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Abstract: Recently, the Arctic system has been suffering an extreme reduction in its sea ice extension. 
2007 and 2012 represent those years showing the maximum sea ice loss. This rapid decrease has 
been suggested to have important implications on climate not only over the system itself but also 
globally. Understanding the causes of this sea ice loss is key to analyzing how future changes related 
to climate change can affect the Arctic system and the global system. For this purpose, we have 
applied the Lagrangian model FLEXPART to study the anomalous transport of moisture for these 
years and to analyze the implications on the sea ice it may produce. Throughout this model, we will 
analyze the variation in the sources of moisture for the system (backward analysis), and how the 
moisture supply from these sources is affected (forward analysis). From the results an anomalous 
transport of moisture have been proved to occur for both years. However, the pattern is different 
for each event, being the anomalous moisture supply different in both intensity and spatial 
distribution from every source. 
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1. Introduction 

The Arctic system have been experiencing strong sea ice reductions in their sea ice over the past 
several decades [1–3] and it is expected to continue decreasing under global warming conditions [4,5]. 
Observed decreases affect not only the extent but also the thickness and the volume [6] having this 
reduction important implication locally, by affecting heat budgets [7] or precipitation [8], and showing 
external and global effects too. Some studies suggest that sea ice reduction have implications on 
atmospheric circulation by affecting mid-latitudinal winter snowfall [9] or summer precipitation [10]. 
A detailed review on sea ice reductions and its effects have been realized by Vihma [11]. 

2007 and 2012 are those years that show minimums in sea ice extension in recent decades, 
showing anomalies of −1.6 and −2.3 million km2 respectively referred to the 1981–2010 climatological 
mean. On Figure 1 it appears the minimum September sea ice extent for both 2007 (green color) and 
2012 (blue color) compared to 1981–2010 mean extent (red contour line). Sea ice data was obtained 
from the National Snow and Ice Data Center (NSIDC) [12]. Recently, several causes have been 
suggested to the dramatic sea ice reductions, the recent change in perennial sea ice is considered one 
of the most important reasons of the decreasing sea ice mass for several authors [13,14]. However, 
variations in the hydrological cycle can affect sea ice too. Some studies have related sea ice reductions 
with increased river discharge [15–17] or with storm activity [18,19]. 
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Figure 1. September minimum sea ice extent for the year 2007 (green), 2012 (blue) and climatological 
1981–2010 mean (red contour). Data obtained from National Snow and Ice Data Center (NSIDC) [12]. 

In the present study, we will try to analyze anomalous moisture transport into the Arctic system 
for those years reaching minimum sea ice extent. For this purpose, we employ the Lagrangian model 
FLEXPART [20,21] to study variations on arctic moisture sources and to observed how moisture 
contribution from main sources into the Arctic changed for 2007 and 2012. 

2. Experiments 

In order to analyze anomalous moisture transport into the Arctic linked to sea ice retreat,  
a Lagrangian methodology based on FLEXPART v9.0 particle dispersion model [20,21] was applied. 
FLEXPART model employs global reanalysis data ERA-Interim, obtained from the ECMWF [22], to 
track atmospheric moisture along trajectories. 3-D wind field at 1° regular grid into 61 vertical levels 
is used to move a large number of so-called particles (air parcels) resulting from the homogeneous 
division of the atmosphere, and specific humidity (q) and position for every air parcel are stored at 
the 6 h interval. 

Changes in specific humidity are related with increases (e) and decreases in moisture (p)  
by the equation: 

e-p = m(dq/dt)  

where m being the mass of the particle and t the time. The total surface freshwater flux (E-P) is 
obtained by adding (e-p) from individual air parcels at every grid area. (E) and (P) are the rates of 
evaporation and precipitation, respectively. 

On this work, we studied (E-P) changes for 2007 y 2012 by analyzing anomalies vs. the 1980–2012 
climatological mean. First of all trajectories for particles reaching the complete Arctic system were 
follow backward for 2007, 2012, and the complete 1980–2012 period. From this analysis, we were able 
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to analyze where particles took moisture ((E-P) > 0) and to compare variations on this moisture uptake 
for those years that show minimum sea ice extension. This allowed us to investigate how moisture 
sources have changed and how it could affect the sea ice extension. Secondly, trajectories can be 
followed forward in time from main Arctic sources to analyze variation in moisture supply ((E-P) < 0) 
into the Arctic in 2007 and 2012 from these sources. Moisture sources used for the forward experiment 
were defined by backward tracking, considering as sources those regions that show mean (E-P) 
values greater than 4 mm/day and have a major seasonal importance. 

As river discharge has been suggested to have an important implication on sea ice extent, 
anomalous moisture transport over main Arctic river basins were studied for 2007 and 2012.  
We consider Eurasian and Canadian basins separately as they have influence over the different region 
on the Arctic Ocean. Eurasian river basins considered on this work are Lena, Ob, Yenisey and 
Kolyma; for the Canadian one, main basins are McKenzie and Yukon. 

The analysis previously described was applied on the seasonal and annual basis. As minimum 
sea ice extension occurs in September, we consider in the study the period September 2006 (2011) to 
August 2007 (2012). Seasons were defined as follows: autumn as September to November (SON), 
winter as December to February (DJF), spring as March to May (MAM) and summer as June to 
August (JJA). 

3. Results 

3.1. Changes on Moisture Sources 

Figure 2 shows 2007 and 2012 anomalies in moisture uptake ((E-P) > 0) for backward analysis 
from the Arctic system. Contour lines represent seasonal moisture sources defined as previously 
described. From this figure, we can observe variations in moisture sources for those years showing  
a minimum sea ice extent. 

For the year 2007, in the case of autumn 2006, it seems that the Atlantic moisture source 
decreased its moisture uptake. In the case of the Pacific ocean, in general, the source itself got weaker 
and the moisture uptake increased over some area in and out the source. In spite of not being the 
main source, for this season Norwegian and Barents Seas increased its moisture potential 
contribution to the system and some Eurasian continental areas gained importance too. In winter the 
Atlantic moisture source clearly increased its moisture uptake, meanwhile, Pacific Ocean gained 
importance as source over the Northeast part of the climatological source and over Okhotsk Sea.  
In spring 2007, the Atlantic source showed positive anomalies on its northcentral area. Pacific source 
had an uneven pattern with negative anomalies over most of the source and positive over the 
Southeast of the source and over Japan and East China Seas. Important positive anomalies appeared 
over the Bering Sea and Europe too. Finally, in summer, North American source increased its 
moisture uptake over most of its area. Over Eurasia, in general, positive anomalies appeared around 
the latitudinal 50° N band. For the Atlantic ocean, the moisture uptake increased over most of the 
area despite de fact that this source is not really important for this season. Pacific source showed 
negative anomalies over most of its area. 
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Figure 2. Seasonal (E-P) > 0 anomaly for 2007 (left-hand column) and 2012 (right-hand column) 
referred to 1980–2012 climatology. Reddish colors represent areas over which moisture uptake is 
greater on that year (positive anomalies) and bluish color represents areas where moisture uptake 
have decreased on that year (negative anomalies). Contour lines represent main climatological 
moisture sources for the Arctic system. 
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Analyzing the year 2012, in autumn the moisture uptake over Pacific moisture source decreased 
considerably. Atlantic moisture source seems to be displaced southward and in general, moisture 
contribution from this source increased over the ocean and the Gulf of Mexico. Positive anomalies 
over Europe for this season also remarkable. In the winter, the Atlantic source weakened and the 
ocean around it gained importance. The Pacific Ocean showed negative anomalies over most of its 
area, with the exception of a band with positive anomalies between 30° and 40° N. Positive anomalies 
appeared too over Okhotsk Sea and Western Bering Sea. In spring, the behavior of the Atlantic source 
was similar to the previous season, decreasing its moisture uptake over the source and increasing 
around it. Over the Pacific Ocean, positive anomalies appeared northeast of the source. It is important 
to highlight positive anomalies over the North American source, suggesting an earlier development 
of this source which usually only appears in summer. Finally, and referred to summer, in general 
Atlantic Ocean showed negative anomalies. Pacific Ocean had an uneven pattern showing positive 
and negative anomalies over its area. Talking about continental moisture sources, North America 
seems to increase its moisture uptake over most of their area. Moreover, Alaska gained important as 
a source for this season. The Siberian source was northward-displaced, being positive anomalies very 
strong north of the source. China and Europe increased moisture uptake too. 

3.2. Anomalous Moisture Contribution from Every Moisture Source 

The forward analysis allows us to analyze anomaly transport of moisture from main moisture 
sources (red contour lines) into the arctic system for those years showing minimum sea ice extension. 
For this purpose, Figures 3 and 4 shows 2007 and 2012 seasonal moisture transport anomalies 
respectively for each of the four main sources. 

For the year 2007 (Figure 3) and analyzing Pacific moisture source (Figure 3a) we can observe 
important differences on moisture transport anomaly season by season. On the autumn previous to 
the minimum (year 2006) in general moisture contribution increased northward the sources over the 
Gulf of Alaska, Eastern Russia and most of the nearby Arctic seas; including Okhotsk Sea, Bering Sea 
and Beaufort, Chukchi and East Siberian Seas. On winter months, the Pacific moisture transport into 
the Arctic seems to be more eastward, and positive anomalies appeared over most of the Canadian 
Arctic and this anomaly expanded toward the Davis Strait and the Labrador Sea. The same situation 
occurred in spring, however during this season, important positive anomalies appeared over 
Kamchatka Peninsula and their surroundings. Finally, in summer moisture contribution from Pacific 
Ocean positive anomalies only occurred over some oceanic areas north of the source and the East 
Canadian Arctic. In Figure 3b Atlantic ((E-P) < 0) anomaly is shown and we can observe how in 
autumn the eastward moisture contribution over the path between Greenland and Scandinavia 
diminished but an increased contribution occurred over Davis Strait, Baffin Bay, and the Labrador 
Sea. In winter, moisture transport from the Atlantic Ocean had an eastward increased contribution 
with an area of positive anomalies that extended from the Labrador Seas and reach the Eurasia and 
Barents and Kara Seas. In this season, moisture contribution over the Canadian arctic decreased.  
For spring, the moisture anomalies over the oceanic area between Greenland and Scandinavia and 
Western Eurasia remained positive and moisture contribution from the sources increased over 
Canada too. However, negative anomalies appeared southwest of Greenland over Labrador Sea, 
Hudson Bay, and the Davis Strait. Finally, in summer positive anomalies only appeared over the 
Labrador Sea and Davis Strait, Kara Sea and Northwestern Russia and Canada. Referred to 
continental moisture sources (only important in summer), Figure 3c shows as moisture transport 
from North America amplified over west of Greenland and over Northeastern Canadian arctic and 
Alaska. In the case of Siberian moisture source (Figure 3d) their contribution highly increased over 
northern source, with amplified contribution from the Pacific ocean and Scandinavia and Atlantic 
oceans. An important increased moisture contribution appeared over the Arctic Ocean between the 
Laptev Sea and the East Siberian Sea. 
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Figure 3. Seasonal (E-P) < 0 anomalies for 2007 on the forward experiment from (a) Pacific Ocean;  
(b) Atlantic Ocean; (c) North America and (d) Siberia. Reddish colors represent areas over which 
moisture supply is greater on that year from the selected source (positive anomalies) and bluish color 
represent areas where moisture uptake have decreased on that year (negative anomalies). Contour lines 
represent climatological moisture sources for the Arctic system. 

Analyzing 2012 situation (Figure 4), for the Pacific source (Figure 4a) moisture transport 
increased more than 2.5 mm/day over the most Pacific Ocean itself, excluding the Gulf of Alaska with 
high negative anomalies. In winter, moisture transport was similar than for the year 2007 but with  
an increase in moisture contribution over Canadian arctic much more intense. In this case positive 
anomaly area extended into the Atlantic Ocean reaching Scandinavia coast. In spring it was especially 
relevant that the moisture contribution increased over Eastern Russia and Okhotsk Sea, and over 
central Canadian Arctic. In summer the moisture contribution increased, as in autumn, north of the 
source. Positive anomalies also appeared over the East Siberian Sea. For Atlantic Ocean (Figure 4b) 
in autumn, positive anomalies appeared over most of the Canadian arctic, Atlantic Ocean between 
Greenland and Scandinavia, Norwegian and Barents Seas and Pacific Ocean. Strong negative 
anomalies appeared over Labrador Sea, the Baffin Bay and the Davis Strait; however, this area had 
positive anomalies in winter, spring, and summer. Aside from this area, positive anomalies appeared 
in winter and spring over southwestern Canadian arctic and Atlantic Ocean between Greenland and 
Scandinavia. North American (Figure 4c) moisture transport increased mainly north of the source, 
over Alaska, Pacific Ocean, Greenland and the Norwegian Sea. Finally, for the Siberian moisture 
source (Figure 4d) moisture contribution anomalies north of the source were mainly negative. 
Positive anomalies appeared over the source itself and south of it and over Eastern Russia, Alaska 
and East Siberian Sea. 
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Figure 4. Seasonal (E-P) < 0 anomalies for 2012 on the forward experiment from (a) Pacific Ocean;  
(b) Atlantic Ocean; (c) North America and (d) Siberia. Reddish colors represent areas over which 
moisture supply is greater on that year from the selected source (positive anomalies) and bluish color 
represent areas where moisture uptake have decreased on that year (negative anomalies). Contour lines 
represent climatological moisture sources for the Arctic system. 

3.3. River Basins 

Because of the influence of river discharge on sea ice extent, an analysis on moisture contribution 
over major Arctic river basins results of special interest. Figure 5 shows seasonal moisture 
contribution from every moisture source over main Eurasian arctic river basins (left-hand column) 
and main Canadian arctic river basins (right-hand column). This contribution was calculated for the 
complete climatology (yellow bar) and for individual 2007 and 2012 years (blue and green bars, 
respectively) with the purpose of analyzing possible variations. 

For 2007 year (blue bar), Pacific moisture sources supplied a greater amount of moisture over 
the Eurasian river basin in almost every season (with the exception of summer). Over the Canadian 
river basins (basins over which its moisture contribution is greater compared to Eurasian ones) 
moisture contribution increased only during autumn, showing, in general, a decrease in comparison 
with the remaining seasons. The Atlantic Ocean is one of the areas that bring more moisture into the 
Eurasian river basins, and during 2007 its contribution extremely increased during all seasons 
(especially in winter). In spite of not being the main source for Canadian basins, on this year, its 
contribution increased on winter, spring and summer. Finally, North American and Siberian sources 
showed an increased moisture contribution over Canadian and Eurasian basin respectively. 
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On the year 2012 (green bar), Pacific moisture contribution showed a general reduction. 
Moisture supply from Atlantic Ocean decreased over Eurasian basins during autumn and winter, 
and increased slightly during spring and summer. Over Canadian basins, these sources showed  
a rising on autumn and a similar contribution to the climatology amount during remain seasons.  
As is 2007, North American source increased its moisture contribution over Canadian river basins 
and Siberian source over Eurasian ones. 

 
Figure 5. Mean moisture contribution over Eurasian (left-hand column) and Canadian (right-hand 
column) river basins from Pacific Ocean (first row), Atlantic Ocean (second row), North America 
(third row) and Siberia (fourth row) for 1980–2012 (yellow bar), 2007 (blue bar) and 2012 (green bar). 
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4. Discussion 

Moisture transport shows important variation for those years showing a minimum sea ice extent 
compared with 1980–2012 climatology, however, the situation is different for each year. 

Concerning 2007, the Pacific Ocean seems to lose importance as moisture source (Figure 2). 
However, its moisture contribution (Figure 3) into the Arctic increased over some regions as southern 
Canada, Gulf of Alaska or Okhotsk Sea and the oceanic area south of Kamchatka. Especially remarkable 
is the result about the increased moisture supply of this source over East Siberian Sea (area showing 
and important sea ice retreat on summer) especially on spring and summer. Kapch et al. [23] have 
suggested a relation between increased humidity over an area and an intensification on sea ice retreat 
over there. Moisture uptake (Figure 2) increased over continental areas in North America and Asia, 
and Siberian moisture contribution was greater than average north of the source. It is important to 
highlight the intensification of Atlantic Ocean as a moisture source. Except for autumn 2006, this 
source showed positive anomalies during all seasons. This moisture source amplification resulted on 
increased moisture contribution over oceanic areas around Greenland and Eurasia (Figure 3b).  
The increment on moisture supply over Eurasia produced an increase on moisture contribution over 
main Arctic river basin greater than 100% on the annual basis (result not shown). In agreement with 
our result, Zhang et al. [24] have observed an increased moisture transport into Eurasian river basins 
and Shiklomanov and Lammers [25] a peak on river discharge in 2007. Some studies have suggested 
a link between increased Eurasian river discharge and sea ice decline [16,17]. This relation agrees 
with our results, an important sea ice retreat occurred north of main Eurasian Arctic river estuaries  
(Figure 1). Moisture contribution over Canadian Arctic river basins also increased associated with 
North American moisture source, however, this increase was not as bigger as Eurasian one. 

In 2012, the North America was the only source showing a remarkable intensification (Figure 2). 
Atlantic source experimented an important decrease in moisture uptake and the remaining sources 
had an uneven pattern with some areas showing positive anomalies and others negative. Associated with 
North American source an intensification on moisture contribution into Canadian river basins 
occurred, with higher contribution than in 2007 (Figure 4c). In this case, we can observe how the sea 
ice retreat was higher north of McKenzie Estuary. Nghiem et al. [17] suggested previously the 
influence of McKenzie river discharge on sea ice extent reduction on 2012 associated with the warmer 
water transported by the river into the ocean. On this year, sea ice reductions not only occurred over 
the Beaufort Sea but also took place north of Russia (Figure 1). Most of the studies have related sea ice 
reduction over this area with the occurrence of a great cyclone originated on Siberia on August [26–28], 
however from our results, it cannot be proved. 

Finally, if we compare sea ice extent over Barents and Kara seas (Figure 1) an important 
difference can be observed for both years. This difference seems to be related to the path of moisture 
transport associated with the Atlantic moisture source. On Figure 3b we can observe how moisture 
transport from Atlantic moisture source had an eastward movement into Eurasia on 2007, 
meanwhile, in 2012 (Figure 4b) moisture contribution had a major influence northeastward.  
An important amount of moisture from Atlantic Ocean is transported by cyclones, especially in 
winter. Storms play an important role in sea ice reduction [18] so an increased number or cyclones 
going through the Arctic Ocean may affect sea ice over that area. 

5. Conclusions 

We have analyzed the variation on moisture transport occurred in the year 2007 and 2012 and 
we have tried to relate it to minimum sea ice extent observed over these years. 

From our results an increased on moisture transport over main Arctic river basins seems to have 
some implications on the sea ice reductions observed over the Arctic Ocean. Moisture transport over 
these basins was not the same in both years. On 2007 Atlantic moisture contribution have been 
increased by more than 100% over Eurasian river basins. However, on 2012 the increase have 
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occurred over Canadian river basin. In both cases, anomalous sea ice reductions occurred over the 
Arctic Ocean north of the basins. 

The Atlantic moisture source seems to be especially related to sea ice extent over the Barents  
and Kara Sea regions. Over this area, greater sea ice reductions were observed on 2012, when the 
moisture transport from Atlantic source had a northward component bringing moisture over the area 
of major retreat. 
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The following abbreviations are used in this manuscript: 

ECMWF European Centre for Medium-Range Weather Forecasts 
SON September to November 
DJF December to February 
MAM March to May 
JJA June to August 
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