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The Arctic FW budget
FW sources:
• Bering Strait inflow
• River runoff
• P-E over the Arctic

FW sinks:
• Liquid and Solid FW 

exports through
• Fram Strait
• The channels of 

the CAA
• (Barents Sea 

Opening)

Lique et al., 2016
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All FW fluxes calculated relative to 34.8 in this study
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Figure 2. Time series of annual means for 1992–2012. (a) Liquid freshwater content anomalies from the time mean for
the upper Arctic Ocean from observations (green pentagons) and the NAOSIM model (red dots). (b) liquid freshwater
inventory from the surface to the depth of the 34 isohaline (green pentagons), depth of the 34 isohaline (red squares),
and depth-averaged salinity between this isohaline and the surface (blue dots). The observation-based liquid freshwater
trend over the 21 years (grey dashed line in Figures 2a and 2b) is estimated at 600 ± 300 km3 yr−1.

porting information). Much of the increase in liquid freshwater, however, consisted of a freshening of this
layer throughout most of the Arctic Ocean: most regions showed a negative trend in the depth-averaged
salinity in this layer, a decrease of 0.6 on average over the whole domain for the 21 years. This makes up 65%
of the liquid freshwater content trend. The remaining 5% were due to a nonlinear combination of the above
two contributors.

Our results suggest that changes in the thickness of the layer above the 34 isohaline had less effect
on the local liquid freshwater storage trend than the freshening. Changes in Ekman pumping,
driven by the surface wind stress curl, have been associated with changes in the thickness of this layer
[Proshutinsky et al., 2009; Rabe et al., 2011]. At the same time, there would have to be horizontal Ekman trans-
port leading to an enhanced net import of fresher waters from the Arctic rim into the basins. This, in turn,
could have changed the depth-averaged salinity above the 34 isohaline. A link of the changes in both com-
ponents of the freshwater inventory trends, such as a common driver, is suggested by the similarity of the
time series in Figure 2b. The strength of the Arctic sea level pressure high would influence the cyclonicity
and, hence, Ekman pumping and convergence in the Arctic Ocean. The time integral of the joint Ekman
effects would then contribute to a change in liquid freshwater storage. Negative values of the Arctic
Oscillation (AO) (see Thompson and Wallace [1998], for a definition) represent a strengthening of the Arctic
sea level pressure high. Hence, we have compared the cumulative sum of the AO since 1992 to our liquid
freshwater content time series (Figure 3; all time series are detrended and demeaned). However, there is no
obvious covariability of both time series, and there is only barely significant correlation with the negative
AO lagging 6 years behind the liquid freshwater content. In recent years, a dipole pattern (AD) in sea level
pressure between the western and eastern Arctic has been particularly strong [e.g., Overland and Wang,
2010; Overland et al., 2012, for 2007–2012]. This pattern would likely freshen the Transpolar Drift and lead
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Motivation

Rabe et al., 2014

• Arctic liquid FW storage has been increasing 
since the mid 1990s

• Solid FW storage has decreased over the same 
time, as sea ice volume has decreased

• But oceanic gateway exports to the North 
Atlantic have not yet shown any trends, even 
though we expect them to eventually

à When can we expect a forced signal to emerge 
in different parts of the Arctic freshwater 
budget?

à Here we use two large ensembles to answer 
this question which bracket the  expected 
warming (2° C to 4.5° C in 2100)

à These ensembles are from the Community 
Earth System Model Version 1 (CESM1)

Liquid FW storage anomaly (1992-2012)

Jahn and Laiho, 2020, GRL, doi:10.1029/2020GL088854



Historical
CESMLE
CESMLW

CESM Large Ensemble (CESM LE, using 15 members, forced by RCP8.5, 
Kay et al., 2015)
CESM Low Warming ensemble (CESM LW, 15 members, warming limited to 
2°C by 2100, Sanderson et al., 2017)

CESM model simulations

• Both start in 2006 from the end of 
the historical simulation, but have 
the same forcing until 2017, when 
their forcing diverges

• But we don’t see a clear scenario 
difference in the Arctic sea ice until 
~ 2035



Shift and Emergence Bering 
Strait

Barrow 
Strait

Fram 
Strait

Nares 
Strait

BSO

Davis 
Strait

Ru
no

ff
Ne

t P
re

c.
Be

rin
g S

t. L
iq

Be
rin

g S
t. S

oli
d

Ba
rro

w 
St

. L
iq

Ba
rro

w 
St

. S
oli

d
Na

re
s S

t. L
iq

Na
re

s S
t. S

oli
d

Da
vis

 S
t. L

iqu
id

Da
vis

 S
t. S

oli
d

Fr
am

 S
t. L

iq
Fr

am
 S

t. S
oli

d
BS

O
Liq

BS
O 

so
lid

Liq
uid

 st
or

ag
e

So
lid

 st
or

ag
e

-4000

-2000

0

2000

4000

6000

FW
 v

ol
um

e

1980-2000 Historical CESM
2080-2100 CESM LW
2080-2100 CESM LE

(a) (b)

Shift: First time a FW term is outside the pre-
industrial background Internal Variability from the CESM 
(Threshold=+/- 3.5 standard deviations). May cross back into 
background variability after

CESM LE
CESM LW

Jahn and Laiho, 2020, GRL, doi:10.1029/2020GL088854

Emergence: A simulated FW term 
stays outside the CESM background 
variability till 2100 à no overlap 
with the pre-industrial state
à Can only be caused by a forced 
change



Timing of the Emergence of a forced signal

1920 1940 1960 1980 2000 2020 2040 2060 2080 2100
year

   Liquid Fram FW
                 
                 

    Solid Fram FW
                 
                 

 Liquid Barrow FW
                 
                 

  Liquid Nares FW
                 
                 

  Liquid Davis FW
                 
                 

 Liquid Bering FW
                 
                 

          Runoff 
                 
                 

      Net Precip.
                 
                 

Liquid FW storage
                 
                 

 Solid FW storage
                 CESM LW shift

CESM LW emergence
CESM LE shift
CESM LE emergence
CESM historical shift

Jahn and Laiho, 2020, GRL, doi:10.1029/2020GL088854
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•FW storage terms show the earliest 
complete emergence à observed 
increase in liquid FW storage may 
already be a forced change

Jahn and Laiho, 2020, GRL, doi:10.1029/2020GL088854
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•Nares Strait and then Davis Strait 
are the first fluxes to emerge, with 
emergence potentially already 
ongoing à Davis Strait monitoring 
was restarted in 2020, so we 
hopefully will be able to observe this

Jahn and Laiho, 2020, GRL, doi:10.1029/2020GL088854
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•Fram Strait liquid FW export is the 
next to show emergence in the 
CESM1

Jahn and Laiho, 2020, GRL, doi:10.1029/2020GL088854
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•Future emission choices may 
prevent runoff and solid Fram Strait 
FW export to reach full emergence

Jahn and Laiho, 2020, GRL, doi:10.1029/2020GL088854
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When can we 
expect to detect 
the emergence 
of a forced 
signal from 
observations?

Haine, 2020, GRL Commentary, doi: 10.029/2020GL090678

Geophysical Research Letters 10.1029/2020GL090678

Figure 1. Climate model projections and observations of the Arctic Ocean freshwater cycle. The left and right subplots show the principal time series of
freshwater (FW) inflows and outflows (km3 yr−1 relative to a salinity of 34.80; positive poleward). The middle subplots show the freshwater storage in the
Arctic Ocean as sea ice (solid, top) and liquid (bottom) freshwater (km3 relative to 34.80). Results from the Community Earth System Model (CESM) control
(gray), large ensemble (LE, purple), and low warming (LW, green) experiments are shown in each case, adapted from Jahn and Laiho's (2020) Figure 2. The
subplots show the times when the models show emergence of a forced, anthropogenic signal (meaning the time of first permanent departure from the ±3.5 σ
envelope of control variability, where σ is the standard deviation; horizontal and vertical lines). The observations synthesized by Haine et al. (2015) are plotted
in red (with updates from de Steur et al., 2018, Woodgate, 2018, and Spreen et al., 2020; the liquid storage data are adjusted to match the Jahn & Laiho, 2020
Arctic Ocean control volume by excluding Baffin Bay). For estimates and discussion of the uncertainty in the observations, see Haine et al. (2015). The basemap
shows the liquid freshwater content, which is the vertically integrated salinity anomaly relative to 34.80, based on Haine et al.'s (2015) Figure 6.

PIOMAS data product Schweiger et al., 2011). The summertime sea ice is also now thinner and younger
(Laxon et al., 2013; Lindsay & Schweiger, 2015). These sea ice changes are attributed to anthropogenic
effects because they only occur in coupled climate models perturbed by anthropogenic forcing (Notz &
Marotzke, 2012).

Overlapping with this decline in sea ice is a conspicuous increase in liquid freshwater volume stored in the
Arctic Ocean. Measurements of seawater salinity show a remarkable freshening between 1992 and 2012
(Giles et al., 2012; McPhee et al., 2009; Proshutinsky et al., 2019; Rabe et al., 2011, 2014). This development
is also shown in Figure 1 by the red line in the bottom middle subplot (taken from the synthesis of Haine
et al., 2015). It measures the volume of freshwater that dilutes the upper Arctic Ocean to form the halocline
(it is the volume-integrated salinity anomaly).

HAINE 2 of 5

Detecting emergence of a 
climate change signal from 
the observational time 
series is more challenging 
than from model 
simulations, due to short 
timeseries that capture a 
system that is already 
responding to climate 
change



When can we expect to detect a forced signal from 
observations?

A much shorter base period (20 years) tends to lead to earlier emergence, due to sampling fewer 
extreme events, but does not change the order of the FW terms that emerge

Jahn and Laiho, 2020, GRL, doi:10.1029/2020GL088854



The changing nature of the FW budget terms during the base period delays the diagnosis of 
emergence

When can we expect to detect a forced signal from 
observations?

Jahn and Laiho, 2020, GRL, doi:10.1029/2020GL088854



Summary

1920 1940 1960 1980 2000 2020 2040 2060 2080 2100
year

   Liquid Fram FW
                 
                 

    Solid Fram FW
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•FW storage terms show the earliest complete 
emergence à observed increase in liquid FW 
storage may already be a forced change

•Nares Strait and then Davis Strait are the first 
fluxes to emerge in the CESM1, with emergence 
potentially already ongoing or imminent, and 
independent of future emissions

•Continued observations of changes in the 
storage and fluxes are crucial to capture these 
changes in the Arctic Ocean over the next few 
decades

•Similarly robust statistical detection of these 
changes in observations compared to models 
will likely be delayed, as observations sample an 
already changing system

Jahn and Laiho, 2020, GRL, doi:10.1029/2020GL088854 Alexandra.Jahn@Colorado.edu



How does this look in 
other models?
• The exact same analysis hasn’t been done 

on the CMIP6 models (yet), and 
emergence depends on the signal-to-noise 
ratio

• But many CMIP6 models project changes 
in the Arctic FW budget by the end of the 
21st century, which can be summarized as 
“Declining Sea Ice, Increasing Ocean 
Storage and Export”

Zanowski et al., 2021, JGR-Ocean, doi:10.1029/2020JC016930 

Journal of Geophysical Research: Oceans

We also found that the models more consistently simulate salinity and volume flux anomalies compared to 
the oceanic freshwater fluxes that result from a combination of both. This corroborates the recent call by 
Schauer and Losch (2019) to analyze salinity and volume fluxes, as this provides more dynamical insight 
into the cause of the changes compared to freshwater fluxes. Model disagreement on the direction of the 
freshwater flux changes in Bering Strait and in the straits west of Greenland is ultimately determined by 
differences in the magnitude of the volume and salinity flux anomalies, but the models generally agree on 
the direction of their changes. When salinity and volume flux anomalies act in the same direction, or if one 
of them does not strongly contribute, we found the best intermodel agreement for projected changes in the 
liquid freshwater fluxes. Specifically, we showed that models agree best that the liquid freshwater export 
through Fram Strait will increase over the 21st century, and that volume and salinity flux changes contrib-
ute approximately equally to this increase. In the Barents Sea Opening, only salinity flux anomalies play a 
role, and all models agree that the reversal of the net liquid freshwater flux is due to these anomalies. In con-
trast, in the Bering Strait volume and salinity anomalies are of similar magnitude but oppose one another 
(the waters freshen but the volume flux decreases), with different magnitudes in different models that lead 
to projected small increases, small decreases, or steady Bering Strait liquid freshwater fluxes. The range of 
model disagreement is even larger west of Greenland, where models show stark differences in the projected 
changes in the liquid freshwater flux, particularly in the early 21st century, due to—yet again—opposing 
volume and salinity flux anomalies that have different magnitudes across models. While the models agree 
on a volume flux reduction in the early 21st century that reverses or stabilizes subsequently, they vary in the 
timing and magnitude of this change. Such an early 21st century decrease in the volume flux in the straits 
west of Greenland was not seen in CMIP5 and CMIP3 models (Holland et al., 2006; Shu et al., 2018), and 
it introduces new uncertainty into the projections of oceanic fluxes west of Greenland in this latest class of 

ZANOWSKI ET AL.

10.1029/2020JC016930
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Figure 13. Qualitative model (a, d) solid flux, (b, e) liquid flux, and (c, f) storage changes in magnitude (absolute 
values of quantities) at the end of the 21st century (2080–2100 average) relative to the historical period (1980–2000 
average) for (a–c) SSP1-2.6 and (d–f) SSP5-8.5. The threshold for change versus no change is set by the ±1 standard 
deviation error bars in Figures 6, 7, and 9. An overlap of the error bars in either future simulation compared to the 
historical simulation constitutes no change whereas no overlap constitutes a positive or negative change. Hatching 
indicates a sign change with the accompanying magnitude change given by the hatch color.



Future/ongoing related work
• Analysis of the Davis Strait fluxes, using models and the mooring data as 

part of the ongoing Davis Strait Observing NSF award (with Craig Lee and 
Paul Myers) à You’ll hear from that at OSM22 and/or the next ASOF 
meeting by Jed Lenetsky
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