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1 Observations1

We use year-round observed vertical salinity profiles from the time period1992− 2012. These2

were measured using Conductivity Temperature Depth (CTD) and Expendable CTD (XCTD)3

from ships, submarines (Submarine XCTD or SSXCTD), and drifting ice stations. Autonomous4

profile measurements in the Arctic Ocean have become available since2004 (Kikuchi et al.,5

2007;Krishfield et al., 2008). This has yielded annual Arctic-wide coverage of measurements6

in recent years, as the map in Figure 1 shows. The list of data sources and data source ab-7

breviations is given Table 2. All salinities were calculated from temperature, conductivity and8

pressure using the Practical Salinity Scale (PSS-78Fofonoff and Millard, 1983).9

The manufacturer’s stated accuracies for XCTD and Submerged Ship XCTD (SSXCTD)10

salinities are0.04 and0.05, respectively. The uncorrected observations by autonomous CTD11

systems (ITP, POPS; see Table 2) have similar accuracy. After calibration with ship CTD,12

the accuracy of XCTD observations is0.01 (Itoh and Shimada, 2003;Kikuchi, 2008). Those13

ITPs, that had completed their observational life, were corrected for sensor lag and conductiv-14

ity calibrated using objectively mapped independently measured salinity (seeKrishfield et al.,15

2008, “ITP Data Processing Procedures” available at “http://www.whoi.edu/itp/data/”) After16

correction, the accuracy of the ITP salinity data is0.01. The accuracy of CTD casts from ships,17

calibrated against simultaneous water bottle samples, is generally an order of magnitude better18

than those of autonomous or expendable systems.19

2 Data processing procedures for salinity profiles20

As in Rabe et al.(2011), all observational data were subjected to quality control. We distin-21

guished three categories of data:22

1. Data from ship CTDs directly obtained from the PIs only underwent a gross visual23

screening as these data were assumed to be thoroughly processed and calibrated by the24

respective PIs and colleagues.25

2. Autonomous ice-based profilers (ITP, POPS) provided a large number of profiles for the26

time period2004 − 2012. XCTD from ship, airplane, submarine or sea ice floes further27

augmented our compiled dataset. SCICEX data from the SAIC project were used, where28

available, to replace profiles from the1997 and1998 SCICEX expeditions, downloadable29

from EOL (see Table 2). The SCICEX1993 data from EOL were preferred over those30

2/14 January 8, 2014



RABE ET AL. Arctic Ocean liquid freshwater... : Supplement

from SAIC due to more advanced processing. Data in this category were subjected to the31

same automatic screening as inRabe et al.(2011).32

3. Within our domain, the deep Arctic Ocean, and the time period under study,1992−2012,33

WOD09 (see Table 2 andBoyer et al., 2009) contains data from1992−2004. Data were34

taken from the “CTD” part of the database (“High-resolutionConductivity-Temperature-35

Depth / XCTD data”, as listed in the WOD09 documentation enclosed in the dataset).36

These data were used to augment but not replace profiles from the other datasets listed in37

the table. This means that if any subset of data in WOD09 was available in better quality38

from other sources, this subset of data was replaced. The WOD09 data were subjected to39

the same automatic screening as inRabe et al.(2011).40

After this processing stage, we followed the same procedureas inRabe et al.(2011) to dis-41

card profiles with large gaps, vertically interpolate each profile and eliminate duplicate profiles42

from the remaining data.43

3 Liquid freshwater calculations44

Liquid freshwater fractions (f ) and inventories between the surface and the34 isohaline(hfw)45

were calculated from salinity profiles as inRabe et al.(2011, Equation 1). The maximum error46

in our salinity observations (0.05, see Section 1) results in an error inf of about10−3. This47

value multiplied by the maximum depth of the34 isohaline in our dataset (400 m) leads to an48

error inhfw of about0.5 m. Those are upper bounds on the errors, however, and the errorin49

salinity as well as the depth of the34 isohaline were much lower in large parts of our dataset.50

The treatment of near surface gaps and a discussion of associated errors is given inRabe et al.51

(2011).52

We objectively mapped subsets of the observations to obtainthe horizontal distribution of53

hfw on a regular grid for each month during1992−2012. The mapping procedure is outlined in54

the following section. After mapping we spatially integrated the inventories to obtain the liquid55

freshwater content in the upper Arctic Ocean basins (LFWC, Rabe et al., 2011, Equation 2),56

the domain shown by the grid points in Figure 2.57

3/14 January 8, 2014



RABE ET AL. Arctic Ocean liquid freshwater... : Supplement

4 Objective mapping58

The objective mapping procedure is based onBretherton et al.(1976) with adaptations by59

Böhme and Send(2005) andBöhme et al.(2008). The objective estimate of a parameterO60

at a grid pointg can be obtained from a set of observations,Od (McIntosh, 1990;Rabe et al.,61

2011, , Equation 3):62

Og =< Od > +ω · (Od− < Od >) ; ω = Cdg · (Cdd + I· < η2 >)−1 , (1)

where subscriptsd andg refer to the observational (data) points and the grid points, respectively,63

< Od > is the weighted mean ofOd (Bretherton et al., 1976;Owens and Wong, 2009),ω is the64

weighting function andI is the identity matrix.< η2 is the noise variance and was calculated65

as inRabe et al.(2011, Equation 4).66

As in Rabe et al.(2011), the interpolation (mapping) uses a Gaussian covariance function67

containing isotropic horizontal distance,D, barotropic potential vorticity,PV (Davis, 1998).68

The main difference to the mapping of freshwater inventories presented inRabe et al.(2011)69

is the inclusion of a time scale,∆t, to allow mapping of data to individual months. The scales70

are given by:71

PV =
| fg
Zg

− fd
Zd
|

√

( fg
Zg
)2 + ( fd

Zd
)2

; D = |xyg − xyd| ; ∆t = |td − tg| , (2)

wheret is the time,f the Coriolis parameter,xy the geographic location andZ the bathy-72

metric depth, based on the International Bathymetric Chartof the Arctic Ocean (IBCAO,73

Jakobsson et al., 2008). The covariance is given by74

C =< s2 > exp−(D
2

L2
+PV 2

Φ2
+∆t2

τ2
) , (3)

where the signal variance,< s2 >, was calculated as given by Equation6 in Rabe et al.(2011).75

L represents the Gaussian decorrelation scale (e-folding scale) forD, Φ the scale forPV and76

τ the time scale.77

78

We used Equation 1 in a two-stage procedure, as outlined inRabe et al.(2011), to avoid79

bias in the objective estimate. One important difference isthat the time scale (term∆t2

τ2
) in80
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Equation 3 was used in the second stage (small scale) mapping. The first stage (large scale)81

mapping used only spatial scales. We separately mapped the observedhfw andh, and later82

calculated the layer-averaged salinity from these two quantities.83

We used the same values for the spatial and potential vorticity decorrelation scales as in84

Rabe et al.(2011) and a time scale for the mapping:L = 600 km andΦ = 1 for stage1 (large85

scale);L = 300 km, Φ = 0.4 andτ = 60 days (small scale). The non-isotropic decorrelation86

scale,Φ = 0.4, avoids giving too much weight to observations on continental slopes or ridges87

when mapping to grid points in the deep Arctic basins, and vice versa. For example, if we88

mapped an observed value ofhfw (as part of a set of observations,Od in Equation 1) in about89

3000 m deep water to a nearby in time and space (D << L and∆t << τ ) grid point in90

about1500 m deep water, at85o latitude, we would obtainPV = 0.447 (see Equation 2).91

With Φ = 0.4 this would lead to an exponent in the second term of Equation 3of about−1,92

i.e. the weightω would contain a factor of approximatelye−1 (Equation 1). In addition to the93

spatial scales, the time scale gives additional weight to observations close in time to each month94

during the21 years under study. It was chosen to give most weight to data within approximately95

the same season. For both mapping stages, only data within the large decorrelation scales from96

each grid point were used. If more than60 data points were available, the data were subselected97

as inRabe et al.(2011).98

Observations from the time period1992 − 2012 were mapped separately for each month99

using subsets of data within three years of each month (e.g. August1999 would use data from100

August1996 to August2002). Outliers in each subset were eliminated using the same criteria101

as inRabe et al.(2011) prior to mapping. The mapping procedure was similar for the depth of102

the34 isohaline,h. In total,38470 values ofhfw from profile observations were subjected to103

the outlier elimination after the gross range checks had been applied. The number of profile-104

based values ofhfw in each subset finally used to map each month ranged from about1000 to105

30000.106

We analyzed time variability using the inventories at each grid point from the resulting107

monthly fields and the monthly values ofLFWC, shown in Figure 3. Trends were calculated108

using linear regression.109
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5 Contributors to liquid freshwater trends110

To estimate the relative contribution of salinity and layerthickness changes to our freshwater111

trends, we use a similar approach asRabe et al.(2011, Equation 7):112

∆hfw =

thickness
︷ ︸︸ ︷

∆hF +

salinity
︷ ︸︸ ︷

h∆F +

non−linear
︷ ︸︸ ︷

∆h∆F , (4)

whereF =
hfw

h
and∆F =

∆hfw

∆h
. ¯denotes the time-mean at each grid point, and∆ is the113

change over the21 years based on the trend at each grid point. The three terms onthe right-114

hand-side will be referred to as labeled in Equation 4.115

6 Uncertainty116

The sources of error within ourLFWC estimate consist of the statistical error associated with117

the mapping procedure, errors due to sampling gaps in regions of potentially high vertical118

gradients in salinity and errors due to the accuracy of the measurement devices.119

The statistical mapping error at each grid point was calculated as inRabe et al.(2011, ,120

Equation 8). The error inLFWC was calculated as the sum of the mapping errors at each grid121

point and month (Figure 3; see Figure 4 for errors inh). These monthly uncertainty values122

were used to estimate the error of the trend. Because the objective mapping is using values123

from a time period of up to six years we are expecting that the error is correlated in time.124

To estimate this auto-correlation we detrended the freshwater time series and fitted an auto-125

regressive process of first order to the detrended time series. Then we assumed that the errors126

show a similar auto-correlation as the freshwater time series. In a Monte Carlo approach we127

added random ar(1) time series with the given auto-correlation and the given uncertainty for128

each month to the calculated freshwater time series and calculated the trend. The standard129

deviation of these (105) trend estimates determines the uncertainty of300 km3/yr given in the130

manuscript.131

Errors due to vertical sampling gaps near the surface have been shown to not significantly132

affect estimates of liquid freshwater changes (Rabe et al., 2011), relative to the statistical map-133

ping error. Changing the reference salinity to34.8, a value often used in studies of Arctic Ocean134

freshwater, likewise did not lead to any significant change in the results.135
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Figure 1: Locations of salinity profile observations used tocalculate liquid freshwater inven-

tories: (a)1992− 2003, (b) 2004− 2008 and (c)2009− 2012. The time of each observation is

shown in colour.
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Table 1: Data sources for salinity observations used in thisstudy. All URL were last ac-

cessed in June 2013. Abbreviations: “SCICEX” – Scientific Ice Exercises; “NPEO” – North

Pole Environmental Observatory; “NABOS” – Nansen / Amundsen Basin Observation System;

“WOD09” – World Ocean Database2009 (Boyer et al., 2009); “DAMOCLES” – Developing

Arctic Modeling and Observing Capabilities for Long-term Environmental Studies; “WHOI”

– Woods Hole Oceanographic Institution; “ASCOS” – Arctic Summer Cloud Ocean Study;

“LOMROG” – Lomonosov Ridge off Greenland; “CHINARE” – Chinese Arctic and Antarctic

Administration; “UNCLOS” – United Nations Convention on the Law of the Sea; “PAICEX”

– PanArctic Ice Camp Expedition; “PALEX” – PanArctic Sea IceDrifting Expedition; “JAM-

STEC” – Japan Agency for Marine-earth Science and Technology; “ITP” – Ice-Tethered Pro-

filer; “POPS” – Polar Ocean Profiling System.
Expedition,

project, institute

Year(s) Platform Source URL (last accessed in June 2013) or contact

WOD09 1992 − 2004 various http://www.nodc.noaa.gov/OC5/WOD/prwod.html

ARK 1993 − 2012 RV Polarstern listed inRabe et al.(2013)

SCICEX 1993 US submarines and ice-based http://data.eol.ucar.edu/codiac/dss/id=106.arcss072/

SCICEX 1996, 1997 and1998, US submarines and ice-based SAIC project, Sergey Pisarev (pisarev@ocean.ru)

SCICEX 1997 and1998, US submarines and ice-based http://data.eol.ucar.edu/codiac/dss/id=106.arcss064/

NPEO 2000 − 2012 airborne and ice-based ftp://psc.apl.washington.edu/NPEO Data Archive/NPEOAerial CTDs/

N/A 2001 RV Oden NODC OAS accession 0002194

( http://www.nodc.noaa.gov/cgi-bin/OAS/prd/accession/0002194 )

NABOS 2002 − 2009 various ships http://nabos.iarc.uaf.edu/

Switchyard 2003 − 2012 ice-based http://data.eol.ucar.edu/codiac/dss/id=106.ARCSS129

Beringia III 2005 RV Oden http://bolin.su.se/data/Beringia2005-Stats-Oden

Beaufort Gyre

Project

2003 − 2012 various ships http://www.whoi.edu/beaufortgyre/

DAMOCLES 2006 − 2008 POPS http://www.ipev.fr/damocles/

ARGO 2006 − 2008 POPS http://www.coriolis.eu.org/Data-Services-Products/View-Download

WHOI 2006 − 2008 ITP http://www.whoi.edu/itp

LOMROG 2007 2007 RV Oden NODC OAS accession 0093533

( http://www.nodc.noaa.gov/cgi-bin/OAS/prd/accession/0093533 )

ASCOS 2008 RV Oden http://www.ascos.se

CHINARE 1999 − 2008 RV Xuelong http://www.nsfcodc.cn/polar/

UNCLOS 2011 CCGS LSSL takashik@jamstec.go.jp

PAICEX 2007 − 2008 ice-based pisarev@ocean.ru

PALEX 2009 ice-based pisarev@ocean.ru

JAMSTEC 1999 − 2010 RV Mirai http://www.godac.jamstec.go.jp/darwin/datatree/e
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Table 2: Annual mean liquid freshwater content between the surface and the34 isohaline

for the Arctic Ocean basins deeper than500 m. The reference salinity is35. This is the

observational timeseries shown in Figure 2a of the main text.

Year Liquid freshwater content (104km3)

1992 3.7847

1993 3.7848

1994 3.7400

1995 3.7049

1996 3.7470

1997 3.8521

1998 3.8925

1999 3.9128

2000 3.9783

2001 3.8807

2002 3.9709

2003 4.0407

2004 4.2570

2005 4.5222

2006 4.5543

2007 4.6708

2008 4.7433

2009 4.6806

2010 4.7723

2011 4.7117

2012 4.7190
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Figure 2: Maps of the Arctic Ocean with grid points used in theobjective mapping of the

data in the domain under study. The bathymetry contours are based on the IBCAO database

(IBCAO Jakobsson et al., 2008) with contour lines representing depths of100, 200, 500, 750,

1000, 2000, 3000 and4000m. The domain under study is enclosed by the500m isobath and a

cut-off at82oN north of the Fram Strait (see manuscript text, Figure 1).
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Figure 3: Timeseries of monthly values ofLFWC (dots) and the corresponding statistical

mapping error (error bars), based on the values at each grid point.
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Figure 4: Timeseries of monthly values of spatially averaged depth of the34 isohaline,h (dots)

and the corresponding statistical mapping error (error bars), based on the values at each grid

point.
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