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Figure S1.  (a) The yearly trend (%) of sea ice reduction in the Arctic Ocean 24 

during 1979–2017, (b) the winter averaged loading vector of the sea ice loss 25 

mode, (c) the corresponding PC (amplitude) time series, and (d) actual sea ice 26 

concentration in the boxed area (black curve), sea ice concentration according to 27 

the sea ice loss mode (red curve) and a projection (blue dashed curve) based on 28 

the exponential fit of the amplitude time series in (c). Figures in (a)–(b) were 29 

created with GrADS 2.1.0 (http://cola.gmu.edu/grads/). 30 
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Figure S1a is obtained based on a linear trend of sea ice concentration at each 33 

grid point based on the ERA-Interim sea ice concentration from 1979–2017. This 34 

pattern is nearly identical with the sea ice loss mode discussed in the main text 35 

(Fig. S1b). Sea ice reduction is most conspicuous in the Barents-Kara Seas. The 36 

amount of sea ice reduction based on the sea ice loss mode is obtained by 37 

multiplying the loading vector (Fig. S1b) with its amplitude time series (Fig. S1c), 38 

resulting in Fig. S1d. As can be seen in Fig. S1d, the sea ice concentration change 39 

due to the sea ice loss mode (red curve) is similar to the actual data (black curve) 40 

with a fairly similar rate of trend.  41 
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Figure S2. Anomalous daily sea ice concentration (blue) and upward longwave 44 

radiation (red) averaged over the region of sea ice loss (21°–79.5° E × 75°–79.5° 45 

N) with respective mean values (straight lines). Winter days are counted from 46 

December 1. 47 

 48 

 49 

Sea ice concentration varies slightly on a daily basis, and its fluctuation is less 50 

than 2% from the mean value of –14.7% throughout the winter (Fig. S2). In 51 

accordance with the reduced sea ice concentration, upward longwave radiation 52 

flux is increased from the warmer sea surface exposed to air.   53 
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Figure S3.  The pressure layer thickness ( ∆Z = Z(p1) − Z(p0 )) derived from the 56 

geopotential height pattern in Fig. 2 in the text (shading) and that derived from 57 

the hydrostatic equation (contour). The red contour represents the thickness of 58 

1.5 m. The level p1  is the level used for plotting and p0  is the pressure level 59 

below p1  at the interval of 25 hPa. 60 

 61 

 62 

The shaded geopotential height anomaly in this figure is obtained directly from 63 

the geopotential height field in Fig. 2 in the main text, i.e., 64 

dZ( ) j
= Z j − Z j−1 ,        (1) 65 

where j  is an index for the vertical level. The contoured geopotential height 66 

anomaly is obtained from the temperature field in Fig. 2 in the text, i.e., 67 

dZ( ) j
= −

R T
j

g
d ln p( ) j

,            (2) 68 

where 69 

dZ( ) j
= Z j − Z j−1 ,     T

j
= T j + T j−1( ) 2 ,     d ln p( ) j

= ln p j − ln p j−1 . (3) 70 

As can be seen in Fig. S3, the anomalous geopotential height field is nearly in 71 

hydrostatic balance with the anomalous temperature field. The difference is 72 

partially due the use of layer mean temperature T  in a finite-difference 73 

approximation of the hydrostatic equation in (2). Thus, it seems that the release 74 

of energy in the form of radiation and heat flux changes the temperature, and 75 

geopotential height in the lower troposphere adjusts in accordance with the 76 

hydrostatic balance.  77 
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Figure S4. Winter-averaged patterns of (a) 850 hPa air temperature (shading) 80 

and 2 m air temperature (contour), (b) 900 hPa specific humidity (shade) and 81 

downward longwave radiation at surface (contour), (c) net (upward minus 82 

downward) longwave radiation at surface (shade) and SAT (contour), and (d) 83 

total cloud liquid water (shade) and total cloud ice water (contour) for the sea ice 84 

loss mode. The red contour is drawn at the value of the contour interval. The 85 

green contours in (a)–(d) represent the reduction of sea ice concentration. 86 

Figures were created with GrADS 2.1.0 (http://cola.gmu.edu/grads/).  87 
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Figure S5. Lagged correlations: (a) correlation of upward (solid lines) and 90 

downward (dotted lines) longwave radiations with 2 m air temperature (blue), 91 

850 hPa temperature (red), and sea ice concentration (black), and (b) a blowup 92 

of the boxed region in (a). Longwave radiation lags the other variable for a 93 

positive lag. Lagged correlation between 2 m air temperature and 850 hPa air 94 

temperature (black dashed line); 2 m air temperature leads 850 hPa temperature 95 

for a positive lag.  96 
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Figure S6. Winter-averaged (a) moisture transport (streamline) and its 100 
convergence (shade), and (b) heat transport (streamline) and its convergence 101 
(shade) in the lower troposphere (1000–850 hPa) associated with the sea ice 102 
loss mode. The green contours represent the reduction of sea ice concentration. 103 
Daily fluctuations of 1000–850 hPa averaged (c) specific humidity (SH), vertical 104 
source (V SRC; evaporation minus precipitation), and horizontal moisture 105 
transport (H ADV), (d) temperature (AIR T), the sum of turbulent flux and 106 
radiation (V SRC), and horizontal heat transport (H ADV). Figures in (a)–(b) were 107 
created with GrADS 2.1.0 (http://cola.gmu.edu/grads/). 108 
 109 
 110 
As can be seen in Figure S6, there are net convergence of moisture transport and 111 

heat transport over the region of sea ice reduction, although the center of action 112 

is over the Greenland Sea. Thus, moisture and heat transport from lower 113 

latitudes apparently affects the variation of sea ice concentration, and it seems 114 

that both the convergence of moisture transport and the convergence of heat 115 

transport are at least partly responsible for the variation of specific humidity and 116 
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temperature in the lower troposphere. On the other hand, the convergence of 117 

horizontal transport of moisture and heat cannot explain one essential element 118 

of specific humidity and heat anomaly, respectively. Consider the following 119 

moisture and heat conservation equations: 120 

,       (4) 121 

.      (5) 122 

We can compare the relative role of moisture and heat between horizontal 123 

convergence and vertical sources in the mechanism of Arctic amplification and 124 

sea ice loss. As can be seen in Fig. S6c, the net increase in specific humidity in the 125 

lower troposphere (1000–850 hPa), on average, is ~1.7 g kg-1 during winter due 126 

to sea ice loss. This amount is explained by addition of source term (~1 g kg-1) 127 

and the convergence of horizontal moisture transport (~0.6 g kg-1). Likewise, the 128 

sum of all the heating terms results in ~2.1 K increase in the atmospheric 129 

temperature in the lower troposphere (Fig. S6d). A little more than 1.2 K is 130 

explained by the turbulent heat flux plus the greenhouse effect due to increased 131 

specific humidity. The convergence of horizontal advection explains ~0.6 K 132 

increase in the lower tropospheric temperature.   133 


