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Abstract Simulations from a coupled ice-ocean general circulation model are used to assess the effects
on Arctic Ocean freshwater storage of changes in freshwater input through river runoff and precipitation.
We employ the climate response function framework to examine responses of freshwater content to abrupt
changes in freshwater input. To the lowest order, the response of ocean freshwater content is linear, with
an adjustment time scale of approximately 10 years, indicating that anomalies in Arctic Ocean freshwater
export are proportional to anomalies in freshwater content. However, the details of the transient response
of the ocean depend on the source of freshwater input. An increase in river runoff results in a fairly smooth
response in freshwater storage consistent with an essentially linear relation between total freshwater
content and discharge of excess freshwater through the main export straits. However, the response to a
change in precipitation is subject to greater complexity, which can be explained by the localized formation
and subsequent export of salinity anomalies which introduce additional response time scales. The results
presented here suggest that future increases in Arctic Ocean freshwater input in the form of precipitation
are more likely to be associated with variability in the storage and release of excess freshwater than are
increases in freshwater input from river runoff.

Plain Language Summary This paper shows that the Arctic Ocean adjusts to changes in
freshwater input over time scales of about one decade. How much of the added freshwater is stored in the
Arctic depends, however, on how the freshwater enters the ocean. If it arrives as additional river runoff, the
response in Arctic freshwater storage is relatively smooth and predictable. If it falls, instead, as increased
precipitation, the response is less easy to predict because it is complicated by interactions between the
ocean and sea ice. This is important because the part of the freshwater that is not stored in the Arctic Ocean
is exported to the North Atlantic, where it can affect the global ocean circulation.

1. Introduction

The Arctic Ocean has a major influence on global circulation through the provision of dense waters to supply
deep convection in the Nordic and Labrador seas (Yang et al., 2016). The net effect of the Arctic is to cool and
freshen relatively warm, saline water flowing in via the Fram Strait or Barents Sea from the Atlantic (Rudels
et al., 2013), before it returns southward either through the Fram Strait or the Canadian Arctic Archipelago
(CAA). Some water returns denser than it entered, some lighter, a two-fold influence that has been described
as driving a double estuarine circulation (Eldevik & Nilsen, 2013).

Densification of inflowing Atlantic Water occurs mainly through surface heat loss in the Barents Sea (Rudels,
2010). Across most of the rest of the Arctic Ocean, the Atlantic Water layer is overlain by a lighter, fresher
surface layer, formed through the influx of freshwater. The largest source of freshwater input is runoff from
rivers around the continental margins of Siberia and North America, amounting to ~4,200 km?3/year dur-
ing the period 2000-2010. Net precipitation contributes a further ~2200 km?/year (Haine et al., 2015). The
inflow of Pacific Water through the Bering Strait also serves as a source of freshwater, since its salinity is
lower than that of Atlantic Water; it contributed ~2,600 km3/year with respect to a reference salinity of 34.80
in 2000-2010 (Haine et al., 2015; Woodgate et al., 2005).

Sources and sinks of freshwater are not typically in constant balance, and the proportion of freshwater input
retained within the Arctic Ocean rather than being exported directly varies on time scales of O(1-10) years
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(Proshutinsky et al., 2009). This periodic storage and release has been linked to variation in circulation
driven by cyclical changes in wind patterns both in the Beaufort Sea region and across the Siberian shelves
(Haine et al., 2015; Morison et al., 2012; Polyakov et al., 2008). More generally, Johnson et al. (2018) find that
the variability of Arctic freshwater content (FWC) in recent years can be explained chiefly by the influence
of sea level pressure variations on sources, sinks, and storage of freshwater. Proshutinsky et al. (2009) note
that the range of variation of freshwater storage has increased since 2003 and suggest that it could continue
to do so as climate change intensifies.

The warming global climate is also driving increasing freshwater input to the Arctic Ocean (Bintanja &
Selten, 2014; Vavrus et al., 2012). River runoff is projected to reach 5,500 km?/year and net precipitation
2,500 km?/year by 2100 (Haine et al., 2015), and increases in Pacific Water inflow are also expected. While
the influence of wind patterns on freshwater storage has benefitted from much recent investigation, the role
of freshwater as a modifier of ocean circulation in its own right, rather than as a passive tracer of wind-driven
currents, has received less attention. As Morison et al. (2012) observed, variation in the wind-driven Ekman
pumping over the Beaufort Gyre region might be the main factor controlling the freshwater storage in the
Gyre, but additional processes such as baroclinic eddies and mechanical ice-ocean feedbacks (Dewey et al.,
2018; Manucharyan & Spall, 2016; Meneghello et al., 2017) influence the FWC of the Gyre.

A steady-state modeling study by Pemberton and Nilsson (2016) showed that increased freshwater supply
from runoff and precipitation results in a weakening of the Beaufort Gyre and a redirection of some fresh-
water export from the CAA to the Fram Strait. Nummelin et al. (2016) found a similar weakening of the
anticyclonic surface circulation in simulations of increased runoff while noting also that the strengthen-
ing of the Arctic Ocean stratification caused by the increased freshwater input leads to a reduction in the
transfer of anticyclonic atmospheric momentum to the Atlantic Water layer below the halocline and thus
a strengthening of the cyclonic Atlantic Water circulation. Increased runoff has also been shown (Lambert
et al., 2019) to affect various processes associated with the diffusion of heat and salt, leading ultimately to
an increase in the advective heat and salt import into the Arctic. Given the influence that increasing fresh-
water input appears to have on circulation patterns, there is a need for an improved understanding of the
effect that enhanced freshwater input is likely to have on Arctic storage of freshwater and its release to the
north Atlantic.

Previous studies have considered the long-term response of the ocean to changes in forcing. For that reason,
we focus here on the transient response: We draw on the “climate response function” (CRF) framework
described by Marshall et al. (2017), using simulations from a coupled ice-ocean general circulation model
(GCM) to investigate the relationship between changes in freshwater input to the ocean and the response
of the ocean in terms of storage and export of freshwater. The rationale for the CRF methodology is that if
the transient response (the CRF) of an observable to step function forcing is known, the CRF may then be
convolved with any more realistic time history of forcing to determine a predicted linear response for that
observable. Note that the CRF is convolved with the time derivative of the forcing (Marshall et al., 2017).
The impulse response function, which is the time derivative of the CREF, is convolved with the forcing itself
to give the response. We take as our observables here the FWC of the Arctic Ocean in liquid and sea ice form
and the export of freshwater through key straits. We apply step change perturbations to the freshwater input
from river runoff and precipitation to examine the time scales, pathways, and mechanisms governing the
likely response of the ocean to changes in freshwater input.

2. Method and Theoretical Background

2.1. General Circulation Model

In this study we have used a coupled ice-ocean model, the Massachusetts Institute of Technology general
circulation model (MITgcm), in a regional configuration covering the Arctic Ocean and parts of the North
Atlantic and North Pacific oceans north of ~ 55°N. This model setup has been used in a number of previ-
ous studies (e.g., Condron et al., 2009; Manizza et al., 2009; Nguyen et al., 2011), and Condron et al. (2009)
showed that it reasonably reproduces the Arctic Ocean freshwater budget. The horizontal grid spacing
within the model domain (see Figure 1) is ~18 km, and the model grid has 50 vertical layers with thickness
ranging from 10 m at the surface to ~450 m for the deepest layer. Further details of the model setup are
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given in Pemberton and Nilsson (2016), and the model parameters
employed are as described in Nguyen et al. (2011).

2.2. Model Simulations

Ocean forcing for the majority of the simulations described here was pro-
vided by the Japanese 25-year Reanalysis (JRA-25; Onogi et al., 2007),
which covers the period 1979-2004, extended for a further 9 years to
2013 using operational analysis from the same model system. For a
small number of additional simulations, the model was instead forced
with a repeating annual cycle of atmospheric forcing (the Coordinated
Ocean-Ice Reference Experiments (CORE) II corrected normal year forc-
ing; Griffies et al., 2009). For river runoff data, we used a monthly
climatology derived from Arctic Runoff Database raw data and adjusted
to account for ungauged river flows, as described in Nguyen et al. (2011).
The model was initialized for each simulation using sea ice conditions
from the Polar Science Center (Zhang & Rothrock, 2003) and ocean con-
ditions from the World Ocean Atlas 2005 (Antonov et al., 2006; Locarnini
et al., 2006).

90°E

The model was first run for 35 years in a control simulation, using the
forcing described above to represent the state of the Arctic in the late
twentieth century. To test the response of the ocean to an abrupt change in

Figure 1. The boundaries of the model domain within which perturbations ~ freshwater input, further simulations were then run in which river runoff
of surface freshwater input were made are indicated by red lines. The or precipitation was increased or decreased by a fixed proportion (_30%

shading shows bathymetry. AG = Amundsen Gulf; MS = McClure Strait;
CAA = Canadian Arctic Archipelago; NS = Nares Strait; FS = Fram Strait;

BSO = Barents Sea Opening).

to +100% for runoff and —30% or +30% for precipitation) of the control
forcing for the duration of the simulation. The larger increases are greater
than those expected to be seen in the real future Arctic but were included
in the suite of simulations to test the linearity of the response. Evapora-
tion and sea ice formation and melt were not perturbed directly through forcing but evolved during the
simulations in response to the perturbation of runoff or precipitation.

For each simulation, monthly means of freshwater height (H) and liquid FWC (V}) were calculated:

O S.f— S, y.2.t
Hg(x, y,1) = / %dz (1)
-H, ref
Ve() = / Hrp(x,y,1)dA, @)
A

where z is depth, S salinity, and A the horizontal area of the basin. The reference salinity, S,.;, was taken to
be 35.0 g/kg. The integrations were performed to a depth —H,, of —277 m, indicative of the upper surface of
the Atlantic Water layer. Where storage of freshwater in sea ice is discussed, an equivalent FWC has been
calculated from stored sea ice volumes assuming a sea ice density of 900 kg/m? and salinity of 6.0 g/kg.

2.3. A Conceptual Model for Rotationally Controlled Export

We have compared the ocean freshwater response in the model simulations described above to theoretical
predictions given by a simple conceptual model such as described by Stigebrandt (1981), Nilsson and Walin
(2010), and Rudels (2010). A key issue is whether the CRF to perturbations in freshwater input will, to the
lowest order, depend only on the anomaly of the total FWC, as assumed in the conceptual model, or if spatial
variations matter. Further, is the response independent of wind-forcing regimes over the Arctic Ocean?

The version of the conceptual model that we have adopted here represents the Arctic Ocean as stratified
by salinity into two layers separated by a halocline at constant depth H: a fresher, upper layer of salinity S;
above the halocline and a layer of Atlantic Water with salinity S, below. In the model, the freshwater export
depends on the net Arctic FWC and a simple representation of wind forcing in the basin. The final result
is a further simplified linearized model, in which perturbations in freshwater export and net content are
linearly related. Despite these simplifications, the model yields a leading-order description of how the net
Arctic Ocean FWC in the ocean circulation model responds to changes in the freshwater input, as will be
shown below.
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Figure 2. Sketch of the two-layer conceptual model. H is the depth of the halocline separating the two layers, S, the
salinity of the lower layer, and S; the salinity of the upper layer. My is the volume flux of water entering through the
Bering Strait and Sy its salinity. F,., is the influx of meteoric freshwater from river runoff and net precipitation, M
the volume flux of water entrained from the lower layer to the upper by mixing, and M the volume flux of outflow.

A schematic diagram of the model appears as Figure 2. The outflow from the upper layer of the basin is
represented by a volume flux M. A flux F., of freshwater enters the upper layer through river runoff or net
precipitation (precipitation minus evaporation), and a flux My of Pacific Water of salinity Sy enters through
the Bering Strait. A flux M,, of Atlantic Water is entrained into the upper layer from below by mixing. The
horizontal surface area of the basin is A.

The volume budget for the upper layer is

A‘Z—Ij = —M + M, + My + Fpqy, 3)
while the salinity budget is
d(s,H)
A—— = =MS, + M,S,, + MyS;; )

By dividing equation (4) by S,, which we assume to be constant, and subtracting from equation (3), we
obtain

dHp AS Sg
A— =-M—+Mg(1 - —)+F_ 5
dt SA B( SA) met ( )

where AS = S, — S; and freshwater height is defined by analogy with equation (1) as Hp = (%)H .
A

Following Stigebrandt (1981), we assume that the outflow from the Arctic Ocean is in geostrophic balance
and occurs in an exit strait that is wide compared to the first Rossby radius. This allows us to write the
outflow as

M = Mg + My,. (6)

Here the baroclinic geostrophic transport component is given by

_ PASgH?

G 2 @)

where f is the haline expansion coefficient, g the acceleration due to gravity, and f the Coriolis parameter.
We have ignored any density difference due to difference in the temperatures of inflowing Atlantic Water
and outflow water: Assuming a temperature and salinity of 6 °C and 35.0 g/kg, respectively, for inflowing
water and —1 °C and 31.0 g/kg for outflowing water, the contribution of salinity to density difference is
about 5 times that of temperature. Further, we have included a barotropic, wind-forced transport component
given by

My, = v(t)LH, ©)
where v(f) is wind-driven velocity and L the cross-stream width of the flow in the exit strait. One interpre-

tation of My, is that it represents the additional transport to M due to a barotropic velocity v in the lower
layer that extends throughout the upper layer (Pemberton & Nilsson, 2016). If v = 0 and the lower layer is
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at rest, then the outflow is given solely by the baroclinic component M. A more general view is that v(¢)
reflects how wind forcing over the basin influences the outflow and storage of freshwater. In periods with
more cyclonic wind forcing over the Arctic Ocean, the FWC tends to decrease and vice versa (Haine et al.,
2015). Crudely, the effect of changing wind forcing can be represented by making v(t) larger for cyclonic
wind regimes and smaller for anticyclonic regimes. We write

v(t) = vy + Av(p), C))

where v, is related to the long-term time mean winds and Av(f) to time-varying winds. Observations and
modeling suggest that low-frequency wind variations over the Arctic Ocean result in relative changes in the
FWC of some 10% to 20% (Haine et al., 2015; Johnson et al., 2018; Pemberton & Nilsson, 2016; Stewart &
Haine, 2013). Accordingly, we expect that |Av(f)| /v(¢) in this simple model should also be allowed to vary by
about 10% to 20%, implying that |Av(¢)| should be small compared to v,. Substituting into equation (5) and
defining F = Mp(1 - ;—i) + F e yields

dHg _ PgSaHy*

A— =

dar T - V(t)LHF + F. (10)

Now consider the effect of a perturbation, AF, in freshwater input, leading to an anomaly, AH, in freshwater
height. Equation (10) as applied to the perturbed state becomes
Ad(HF +AHp)  pgS,(Hp + AHp)?
dt - 2f

—Wt)L(Hp + AHy) + F + AF. (11)

We assume that if the perturbation AF is small, the resultant anomaly will also be Hy > AHp, so that

(Hg + AHp)? = Hp? + 2HpAHj. (12)

Linearizing equation (11) accordingly and subtracting equation (10), we have

dAHp  pgSyHyAHp (v, + Av())LAH | AF

=— . 13
dt Af A A (13)
If we further assume that v, > |Av(¢)|, this equation simplifies to
dAH; ) AF
= _AHp 4+ 25 14
dt T F + A ) ( )
where we have introduced the response time scale z:
SyHpf™" +vL\ "
TE<—ﬁgAF£ °> . (15)

The (climate) response function to equation (14), describing the response to a step function freshwater
perturbation (Marshall et al., 2017), is

CRF(t) =1 —exp(—t/7) (16)

fort > 0and Ofort < 0. Thus, in this limit of weak wind variations (i.e., v, > |Av(f)]), the conceptual model
predicts an exponential adjustment of forced freshwater perturbations over a time scale that is essentially
independent of the variations of the wind field. Note that the time scale depends on the background state
freshwater height Hy, which according to equation (10) responds to wind variations represented by the term
Av(). As noted above, observed fractional changes of FWC on interannual to decadal scales, presumably
driven by wind variations, are only about 10% to 20% (Haine et al., 2015; Morison et al., 2012). This suggests
that in the present conceptual model, a climatological constant value of Hy can be used to approximate 7.

Next, we consider the time scale of the response function predicted by the conceptual model. In the lim-
iting case when v, = 0, the response time scale defined by equation (17) is set by the geostrophic flow
(Rudels, 2010):

Af

. = . a7
¢ BgSAHp
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Figure 3. Time-mean freshwater height, H, in meters for the final decade of the reference simulation, integrated to a
depth of —277 m, with S = 35.0 g/kg. White arrows indicate major currents in the upper 100 m.

Inserting typical values for the Arctic (f = 8 x 1074, f = 1.4 x 10™#s™1, A = 9 x 10"?m?%,g = 10m/s?, S, =
35.0 g/kg) into this expression and estimating Hy by dividing a freshwater volume of 8 x 10*km® from
Pemberton and Nilsson (2016) by A give a predicted time scale of 16 years.

We may compare this predicted time scale with that implied by steady state in any system involving storage
and flux, the ratio of the two giving a mean residence time. From the steady-state version of equation (10),
still with v = 0, the geostrophic adjustment time scale in equation (17) may be written as

AH,
6= F

Liquid FWC
Net freshwater supply

= % X (18)

(The factor of a half derives from the assumption that outflow from the Arctic is governed by geostrophy.)
An increase in Hy, increases both the volume export and the salinity export anomaly, which yields a shorter
7. Adopting estimates of net freshwater input from meteoric sources and from Bering Strait inflow from
Pemberton and Nilsson (2016) leads to an alternative predicted time scale of 12 years.

Equation (15) shows that z decreases with the wind-related velocity v,. In the limit when the geostrophic
contribution becomes negligible compared to the wind-driven component, the steady-state version of
equation (10) yields

AH; _ Liquid FWC
F  Net freshwater supply’

Tw =

(19)

implying a predicted 7 of 24 years if the same estimates of net freshwater input as for the case of geostrophic
export are assumed. This confirms that = in the conceptual model is proportional to the FWC divided
by the net freshwater supply regardless of the relative magnitudes of the geostrophic transport M and
the wind-driven transport My,; however, the constant of proportionality varies depending on whether
geostrophic or wind-driven transport dominates, being 1/2 for purely geostrophic flow and 1 for purely
barotropic wind-driven flow.

We compare these predictions of the net FWC with the response seen in the experiments performed using
the general circulation model and investigate neglected physics that might lead to any departure from the
predictions of the conceptual model.
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3. Results

Typical spatial variability in liquid FWC, V¢, can be seen in Figure 3, which shows mean depth-integrated
freshwater height, Hp, for the final 10 years of the control simulation. The concentration of freshwater in
the Canada Basin, and in particular in the region occupied by the Beaufort Gyre, is clearly visible.

3.1. Reference Simulation

The evolution of liquid FWC, V5, for the reference simulation over the simulation period is shown in
Figure 4a. Monthly mean V} is denoted by the thinner line, while the heavier line represents a 12-month
running mean. Annual mean volumes range from around 75 x 103 to 85 x 10> km? over the 35-year period.
There is a marked seasonal cycle of amplitude around 7 x 10° km?3, or about 9% of the mean volume, with V5
reaching a seasonal maximum in September/October and minimum in May/June of each year; we attribute
this to the seasonal storage of freshwater in sea ice.

As has been discussed briefly by Pemberton and Nilsson (2016), we also note significant variability in Vi over
decadal scales. The annual mean volume is at the upper end of its range at the beginning of the simulation
period and remains reasonably level for the first decade. It then falls by about 10 x 10> km? between years 10
and 18 (representing the period 1989 to 1997), accompanied by a decline in sea ice FWC (see Figure 5a). From
year 18 to year 33 (1997 to 2012), a steady increase in V} is seen, partially compensated by a continued fall
in sea ice FWC. The pattern seen in the latter half of the simulation is consistent with an increase in Arctic
Ocean liquid FWC seen in observations (Haine et al., 2015) since the 1990s. Rabe et al. (2011) accounted
for an increase in the central Arctic basin through strengthened regional Ekman pumping lowering the
lower halocline (as described by Proshutinsky et al., 2009) and freshening of the water above the halocline
through sea ice melt, as we find in the current simulations. (Rabe et al., 2011, also discussed the advection
of extra river water from the Siberian shelves to the deep Arctic Ocean, but the integrated V} totals quoted
here include the shelf areas, and so such a redistribution of freshwater does not affect them.)

We investigate the response of the ocean to changing freshwater input by running further simulations in
which runoff or precipitation is increased or decreased by a fixed proportion of the control forcing. These
changes are introduced without specifically addressing what atmospheric circulation regime changes or
climate change patterns may cause the perturbations of the freshwater supply. Global warming, which
amplifies the hydrological cycle and decreases the Arctic sea ice export (Haine et al., 2015; Held & Soden,
2006), can increase the freshwater input to the Arctic Ocean essentially without any change in the time-mean
atmospheric circulation. Through natural variability, river runoff is observed to increase primarily under
the atmospheric anticyclonic circulation regime, when trajectories of cyclones with moisture from the
North Atlantic are shifted toward Siberia and runoff from Siberian rivers increases (Haine et al., 2015;
Proshutinsky et al., 1999, 2015). Conversely, increased precipitation over the Arctic Ocean is expected
primarily under cyclonic wind forcing regimes (Proshutinsky et al., 1999, 2015).

Rather than introducing combined step function changes in freshwater forcing and wind forcing consis-
tent with the observed natural variability, we have performed freshwater perturbation experiments on a
background forcing provided by the observationally based time-varying JRA-25 (Onogi et al., 2007). An
underlying assumption is that, to the lowest order, the response to changes in freshwater input is controlled
by the time-mean features of the Arctic atmosphere-ocean circulation and hence can be studied using CRFs
specific to freshwater forcing. The linear response of the Arctic FWC to natural variability, or forced cli-
mate change, can in principle be described by convolutions of the time history of wind and freshwater
forcing with their respective CRFs (Marshall et al., 2017). Hence, our simulations may reveal information
on aspects of the CRFs for freshwater forcing that depend primarily on the time-mean state of the atmo-
spheric circulation. To examine the sensitivity to variations in atmospheric forcing, we also briefly report the
result of additional simulations forced with a repeating annual cycle of atmospheric forcing: the CORE-II
corrected normal year forcing (Griffies et al., 2009). Here the freshwater perturbations in the simulations
evolve under an atmospheric forcing without any interannual variations, which may help to reveal the sen-
sitivity of the freshwater response to wind variations. Note that the freshwater inputs from river runoff and
precipitation have seasonal cycles. Thus, in the simulations with step function increases of the freshwater
inputs, there will be changes of both the time mean and seasonality of the freshwater forcing. As will be dis-
cussed below, however, the change of the time mean freshwater input tends to dominate the response of the
FWC anomalies.
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Figure 4. Time evolution in years of (a) Vf in the reference simulation; (b) anomaly of Vi with respect to the reference
simulation in the simulations involving perturbation of river runoff; and (c) anomaly of Vi with respect to the
reference simulation in the simulations involving perturbation of precipitation. In (a), monthly mean V is shown by
the thinner black line, while the heavier line denotes a 12-month running mean. In (b), the solid lines indicate Vg
anomalies resulting from runoff perturbations as indicated in the panel, normalized by the proportionate size of the
perturbation to be equivalent to a 30% increase. The dashed gray line represents an averaged ideal exponential
evolution fitted to the first 10 years of the simulations. In (c), the blue and red solid lines relate to simulations forced, as
for the runoff simulations, with JRA-25 data, while the green and purple lines relate to the equivalent simulations
using CORE-II forcing, which has an annual cycle but no interannual variability. As in (b), negative anomalies from
experiments involving decreased freshwater input have been flipped to the positive y axis. CORE = Coordinated
Ocean-Ice Reference Experiments; JRA-25 = Japanese 25-year Reanalysis.
BROWN ET AL. 5212



~1
AGU

Journal of Geophysical Research: Oceans

10.1029/2018JC014923

(a)

",‘, UL !‘l'!‘l'v'vlll!‘!'!‘l‘

(b) \ ' '

FWC (sea ice) in control simulation (x 10° kma)

= -30% runoff
= +30% runoff
-1.51 —— -30% precip [

Anomaly in FWC (seaice) (x 10° km®)

+30% precip
Il 1 1 Il 1 T
0 5 10 15 20 25 30
Time (years)

Figure 5. Time evolution in years of (a) sea ice FWC in the reference simulation; (b) anomaly of sea ice FWC with
respect to the reference simulation in the simulations involving perturbation by +30% of river runoff or precipitation.
In (a), monthly mean FWC is shown by the thinner black line, while the heavier line denotes a 12-month running
mean. In (b), anomalies from experiments involving decreased freshwater input have been flipped on the y axis.
FWC = freshwater content.

3.2. Runoff

Figure 4b shows the evolving anomaly in liquid FWC relative to the control for the series of simulations
involving perturbed river runoff. Values for the anomalies are normalized by the sign and scale of perturba-
tion to a 30% increase, that is to say, 4Vy = (Viexpt) = Vecontron) X (30%/percentage increase in runoff).

As expected, a decrease in freshwater input results in a negative anomaly in V compared to the control,
while increases generate positive anomalies. The anomaly is close to proportional in magnitude to the
perturbation of freshwater input, even for comparatively large perturbations. However, there is some asym-
metry between negative and positive perturbations, and larger increases in runoff lead to proportionally
slightly smaller increases in V; anomaly, implying that an increasing proportion of the added freshwater is
exported from the Arctic as freshwater input increases. In contrast to the precipitation experiments described
below, except in the earliest years of the simulations, when a signal of the strongly seasonal river input can
be detected, no annual cycle is apparent in the anomalies. Anomalies in sea ice volumes (Figure 5b) are
negligible, indicating that perturbation of freshwater input through river runoff has minimal effect on the
seasonal storage of freshwater in sea ice. This is consistent with the linear freshwater dynamics described
by equation (14), which act as a low-pass filter: The seasonal change of the freshwater forcing is reduced
roughly by a factor 7y, /7 relative to time mean change (see equation (5) and the ensuing discussion in
Marshall et al., 2017), where 7.,, is a year divided by 2z. Taking 7 ~ 10 years and 7y, ~ 1/(27) years gives
an amplitude of the seasonally varying response that is only a few percent of the time mean response.

The 35-year period of integration is not sufficiently long for a new equilibrium to be reached in each simula-
tion, but we see that the adjustment is to first-order exponential. The mean time scale, calculated by fitting
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Figure 6. Anomaly in combined net export of freshwater (12-month running mean) through the straits marked in
Figure 1, as a function of anomaly in liquid freshwater content for simulations involving a 30% increase and decrease in
river runoff. The evolution of anomalies with time is shown by the color coding. The black lines are fitted by robust
regression using an iteratively reweighted least squares model. The inverse slope of each fitted line gives a time scale,
which is 17 years for increasing runoff and 14 years for decreasing runoff.

an exponential curve to anomalies for the first 10 years of the simulations, is about 9 years; it is shown by
the gray dashed line in Figure 4b.

For the response to change in freshwater input to exhibit the linearity predicted by the conceptual model of
Stigebrandt (1981), Nilsson and Walin (2010), and Rudels (2010), we would expect to see a direct proportion-
ality between anomaly in V and anomaly in export of freshwater. A comparison for the runoff experiments
is shown in Figure 6. Initially, there is indeed a good linear fit between V}; and export anomalies in both the
positive and negative simulations. Further into the experiments, however, the coupling becomes less pro-
nounced, and in the final decade especially, we see a range of possible export anomalies for a given anomaly
in V. A straight line fit provides a further estimated time scale: 17 years for the positive simulation and
14 years in the negative case. The longer adjustment time scales obtained for the whole simulation period
suggest the presence of two time scales: a faster initial exponential one and a second slower one tied to the
residual variations of the freshwater anomaly. As discussed below, the deviation from a simple exponential
adjustment is more pronounced for the response to precipitation changes.

3.3. Precipitation

An underlying exponential form is also apparent in the response to perturbation of precipitation, with sim-
ulations involving a decrease and an increase of precipitation by 30% shown by the blue and red lines in
Figure 4c. The slight asymmetry between positive and negative perturbations that was seen in the case of
river runoff is absent in the precipitation simulations, at least in the first 15 years of the simulation period.
In the latter part of the period, however, there is some decadal-scale variability that is more pronounced
than that for runoff and affects the responses to increases and decreases in precipitation differently. This is
discussed further below.

In contrast to the runoff experiments, some residual seasonal cycle is evident in the precipitation anomalies
that is accompanied by compensating seasonality in anomalies in freshwater storage in sea ice (Figure 5b).
The seasonal cycle in the anomalies in liquid FWC, AV, is in antiphase with the cycle in the absolute
volumes in the reference case and experiments; this indicates that increasing precipitation depresses the
seasonal cycle and vice versa. To the extent that the extra precipitation falls as snow, our result is consis-
tent with findings reported in the literature (Notz, 2009) that increasing snowfall over sea ice increases the
thermal insulation provided by the ice, inhibiting the exchange of heat between ocean and atmosphere and
thus the annual freeze and melt of sea ice. The amplitude of the residual seasonal cycle seen in the fresh-
water anomalies is slightly greater for negative perturbation of precipitation than for positive: of the order
of 500 km? as opposed to 400 km?. One would expect to see such asymmetry if changing snow cover is the
cause, since a reduction in snowfall would be expected to produce a greater proportionate change in overall
snow thickness than an increase of the same magnitude.
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In the latter half of the period, as mentioned above, the response to perturbation of precipitation is less
clean than that to changing runoff. The more pronounced variability over interannual and decadal time
scales apparent in the evolution of AV% is only in small part accounted for by variation in annual mean sea
ice freshwater storage. As we discussed in section 2.3, changes in the storage of freshwater in the Beaufort
Gyre are known to be associated with variation in atmospheric circulation over these time scales (several
authors, summarized by Haine et al., 2015). We have therefore investigated whether the variability in AV
might derive from the historical interannual variability in the JRA-25 reanalysis wind forcing by rerunning
the precipitation simulations with the climatological CORE-II forcing, which lacks interannual variability.
Anomalies in Vy from these further simulations are shown in green and purple in Figure 4c. Some of the vari-
ability between 1989 and 1994, a period dominated by cyclonic atmospheric circulation, is eliminated, but
a notable divergence in behavior in the positive and negative simulations is still apparent in the years 1998
to 2002. In the simulations involving increased precipitation, AV} declines at this time because of enhanced
export of freshwater through the Fram Strait. This coincides with the appearance of a region of enhanced
freshwater height, Hg, to the north of Greenland and just upstream of the Fram Strait. No corresponding
salinity anomaly or reduction in freshwater export is seen in the freshwater decrease experiments.

4. Discussion

A necessary condition for the applicability of the CRF methodology is a linear relationship between applied
forcing and observed response. The results of the simulations presented in section 3 demonstrate that this
condition is well met, at least for the runoff simulations. We find that the CRF for the response of Arctic
Ocean FWC to a perturbation of river runoff approximates to an exponential equilibration with a time scale
of about 10 years. This figure accords with the bulk residence time (freshwater volume divided by rate of
inflow) for Eurasian runoff of 10 years determined by Pemberton et al. (2014) using tracer simulations and
is in line with the comparator studies they quote, including Jahn et al. (2010).

The 10-year time scale of the CRF estimated from our simulations also corresponds reasonably well to the
12- to 16-year estimates implied by the two-layer conceptual model for geostrophically controlled outflow
(see equations (17) and (18)). As equation (19) indicated, were the outflow to be dominated instead by the
mean background wind state, the time scale predicted by the conceptual model would be longer than seen
in the simulations. Haine et al. (2015) found that such a geostrophic model, when forced with observed
variations in freshwater supply, had only limited skill in explaining observed changes in Arctic Ocean FWC.
Their results—and those we report here (see Figure 4a)—suggest that the observed changes were driven
by wind variations rather than by changes in freshwater input. (Even if outflow is not controlled by the
long-term mean wind state, its time-varying component may still be significant.) Consequently, the observed
evolution of the FWC is expected to be controlled, primarily, by the forcing history of winds over the Arctic
and their associated CRFs (Johnson et al., 2018). However, the current simulations have been designed to
isolate CRFs for freshwater input, which illuminate different aspects of Arctic freshwater dynamics.

The first effects of changed freshwater input appear rapidly in the anomalies of freshwater export. A purely
exponential CRF would require freshwater export to respond immediately to changes in input, but in the real
ocean, we would of course expect a delay to allow a signal to be transmitted from the main input regions—the
Siberian and Mackenzie River outflows in the case of runoff—to the export straits many hundreds of kilo-
meters away. We have estimated the minimum time required for water of altered salinity to be advected
from the Siberian shelf to the Fram Strait by tracking salinity anomalies in the model along the Transpolar
Drift. This is the most direct route and one along which higher than average current speeds are typically
seen (see, e.g., Pemberton & Nilsson, 2016, Figure 3). Our estimates average about 4 years. Inspection of
the transient V; anomalies shown in Figure 4b, however, reveals some curvature, implying that freshwater
exports start to respond and partially offset the perturbation of freshwater input, within the first 4 years of
the simulations. An early evolution of export anomalies is also apparent in Figure 6, particularly for the sim-
ulation involving increasing runoff. It is not possible to attribute these early export anomalies conclusively
to a response to changing freshwater input, but our results do provide an indication of a response in exports
that is triggered faster than an advection signal could be transmitted. Enhancements in freshwater export
can have two possible causes: anomalously low salinity in the water flowing out through the straits and an
increase in the volumetric export of water of unchanged salinity. The first cannot explain the early changes
in export, since salinity anomalies cannot travel faster than advection speed; however, the second could, if
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changes in freshwater input in the basin generated a dynamical signal that changed the outflow velocity at
the borders of the Arctic. This might propagate as a baroclinic Kelvin wave. Assuming a mode 1 baroclinic
Rossby radius, a,, of 10 km (Nurser & Bacon, 2014) and a Coriolis parameter, f, of 1.4 X 10~*s7, the propa-
gation speed of such a wave, given by ¢, = a,f(Gill, 1982), would be 1.4 m/s, allowing it to circumnavigate
the Arctic basin in about 60 days.

While the underlying form of the transient responses to changing runoff and precipitation is the same,
there are also some differences which could offer some pointers to the processes responsible for deviations
from the first-order exponential form of the CRFs. A seasonal signal in V anomaly due to changes to sea
ice growth is apparent only in the precipitation simulations, which exhibit more marked variability over
decadal scales than those involving perturbation of runoff. Could it be, therefore, that variability in liquid
freshwater storage is linked to changing storage of freshwater in sea ice form? Analysis of sea ice volumes
in the precipitation experiments (Figure 5b) shows that this is not the case. After rapid adjustment over the
first 2 to 3 years, anomalies in seasonally averaged sea ice freshwater storage remain largely constant over
the simulation period, and the annual mean anomalies do not, at any point, increase beyond 700 km? in
magnitude for an increase in precipitation and 800 km? for a decrease. This is smaller than the 1,300 km?
by which the anomaly in liquid freshwater storage decreases between years 20 and 27 in the simulation of
increasing precipitation, indicating that the temporary shortfall in liquid freshwater cannot be accounted
for entirely by storage in sea ice.

The influence of changing wind patterns on Vy in the control simulation (Figure 4a) leads us to consider
whether, alternatively, the variation in freshwater anomalies could be wind-driven. We note some departure
from exponential form between years 10 and 18 in the JRA-25 forced simulations which is not reproduced
in those forced with the climatological wind fields. This coincides with the rapid discharge in the control
simulation; it is accompanied by enhanced net freshwater exports in the precipitation increase experiments
and depressed exports in the decrease experiments. In the terms of the conceptual model described in section
2.3, the variability in FW export is consistent with a nonnegligible variation (Av(¢)) in wind-driven export
flow (see equation (13)). This would be expected initially to retard the growth in magnitude of the freshwater
height anomaly, AHy; a decrease in background freshwater height, Hp, would then cause the geostrophically
driven component of freshwater export to decline, partially compensating for the increase in wind-driven
flow. Nevertheless, the more pronounced variability seen over the following decade is common to both the
simulations employing the observationally based, interannually varying JRA-25 forcing and those using the
CORE-II climatology. This indicates that winds are not the primary cause of the variability and that we must
again look elsewhere for an explanation.

As we showed in section 3.3, enhanced export of freshwater through the Fram Strait in the positive precip-
itation experiment between years 19 and 23 was accompanied by the appearance of a region of enhanced
Hy, just upstream of the strait. This leads us to consider a final hypothesis for the cause of the second order
form of the V} responses, which is suggestive of a secondary time scale: That it is due to the advection of
salinity anomalies from source regions to the borders of the Arctic, where they lead to variability in fresh-
water export. Some further insight may be gained by inspection of the evolving spatial variability in AVp.
Figure 7 shows time mean AV} for the first and last decades of the JRA-25-forced simulations. Pemberton
and Nilsson (2016) noted both the profound effect on freshwater height north of the CAA and Greenland,
and the changes in the circulation and location of the Beaufort Gyre, that perturbation of freshwater input
could generate. We observe from Figure 7 that these effects arise with differing time scales.

In the early stages of the runoff simulations (Figures 7a and 7c), we see an increase and decrease in fresh-
water height in response to increasing and decreasing runoff, respectively, that are largely confined to the
Siberian shelves where the bulk of the freshwater input occurs; later in the simulations (Figures 7e and 7g),
a salinity signal is seen to spread along the main advection pathways. Marshall et al. (2017) had observed
that the FWC of the Beaufort Gyre is insensitive to an increase in river runoff, even when it is 3 times the
size of the largest we have introduced here. They inferred that most of the extra freshwater, rather than being
accumulated in the Gyre, is transported via the Transpolar Drift to the Fram and Canadian straits. Our sim-
ulation shows that ultimately much of the increase in freshwater height is seen upstream of these straits,
supporting the conclusion of Marshall et al. (2017). In contrast, in computing the CRF for the FWC of the
Arctic basin as a whole, we find that sufficient freshwater is retained in other areas of the Arctic Ocean not
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Figure 7. Anomaly in freshwater height for simulations involving increases and decreases of river runoff and precipitation of 30%. (a) to (d) show time means
for the first 10 years; (e) to (h) show time means for the last 10 years (colormap from cmocean, Thyng et al., 2016).

subject to large variability in storage conditions to show exponential relaxation toward a new, elevated level
of FWC.

This finding has implications for predictions of the effect on freshwater storage of future changes to wind
patterns, both those driving Ekman pumping in the Beaufort Gyre region and those in the vicinity of the
Arctic straits which control the local currents exporting freshwater from the Arctic. Increasing freshwater
input is expected to change the distribution of the freshwater pool on which those winds will act, shifting
freshwater away from the Gyre and toward the main export straits.

The largest future change projected for the Arctic Ocean freshwater budget is reduced sea ice export (Holland
et al., 2007). Although we have not perturbed sea ice formation directly in the current simulations, we note
that observed reduction in new ice formation has a large signal over the Siberian shelf (Comiso, 2012). We
would expect, therefore, that the footprint of the response of liquid freshwater to declining sea ice formation
will be similar to that of river runoff.

In the precipitation simulations, anomalies in freshwater height are seen in the early years in the Barents
and Kara seas where precipitation is the highest and the perturbations thus have the greatest magnitude;
however, more pronounced changes are apparent across much of the Canada Basin and the region to the
north of Greenland, areas where less precipitation occurs but sea ice tends to be the thickest. The rapid
appearance of anomalies in this area contrasts with the runoff experiments, where the early response was
limited to the freshwater source regions. The pattern of the precipitation response accords with Pemberton
and Nilsson (2016), who found that a decrease in precipitation ultimately leads to an increase in sea ice
thickness north of Greenland. As the salinity anomalies accumulating in these regions due to interactions
with sea ice are advected through the various export straits just to the south, they would be expected to lead
to the variability in freshwater exports visible in Figure 6. They can thus explain several of the features seen
in the CRFs, including the slight decline in AV} after 10-15 years in Figure 4c and the more pronounced
declines in the latter part of the simulation period.
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A further potential source of complexity in the response is the time scale associated with alteration of the
major Arctic circulation pathways. Pemberton and Nilsson (2016) found that increasing freshwater input
leads to a decrease in the strength of the Beaufort Gyre circulation and a shift in export from the CAA to
the Fram Strait; Figure 7 shows that indications of these changes in the form of altered freshwater storage
in the region of the Gyre are apparent only in the later years of the simulations.

5. Conclusions

We have investigated the transient response of FWC in the Arctic Ocean to changing freshwater input, com-
paring the effects of perturbation of river runoff and precipitation. We offer a CRF for river runoff, which
takes the form of a simple exponential relaxation with a time scale of approximately 10 years. This agrees
with the predictions of a simple two-layer conceptual model for rotationally controlled export of freshwater.
Although to first order sharing the exponential form of the runoff response, the response to changing pre-
cipitation shows additional complexity consistent with a secondary time scale. We suggest that this is due
in part to the greater importance of ocean-ice interactions in the precipitation case; these give rise to local-
ized salinity anomalies which cause variability in freshwater exports when they are advected through the
straits at the boundaries of the Arctic. Regardless of the source of freshwater input, the response is largely
independent of the wind-forcing regime over the Arctic Ocean.

Our results suggest that the fate of enhanced freshwater input to the Arctic and the proportion of extra
freshwater stored within the Arctic rather than being discharged immediately to the subpolar seas depend
on the mode and footprint of this input. Although river runoff is projected to contribute a greater share of
future increases in freshwater input than is precipitation, we find that runoff produces a simpler transient
response in terms of storage and export of freshwater. In the case of precipitation, a greater proportion of
the supplied freshwater enters regions of the Arctic where interactions between the freshwater anomalies
and the sea ice and the mean circulation are more complicated. As a result, the transient response of the
freshwater storage to changes in precipitation is more complex than that related to changes in runoff. Such
is the importance of nonlinear interactions between the ocean and sea ice in the precipitation response that
accurate projections of the effect of future increases in precipitation will require models that can capture
ice-ocean interactions well.
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