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advection, air-sea heat exchange and mixing. The advection is 
determined by the velocity of ocean mixed layer. The vectors 
of the anomalous current in the North Pacific in the light 
spring sea ice case are shown in Figure 2. The main feature 
is the anomalous gyre in the mid-latitudes of the western 
North Pacific. The anomalous gyre intensifies the North 
Pacific gyre, especially in western part of the North Pacific. 
It begins off the east coast of the Philippine Islands and 
flows northeastward past Japan. The path of this anomalous 
gyre over the western North Pacific is with the same as the 
Kuroshio current. Because the Kuroshio current transports 
warm tropical water northward, a strengthened Kuroshio 
current can induce a warmer SST over the area east of Japan. 

In the light spring sea ice case, the sensitive experiment also 
indicates a warmer SST in this area (Figure 2). The anomalous 
current in other part of mid- and high-latitudes of the North 
Pacific mainly flows south-eastward and south-westward 
with the corresponding cold anomalous SST. This pattern of 
SST anomalies generally resembles a cold phase of a PDO-
like pattern. Therefore, the change of the ocean current likely 
causes the SST anomalies. 

The air-sea heat exchange is examined further. Heat 
loss mainly occurs in the area east of Japan, as shown in 
Figure 3, which suggests that the mixed layer of ocean 
becomes warmer (Figure 2) and releases its heat into the 
atmosphere. This indicates that the warmer SST causes the 

Figure 2  Vectors showing the anomalous ocean current and colors showing the anomalous sea surface temperature (SST) for the light sea 
ice case during boreal spring.

Figure 3  Vectors showing anomalous momentum flux received by the ocean and colors showing the anomalous non-solar heat flux 
received by the ocean for the light sea ice case during boreal spring.
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air-sea heat flux. The heat exchange between the ocean and 
the atmosphere cannot explain the anomalous warm SST. If 
only the heat change between the atmosphere and the ocean 
is considered without any other processes, the SST would 
be colder when the heat flux was transferred from the ocean 
to the atmosphere. The rest part of mid- and high-latitudes 
North Pacific obtains more heat from atmosphere. This also 
indicates that the anomalous air-sea heat exchange is the 
result of the SST anomalies, rather than the cause of the SST 
anomalies. Hence, the change of ocean circulation (including 
advection and mixing) is the main cause of the SST anomalies 
in the North Pacific. Note that only the surface ocean current 
is investigated in this study.

What causes the change in the ocean current? The first 
candidate is the anomalous momentum flux received by the 
ocean. The momentum flux anomalies (Figure 3) are indeed 
consistent with the change in ocean current. An anticyclone-
like anomaly is present in the subtropical western North 
Pacific, and a cyclone-like anomaly is located in the mid- and 
high-latitudes of the eastern North Pacific. These features 
are also consistent with the SST anomalies. Therefore, the 
anomalous ocean current in the North Pacific is a response to 
the changes of the spring Arctic sea ice. One immediate cause 
of anomalous ocean current is an anomalous momentum flux 
between the atmosphere and the ocean. The velocity of ocean 

current is generally one order of magnitude less than the 
velocity of the near surface wind, thus, the momentum flux is 
dominated by near surface atmospheric circulations.

Figure 4 shows the response of the near surface 
atmospheric circulation to the decreased spring Arctic sea ice. 
The near surface wind anomalies form an anticyclone over 
the subtropical North Pacific that starts from the eastern coast 
of Philippines along the first island chain, and turns eastward 
along the eastern coast of Japan, along 40°N. The near surface 
wind divides into two branches at approximately 140°W. One 
strong branch turns northward, and the other branch turns 
southward. The strong branch follows the western coast of 
North American and it turns to the west along the southern 
coast of Alaska’s Aleutian Islands. Another strong anomalous 
southeast wind flows from the Bering Strait to eastern coast 
of the Kamchatka Peninsula. It converges with the anomalous 
southwest airflow above the eastern coast of Japan. Finally 
it turns eastward. These patterns of anomalous near surface 
wind are consistent with the anomalous momentum and 
ocean current in the North Pacific. The sea level pressure 
field anomalies also agree with the near surface atmospheric 
circulation anomalies. An anomalous high pressure field 
centered at 180°W controls the subtropical North Pacific. An 
anomalous low pressure field controls the extra-subtropical 
North Pacific. 

Figure 4  Vectors showing anomalous wind at 850 hPa  and contours of anomalous sea level pressure (SLP; units: hPa) for the light sea 
ice case during boreal spring.

To explore the teleconnection between the spring Arctic 
sea ice and the near surface atmospheric circulation over the 
North Pacific, we performed an Eliassen-Palm (E-P) flux 
analysis. The E-P flux has been extensively used in analyses 
of the propagation of wave activity since 1967[13]. The E-P 
flux is a physical quantity that relates momentum flux and 
heat flux, thus, it can indicate the transfer of energy. It can 
also indicate the propagation direction of waves. An important 
application of the E-P flux is to investigate the acceleration 
and deceleration of basic flow.

In this study the flux Fs takes the three-dimension form 

as follows[14].

 

2 1 ' ''
2 sin 2

1 ' '' '
2 sin 2

2 sin 1 ' '' 'ˆ ˆ0.286 2 sin 2

vv
a

uu v
a

a Tv T
T T a
z H

Φ

ω ϕ λ

Φ

ω ϕ λ

ω ϕ Φ

ω ϕ λ

∂−
∂

∂− +
∂

∂−
∂ ∂+
∂

 
 
 
 
 
  
    
 

cosFs p ϕ= × (1)



The seasonal foot printing mechanism of spring Arctic sea ice in the Bergen climate models 287

p = pressure/1000                                 (2)
  z = −H ln p                                      (3)

where ω is the Earth’s rotation rate, a is the Earth’s radius, Φ 
is the geopotential, H is a constant scale height, (φ, λ) are the 
latitude and longitude respectively, and a caret indicates an 
average area.

Figure 5 shows the zonal average spring climatological 
E-P flux from 120°E to 100°W. At approximately 55°N in the 
North Pacific, the northern portion of the E-P flux radiating 
slightly northward and upward into the stratosphere, and 
a weak branch turns downward in the polar region. These 
results from BCM2 are consistent with observations (refer to 
Figure 6b of Plumb et al.[14]). The features of stationary wave 
flux anomalies in the spring sea ice perturbation simulation 
are demonstrated in Figure 6 for the heavy sea ice case. 
The main feature is the anti-clockwise vortex flow at 45°N 
to 90°N in the pressure levels from 1 000 hPa to 200 hPa. 
Anomalous wave flux propagated near the surface of the 
polar region, radiating upward straight. It then propagates 
southward between approximately 500 hPa and 200 hPa, 
and turns downward between approximately 50°N to 70°N. 
This feature of the anomalous wave flux illustrates that high 
latitudes sea ice perturbations can induce an atmospheric 
bridge that connects the spring sea ice and the surface 
atmospheric circulation in the North Pacific. An anomalous 
E-P flux generally accompanies acceleration and deceleration 
of the basic flow, so the near surface wind and pressure (Figure 
4) will respond to the E-P flux anomalies. In the spring sea 
ice sensitive experiments, we only perturb the spring sea 
ice, thus the spring sea ice perturbation forces all subsequent 
circulation. The influence of the sea ice begins near the 
surface of polar region, moves upward to mid- and high-
levels of troposphere, and then turns downward at mid- and 
low-latitudes to near surface of the North Pacific. Finally, a 
“foot printing” is put on the North Pacific surface.

Figure 5   Latitude-height projections of the zonal average of the 
spring climatological Fs (units: m2·s-2) for 120°E−100°W.

4  Discussions and conclusions

An early study[3] suggested that the spring Arctic sea ice could 

influence the EASM rainfall through the SST anomalies in 
the North Pacific. However, the pathway of this influence 
has not been demonstrated. Another study[15] suggested that 
the SST of the North Pacific could retain the signal of the 
spring Arctic Oscillation and affect the EASM rainfall. Arctic 
warming could likely cause more persistent extreme weather 
patterns at mid-latitudes through the slowing of planetary 
wave propagation due to the reduced meridional temperature 
gradient[16], although this is still under debate[17]. In this 
paper, we use the BCM2 to perform the sea ice perturbation 
experiments to demonstrate the spring sea ice SFPM and a 
possible linkage between the spring Arctic sea ice and the 
SST anomalies in the North Pacific. The connection starts 
near the surface of polar region, propagates upward to mid- 
and high-levels of the troposphere, and then turns downward 
and southward to mid- and low-latitudes of the North Pacific. 
It finally put “foot printing” on the surface of North Pacific.

This is a preliminary work, and we only state that spring 
sea ice anomalies can cause a “foot printing” mechanism 
in our coupled climate model with the ABOT technique. 
The results from the sensitive experiment indicate that 
“Atmospheric Bridge” is one possible connection between 
the spring Arctic sea ice and the North Pacific SST. These 
results form a foundation for further studies of the multi-
season teleconnection between the spring sea ice and summer 
climate. The next step is to investigate how the anomalous 
SST can persist to summer and how the anomalous SST 
influence the summer climate. In another study, we carefully 
discussed this lagged response of the summer climate and 
precipitation in China and the western North Pacific using 
both observational data and numerical simulations[3]. 

In our experiments, AO-SICE represents the low sea 
ice extent conditions during spring, and AO-CTRL uses 
the present day climatology. For the sake of simplicity, the 
difference between the two experiments (AO-SICE minus 
AO-CTRL) shows the response for the light sea ice case. 
Accordingly AO-CTRL minus AO-SICE represents the 
response for the heavy sea ice case. Thus the difference 
between these two cases is negative. The pattern of anomalous 
E-P flux for the heavy sea ice case is easier to understand and 
explain, so we only demonstrate the anomalous E-P flux in 
the heavy ice case (Figure 6).

In this study, we investigated the E-P flux anomalies 
and discovered a possible pathway for the propagation of the 
anomalous E-P flux from the polar region to the mid-latitudes 
of the North Pacific. This pathway indicates that the spring 
sea ice perturbation induces anomalous energy transport from 
the polar region to the mid-latitudes of the North Pacific via 
an “Atmospheric Bridge”. 

We only investigated this possible “Atmospheric 
Bridge” between the spring sea ice and the mid- and low-
latitudes of the North Pacific. The “Oceanic Tunnel” may also 
play a role in this teleconnection, but we have not investigated 
it. In future work, we will explore whether the “Oceanic 
Tunnel” may also contribute to the linkage between the spring 
sea ice and the North Pacific SST.
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Figure 6  Latitude-height projections of the zonal average of the 
spring Fs (units: m2·s-2) for 120°E−100°W for the heavy spring 
sea ice case.
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