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         In this study, we calculate the surface stress by using the ice motion vectors, sea-ice concentration 
and surface wind. All data are gridded into the same 25-km and daily resolution. 
In each grid, the partition between the ice-water stress and wind stress is determined by the sea ice 
concentration data. Both wind stress and ice-water stresses are calculated by using bulk formula 
(Proshutinsky et al., 2001).  

Where σ is the percentage of ice cover in each 25km grid. The detail of the procedure was described by 
Yang (2006, Journal of Climate, 5366-5387).  

 Data Sources: 
   Ice motion: NSIDC (Fowler, 2007); 
   Ice concentration: NASA GSFC, Greenbelt, Maryland; 
   Surface wind: derived from geostrophic wind from IABP (we have also used NCEP reanalyses); 
   PHC hydrography (Steele et al., 2001) 

Method and Data Sources: 

Figure 1: Daily Ekman transport and upwelling rate over the whole Arctic Ocean from January 1, 
1979 to December 31, 2006 have been computed by using surface wind stress (both NCEP and 
IABP), ice motion (Fowler, 2007), and sea-ice concentration data (Comiso, 1995). The contribution 
of the Ekman transport and upwelling to the mixed-layer heat and salt fluxes have also been 
calculated by using a climatology of Arctic hydrography (PHC, Steele, et al.). The Figure here 
shows the seasonal variability of (a) sea-ice concentration; (b) sea level pressure (color) and 
geostrophic wind (vectors); (c) sea-ice motion vectors; (d) the Ekman transport and (e) upwelling 
(positive) and downwelling (negative). The seasonal cycle of the Ekman layer dynamics is 
dominated by the presence of a high sea level pressure (SLP) in the fall and winter. The high SLP 
drives anti-cyclonic wind and sea-ice motion. This leads to strong offshore Ekman transport along 
the Beaufort, Chukchi and East Siberian coast. Consequently, there is a strong upwelling along the 
southern boundaries and downwelling in the interior Canadian Basin. 
The offshore Ekman transport in the fall also pushes low-salinity and warmer shelf water toward the 
deeper basin and affects the seasonality of both salinity and temperature.  

Figure 2: A leading mode of atmospheric variability over the north pole is the Arctic Oscillation (Thompson and Wallace, 1998) 
(the solid line is for the annual index and the dashed line is for the winter months (Oct – Jan). During the 28-year (1979-2006) 
period of our study, the AO index was low in the 1980s, high from the late 1980s to mid-1990s and then low again since the 
mid-1990s. The atmosphere and ice condition in these three stages and their impacts on the Ekman transport and upwelling are 
examined here as shown in Figure 3. 

Figure 3: The winter (November-April) sea-ice concentration (left), ice motion (2nd column), SLP (3rd column) and upwelling (right, positive 
for upwelling and negative for downwelling) for the 3 periods, a low AO state from 79 to 87 (top), a high AO state from 88 to 95 (middle) and a 
low AO state from 96 to 06 (bottom). Note that the geostrophic wind (along the SLP contours in 3rd row) is more anti-cyclonic in low AO states. 
The upwelling in the Beaufort and Chukchi shelves and downwelling in the Beaufort Sea have increased gradually from the late 1970s to 2000s. 
The upwelling along the shelves and downwelling in the Beaufort Sea has gradually increased. It is interesting  to note that the winter Ekman 
transport was higher in the 88-95 period than in the 79-87 period even though the geostrophic wind is more anti-cyclonic.   

Seasonal Variability 

        The upwelling/downwelling (or Ekman sucking/pumping),  is arguably the single most important 
parameter in the study of dynamical oceanography. Wind-driven gyres and their variability can often be 
diagnosed, to the leading order, by the Ekman pumping through the Sverdrup relation. Upwelling is also a 
leading mechanism in replenishing nutrients in the surface layer and thus important for the study of 
marine biology. Meanwhile, upwelling connects the subsurface oceanic processes with the surface mixed 
layer where the ocean interacts with sea ice and atmosphere. No basin-wide upwelling data has been 
available in the ice-covered Arctic Ocean.  

       The Ekman transport is driven by the surface stress. In a moderate latitude and ice free ocean, one 
needs only the wind stress which can be derived from observations made by ships and more recently by 
satellite altimeters, to compute the upwelling data.  In the ice-covered Arctic Ocean, the surface stress 
consists of both the wind stress (in the open water) and ice-water stress (under sea ice). Ice water stress is 
usually estimated by using ice drifting speed and a bulk formula. We have computed the daily Ekman 
transport and upwelling over the whole Arctic Ocean with a 25km by 25 km resolution from January 1, 
1979 to December 31, 2006. The 28-year data indicates a profound seasonal to interannual variability as 
shown.  

Figure 4: The upwelling rate in the Beaufort Sea (averaged over the box shown in the upper right figure). The annual averaged rate in this area 
is -4.14 cm/day (downwelling). There was substantial interannual variability. The downwelling rate has also increased from the late 1970s to 
2000s. The  trend is even more significant in the winter months (middle panel). There is no noticeable trend in the summer months (lower 
panel). Our analyses show that the upwelling (downwelling) variability is not significantly correlated with the Arctic Oscillation index. This is 
consistent with what is  shown in Figure 3. The upwelling is forced by wind and one would wonder why it is not correlated with the AO index.  

Figure 5: The first EOF mode of the upwelling variability in Arctic Ocean. The trend of coastal upwelling and the Beaufort Sea 
downwelling is clearly captured in the mode 1. It is interesting  to note the principal component (left panel) is not well 
correlated with the AO index shown in Figure 2.  

Proshutinsky and Johnson (1998) introduced a new index – the Arctic Ocean Oscillation (AOO). Their analyses showed that 
the Arctic Ocean and ice circulation oscillate between two regimes, a cyclonic and an anti-cyclonic one. The AOO index was 
similar to the AO index prior to 1980s. But they have departed from each other significantly in the last two decades especially 
in the 2000s, as shown in Figure 6.  

Figure 6: The Arctic Ocean Oscillation (AOO) index (see Proshutinsky and Johnson, 1997). The dashed line is the AO index and 
the solid line and color bars are for the AOO index. (Figure provided by A. Proshutinsky). The mode 1 principal component of 
the upwelling variability (left, Figure 5) is similar to the Arctic Ocean Oscillation (AOO) shown here. The AOO represents the 
ocean’s response to both wind and ice forcing and so is a more relevant index for oceanography.  

Figure 7: A major difference between cyclonic and anti-cyclonic AOO years occurs in late fall and early winter. Here we 
computed composite states for both cyclonic (1983, 1984, 1989-1994, 1996 and 2000 ) and anti-cyclonic years (1979, 1985, 1987, 1998, 
1999, 2004, 2005 and 2006). In the anti-cyclonic state (right side), the sea ice circulation is already anti-cyclonic in August. This 
results in offshore Ekman transport away from the Alaskan and Canadian coast along which there is coastal upwelling (positive 
for upwelling and negative for downwelling in the bottom row). In the 28-year climatology, shown in Figure 1, the anti-cyclonic 
ice motion does not start until September. So the seasonal transition from the summer to the fall/winter upwelling pattern is one 
month earlier during the anti-cyclonic years. The anti-cyclonic sea-ice motion and upwelling/downwelling in Sept. and Oct. 
(also through the winter, but not shown here) are also anomalously stronger than climatology. 

For cyclonic state (left side) , the sea-ice circulation is cyclonic in August, in contrast to the anti-cyclonic one for the anti-cyclonic state (right 
side). The anti-cyclonic sea-ice circulation is weak and confined to the southern Beaufort Sea even in November. It is interesting to note that the 
sea-ice concentration is higher in cyclonic that in anti-cyclonic AOO years in September and October.  


