
Status of 
Freshwater Storage and Export 

•What is the current state of freshwater storage in the Arctic Ocean and 
freshwater exchange with neighboring reservoirs? 

 

•Where are the greatest uncertainties in Arctic freshwater storage and 
export given the present and anticipated observing efforts? 

 

• Theme 3 Prospects: What are the effects of reduced sea ice cover and 
changed seasonality for Arctic freshwater storage and exchange? 



Arctic Ocean fw - Status as of 2012 
 
 

•Observational sites 
 

•Storage liquid fw 
•Storage sea ice 
 
•Export liquid fw 
•Export liquid fw components 
•Export sea ice 
 



Observational sites addressing Arctic Ocean fw storage and export 

Besczcynska-Möller et al. (2011) 
 

Storage: 
•Beaufort Gyre Observing System 
•Switchyard 
•NPEO 
•A range of other relevant programmes…  



Status 1: 1989: 
 
Aagaard and Carmack (1989), 
The Role of Sea Ice and Other Fresh 
Water in the Arctic Circulation, 
JGR. 



Status 2: 2006 
 
 
Serreze et al. (2006), JGR 

In the following: 
•Updating with post 2006 studies 
•Cite studies as they appear 



Arctic Ocean fw - Status as of 2012 
 
 

•Observational sites 
 

•Storage liquid fw 
•Storage sea ice 
 
•Export liquid fw 
•Export liquid fw components 
•Export sea ice 
 



Liquid fw storage 
summarized (in km3) 

1Aagaard and Carmack 1989: 
Sref=34.93 
Basinwide FWC=80 000 km3 

 
Excess fw in Canadian Basin 
not a new feature. Reflects: 
 
•Distribution of fw sources 
and sinks 
•Fw pathways 
•Large scale circulation 

80 0001 



Liquid fw storage 
summarized (in km3) 

1Aagaard and Carmack 1989: 
Sref=34.93, FWC=80000 km3 

80 0001 
2Serreze et al. 2006: 
•PHC 3.0 (climatology) 
Sref=34.93, FWC=85100 km3 

85 1002 

Sref=34.80, FWC=74000 km3 

74 0002 



Liquid fw storage 
summarized (in km3) 

1Serreze et al. 2006: 
•FWC=74 000 km3 

74 0001 2Proshutinsky et al. 2009: 
•2003-2007 BGOS data 
•Relative to summer (J-A-S) 
climatology 
•+1000 km3 in BG during the 
2000’s 
•BG contains ~20 000 km3 

3McPhee et al. 2009: 
•2008 winter data (M-A) 
•Relative to PHC 3.0 (M-A-M) 
•+8500 km3 in Canada and 
Makarov Basins 
 
Sref=34.8, zlim=z(S=Sref) 



Liquid fw storage 
summarized (in km3) 

1Serreze et al. 2006: 
•FWC=74 000 km3 

74 0001 2Rabe et al. 2011: 
•2006-2008 summer (JAS) 
data 
•Relative to 1992-1999 obs 
•+8400±2000 km3 
•Basinwide > 500 m 
•Sref=35, zlim=z(S=34) 

Timmermanns et al. 2011: 
•Eurasian Basin fresher in 
2010 than in 2007-2008 
 

•De Steur et al. (in prep) 
•Freshwater anomaly 
through Lincoln Sea 

+8 4002 



Liquid fw storage 
summarized (in km3) 

1Serreze et al. 2006: 
•FWC=74000 km3 

2Giles 2012: 
•1995-2010 SSH 
•+8000±2000 km3 in western 
Arctic Ocean 

74 0001 

Morison 2012: 
•2005-2008 
•FWC increase in the Canada 
Basin 
•FWC decrease in Eurasian 
Basin 



Arctic Ocean fw - Status as of 2012 
 
 

•Observational sites 
 

•Storage liquid fw 
•Storage sea ice 
 
•Export liquid fw 
•Export liquid fw components 
•Export sea ice 
 



Sea ice fw storage 
summarized (in km3) 
1Aagard and Carmack 1989: 
Sref=34.80, S=4 
 
•Taking mean ice 
thickness=3.0 m 
•Ice coverage 1973-1976 
 
FWC=17300 km3 

17 3001 

2Serreze et al. 2006: 
Sref=34.80, S=4, ϱ=900 kg/m3 

 
•Taking mean ice 
thickness=2.0 m 
•Ice coverage 1979-2001 
 
FWC=10000 km3 

10 0002 



Arctic sea ice extent 

Seasonal cycle of extent 

Year by year average extent in August 



Arctic sea ice thicknesses 

Kwok and Rothrock 2009 

Arctic Basin, Beaufort Gyre & Transpolar drift 

Giles et al. 2008 

Arctic Ocean, S of 82 N (2003-08) 



Source: NOAA report ”State of the Arctic”, October 2006 
 
See also Nghiem et al (2007, GRL), and Kwok (2007, GRL). 

Change in the age of sea ice: 
Change in atmosph. circulation 
 
•End of the 80s: Change in the 
atmospheric circulation, flushing 
thick, old ice out of the basin. 
 
•During the 90s: MY/FY relative  
composition persisted 
 
•2005-2007: Favourable conditions 
for excessive transport of 
perennial ice out of Fram Strait 
 
•Nghiem et al (2007): ”dynamic 
and thermodynamic effects appear 
to be combining to expedite the 
loss of perennial sea ice” 
-SAT increasing 
-increasing long-wave radiation 
(longer melt season) 
-intrusions of warm AW and PW 
-warmer ocean surface at the end 
of the melt season 



Modeled ice volume: Rapid loss of sea ice volume 
 
•Polar Science Center - PIOMAS 
•Assimilates ice concentration fields and SST 
•Extensively validated against moorings, US submarines and satellites 

1979-2001 mean: 22.4 km3 sea ice 
17.8 km3 liquid fw (S=4, Sref=34.8, ϱ=900 kg/m3) 

2011 mean: 13.2 km3 sea ice 
10.5 km3 liquid fw 



Sea ice fw storage 
summarized (in km3) 
1Aagard and Carmack 1989: 
-1973-1976 
-FWC=17 300 km3 

17 3001 
2Serreze et al. 2006: 
-1979-2001 
-FWC=10 000 km3 

10 0002-17 8003 

10 5003 

3PIOMAS 2012: 
-1979-2001: 17 800 km3 
-2011: 10 500 km3 

•Large uncertainties 
•Certain: Sea ice volume is 
reducing rapidly 



Arctic Ocean fw - Status as of 2012 
 
 

•Observational sites 
 
•Storage liquid fw 
•Storage sea ice 
 
•Export liquid fw 
•Export liquid fw components 
•Export sea ice 
 



Export liquid fw 
summarized (in km3) 

Bering Strait 
•Woodgate et al. (2005), 
moorings 1990-2005 
•Sref=34.8 
•FWF=2500±300 km3/yr 

2500 



Export liquid fw 
summarized (in km3) 

Bering Strait 
•FWF=2500±300 km3/yr 

2500 

Davis Strait 
•Curry et al. (2011), 
moorings 2004-2005 
•Sref=34.80 
•FWF=3310±1290 km3/yr 
 
•Do not differ significantly 
from 1987-90 obs 
 
•Recent results (poster) 
indicate same level 2004-
2010  (no trend) in DS. 

3300 



Export liquid fw 
summarized (in km3) 

Bering Strait 
•FWF=2500±300 km3/yr 

2500 

Davis Strait 
•FWF=3310±1290 km3/yr 

3300 

Fram Strait 
•de Steur et al. (2009), 
moorings 1997-2008 
•Sref=34.9 
•1274±453 km3/yr (EGC) 
•807±357 km3/yr (shelf) 
•FWF=2081 km3/yr 
•No significant trend 
 

•Rudels et al. 2008: 
•CTD sections 1980-2005 
•FWF=2050 km3/yr 

2081 



Arctic Ocean fw - Status as of 2012 
 
 

•Observational sites 
 
•Storage liquid fw 
•Storage sea ice 
 
•Export liquid fw 
•Export liquid fw components - inventories 
•Export sea ice 
 



1. River water 

2. Glacial meltwater<< 

3. Precipitation 

4. Sea ice & meltwater 

5. Pacific water 

There are 5 sources of freshwater to the East Greenland 
Current (EGC) 

•Sources may change differently 
 
•Pathways may change differently 
 

• Rabe (2009) over 1998-2005: 
-Changes of ~40% in transports of 
FW components 
-Total FW transport still the same 



Dodd et al. (accepted, JGR) 

•10 sections of concurrent salinity, 
δ18O, nitrate and phosphate obs 

Freshwater composition in Fram Strait 1997-2011 

•Increasing fractions of sea ice 
meltwater:  

•More sea ice melts back 
 

•Strong anti-correlation between MW 
and SIM + found in same locations: 

•MW and brine delivered together 
from a common source 

 
•Changing MW:SIM ratio: 

•Changing composition 
•Changing mixing? 

 
•Reappearance of Pacific Water in Fram 
Strait (cf. BG fw release discussion) 



Resolving the 
seasonal cycle 

Large seasonal variability 
O(0.5 interannual variability)  

Dodd et al (in prep) 



Transport of fw components in Fram Strait 

Rabe et al., submitted to OS 

* 

Pacific Water 28 mSv=870 km3/yr  
Meteoric Water 123 mSv=3880 km3/yr 
Sea Ice Melt -60 mSv=1890 km3/yr 
Liquid Fresh Water 92 mSv=2890 km3/yr 
MW:SIM 

•Inventories of Dodd et al. (2012) 
•Velocity field from instrumentation + 
inverse model 

•Variations in component transports due 
to 1) advection and 2) local volume 
transport 
 

•Except for Pacific Water: Only advection  
 

•Increase in PW transport suggest a 
release of PW from the Beaufort Gyre  



Arctic Ocean fw - Status as of 2012 
 
 

•Observational sites 
 
•Storage liquid fw 
•Storage sea ice 
 
•Export liquid fw 
•Export liquid fw components 
•Export sea ice 
 



Status sea ice export (in 
km3 

 liquid fw) 
 
S=4, Sref=34.8, ϱ=900 kg/km3 

2300 

Serreze 2006: 
•Pre 1996 data 
•FWF=2300±340 km3/yr 

Kwok et al. (2004): 
•1990-1999 ULS data 
•FWF=1800±270 km3/yr 
 
 Spreen et al. (2009): 
•2003-2008 ICESat 
•FWF=2000 km3/yr 

1900 

350 



•Mean annual area export 1978-2007 (Kwok 2009 ): 706 000 km2, no trend 
 
•1990s: h=3.4 m, liquid FWF=1900 km3/yr 
•2000s: h=2.5 m, liquid FWF=1400 km3/yr 
 
•Increased area flux 2000-2010 compensated for reduced thickness? (Kwok and 
Spreen, submitted, pers. comm., Smedsrud et al. 2011) 

Fram Strait ice thicknesses: Mean and MY modal thickness timeseries 

2010: 
2.0 m 

3.4±0.6 m 2.5±0.7 m 



Status fw storage and 
export (km3 liquid fw) 

84 000 

2500 

3650 

4000 

FW increase:  
 
•Giles et al. 2012: Wind 
driven strengthening of 
Beaufort Gyre 
 
•Morison et al. 2012: Re-
routing of Eurasian river 
runoff 

Runoff and precipitation 
increasing 

Uncertainties: 
•Sea ice thickness 
•Ocean response as sea ice 
becomes seasonal 
•Changing melt/freeze cycle  
•Upper ocean &sea ice 
dynamics control the net 
distillation effect 
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