
Figure 2 in Pithan et al. 2014). It is currently poor to repre-
sent the temperature inversions and associated near-surface 
variables in other GCMs as well (Barton et al. 2014). The 
inversion layer is consequently related to the temperature 
feedback and the detailed characteristic of temperature 
feedback will be discussed later.

The vertical profiles of water vapor (Fig. 2d–f) also show 
similar changes with temperature profile under the tropo-
pause; atmospheric warming derives the increase in atmos-
pheric water vapor capacity. The altered low-level (750 hPa 
and higher) cloud amount scheme is adapted under the 
specific humidity threshold, 0.003 kg kg−1, thus the cloud 
fraction in winter season is calculated with the altered 
scheme, but the summer cloud fraction is hardly modified. 
The specific humidity profiles are not directly affected by 
cloud schemes because the altered cloud scheme does not 
change the water vapor.

-50 -40 -30 -20 -10 0 10

Temp. [C]

1000

800

600

400

P
re

ss
 [h

P
a]

-70 -60 -50 -40 -30 -20 -10

Temp. [C]

1000

800

600

400

P
re

ss
 [h

P
a]

-60 -50 -40 -30 -20 -10 0

Temp. [C]

1000

800

600

400

P
re

ss
 [h

P
a]

0 1 2 3 4 5 6

Spec. Humid. [10^-3 kg/kg]

1000

800

600

400

P
re

ss
 [h

P
a]

Von 1CO2
Von 2CO2

0 1 2 3 4 5 6

Spec. Humid. [10^-3 kg/kg]

1000

800

600

400

P
re

ss
 [h

P
a]

0 1 2 3 4 5 6

Spec. Humid. [10^-3 kg/kg]

1000

800

600

400
P

re
ss

 [h
P

a]

(a) (d)

(e)

(f)

(b)

(c)

Fig. 2  Arctic [60°N–90°N] vertical temperature [°C] (left) and spe-
cific humidity [kg kg−1] (right) profiles for a, d summer, b, e winter 
and c, f annual mean from 1000 hPa to 300 hPa. The last 40 years for 
each simulation, C_Voff, C_Von, D_Voff and D_Von are averaged. 

The tropopause is approximately at 300 hPa in the Arctic region, and 
temperature decreases as pressure decreases up to tropopause, but 
there is an inverse layer at the lower troposphere during winter
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The annual cycle of the vertical responses of the tem-
perature and humidity to 2 × CO2 are shown in Fig. 3. The 
temperature response to the 2 × CO2 simulations was large 
at the low level in the cold seasons, which is consistent with 
the surface and atmospheric temperatures (Fig. 3a). Mean-
while, the responses of the water vapor due to the doubling 
CO2 are closely related to the atmospheric warming during 
the cold season, because the air capacity for the humidity 
increases with increasing temperature.

The differences in the responses of temperature and 
humidity to 2 × CO2 between the Von and Voff simula-
tions are also shown in the low panel in Fig. 3c, d. These 
figures indicate that the Von scheme affects the tempera-
ture and humidity in the troposphere except the summer 
season. The cloud-free state can cause the surface cooling 
and enhance the inversion layer during winter in 2 × CO2 
simulations in spite of the poor representation of the inver-
sion layer in the model comparing to those in observations. 
Thus, the Von scheme in this study shows less warming 
response at the surface due to the 2 × CO2 simulations. The 
water vapor response shows similar characteristics to the 
temperature response because of their close relationship. 
These responses of vertical distributions of the temperature 
and humidity affect the climate feedbacks, in association 
with temperature, water vapor. Thus the climate feedback 
parameters are quantitatively calculated below.

The radiative kernels present the response of the TOA 
fluxes to the increased variables such as temperature, water 
vapor, and surface albedo. The vertical radiative kernels for 

Arctic temperature averaged over longitudes are displayed 
in Fig. 4a. The negative sign indicates that an increase in 
temperature increases the outgoing longwave radiation 
(i.e., decreases the net incoming radiation). Thus, Fig. 4a 
illustrates that the responses are relatively large in the upper 
level during warm seasons. Meanwhile, monthly surface 
temperature kernel distribution in Fig. 4b indicates that the 
responses are relatively large during winter at the surface.

The radiative kernels for water vapor are positive in 
Fig. 4c, meaning that an increase in water vapor is associ-
ated with an increase in the net radiation, for all levels in 
summer and high levels in the other seasons. This monthly 
vertical distribution is the sum of longwave and shortwave 
radiative kernels. While not shown in the figure, the slight 
negative values at lower levels during winter are due to the 
negative water vapor kernels of longwave radiation. The 
upper level is more sensitive to the perturbation of water 
vapor during late spring and summer than the lower level. 
The radiative kernel for albedo (Fig. 4d) gives the largest 
radiation quantity during the melting season, in spring and 
summer. A decrease in surface albedo derives an increase 
in incoming shortwave radiation and warming in that sea-
son. However, the surface albedo changes do not affect the 
radiation in the freezing season when the incoming short-
wave radiation is negligible. The overall radiative responses 
to the increased variable is relatively large during spring or 
summer than the other seasons, while the opposite is true 
for the response to the increased surface temperature.
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Fig. 3  Responses of a vertical temperature and b specific humidity 
to doubling of CO2 condition for Voff (shaded) and Von (black con-
tour) experiments at each month in the Arctic region [60°N–90°N]. 
For the specific humidity plot, the differences are expressed as a per-

cent ((q(doubling) − q(control))/q(control)). Last 40 years are aver-
aged. Response differences between the Voff and Von experiments for 
c temperature and d specific humidity are plotted at each month
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The total and individual climate feedback parameters 
calculated from the radiative kernels, and Arctic surface 
temperature and net radiative response to imposed radia-
tive forcing at TOA are listed in Table 2. The global total 
imposed radiative forcing at TOA is 3.36 W m−2 (Gregory 
et al. 2004) and surface temperature change is 2.1 °C in the 
2 × CO2 CAM3 model, so the total feedback parameter is 
−1.6 W m2 K−1, to balance the imposed radiative forcing at 
TOA. However, in terms of Arctic region, the surface tem-
perature in the Arctic region is not the same as the global 
value, and transport of heat and energy should be consid-
ered in the regional aspect. Thus, the Arctic temperature 

changes are used to calculate the total and individual feed-
back parameters.

Among the individual annual feedback parameters, the 
Planck response (�P) is the largest contribution of outgoing 
radiative changes annually. The water vapor feedback (�w) 
is generally known to be positive in the globe annually for 
both longwave and shortwave radiation, because the water 
vapor uptakes radiation and warm the air. These are ampli-
fied in the tropical area and declined in the high-latitude 
regions.

Meanwhile, the seasonal variation of other individual 
feedback parameters is large because of the solar radia-
tion and atmospheric vertical distribution. For example, the 
albedo feedback (�α) is concentrated in the summer, but 
small in the winter when the solar radiation is negligible. 
The lapse rate feedback (�L) is negative in the summer, but 
positive in the winter. The lapse rate feedback is gener-
ally negative over the globe. However, larger warming in 
the lower level is required to balance the radiative forcing 
in the Arctic region, where the atmosphere is stable in dry 
and cold conditions shown as the inversion layer in Fig. 2b. 
Thus the lapse rate feedback is positive during the winter 
(Pithan and Mauritsen 2014).

Interestingly, the cloud feedback (�C) also shows large 
seasonal variation in Voff simulation: negative during the 
summer and positive in the winter. Meanwhile, in the Von 
simulation, the cloud feedback is consistently positive. The 
Von simulation effectively reduces the low-level cloud dur-
ing winter in the control simulation. This condition makes 
rooms for an increase in cloud amount responding to the 
doubling CO2 properly in the model. Consequently, the 
cloud feedback responding to doubling CO2 in Von simula-
tion increases during winter owing to the longwave radia-
tive forcing of cloud.

The residuals of kernel radiative forcing include dis-
crepancies between the real and model world induced by 
the nonlinearities of radiative kernels of each variable and 
transport of atmospheric heat energy from other region. In 
addition, the substantial seasonal heat uptake and release of 
the Arctic oceans are also part of the residual. We assume 
the linearity of kernels, so that the residuals almost come 
from the heat energy of atmospheric transport and Arctic 
oceans in the model world. The negative residuals in the 
summer and annual mean in the Arctic region indicate the 
cooling effect by the heat loss. In the winter, the Voff simu-
lation shows the positive residuals, implying the warming 
effect by the heat gain; however, the Von simulation shows 
the negative residuals, implying the cooling effect by the 
heat loss.

The VW08 scheme alters the climate feedbacks by 
~7.3 % in the global warming simulation annually (�′/�) . 
Even though the cloud fraction shows large decrease in 
the winter, the total feedback parameter (�) alters by only 
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−0.03 W m−2 K−1 in the same season and −0.07 W m−2 
K−1 in annual mean. Large increases in the cloud feed-
back (�′C = 0.58 W m−2 K−1) and lapse rate feedback 
(�′L = 0.13 W m−2 K−1) occur in the winter, but are 
compensated by the decrease in the energy transport  
(�′Res = −0.55 W m−2 K−1) and water vapor feedback  
(�′w = −0.2 W m−2 K−1) in the same season. The large 
increase in the cloud feedback is mostly canceled out by 
less heat transport during winter. This results from the alter-
ation in the temperature and humidity vertical distributions 
at the low level during winter because of the VW08 scheme.

Meanwhile, in the summer, the total climate feedback 
parameter (�) decreased by −0.12 W m−2 K−1 due to the 
VW08 scheme. This is due to the decreases in the lapse rate 
feedback (�′L = −0.13 W m−2 K−1) and the heat transport 
(�′Res = −0.19 W m−2 K−1), and due to their compensa-
tion by the increases in the water vapor feedback (�′w = 
0.04 W m−2 K−1) and cloud feedback (�′C = 0.16 W m−2 
K−1). After all, in the annual mean, the increases in the cloud 
feedback (�′C = 0.17 W m−2 K−1) and lapse rate feedback 
(�′L = 0.13 W m−2 K−1) almost offset the decreases in the 
heat transport (�′Res = −0.31 W m−2 K−1) and water vapor 
feedback (�′w = −0.02 W m−2 K−1). Thus a slight negative 
total feedback (�′ = −0.07 W m−2 K−1) is induced.

The changes in the individual climate feedbacks by the 
Von scheme are considerably large in the model simula-
tions. However, the total climate feedback parameter (�) 
is certainly decreased slightly, although the overestimated 
low-level cloud in the model is decreased to resemble the 
observation data during the winter. Therefore, it cannot be 
said that the low-level winter cloud bias in the Arctic region 

has affected the overall future climate projection. However, 
the modification of the low-level winter clouds does reform 
the individual climate feedbacks in the model.

4  Conclusion and discussion

The influence of the changes in the seasonal cycle of the 
cloud fraction was investigated by the VW08 cloud scheme. 
This VW08 scheme alleviates the overestimated cloud 
fraction in the lower troposphere during the winter. This 
results in the decreases in the water vapor feedback (�w) 
and heat energy transport feedback (�Res), and the increases 
in the cloud feedback (�C) and lapse rate feedback (�L) in 
the same season. In the annual-mean, VW08 scheme acts 
similar to the winter: feedback parameters increase due to 
the lapse rate (�L) and cloud (�C), and decrease due to the 
water vapor (�w) and heat energy transport (�Res). Conse-
quently, the VW08 scheme yielded a small decrease in the 
equilibrium surface temperature and total feedback param-
eter (�) annually in the model under 2 × CO2. It is impor-
tant to note that the Arctic cloud affects not only the cloud 
feedback (�C), but also other climate feedbacks.

These experiments were performed with the CAM3 
model, and the climate feedback strengths were calcu-
lated using CAM3 radiative kernels provided by Soden 
et al. (2008). Of course, the estimated climate feedback 
parameters and radiative kernels are dependent on the 
experimental settings and dynamics of the model. To exam-
ine the climate feedbacks of nature, the recent satellite 
observation study by Choi et al. (2014b) revealed that the 

Table 2  The Arctic [60°N–90°N] averages of response of surface temperature (dTs), and climate feedback changes (λ), response to CO2  
doubling increases in Voff and Von experiments for 40 years (D_Voff-C_Voff and D_Von-C_Von)

Voff dT̄s � �P �L �w �α �C �Res

Summer 2.09 −1.61 −2.73 −0.57 1.13 2.56 2.48 −4.48

Winter 4.48 −0.75 −2.5 0.95 0.96 0 −0.33 0.16

Annual 3.50 −0.96 −2.6 0.67 0.91 0.37 0.86 −1.18

Von dT̄s � �P �L �w �α �C �Res

Summer 1.94 −1.73 −2.73 −0.7 1.17 2.56 2.64 −4.67

Winter 4.33 −0.78 −2.49 1.08 0.76 0 0.25 −0.37

Annual 3.27 −1.03 −2.6 0.77 0.89 0.37 1.03 −1.49

Difference (Von − Voff) dT̄ ′
s

�
′

�
′
P �

′
L �

′
w �

′
α �

′
C �

′
Res

Summer −0.15 −0.12 0 −0.13 0.04 0 0.16 −0.19

Winter −0.15 −0.03 0.01 0.13 −0.20 0 0.58 −0.55

Annual −0.23 −0.07 0 0.10 −0.02 0 0.17 −0.31

Comment Total Planck Lapse rate Water vapor Surface albedo Cloud Residual

Difference proportion for annual 6.6 abs(dT̄
′
s)

(dT̄s)Voff
7.3 abs(�

′)
(�)Voff
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state-of-the-art climate models tend to underestimate the 
leading role of cloud in the ice-albedo feedbacks during the 
melting season, indicating that the physical processes asso-
ciated with albedo feedback, should be further improved to 
connect clouds in the current models. Therefore, it should 
be borne in mind that the control albedo feedback param-
eter and their small change in this study are obtained from 
simulations from a single model. Confirming the result 
using other models would be desirable.

The climate feedback strengths calculated in this 
study are useful to investigate the contributions of sea-
sonal cloud amount to the total climate feedback for a 
given region and season. Boisvert and Stroeve (2015) 
found from the Atmospheric Infrared Sounder that the 
increase in Arctic cloud amount in February and Novem-
ber is large during 2003–2013. This would eventually 
affect Arctic climate feedbacks as discussed throughout 
this paper. However, one should note that the climate 
feedback strengths confined in the Arctic region cannot 
be directly compared to those in the globe, because the 
feedback-related physical processes are not isolated in a 
regional scale. Crook et al. (2011) documented that the 
impact of Arctic climate feedback changes on the globe 
might be small, but can influence the meridional heating 
response. How the Arctic climate feedback changes by 
cloud changes actually affect the global climate is a sub-
ject of the future study.
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