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Abstract
The physical mechanism of Arctic amplification is still controversial. Specifically, relative role of vertical processes resulting 
from the reduction of sea ice in the Barents-Kara Seas is not clearly understood in comparison with the horizontal heat and 
moisture advection. Energy and moisture budgets are analyzed over the region of sea ice reduction in order to delineate the 
relative roles of horizontal and vertical processes. A detailed analysis of energy and moisture budgets in the atmospheric 
column indicates that both the vertical source from the release of heat flux and moisture due to sea ice reduction and the 
horizontal advection of heat and moisture are essential for explaining the variation of temperature and specific humidity 
over the Barents-Kara Seas. The vertical flux term explains a slightly larger fraction of the mean increase in temperature 
and specific humidity, while the horizontal advection is a major source of variability in temperature and specific humidity 
in the atmospheric column.

1  Introduction

In recent decades, Arctic warming has been accelerating in 
the lower troposphere during the cold season (Serreze et al. 
2009; Screen and Simmonds 2010a; Screen et al. 2013). In 
particular, sea ice reduction over the Barents-Kara Seas and 
corresponding lower tropospheric warming during winter 
have drawn much interest in recent years (Petoukhov and 
Semenov 2010; Sorokina et al. 2016; Yang et al. 2016; Rug-
gieri et al. 2017). The Barents-Kara Seas are the only region 
in the Arctic Ocean, where wintertime sea ice reduction is 
conspicuous; other areas of the Arctic Ocean do not exhibit 
significant loss of sea ice during the winter (Kim et al. 
2016). The September (minimum) sea ice extent over the 
Arctic Ocean (Serreze and Stroeve 2015) as well as winter 
(DJF) sea ice cover over the Barents-Kara Seas (Kim et al. 
2016; see also Fig. S1) have dwindled by ~ 50% during the 
past 40 years and it seems to be continuing at a faster rate. 

At the same time, lower tropospheric winter temperature has 
risen by ~ 2 K during the same time interval (Johannessen 
et al. 2016; Kim et al. 2016).

Several physical mechanisms are proposed to explain 
the wintertime sea ice reduction and the lower tropospheric 
warming over the Barents-Kara Seas. The most widely 
accepted mechanism is the “insulation feedback” (Overland 
et al. 2011; Burt et al. 2016; Kim et al. 2016). The lower 
tropospheric warming is due to turbulent heat flux released 
from the open sea surface, which remains to be free of ice in 
winter (Screen and Simmonds 2010a, b; Deser et al. 2010; 
Overland et al. 2011; Serreze and Barry 2011; Cohen et al. 
2014; Kim et al. 2016). According to this proposed mecha-
nism, increased reception of insolation through the sea sur-
face exposed to air in summer keeps the sea surface warmer 
and the stored energy in summer is released in fall and early 
winter making the atmosphere warmer.

Another mechanism is the “water vapor feedback” (Fran-
cis and Hunter 2006; Sedlar et al. 2011; Park et al. 2015a, 
b). As warming increases, water vapor content in the atmos-
pheric column increases, leading to an amplified greenhouse 
effect. Upward infrared radiation (IR) is trapped more in 
the atmospheric column, resulting in warming of the atmos-
pheric column. Increase in atmospheric water vapor may be 
due to an increase in both local evaporation and transport 
from lower latitudes (Jakobson and Vihma 2010; Kurita 
2011).
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Most studies agree that increasing downward IR due to 
atmospheric warming is the essential factor for the continu-
ing reduction of sea ice. The two mechanisms addressed 
above are instrumental in explaining the relationship 
between the sea ice reduction in the Barents-Kara Seas and 
the lower tropospheric warming over the region of sea ice 
reduction. Meanwhile, there are different explanations for 
the cause-and-effect relationship between the sea ice reduc-
tion and the lower tropospheric warming over the Barents-
Kara Seas. Park et al. (2015a) suggested that the increase 
in downward IR is primarily due to horizontal advection 
of water vapor and heat energy into the Arctic from lower 
latitudes, rather than evaporation from the Arctic Ocean. 
Park et al. (2015b) suggest that northward flux of moisture 
into the Arctic is connected with enhanced convection over 
the tropical Indian and western Pacific Ocean, and that this 
northward flux of moisture increases downward IR.

Burt et al. (2016), on the other hand, showed that the 
simulated moistening of the Arctic atmosphere during win-
ter is primarily due to an increase in surface evaporation 
rather than poleward moisture transport. Kurita (2011) ana-
lyzed the source region of Arctic water vapor during the 
ice-growth season and reported that local moisture source 
is dominant during late fall and early winter but moisture 
transport from lower latitudes becomes more important than 
local source after early winter.

As described above, relative role of vertical processes 
resulting from the reduction of sea ice in the Barents-Kara 
seas to horizontal advective processes is not yet clearly 
understood. In the present study, energy and moisture budg-
ets are analyzed over the region of sea ice reduction in order 
to delineate the relative roles of horizontal and vertical pro-
cesses. Moisture budget equation is used to compare the hor-
izontal moisture advection term and vertical source of evap-
oration minus precipitation in explaining specific humidity 
change in the atmospheric column. Thermal energy budget 
equation is also used to assess the relative importance of 
horizontal heat advection and vertical source of energy from 
the release of turbulent heat fluxes and radiation trapped in 
the atmospheric column.

2 � Data and method of analysis

2.1 � Data

ERA-Interim daily surface and pressure-level variables at 
1.5° × 1.5° resolution are used for the period of 1979–2017 
(Dee et al. 2011). The domain of analysis is the Arctic region 
(north of 60°N) during winter (Dec. 1–Feb. 28; 90 days) 
to focus on the mechanisms of wintertime Arctic sea ice 
reduction. We focus on winter (DJF), since it is the season 

of maximum sea ice reduction and Arctic warming over the 
Barents-Kara Seas (Kim et al. 2016).

2.2 � CSEOF analysis

Cyclostationary empirical orthogonal function (CSEOF) 
analysis is conducted to isolate the mode associated with 
the wintertime sea ice reduction in the Barents-Kara Seas 
(Kim et al. 1996, 2015; Kim and North 1997). Daily sea ice 
concentration is written in the form:

where Bn(r,t) are the cyclostationary loading vectors 
(CSLV), Tn(t) are the principal component (PC) time series, 
and d = 90 days is the nested period. Thus, each loading 
vector consists of 90 spatial patterns describing evolution 
of sea ice during winter (DJF). Each CSLV is modulated on 
a longer term by corresponding amplitude (PC) time series. 
Figure 1 shows the winter-averaged CSLV and PC time 
series for the first CSEOF mode. Judging from the CSLV 
(Fig. 1a) and PC time series (Fig. 1c), this mode represents 
the accelerated reduction of sea ice over the Barents-Kara 
Seas (see also Fig. S1). According to Fig. 1a, c, sea ice con-
centration has decreased by ~ 50% over the Barents-Kara 
Seas since 1979.

In order to extract evolution of other variables to be phys-
ically consistent with the evolution of sea ice concentration 
in Fig. 1, regression analysis is conducted in CSEOF space. 
The sea ice concentration is called the “target” variable and 
other variables are called the “predictor” variables. This step 
is essential to make the evolution of all predictor variables 
to be physically consistent with that of target variable (sea 
ice concentration). First, CSEOF analysis is conducted on a 
predictor variable (say, 2 m air temperature):

where Cn(r, t) and Pn(t) are the CSLV and PC time series 
of the predictor variable. In general, there is no one-to-one 
correspondence between two sets of CSLVs in (1) and (2), 
since Tn(t) ≠ Pn(t) . In order to establish a one-to-one cor-
respondence between the two sets of CSEOF modes, regres-
sion analysis is conducted in CSEOF space:

where 
{

�(n)
m

}

 are the regression coefficients and �(n)(t) is the 
regression error time series for the nth mode, and M(= 20 in 

(1)T(r, t) =
∑

n
Bn(r, t)Tn(t), Bn(r, t) = Bn(r, t + d),

(2)P(r, t) =
∑

n
Cn(r, t)Pn(t),

(3)Tn(t) =
∑M

m=1
�(n)
m
Pm(t) + �(n)(t),

(4)C(reg)
n

(r, t) =
∑M

m=1
�(n)
m
Cm(r, t),
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the present study) is the number of predictor modes used for 
regression. Then, the predictor variable can be rewritten as

Note that each loading vector C(reg)
n (r, t) of the predictor 

variable P(r, t) is now associated with the PC time series of 
the target variable Tn(t) . For example, Fig. 1b is the winter-
averaged regressed loading vector of surface (2 m) air tem-
perature (SAT). The two loading vectors in Fig. 1 share the 
same PC time series in Fig. 1c.

As a result of regression analysis on all predictor vari-
ables, the entire dataset can be written as

(5)P(r, t) =
∑

n
C(reg)
n

(r, t)Tn(t).

(6)
Data(r, t) =

∑

n

{

Bn(r, t),C
{reg}
n

(r, t),… , Z{reg}
n

(r, t)
}

Tn(t).

The terms in curly braces represent CSLVs from different vari-
ables and they all are governed by the PC time series of the 
target variable 

{

Tn(t)
}

 . The terms in curly braces are consid-
ered physically and dynamically consistent with each other.

2.3 � Energy budget equations

In order to assess the relative roles of horizontal and vertical 
processes in the Arctic warming, let us first consider the fol-
lowing moisture conservation equation in pressure coordinates:

where q is specific humidity, u⃗ is velocity, p is pressure, 
� ≡ Dp∕Dt is “omega” vertical velocity, S is moisture 
source, and the subscript p denotes that differentiation is on 

(7)
𝜕q

𝜕t
= − u⃗ ⋅ ∇q + S = − u⃗ ⋅ ∇pq − 𝜔

𝜕q

𝜕p
+ S,

Fig. 1   Winter-averaged pattern of a sea ice concentration, b 2 m air 
temperature, and c corresponding PC (amplitude) time series asso-
ciated with Arctic amplification. The boxed area (21°–79.5°E, 75°–

79.5°N) in a represents the region of significant sea ice reduction in 
the Barents-Kara Seas. The contour lines (at 5% interval) in b denote 
the sea ice concentration in a 
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a constant pressure surface. Multiplying (7) by �a and inte-
grating the resulting equation with respect to z , we obtain

where �a is density of air, �w is density of water, and the 
moisture source is equal to evaporation ( E ) minus precipita-
tion ( P ). Equation (8) can be rewritten as

where g is gravitational acceleration, p = p(z) , and p0 is sur-
face pressure which is assumed to be 1000 hPa here. The 
right-hand side is the total amount of moisture change due 
respectively to horizontal advection, vertical convection 
and net evaporation (evaporation minus precipitation) dur-
ing a time interval Δt , which is 1 day in the present study. 
The left-hand side, then, is the amount of moisture increase 
(anomalous specific humidity) in the atmospheric column.

Let us now consider the thermal energy equation:

where the stability parameter Sp is defined by

Here cp is the specific heat at constant pressure, R is the 
specific gas constant, � is potential temperature, and J is 
diabatic forcing (heat flux per unit volume). If we integrate 
(10) with respect to p , we have

The diabatic forcing includes latent and sensible heat flux 
at the surface as well as radiative forcing in the atmos-
pheric column produced by the increased specific humid-
ity. Thus, we assume that the last term can be written as

where FS , FL and FR are sensible heat flux, latent heat flux, 
and radiative flux, respectively. The radiative flux in the 
entire atmospheric column is determined by the net radia-
tion trapped in the atmospheric column, i.e.,

Regression analysis is conducted in CSEOF space on 
all variables in (9) and (12) so that their spatio-temporal 

(8)

𝜕

𝜕t ∫
z

0

𝜌aqdz = −∫
z

0

𝜌au⃗ ⋅ ∇pqdz − ∫
z

0

𝜌a𝜔
𝜕q

𝜕p
dz + 𝜌w(E − P),

(9)
∫

p0

p

qdp =

[

−∫
p0

p

u⃗ ⋅ ∇pqdp − ∫
p0

p

𝜔
𝜕q

𝜕p
dp + 𝜌wg(E − P)

]

Δt,

(10)
𝜕T

𝜕t
+ u⃗ ⋅ ∇pT − Sp𝜔 =

J

cp
,

(11)Sp =
RT

cpp
−

�T

�p
= −

T

�

��

�p
.

(12)

∫
p0

p

Tdp =

[

−∫
p0

p

u⃗ ⋅ ∇pTdp + ∫
p0

p

Sp𝜔dp + ∫
p0

p

J

cp
dp

]

Δt.

(13)∫
p0

0

J

cp
dp =

g

cp

(

FS + FL + FR

)

,

(14)FR = Fsurface − FTOA.

evolutions become consistent with the evolution of sea ice 
in Fig. 1. Then, the regressed CSLVs are used to evaluate 
each term in (9) and (12) in order to assess quantitatively 
the importance of each term in explaining the changes in 
temperature and specific humidity in association with the 
sea ice reduction over the Barents-Kara Seas.

3 � Results of analysis and discussion

3.1 � Sea ice reduction and atmospheric warming

As can be seen in Fig. 1b, Arctic warming is observed 
close to the region of sea ice reduction in the Barents-Kara 
Seas; both the sea ice reduction and surface air warming are 
accelerating rapidly in the record (Fig. 1c). The atmospheric 
warming is strongly confined to the lower troposphere over 
the region of sea ice reduction (Fig. 2a, b) and the increased 
specific humidity is also evident (Fig. 2c, d). Calculation 
based on the Clausius–Clapeyron relationship (Iribarne and 
Godson 1981; North and Erukhimova 2009) shows that the 
increased saturation specific humidity owing to the increased 
air temperature is commensurate in magnitude with the 
increased specific humidity. Figure 2 shows that the winter-
averaged patterns of specific humidity are similar to those of 
air temperature and saturation specific humidity. Note that 
significant increase in temperature and specific humidity is 
confined to lower troposphere. As a result of sea ice reduc-
tion, turbulent heat flux is increased (Kim et al. 2016). Due 
to an increased exposition of warmer sea surface, upward 
longwave radiation increases, whereas downward longwave 
radiation also increases due to increased lower tropospheric 
temperature (Kim et al. 2016).

3.2 � Moisture budget

The spatial and temporal patterns of specific humidity, hori-
zontal advection and vertical source terms in (9), in asso-
ciation with the sea ice reduction in Fig. 1, are summarized 
in Figs. 3 and 4. The winter-averaged regressed pattern 
of lower-tropospheric (1000–850 hPa) specific humidity 
(Fig. 3a) is depicted together with the contributions from 
the horizontal advection (Fig. 3b), source (evaporation 
minus precipitation; Fig. 3c), and the sum of all contribu-
tions [right-hand side of (9); Fig. 3d]. The contribution from 
the vertical convection of moisture is very small in the lower 
troposphere (figure not shown). As can be seen, the magni-
tude of moistening from the source term is comparatively 
larger than the horizontal advection of moisture in associa-
tion with Arctic amplification. Both the local source (net 
evaporation) and the horizontal advection of moisture seem 
essential in explaining the increased specific humidity in the 
atmospheric column.
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Figure 4 shows the daily time series of the terms in (9) 
averaged over the region of sea ice reduction (boxed area in 
Fig. 1a), and the correlations among individual terms. As 
can be seen, the net increase in specific humidity in the lower 
troposphere (1000–850 hPa), on average, is ~ 1.7 g kg− 1 
(black line) during winter due to sea ice loss. This amount 
is explained roughly by adding the source term (~ 1 g kg− 1; 
red line) and the horizontal moisture transport (~ 0.6 g kg− 1; 
blue line). Thus, the vertical process plays a stronger role 
in the net increase of specific humidity in association with 
Arctic amplification. On the other hand, horizontal mois-
ture transport is significantly correlated with the variation 
of specific humidity; maximum correlation is 0.588 at lag 
zero (Fig. 4b). Thus, the variability of specific humidity (not 
the mean) is strongly controlled by the horizontal advection 
of moisture. During advection of dry air, net evaporation is 
increased and vice versa as indicated by the negative cor-
relation between the moisture advection and source terms; 
correlation is about − 0.42 (Fig. 4b). Thus, the source term 

tends to moderate the effect of horizontal advection of mois-
ture over the Barents-Kara Seas.

In this calculation, the upper level of significant change 
in specific humidity is chosen to be p = 850 hPa based on 
Fig. 2 (see also the vertical profile of anomalous tempera-
ture and specific humidity in Fig. S2). Two different choices 
( p = 900 , p = 700 hPa) of the upper level of integration 
are also tested and they do not seriously alter the relative 
importance of the terms in the moisture budget equation 
(see Figs. S3 and S4).

3.3 � Thermal energy budget

Figure 5 shows the total greenhouse effect produced by the 
increased specific humidity. Here, the greenhouse effect 
is expressed as the net increase in radiative forcing in the 
atmospheric column, which is primarily due to increased 
specific humidity. As can be seen in Fig. 5b, there is a 
strong correlation (0.7) between the variability of specific 

Fig. 2   a, b The vertical pattern of winter-averaged temperature 
(shade), geopotential (black contour; 3 m2  s2) and wind (green con-
tour; 0.2  m  s− 1), and c, d specific humidity (shade) and saturation 

specific humidity (contour; 0.05 g kg− 1) along 60°E and 80°N. The 
blue contour in the upper panel is at 12 m2 s2. The red contour in the 
lower panel is at 0.2 g kg− 1
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humidity and that of greenhouse effect over the region of 
sea ice reduction. Over the Barents-Kara Seas, radiative 
forcing increased by more than 30 W m− 2 during the last 
40 years; this area-averaged value is obtained by multiplying 
the loading vector (Fig. 5b) with the PC time series (Fig. 1c). 
Thus, the increased moisture is one of important reasons for 
atmospheric warming associated with Arctic amplification.

The ERA-Interim reanalysis products provide longwave 
radiation only at the surface and the top of the atmosphere. 
In order to evaluate the greenhouse effect within a vertical 
layer, it is assumed that the greenhouse effect is proportional 

to the anomalous specific humidity in the vertical column 
(see Fig. S2). This assumption is partly based on the high 
correlation between the two variables (Fig. 5b), but is an 
important caveat in the present study. As can be seen in 
Fig. 2c, d, increase in specific humidity is mainly confined 
to the lower troposphere (see also Fig. S2). Therefore, heat-
ing due to greenhouse effect should be most conspicuous in 
the lower troposphere. As seen in Fig. 2a, b, atmospheric 
warming is also most conspicuous in the lower troposphere. 
In calculating the contribution from the greenhouse effect 
to atmospheric warming, we assume that ~ 62% of moisture 

Fig. 3   The winter-averaged lower tropospheric (1000–850  hPa) pat-
terns of variables: a specific humidity, b moisture advection, c mois-
ture source (evaporation–precipitation), and d total (horizontal plus 

vertical) moisture supply. All the source terms are converted into spe-
cific humidity (g kg− 1)
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increase is from the vertical source and ~ 38% from the hori-
zontal advection. When the relative roles of vertical source 
and horizontal advection are estimated, this percentage is 
taken into account.

Figure 6 shows the terms on the right-hand side of (12). 
The pattern of the turbulent heat flux indicates that it is 
strongly tied with the reduction of sea ice in the Barents-
Kara Seas. The horizontal heat transport and greenhouse 
effect seem similar in magnitude but are not strictly con-
fined to the region of sea ice reduction. The addition of these 
three terms and the vertical convection term, which is much 
smaller than the others, yields the total forcing (converted 
into temperature) in Fig. 6a. The total forcing term is fairly 
similar, both in terms of the pattern and magnitude, to the 
lower-tropospheric temperature increase (Fig. 7).

Figure 8a shows the daily variation of temperature and the 
heating terms in (12) converted into temperatures averaged 
over the region of sea ice reduction (see Fig. 1a). As can 
be seen, the lower tropospheric temperature increased by 
~ 2.1 K during DJF over the region of sea ice reduction. A 
little more than 1.04 K is explained by the turbulent heat flux 
(0.68 K) plus 62% of the greenhouse effect due to increased 
moisture (0.36 K). The horizontal advection explains 0.62 K 
increase in the lower tropospheric temperature plus 38% of 
the greenhouse effect (0.22 K).

The lagged correlation shows that there is a significant 
positive correlation between the tropospheric temperature 
and the heat advection (Fig. 8b). During a warm advec-
tion, tropospheric temperature increases and vice versa. It 
is also apparent that turbulent heat flux decreases during 

Fig. 4   a Daily fluctuation of 1000–850 hPa averaged specific humid-
ity (SH), evaporation minus precipitation (SRC), and horizontal 
moisture transport (ADV) averaged over the region of sea ice reduc-
tion (21°–79.5°E, 75°–79.5°N) in the Barents-Kara Seas (boxed area 
in Fig. 1a). The straight lines represent the winter means of individual 

variables. b Lagged correlation between specific humidity and hori-
zontal moisture transport (blue), between the horizontal transport and 
source (evaporation–precipitation) (black), and between the specific 
humidity and the total (source plus advection) (red)

Fig. 5   a The winter-averaged spatial pattern of the greenhouse effect 
(W m− 2). b The daily variation of specific humidity (red) in the lower 
troposphere (1000–850  hPa) and the greenhouse effect (blue) aver-

aged over the region of sea ice reduction (21°–79.5°E, 75°–79.5°N) 
in the Barents-Kara Seas
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a warm advection and vice versa as indicated by the nega-
tive correlation (− 0.552) at lag zero. Thus, turbulent heat 
flux tends to moderate the effect of thermal advection 
over the region of sea ice reduction. This compensation 
accomplished by turbulent heat flux, however, is small 
compared with the thermal advection itself. As a result, 
the total heating (turbulent flux + horizontal heat trans-
port + greenhouse effect) is still positively correlated 
with the tropospheric temperature (Fig. 8b). Thus, the 
horizontal advection of heat is critical in explaining the 
variability (not the mean) of the tropospheric temperature 

in association with Arctic amplification. On the other 
hand, the turbulent flux term, the advection term, and 
the greenhouse effect make nearly equal contributions to 
the net atmospheric warming over the Barents-Kara Seas. 
All three terms are needed to explain ~ 90% (~ 1.9 K) of 
the lower tropospheric warming.

This situation does not change in any substantial man-
ner depending on the upper pressure levels ( p ) used for 
calculating the energy budget. Results by using two differ-
ent upper pressure levels ( p = 900 and p = 700 hPa) are 
shown in Figs. S5–S7.

Fig. 6   The winter-averaged lower-tropospheric (1000–850 hPa) patterns of a total heat, b heat transport, c turbulent (sensible + latent) heat flux, 
and d greenhouse effect. All the terms are converted into temperature anomalies (K)
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4 � Concluding remarks

Based on the ERA-Interim reanalysis data, detailed heat 
and moisture budgets are examined in association with 
Arctic amplification in order to delineate the relative roles 
of horizontal and vertical processes. The conspicuous 
warming signal is in the lower troposphere below approxi-
mately 700 hPa (see also Fig. S2). Therefore, the analy-
sis results are shown primarily for the lower troposphere 
(1000–850 hPa).

The moisture budget indicates that about 60% of the 
increased moisture derives from the increased evapora-
tion from the region of sea ice reduction. The pattern of 

evaporation minus precipitation looks fairly similar to the 
pattern of sea ice reduction. The bulk of the remaining 
40% is explained by the horizontal moisture advection. 
While the latter is less effective in explaining the increased 
specific humidity, it is the primary source of variability of 
specific humidity in the lower troposphere. The moisture 
advection is strongly correlated with the variability of the 
specific humidity over the Barents-Kara Seas. During the 
advection of humid air, evaporation decreases and vice 
versa.

The heat budget indicates that temperature increase in 
the lower troposphere is almost equally partitioned into 
turbulent flux, horizontal advection and greenhouse effect. 
Not only the increased turbulent heat flux over the region of 

Fig. 7   The winter averaged lower tropospheric (1000–850 hPa) patterns of a total heating converted into temperature, and b atmospheric tem-
perature

Fig. 8   a Daily fluctuation of 1000–850  hPa averaged temperature 
(AIR T), turbulent flux (FLX), radiation (RAD), and horizontal heat 
transport (ADV). The thick red curve is the sum of turbulent flux 
and radiation (SRC). The straight lines represent the winter means of 

individual variables. b Lagged correlation between temperature and 
horizontal transport (blue), between the horizontal transport and the 
other source terms (black), and between the temperature and the total 
energy
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sea ice reduction but also the increased evaporation plays 
an important role in Arctic amplification. Specifically, the 
greenhouse effect produced by the increased specific humid-
ity is comparable in magnitude with that of the increased tur-
bulent heat flux. The increased specific humidity, of course, 
is a result of moisture source (evaporation minus precipi-
tation) and horizontal advection of moisture as addressed 
above. Then, the remaining lower tropospheric temperature 
increase is primarily explained by the horizontal advection 
of heat. As in the case of moisture budget, the horizontal 
thermal advection is highly correlated with the lower tropo-
spheric temperature variability. Thus, cold advection results 
in increased turbulent heat flux and vice versa.

One important caveat in the closure of the heat balance is 
to quantify the magnitude of the greenhouse effect caused by 
the increased specific humidity at an arbitrary vertical level. 
This is accomplished by apportioning the total amount of 
greenhouse effect in terms of the magnitude of anomalous 
specific humidity for each level. This obviously is a rough 
approximation and should eventually be confirmed via a 
detailed computation using a radiation model.

In conclusion, both the vertical and horizontal processes 
are needed in explaining the net increase in temperature and 
specific humidity in association with Arctic amplification. 
Variability in temperature and specific humidity in the lower 
troposphere is explained primarily by the horizontal advec-
tion of heat and moisture. On the other hand, the vertical 
source term explains a slightly larger fraction of the mean 
changes in temperature and specific humidity change than 
the horizontal advection term. In addition to the role of set-
ting the “net change” in the lower troposphere, the source 
terms tend to reduce the magnitude of variability caused by 
horizontal advection of heat and moisture. That is, sensible 
and latent fluxes increase (decrease) during the advection of 
cold and dry (warm and humid) air, thereby partially coun-
tering the effect of advection.

A limited test using different reanalysis products indicates 
that the atmospheric response to the sea ice reduction is 
generally robust and is not overly sensitive to the choice of 
reanalysis data. It should be borne in mind, however, that 
uncertainty is inherent in the quantitative estimates in the 
present study because of the use of a reanalysis product.
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