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ABSTRACT: The impact of increasing Greenland freshwater discharge on the subpolar North Atlantic (SPNA) remains

unknown as there are uncertainties associated with the time scales of the Greenland freshwater anomaly (GFWA) in the

SPNA. Results from numerical simulations tracking GFWA and an analytical approach are employed to estimate the

response time, suggesting that a decadal time scale (13 years) is required for the SPNA to adjust for increasing GFWA.

Analytical solutions obtained for a long-lasting increase of freshwater discharge show a non-steady-state response of the

SPNA with increasing content of the GFWA. In contrast, solutions for a short-lived pulse of freshwater demonstrate

different responses of the SPNA with a rapid increase of freshwater in the domain followed by an exponential decay after

the pulse has passed. The derived theoretical relation between time scales shows that residence time scales are time de-

pendent for a non-steady-state case and asymptote the response time scale with time. The residence time of the GFWA

deduced from Lagrangian experiments is close to and smaller than the response time, in agreement with the theory. The

Lagrangian analysis shows dependence of the residence time on the entrance route of the GFWA and on the depth. The

fraction of theGFWAexported throughDavis Strait has limited impact on the interior basins, whereas the fraction entering

the SPNA from the southwest Greenland shelf spreads into the interior regions. In both cases, the residence time of the

GFWA increases with depth demonstrating long persistence of the freshwater anomaly in the subsurface layers.
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1. Introduction

The subpolar North Atlantic (SPNA) is a key region for

the Atlantic Ocean meridional circulation (AMOC) that

plays important role in shaping regional and global climate

(Stouffer et al. 2006; Trenberth and Fasullo 2017; Lozier

et al. 2019). Therefore, the impact of accelerating Greenland

Ice Sheet melting on the SPNA and AMOC has gained

considerable attention (e.g., Bakker et al. 2016; Böning et al.
2016; Castelao et al. 2019). However, the extent and time

scales of the SPNA response to the Greenland freshwater

flux anomalies as well as the residence time of the Greenland

freshwater are still unclear. This is particularly important for

understanding the time-integrated effect of accelerated

Greenland melting for the SPNA and global thermohaline

circulation.

The SPNA encompasses the Labrador Sea, the Irminger

Sea, and the Iceland Basin (Fig. 1a) dynamically linked

by a large-scale cyclonic circulation formed by the North

Atlantic Current and boundary currents (Fig. 1b). The

boundary currents are the primary pathways of freshwater

that convey low-salinity water from the Arctic Ocean and

freshwater discharge from the Greenland Ice Sheet to the

SPNA (e.g., Carmack et al. 2015; de Steur et al. 2018;

Foukal et al. 2020). Since the 1960s, several negative salin-

ity anomalies have propagated across the SPNA, impacting

thermohaline fields and convective processes in the region

(Gelderloos et al. 2012; Yashayaev et al. 2015). The most

remarkable of these events was the Great Salinity Anomaly

(GSA) of the 1970s (Dickson et al. 1988), followed by two

other freshening events in the 1980s and 1990s (Belkin et al.

1998; Belkin 2004).

Greenland freshwater discharge (hereafter simply Greenland

discharge) was relatively steady from the 1950s until the early

1990s with an annual mean freshwater flux around 800–

900 km3 yr21. In the early 1990s, the discharge started in-

creasing (Bamber et al. 2012, 2018). Integrated over the time

period from 1993 to 2016, surplus Greenland discharge from

the Greenland Ice Sheet resulted in more than 5000 km3 of

freshwater anomaly [Greenland freshwater anomaly (GFWA)].

It is not known yet how the GFWA has impacted the SPNA. A

strong freshening observed in the SPNA in the 2010s (Tesdal

et al. 2018; Dukhovskoy et al. 2019; Holliday et al. 2020) could

be a manifestation of the GFWA; however, the relationship

between the freshening and the Greenland discharge is unclear.

No other direct evidence of the GFWA has been found in hy-

drographic observations in the interior SPNA.Why is the impact

of the GFWA on the SPNA not apparent unlike the GSA-type

freshening events?

There are substantial differences between the GFWA and

the decadal freshening events observed in the SPNA in

terms of the time scales and the rate of freshwater influx.

The previous freshening events originated from pulses of

freshwater advected from the Arctic Ocean (Curry and

Mauritzen 2005) whereas the GFWA, distributed over the
Corresponding author: Dmitry Dukhovskoy, ddukhovskoy@

fsu.edu

15 NOVEMBER 2021 DUKHOVSKOY ET AL . 8971

DOI: 10.1175/JCLI-D-20-0610.1

� 2021 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).

Brought to you by MBL/WHOI Library | Unauthenticated | Downloaded 06/03/22 05:01 PM UTC

mailto:ddukhovskoy@fsu.edu
mailto:ddukhovskoy@fsu.edu
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses


extended Greenland coast, has been slowly (on average

200–300 km3 yr21) released to the ocean since the early

1990s. The response of the SPNA to an abrupt release of

freshwater (like the GSA) will likely be distinctly different

from the response to a gradual release of surplus freshwater

from Greenland. Hence, the question arises: How does the

response of the SPNA to the GFWA differ from the re-

sponse to the pulses of freshwater during the GSA-type

events?

Given the relatively steady Greenland discharge before the

1990s, one can assume that the inflow, outflow, and volume of

Greenland freshwater in the SPNA are in equilibrium for that

period. Once the Greenland freshwater flux into the SPNA

started to increase, that equilibrium was disturbed, and the

system had to adjust. The time over which the system adjusts is

characterized by a response time scale [see examples in Rodhe

(1992) and Stouffer (2004)]. For the Greenland freshwater case,

the response time scale will be the time over which the SPNA

adjusts to the changing Greenland discharge and approaches an

equilibrium between the inflow, outflow, and volume of the

GFWA in the domain.

The response time scale of the SPNA is related to the resi-

dence time scales of the GFWA in the region. For a steady-state

case and for systems that can be described as the first-order

dynamical system the response time scale equals the residence

times (Schwartz 1979; Bolin and Rodhe 1973). For a non-steady

case, the relation between the residence time and response time

scales is more complex.

The present study investigates the time scale over which the

SPNA responds to the GFWA and residence time of the

GFWA in the region. The response time scale of the SPNA to

the GFWA is derived by employing a first-order dynamical

system approximating a process of freshwater accumulation

and release in the domain. The GFWA residence time scales

are deduced from Lagrangian particle tracking using velocity

fields from numerical experiments with passive tracer tracking

of the GFWA introduced in Dukhovskoy et al. (2019).

In the following section, definitions and methodology are

described, including the numerical passive tracer experiments,

the dynamical system, and Lagrangian experiments. Response

and residence time scales are derived in section 3. Section 4 in-

vestigates the relation between the response time and residence

FIG. 1. Study domain. (a) The study domain includes the subpolar North Atlantic (bounded by the contour with orange segments

indicating openings). The isobath contours are drawn every 1000m up to the 1000-m isobath (dark gray) and the 500-m isobath. The blue

arrows and numbers indicate annual mean fluxes of the GFWA through the straits and from the Greenland Ice Sheet (km3 yr21). The

oceanic transports of the GFWA through the Davis and Denmark Straits are estimated from the HYCOM model experiments with

passive tracers trackingGFWA(Dukhovskoy et al. 2019). ForGreenland, themean annual freshwater fluxes (gray numbers) over 1958–92

and anomalies (blue) for 1993–2016 [deduced from the Greenland runoff dataset of Bamber et al. (2018)] are integrated for four regions

(bounded by the blue lines). The light blue shaded areas over the eastern and northern Labrador shelves designate release locations of

Lagrangian particles discussed in section 3a(1). The red lines on the south Greenland shelf designate locations of the sections shown in

Fig. 5. (b) The blue arrows show mean circulation in the SPNA. Mean volume transports and their standard errors (Sv) derived from the

HYCOM simulation are given for every opening along the SPNA boundary (the transports from the HYCOM simulation and from

observations are summarized in Table 1).
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time scales. Section 5 discusses the response of the SPNA to a

pulse of freshwater. The last two sections summarize and discuss

the results.

2. Definitions and methodology

a. Greenland freshwater anomaly

Estimates of Greenland discharge (1958–2016) are de-

rived from a gridded product of Bamber et al. (2018).

Annual Greenland discharge can be expressed as the sum

of a mean discharge (FG) and an anomaly (F 0
G) (Figs. 2a

and 2b):

F
G
(t)5F

G
1F 0

G(t) . (1)

The mean Greenland discharge and its standard error are

computed for the 1958–1992 period and are 8186 13 km3 yr21.

The Greenland discharge anomaly F 0
G was increasing during

1993–2016 period (Fig. 2b), releasing on average 2096 30 km3

FIG. 2. Greenland freshwatermean and anomaly fluxes. (a)Annual totalGreenland freshwater

discharge (km3 yr21) derived from the monthly gridded product of Bamber et al. (2018). The

horizontal solid line is the mean flux over 1958–93 (FG 5 818:3 km3 yr21) used as a reference for

calculating theGFWA. (b)AnnualGreenland freshwater flux anomaly (F 0
G). The gray solid curve

is the fraction of the Greenland freshwater flux anomaly advected to the SPNA [section 2b(3)].

The dashed lines are corresponding linear trends. Time t is the number of years since 1993.

(c) Time integration of the Greenland freshwater flux anomalies yields the GFWA. The diagram

shows time series of the GFWA and its components (solid discharge, tundra runoff, and melt-

water). The numbers indicate the fraction of meltwater in the GFWA. (d) Time series of the

volume of the GFWA accumulated in the SPNA ( ~VGr) estimated from the HYCOM tracer

numerical experiments (red; right vertical axis). The blue line shows the annual mean GFWA

outflow (negated to ease the comparison with ~VGr) from the SPNA derived from the HYCOM

model simulation. The light blue line indicates the GFWA outflow (also negated) approximated

by a linear regression. Estimates of the regression coefficients and their 95% confidence intervals

(CIs) are listed in the diagram. Note that a0 is insignificantly different from 0.
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of additional freshwater per year. The increasing discharge can

be approximated by a linear trend

F 0
G(t)’ F̂ 0

G(t)5F
0
1pt , (2)

where t is time (years since 1993), F0 5 21.8 km3 yr21, and the

rate of change (increase) of the Greenland discharge p 5
15.9 km3 yr22 (the 95% CI for p is [9.1, 21.3]; CI is confidence

interval), which is similar to the estimate (16.9 km3 yr22) used

by Böning et al. (2016).

The GFWA is defined as the time-integrated Greenland

discharge anomaly from time t0 to t (Fig. 2c)

V
GFWA

(t)5

ð t
t0

F 0
G(~t) d~t . (3)

In this study, the GFWA combines all components of the

Greenland freshwater flux (Fig. 2c). However, the increase in

ice sheet meltwater discharge has dominated the contributions

from the solid and tundra runoff discharges since 1994 [;65%

every year since 2000; Fig. 2c; note that a higher estimate of

84% since 2009 is reported in Enderlin et al. (2014)]. Integrated

over the time period 1993–2016, the GFWA is 50076 390 km3.

b. Numerical experiments with Greenland passive tracers

1) DESCRIPTION OF THE HYCOM EXPERIMENTS

This study utilizes results from numerical experiments con-

ductedwithin the Forum forArcticModeling andObservational

Synthesis project (FAMOS; Proshutinsky et al. 2016). The

analysis is based on tracer experiments performed with a cou-

pled 0.088 Arctic Ocean Hybrid Coordinate Ocean Model

(HYCOM) (Bleck 2002; Chassignet et al. 2003, 2006) and Los

Alamos National Laboratory Sea Ice Code (CICE) version 4

(Hunke and Lipscomb 2010) (hereinafter referred to simply as

HYCOM) configured for the North Atlantic, North Pacific, and

Arctic Ocean and described in Dukhovskoy et al. (2019, here-

inafter D2019). The HYCOM has a spatial resolution of

;4.5 km in the study region. In these numerical experiments, the

propagation and accumulation of the GFWA was tracked by a

passive tracer that was continuously released along the coast of

Greenland at the freshwater sources. Locations and discharge

rates of theGreenland freshwater sources were derived from the

gridded product of Bamber et al. (2018). Simulated fields of

tracer concentration were converted to concentrations of the

GFWA in every grid cell of the computational domain (ap-

pendixA inD2019) to calculate the volume and transports of the

freshwater anomaly in the SPNA.

Shown in Fig. 2d (red curve) is the HYCOM-based estimate

of the GFWA retained in the SPNA at time t [ ~VGR(t)] with the

anomaly prescribed using the dataset of Bamber et al. (2018). By

the end of 2016, 2240km3 (;45%) of the GFWA were accu-

mulated in the SPNA. This estimatewill be used in the following

analysis for the derivation of the time scales (section 3a).

2) SIMULATED AND OBSERVED VOLUME TRANSPORTS

AND SURFACE CURRENTS

The HYCOM simulation shows a good agreement with ob-

servations in terms of ocean volume transports (Fig. 1b, Table 1)

and surface circulation (Fig. 3). Time-average surface currents

from HYCOM are compared against mean (2000–19) surface

currents derived from trajectories of satellite-tracked surface

drifting buoys (drifters) deployed within the NOAA Global

Drifter Program. The trajectories were obtained from delayed-

mode hourly data and real-time variable time-step data. The

drifter data were temporally interpolated into 15-min time in-

tervals, binned into hourly bins, and low-pass filtered to remove

tidal and inertial oscillations. Then, the surface velocities were

binned into a 0.58 grid. The simulated mesoscale surface circu-

lation has close resemblance to the drifter-derived surface cur-

rents with well-defined large-scale cyclonic circulation in the

SPNA, recirculation gyres, and strong eastward flow from the

southern Labrador Sea. The magnitudes of the surface currents

from the model and drifter-based estimates have alike positive-

skewed distributions with similar statistics (Fig. 3).

3) FLUXES AND VERTICAL DISTRIBUTION OF THE

GREENLAND FRESHWATER ANOMALY

The Greenland discharge flows into the Arctic Ocean and

North Atlantic seas. Currents on the east Greenland shelf

form a continuous pathway for Greenland freshwater (Fig. 1b),

TABLE 1. Mean volume fluxes (Sv) through sections and straits bounding the SPNA. Period of observations is in parentheses. Positive

values represent a net flux into the SPNA

Observation-based estimates HYCOM-CICE

Davis Strait (DvS) 1.6 6 0.5a (2004–10) 1.6 6 0.2

Denmark Strait (DS) 4.3 6 0.2b (1994–2015) 5.1 6 0.2

Iceland–Faroe (IF) 23.4 6 0.6b (1993–2015) 22.7 6 0.2

Faroe-Shetland (FS) 20.5 6 0.6b (2006–13) 22.3 6 0.1

Shetland–Scotland (SS) Combined SS and EC: 20.6 6 0.6b

(1993–2015)

20.5 6 0.06

English Channel (EC) 20.1 6 0.02

North Atlantic (NA) 21.2 6 0.1

Strait of Belle Isle (SBI) 20.13c (Jul–Oct 1980) 20.01 6 0.02

Hudson Strait (HS) 0.11 6 0.24d (Aug–Oct 1982) 0.04 6 0.02

a Curry et al. (2014).
bØsterhus et al. (2019).
c Petrie et al. (1988).
d Drinkwater (1988).
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transporting it to the southwest Greenland shelf (Foukal et al.

2020). Advection of theGFWA fraction from the east shelf and

local discharge results in high concentration of the GFWA on

the southwest shelf [similar to Luo et al. (2016)] (Fig. 4), the

region where the main outflow of the GFWA from the shelf

occurs (Myers et al. 2009; D2019; Schulze Chretien and Frajka-

Williams 2018). The boundary currents west of Greenland flow

northward, carrying GFWA into Baffin Bay where the GFWA

follows the large-scale cyclonic circulation and travels back

toward Davis Strait after merging with the southward flowing

Baffin Island Current. Here we quantify what proportion of the

GFWA enters the SPNA using fluxes computed from the

passive tracer fields in the HYCOM experiments of D2019.

There is a direct influx of the GFWA into the SPNA from the

southern sector of Greenland and an indirect influx with the

ocean boundary currents through the Davis and Denmark

Straits (Fig. 1a). The direct flux of the GFWA into the SPNA

averaged over 1993–2016 is around 70 6 1.1 km3 yr21 (33%).

The contribution of the Arctic Ocean sector to the surplus

Greenland discharge is;206 0.3 km3 yr21 (9.5%). The surplus

discharge on the eastern shelf of Greenland is 466 0.7 km3 yr21

(22%). On the east shelf, Greenland freshwater quickly propa-

gates southward carried by the East Greenland Current and

passes through Denmark Strait within a few months. The

estimated net transport of the GFWA through Denmark

Strait is 32 6 4 km3 yr21. The average surplus Greenland

discharge into Baffin Bay is 73 6 1.1 km3 yr21 (35%). The

model-based estimate of the GFWA net flux through Davis

Strait is 656 20 km3 yr21. Thus, the modeled combined direct

and indirect fluxes of the GFWA into the SPNA is

167 km3 yr21 (;0.8 F 0
G).

There is a notable discrepancy in vertical distribution of the

GFWA in the Davis and Denmark Straits (Figs. 5a and 5b). In

the central Davis Strait, the GFWA spreads down to 500–600m.

Therefore, the inflowing GFWA from Baffin Bay carried by the

Baffin Island Current is mixed over the upper 500–600m. In

Denmark Strait, the GFWA is less mixed in the water column

and ismostly confined to the top 200m. The anomaly propagates

southward with the East Greenland Coastal Current.

On its way to the southwest Greenland shelf, freshwater

undergoes intense vertical mixing (Figs. 5c–f) driven by strong

downwelling-favorable winds that dominate the southeast

Greenland shelf (D2019). This result concurs with observa-

tional studies suggesting strong wind-driven vertical mixing of

freshwater on the southeast Greenland shelf. Sutherland and

Pickart (2008) found that the front of the East Greenland

Coastal Current deepened and narrowed during downwelling

winds. Håvik and Våge (2018) analyzed data from a mooring

array deployed north of Denmark Strait on the Greenland

shelf slope during 2011–12. In the time series of potential

FIG. 3. Long-term mean surface currents, histograms, and statistics of the surface speed in the SPNA from surface

drifters (a) and HYCOM (b). Time averaging period is 2000–19.
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density at 550m, the authors detected pulses of negative den-

sity anomalies that were related to the downwelling-favorable

winds that enhanced vertical mixing of lighter water masses on

the shelf.

3. Derivation of the time scales

a. Response time scale

1) ANALYTICAL MODEL

A simple approach can be used to estimate the response time

of a system or the residence time of some quantity in a control

volume whose mass changes in time as a function of input,

output, and sink–source functions (e.g., Miller and McPherson

1991; Schlosser et al. 1994). The SPNA can be considered as a

control volume with a source (inflow of the GFWA) and a sink

(outflow of the GFWA) along the boundaries (the contour line

in Fig. 1). It is further assumed that the export of the GFWA is

proportional to the volume of the GFWA in the SPNA (a first-

order approximation). This approximation is valid for our

considered case as demonstrated by Fig. 2d. The diagram

shows a strong relation between the outflow of the GFWA

[negated,2Vout(t)] and the volume of the GFWA in the SPNA

derived from the HYCOM experiments ( ~VGR). The light-blue

line depicts export of the GFWA out of the SPNA approxi-

mated with a simple linear relation:

2V
out

(t)’a
0
1k* ~V

GR
(t) . (4)

Note that the coefficient a0 is not significantly different from 0.

Therefore, it is still accurate to approximate the export as

2Vout(t)’ k* ~VGR(t); that is, the export is proportional to the

volume of the GFWA in the SPNA (the light blue curve

in Fig. 2d).

The following first-order autonomous dynamical system

is used to describe time-evolving changes in the system

caused by a change in external conditions (e.g., Skogestad 2009;

Teschl 2012):

dV(t)

dt
1kV(t)2F(t)5 0, (5)

V(t
0
)5V

0
, (6)

where V(t) is dependent variable (volume of freshwater

anomaly in the domain at time t), t0 is initial time, and k 5
t21, where t is the response time scale that needs to be es-

timated for the SPNA. In some studies, coefficient k is re-

ferred to as the removal coefficient as it characterizes the

rate of removal of material from the domain (e.g., Schwartz

1979). For a steady-state case, k determines how fast the

system approaches the new steady state. The model [Eq. (5)]

with initial condition [Eq. (6)] describes the change in

freshwater volume of the SPNA caused by accumulated

GFWA [V(t)].

2) RESPONSE TIME SCALE FROM THE

ANALYTICAL MODEL

The general solution of [Eq. (5)] with the initial condition [Eq.

(6)] is determined by the forcing function F(t). Forcing repre-

sented with a Heaviside step function, results in a steady-state

solution. Here,F(t) is a linearly increasing function given by [Eq.

(2)] resulting in a non-steady-state solution. The forcing function

approximates the fraction of the surplus Greenland discharge

that corresponds to the 1993–2016 value (section 2a), fluxed into

the SPNA.

Following the analysis in section 2b(3), a fraction (0.8) of

the Greenland discharge anomaly advected to the SPNA is

considered (gray curve in Fig. 2b). In this case, regression

parameters [Eq. (2)] are F0 5 17.44 km3 yr21 and the rate of

change of the Greenland discharge p 5 12.15 km3 yr22 (the

95% CI for p is [7.3, 17.0]). The general solution of [Eq. (5)]

with F(t)5 F̂ 0
G(t) given by [Eq. (2)] and with the initial con-

dition [Eq. (6)] is

V(t)5
F
0

k
1

p

k2
(kt2 1)1

�
V

0
1

p

k2
2
F
0

k

�
e2kt . (7)

The solution [Eq. (7)] shows that the GFWA volume accumu-

lated in the SPNA does not reach a steady state but continues to

grow, driven by the linearly increasing Greenland discharge.

Equation (7) is solved iteratively for k with V5 ~VGR(t5 24) 5
2240km3 (Fig. 2d). The derived estimate is k’ 1/13 yr21 and the

time scale t is ;13 years (Fig. 6).

Alternatively, the response time scale t can be deduced

directly from the export of the GFWA out of the SPNA

(Vout) using the assumption 2Vout(t) 5 kV(t), as discussed

in section 3a(1). Following this approach, k is 0.0739

FIG. 4. Mean (2000–16) GFWA concentration in the upper 50m

on the Greenland shelf onshore of the 800-m isobath (the offshore

concentration field is masked out) from the HYCOM simula-

tion (D2019).
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(Fig. 2d), which corresponds to t ’ 13.5 years (the 95% CI

is [12.1, 15.4]). The estimate agrees well with the estimate

t ’ 13 years derived by iteration of the analytical solution

[Eq. (7)], demonstrating that both approaches provide

similar response time scales for the SPNA.

b. Residence time scales

1) EXPERIMENTS WITH LAGRANGIAN PARTICLES

The residence time scale of the GFWA is evaluated by

performing Lagrangian experiments using velocity fields

from the HYCOM experiment (D2019) extended for 3

years to cover a longer time period. The GFWA is dis-

cretized with 3600 Lagrangian particles that are randomly

seeded on the southwest Greenland shelf and northern

Labrador Sea shelf (the light-blue shaded areas in Fig. 1a)

and advected by the daily mean HYCOM velocity fields

using explicit four-stage Runge–Kutta method with a 2-day

time stepping. Release sites shown in Fig. 1a represent two

major entrance locations of the GFWA into the SPNA.

The one on the northern Labrador Sea shelf represents the

fraction of the GFWA exported from Baffin Bay. The other

location on the southwest Greenland shelf corresponds to

the region of high concentration of the GFWA (Fig. 4).

Most of the Greenland freshwater (.80%; D2019) leaves the

shelf at this location (Schulze Chretien and Frajka-Williams 2018;

Castelao et al. 2019).

The HYCOM experiments with passive tracers showed

vertical mixing of the GFWA on the Greenland shelf and

offshore (Fig. 5). Observational studies also provide evidence

of vertical mixing of the Greenland freshwater on the shelf and

FIG. 5. Concentration of theGFWA from theHYCOMsimulationwith passive tracers in the last model year (2016).

The concentration is given in m3 of the GFWA in 1m3 of seawater (1 3 1023m3 5 1L). Vertical distribution of the

GFWAin the (a)Davis and (b)DenmarkStraits and along sections on the (c),(e)western and (d),(f) easternGreenland

shelf. The sections are shown in Fig. 1a. Note the different depth ranges. Major currents are listed in the figures (NIJ5
North Iceland Jet; WGSC 5 West Greenland Shelf Current; the other notations are given in Fig. 1b).

FIG. 6. Solutions for [Eq. (5)] with V0 5 0 showing progress of

GFWA accumulation in the SPNA for the linearly increasing

discharge rate anomaly [Eq. (2)] for different k. The forcing is

shown in the bottom subpanel. The dashed line is the GFWA by

the end of 2016 (5006 km3). The black solid line is the fraction of

the GFWA in the SPNA by the end of 2016 estimated from the

HYCOM tracer experiments (the red line in Fig. 2d). The curve

with k 5 1/13 yr21 intersecting the black solid line at 2016 is the

solution to the problem.
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interior Labrador and Irminger Seas. For example, helium and

neon profiles in the SPNA revealed the highest concentration

of Greenland glacial water in the upper 400m (Rhein et al.

2018). In the layers below 400m, the glacial water was homo-

genously distributed over the water column down to 2000m.

To track propagation of the GFWA at different depths,

the particles are seeded by four groups in different model

layers from the near-surface (group 1) to deeper layers

(groups 2–4) at each release location. Average depths and

other characteristics of the HYCOM layers in the deep

ocean for each group are listed in Table 2. Note that the

shown depths do not represent the release depths of the

particles over the shelf (which are shallower) but rather

the average depth at which the particles are advected in

the deep ocean.

2) RESIDENCE TIME SCALE FROM THE LAGRANGIAN

EXPERIMENTS

The residence time (tr) of a water mass or a set of water

parcels in a control volumeV can be defined in terms of three

time quantities (Bolin and Rodhe 1973): the turnover time

(tto), mean age (tma), and mean transit (tmt) time. Turnover

time is the ratio of the volume of the water mass (here,

GFWA) to the inflow rate or outflow rate. Mean age is the

average age of parcels in V. Mean transit time is the average

age of water parcels leaving V. The residence time of the

GFWA is obtained from the statistics of the Lagrangian

particles. The section starts with the description of pathways

of the GFWA derived from the Lagrangian experiments

followed by analysis of the residence times.

There are several common features in the pathways of the

Lagrangian particles released on the southwest Greenland shelf

and on the northern Labrador Sea shelf (Figs. 7 and 8). First,

the particles from all groups start moving cyclonically along the

Labrador Sea shelf carried by the Labrador Current (over the

shelf) and the shelf-break branchof theWestGreenlandCurrent

toward Newfoundland. At the Great Banks of Newfoundland,

some fraction of the particles continues northeast with the North

Atlantic Current. On their way, the particles leave the shelf,

spreading into the interior SPNA.

Second, there is a depth dependence of the particles’

pathways. During the first year, particles in the deeper layers

from groups 3 and 4 (advected at 150 and 450m) travel

along the Labrador Sea continental shelf slope following the

f/h contours. The particles from these groups have higher

occurrence probability in the deep southwest Labrador Sea

and in the central and eastern interior SPNA (Fig. 9). By

contrast, the particles in the near-surface layer (group 1) stay

more onshore (Figs. 7a and 7e). Both for the Labrador shelf

and Greenland shelf release locations, particles in the near-

surface layer have more frequent presence on the shelves

especially near Newfoundland (Fig. 9).

Third, about half of the particles advected in the upper 50m

(group 1) leave the SPNA during the first 1–3 years, whereas

the particles from the other groups leave the domain at a no-

tably slower rate (4–11 years), especially those advected at

450m (Fig. 8).

Last, after ;10 years, the presence of the particles on the

shelf is notably reduced. By that time, the particles retained in

the domain are predominantly in the interior SPNA inside the

1000-m isobath (Fig. 8).

The main difference between the Greenland shelf particles

and the Labrador Sea shelf particles is their presence in the

interior SPNA and on the western Labrador Sea shelf. During

the first year, the Labrador shelf particles from depth groups 1–

3 travel predominantly inshore advected by the Labrador

Current and by the end of the year the particles are concen-

trated over the western Labrador Sea shelf and continental

slope (Figs. 7e–g and 9e–g), whereas the Greenland shelf

particles from the same groups stay offshore, carried by the

shelf-break brunch of the West Greenland Current (Figs. 7a–c

and 9a–c). The Greenland shelf particles are more dispersed

over the interior Labrador Sea.

Next, after reaching the Grand Banks of Newfoundland,

;35% of the Labrador shelf particles in the near-surface layer

(group 1) continue south with the Labrador Current leaving

the SPNA. By contrast, a smaller fraction of the Greenland

shelf particles (,20%) leaves the SPNA. The experiments

show that the number of particles from the northern Labrador

Sea shelf in the interior SPNA is substantially lower than the

number of Greenland shelf particles during all years at all

depths (Figs. 8 and 9). Finally, the northern Labrador Sea shelf

particles from group 4 (;450m) follow the continental slope of

the western Labrador Sea shelf and spread into the southern

Labrador Sea (Figs. 7h and 9h). Conversely, the Greenland

shelf particles spread over the whole interior Labrador Sea

basin (Figs. 7d and 9d).

Derived distributions of the age of the particles (tage) pro-

vide estimates for the residence time scale of the GFWA in the

SPNA, suggesting two main conclusions. First, the residence

TABLE 2. Characteristics of the HYCOM layers used for the Lagrangian experiments. The depths of the HYCOM layers are average

values over the SPNA deeper than 500m.

HYCOM characteristics

Depth groups of Lagrangian particles

Group 1 Group 2 Group 2 Group 4

Layer number 10 15 23 29

Target densities, s2000 (kg m23) 26.00 30.65 35.20 36.52

Mean layer depth (m) 48 88 153 480

Mean depth of the top layer interface (m) 44 84 149 434

Meandepth of thebottom layer interface (m) 52 92 159 528

8978 JOURNAL OF CL IMATE VOLUME 34

Brought to you by MBL/WHOI Library | Unauthenticated | Downloaded 06/03/22 05:01 PM UTC



time of the GFWA fluxed from Baffin Bay is shorter than that

of the GFWA from the southwest Greenland shelf, especially

for the depth groups 1 and 2 advected in the upper layers

(Figs. 10a and 10b). This is apparent from the differences in the

cumulative distribution functions and exceedance of the par-

ticles’ age (tage). For example, the 0.8 probability that tage # 1

corresponds to t 5 1 year for the Labrador shelf particles and

t 5 8 years for the Greenland shelf particles in the upper 50m

(Fig. 10a). The distributions of tage for particles at the deepest

layer (group 4) are closer for theGreenland and Labrador shelf

particles, but still distinctly different (Fig. 10d).

Second, the residence time is depth-dependent. The parti-

cles advected in the near-surface layer (50m) tend to leave the

SPNA during the first 1–3 years (Figs. 10a). The distributions

for groups 3 and 4 are flatter (Figs. 10c and 10d), indicating that

the particles in the deeper layers stay significantly longer in the

SPNA than the particles in the near-surface depths. The result

is more evident in the boxplot diagrams of the particles’ ages

(Fig. 11a). For both release locations, there is an obvious in-

crease of the particles’ age (and hence residence time) in the

SPNA with depth. Estimated mean ages (tma) for the particle

groups and the 95% CIs of the means show significantly (sta-

tistically) different mean ages both across the depth groups and

within the depth groups for different release locations

(Fig. 11b).

Therefore, the Lagrangian experiments suggest that residence

time of the GFWA in the SPNA depends on the entrance route

of the GFWA and depths at which the anomaly circulates in the

domain. For the GFWA fluxed into the SPNA from Baffin Bay,

the mean residence time increases from 1.2 years for 50-m cir-

culation depth to 10.1 years for 450m. For the GFWA entering

the SPNA via the southwest Greenland shelf, the mean resi-

dence time increases from 4.4 years (50m) to 13.3 years (450m).

4. Analysis

In the previous section, response (t) and residence (tr) time

scales for the GFWA have been derived. The two terms are

related but not necessarily identical, especially for a non-steady

case. This complicates direct comparison of the time scales. In

the following sections, an analytical relationship between the

time scales is derived and the time scales are compared.

a. Relation between time scales for a non-steady-state case

For a steady-state process that can be described as the first-

order dynamical system [section 3a(1)] the response time (t)

may be interpreted as any of the residence time scales (tto, tma,

or tmt) because all the residence times are equal to the k21

(Schwartz 1979; Bolin and Rodhe 1973). For the linearly in-

creasing discharge anomaly, the relationship between t and tr
is more complex because the solution is non–steady state.

The following relations are derived for our case based on

Schwartz (1979), who established a relationship among different

residence times for non-steady-state conditions. Schwartz in-

troduced the persistence function A(t, t0) to evaluate the time

scales and described it as the rate at whichmaterial is introduced

in the volume at time t0 remaining at time t. For our case, the

persistence function is

FIG. 7. Location of the Lagrangian particles by the end of the

first year. The red and blue shadings designate two release loca-

tions. (a)–(d) Particles released on the southwest Greenland shelf

for depth groups 1–4. (e)–(h) Particles released on the northern

Labrador Sea shelf for depth groups 1–4. Groups 1–4 (in rows)

depict particles released at different HYCOM vertical layers

(Table 2). The numbers indicate nominal depths for each group.

The shown depths are approximate depths of layers in the deep

(.800m) ocean where particles from each group circulate. Note

these depths do not represent the release depths on the shelves.

The red bounding line designates the SPNA domain. The gray

contours are isobaths drawn every 1000m. The dark gray contour

is the 1000-m isobath.

15 NOVEMBER 2021 DUKHOVSKOY ET AL . 8979

Brought to you by MBL/WHOI Library | Unauthenticated | Downloaded 06/03/22 05:01 PM UTC



FIG. 8. Particles’ positions at the end of selected years. Particles released on the southwest Greenland shelf (blue dots) and northern

Labrador Sea shelf (red dots) are shown together. The particles’ depth groups are in columns, the years are in rows. The red bounding line

designates the SPNA domain. The dark gray contour is the 1000-m isobath.
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A(t, t
0
)[F(t

0
)e2k(t2t0); (8)

that is, the flux of theGFWA introduced into the SPNAat time

t0 remaining at time t. The term F(t0)[ F̂ 0
G(t0)5F0 1pt0 is the

linearly increasing forcing function [Eq. (2)].

Following Schwartz (1979), the volume of the GFWA

present in the SPNA at time t is

V(t)5

ð t
0

F(t
0
)e2k(t2t0)dt

0
. (9)

It is straightforward to show that after integration [Eq. (9)]

becomes

V(t)5
F
0

k
1

p

k2
(kt2 1)1

�
p

k2
2
F
0

k

�
e2kt , (10)

which equals the analytical solution [Eq. (7)] obtained for the linear

increasing GFWA with initial condition V0 5 0, as expected.

For a non-steady-state case, the turnover time is not

uniquely defined because the inflow and outflow of the GFWA

are not equal. Hence, there are two possible definitions of tto
[Eqs. (11) and (12)] relating the amount of water mass present

in V at time t to the inflow and outflow rates, respectively:

t
(1)
to (t)5

V(t)

F(t)
, (11)

t
(2)
to (t)5

V(t)

kV(t)
5 k21 5 t . (12)

Note that, in general, the time scales are time-dependent and are

not identical. The second definition equals the response time scale

from the analytical solution. The turnover time scale t
(1)
to is shown

in Fig. 12 forV(t) given by [Eq. (7)] and k5 1/13 yr21 [derived for

theGFWAin section 3a(2)]. The time scale converges tok215 13

years, which is the response time scale. Therefore, for the ana-

lyzed system, the response time scale derived from the analytical

model [Eq. (5)] provides an estimate for the turnover time of the

GFWA fluxed into the SPNA at a linearly increasing rate.

For the dynamical system [Eq. (5)], the mean transit time is

equal to the mean age (Schwartz 1979), meaning that the av-

erage timeGFWA spends in the SPNA equals themean transit

time for the GFWA. The mean age of the GFWA present in

the domain for the non-steady solution is

t
ma
(t)5

1

V(t)

ðt
0

(t2 t
0
)F(t

0
)e2k(t2t0)dt

0
. (13)

Again, for a non-steady case, mean age is time dependent and

increases with time. As time progresses, the fraction of the

GFWA that is mixed into the deeper layers grows, increasing

tma, as predicted by [Eq. (13)]. It can be shown, however, that

lim
t/‘

tma(t)/ k21. From [Eq. (13)]

lim
t/‘

t
ma
(t)5 lim

t/‘

�
1

V(t)

ðt
0

(t2 t
0
)(F

0
1pt

0
)e2k(t2t0)dt

0

�
. (14)

After integration and noting that lim
t/‘

e2kt / 0, [Eq. (14)]

becomes

FIG. 9. Probability maps of observing a particle in a grid cell at any given day during the time of integration (1993–2019) for particles

released (top) on the southwest Greenland shelf and (bottom) on the northern Labrador Sea shelf. In columns are probabilities for the

particles advected at (a),(e) 50, (b),(f) 90, (c),(g) 150, and (d),(h) 450m. The colors designate the probabilities on a natural logarithmic

scale. Integrated over the model domain, the probability is 1. The bounding red contour denotes the SPNA region.
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lim
t/‘

t
ma
(t)5 lim

t/‘

�
1

V(t)k2

�
F
0
1pt2

p

k

�
2

p

k

� �	
. (15)

Using the analytical solution [Eq. (7)] for V(t) with V0 5 0 and

noting that

lim
t/‘

V(t)’ lim
t/‘

1

k

�
F
0
1 pt2

p

k

�
, (16)

the following is derived:

lim
t/‘

t
ma
(t)5 lim

t/‘

(
1

k2

�
1

k

�
F
0
1 pt2

p

k

��21

3
�
F
0
1pt2

p

k

�
2

p

k

� �)
/

1

k
. (17)

Therefore, the mean age converges to k21 5 13 yr as t/ ‘ as

shown in Fig. 12. Hence, the analytically derived response

time scale is an estimate for the limits of the mean age of the

GFWA for the non-steady-state solution as t/ ‘. For t� ‘,
tma(t), k21; that is, during the first several decades, the mean

age of the GFWA is smaller than the analytically derived

response time scale. For example, after 26 years the mean age

of the GFWA in the SPNA is around 7 years, according to

[Eq. (13)].

Increasing residence time scales (Fig. 12) are due to the re-

distribution of the GFWA in the water column by vertical

mixing. As freshwater is mixed downward (below 100–150m),

it enters the layers with longer residence times than the surface

layers, increasing the overall residence time of the GFWA in

the domain.

b. Comparison of the time scales from the analytical

solution and Lagrangian experiments

The time scales deduced from the Lagrangian experiments

characterize the residence time of the GFWAwithin the ocean

layers where they circulated, whereas the analytically derived

response time scale t describes accumulation of the GFWA

integrated over the whole depth. Therefore, the residence time

scales derived from the Lagrangian analysis need to be depth-

averaged for comparison with the response time scale and with

the theory in section 4a. Depth-averaged time scales of the

Labrador shelf particles and the Greenland shelf particles are

weighted proportionally to the fluxes of the GFWA through

Davis Strait and from the southwest Greenland Shelf (Fig. 1a),

that is,

t
ma

5 0:39 t(L)ma 1 0:61t(G)
ma , (18)

where tma is the depth-averaged mean age, and t(L)ma 5D21Ð 0

2D
t(L)ma (z)dz is depth-averaged mean age of the Labrador par-

ticles; similarly t(G)
ma is the depth-averaged mean age of the

Greenland shelf particles, and D is depth. The choice of the

lower limit of integration (D) depends on the vertical spreading

of the GFWA. Previous observational and modeling studies

suggest that traceable Greenland freshwater remains predomi-

nantly in the upper 1000m in the interior SPNA (e.g., Rhein

et al. 2018; Fig. 9 in D2019). The following estimates of the

depth-averagedmean age and their 95%CI (in the parentheses)

are derived: forD5 500m, tma 5 9:1 (8.5, 9.7) yr; forD5 800m,

tma 5 10:3 (9.6, 10.9) yr; forD5 1000m, tma 5 10:6 (9.9, 11.3) yr.

Therefore, depth-averaged mean age (9–11 years) is close to

t (13 years) and tma , t, as expected [Eq. (13)], yet slightly

bigger than theoretical tma after 26 years (;7 years). This

FIG. 10. Cumulative distribution functions and exceedance of a particle age for the particle groups advected at

(a) 50, (b) 90, (c) 150, and (d) 450m. The lines are the cumulative distribution functions (right axis) showing the

probability that the age or transit time of a particle is at most t years [P(tma # t)5
Ð t
2‘f (~t)d~t, where f(t) is the

probability density function]. The bar diagrams (left axis) show exceedance, i.e., the probability that the age or

transit time of a particle is at least t years [ ~P(tma $ t)5 12P(t)]. The scale is on the left axis. The colors designate

release locations of the Lagrangian particles.
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stems from the assumption that the GFWA is homogenously

mixed over D when depth averaging has been performed. In

reality, GFWA is nonuniformly distributed in the water col-

umn and the vertical distribution is space dependent. A more

accurate depth-dependent distribution of the Lagrangian par-

ticles would provide tma that is in a better agreement with the

theoretical value.

5. Response of the SPNA to a pulse of freshwater

To compare the SPNA response to a GSA-type freshening

event, an analytical solution is obtained for an abrupt pulse of

freshwater approximating large negative salinity anomalies

advected into the SPNA during the freshening events. We ar-

gue that the response of the SPNA to a pulse of freshwater can

be approximated using the same system [Eq. (5)], as long as the

anomaly is advected from external sources and is not produced

inside the SPNA. Here, the forcing function is represented as a

bump function

F(t)5F [u(t2 a)2u(t2 b)] , (19)

where u(t) is the Heaviside step function, so that t 5 a is time

when the forcing is abruptly turned on and t 5 b is time when

the forcing is turned off. Using Laplace transform of Eqs. (5)

and (19) and taking V0 5 0, the solution for Eq. (5) is found as

V(t)5
F

k
u(t2a)(12e2k(t2a))2 u(t2b)(12 e2k(t2b))
h i

. (20)

The width of the bump (Dt 5 b 2 a) represents the duration

of the freshwater pulse. In the limit (Dt/0), the forcing

becomes a delta function. Having analyzed historical hydro-

graphic data, Curry and Mauritzen (2005) concluded that the

GSA was associated with an additional freshwater export of

;2000 km3 yr21 from the Arctic Ocean for 5 years at the end of

the 1960s. Following Curry and Mauritzen (2005), Dt 5 5 and

F 5 2000 km3 yr21

The solution of the problem with the bump forcing

function (Fig. 13) is qualitatively different from the solution

for the linearly increasing GFWA (Fig. 6). In this case, the

SPNA rapidly accumulates freshwater anomaly during the

period of the increased freshwater flux. After the forcing

F(t) is turned off (t $ tb), the solution [Eq. (20)] describes

the rate of removal of freshwater anomaly from the system.

For the freshwater bump case, the response time scale

characterizes the time that it takes to reduce the volume

of the accumulated water mass to e21 of its maximum at

FIG. 11. Statistics of the particles’ age for the particle depth groups. The colors indicate particles released at the

southwest Greenland shelf (blue) and northern Labrador Sea shelf (orange). (a) Boxplot diagrams of particle ages.

The box shows the interquartile range. The line in the box is the median. The whiskers indicate the interdecile

range. (b) Mean age estimates (tma). Listed are the means and their 95% CIs.

FIG. 12. Turnover time [Eq. (12)] and mean age [Eq. (13)] of the GFWA for the linearly

increasing flux of the GFWA into the SPNA. The time scales converge to the response time

scale t 5 13 years obtained from [Eq. (7)].
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tb (e-folding time). Also t determines the peak value of the

freshwater anomaly in the SPNA.

The response time scale (t) for this case can be estimated

based on Curry andMauritzen (2005), who stated that;80% of

the anomalous freshening during the 1960s to 1990s ended up in

the SPNA (referred to as ‘‘Subpolar Basins’’ in their study).

Note that this is a higher estimate than for the GFWA fraction

(;45%) retained in the SPNA (Fig. 2d). The solution corre-

sponding to max[V(t)]5 8000km3 is the one with k5 1/11 yr21,

which is close to k 5 1/13 yr21 derived for the GFWA.

6. Discussion

a. Derived time scales

The analytically derived response time scale of the SPNA to

the GFWA (13 years) is close to the decadal time scale of

oceanic variability in the SPNA shown by previous studies

(e.g., Chafik et al. 2016; Reverdin et al. 1997). Weaver et al.

(1991) showed that freshwater forcing imposed at the ocean

surface excites decadal and interdecadal variations in the

North Atlantic thermohaline circulation, arguing that these

scales are intrinsic time scales of oceanic variability in the re-

gion. Multidecadal time scales characterizing the response of

the North Atlantic thermohaline circulation to surface fresh-

water fluxes were reported by Sévellec et al. (2009). The results
of our study indicate that the SPNA adjusts quickly (13 years)

to surplus Greenland discharge of the magnitude considered

here. The quick response is explained by the slow rate of

freshwater anomalies fluxed into the region. At this influx rate,

the surplus freshwater does not impact the large-scale circu-

lation in the SPNA and presumably has a minor impact on

thermohaline circulation (e.g., Hu et al. 2009; Swingedouw

et al. 2015) as those take a much longer time to adjust (Stouffer

2004; Sévellec et al. 2009).
Sensitivity of the SPNA thermohaline circulation toGreenland

melting remains however unknown. Previous modeling studies

suggest that an additional discharge of Greenland freshwater at a

rate greater than ;0.1 Sv (1 Sv [ 106m3 s21) (present observed

rate is ;0.01 Sv) would impact the thermohaline circulation

weakening or shutting down AMOC (Stouffer et al. 2006;

Swingedouw et al. 2007; Hu et al. 2009). Therefore, for the

magnitudes of the freshwater anomaly analyzed in the paper, the

response time scale (t) is mainly determined by the residence

time of the GFWA in the SPNA.

There are uncertainties, however, involved in the derivation

of the time scales. The estimates rely on the HYCOM simu-

lation of the Greenland freshwater spreading, mixing, and

circulation in the SPNA. While the mesoscale circulation and

oceanic fluxes are well represented in the HYCOM simula-

tions, the accuracy of diapycnal mixing of the freshwater

anomaly in the model is hard to evaluate. Using different

mixing schemes can clearly change the amount of the GFWA

accumulated in the SPNA and, as a result, impact the response

time scale estimates. Depending on spatial resolution, nu-

merical schemes, turbulence parameterization, and spurious

diapycnal mixing, other numerical models may provide esti-

mates of the GFWA fluxes and its accumulation in the SPNA

that are different from HYCOM. This might result in different

estimates of the time scales; nevertheless, we conjecture that

the estimates should be comparable with those presented here,

at least for the models of comparable spatial resolution, ver-

tical mixing schemes, and low spurious diapycnal mixing. The

HYCOM-based estimate of the volume of GFWA accumu-

lated in the SPNA by the end of 2016 was compared with other

simulations participating in the Greenland tracer experiment

[not presented here but discussed in Dukhovskoy et al. (2016)].

The estimates agreed within ;20%, providing the lower and

upper bounds of the estimate between 11 and 23 years (as-

suming same GFWA influxes).

Another source of uncertainty is the fraction of the GFWA

fluxed into the SPNA through the Davis and Denmark Straits

(Fig. 1a). Again, the estimates were derived from theHYCOM

simulation and there is uncertainty involved in these estimates

owing to a relatively short length of the simulation and in-

creasing Greenland discharge (i.e., the mean is not stationary).

The largest uncertainty is related to the flux estimate through

Davis Strait where the GFWA flux has strong seasonality and

interannual variability. However, the derived time response

estimate is only weakly sensitive to the uncertainties in the

influx of the GFWA. For example, assuming that the total

volume of the anomalous Greenland discharge is fluxed into

the SPNA (the mean is 209 km3 yr21) the response time scale is

11.3 years, which is still close to 13 years estimated for

167 km3 yr21.

b. GFWA entrance routes

The Lagrangian experiments demonstrate distinctly different

pathways and residence time scales for the fraction of the

GFWA fluxed into the SPNA through Davis Strait (northern

Labrador Sea shelf) and the fraction entering from the south-

west Greenland shelf (Figs. 8–12). These results concur with

model tracer studies by Myers (2005), who showed that fresh-

water from Baffin Bay did not enter the interior Labrador Sea,

whereas freshwater from the south Greenland shelf did propa-

gate into the central Labrador Sea. Therefore, we conjecture

that the GFWA exported fromBaffin Bay has a small impact on

the interior SPNA except for the fraction in the deeper

FIG. 13. Solutions for Eq. (5) with V0 5 0 showing progress of a

freshwater anomaly accumulation in the SPNA for the bump

forcing function [Eq. (19)] for different k. The forcing is shown in

the bottom subpanel. The dashed line shows the volume of fresh-

water in the GSA used as the total input into the SPNA in this

solution. The total volume of the GSA (10 000 km3) equals time-

integrated value of the forcing function shown in the bottom sub-

panel. The black solid line indicates the 80% of the freshwater

volume accumulated in the SPNA used to determine k (11 yr21).
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subsurface layers, which spreads into the interior southern and

central Labrador Sea and central SPNA (Fig. 10k). Thus, it

could be argued that the Greenland freshwater traveling from

the southwest Greenland shelf is the main contributor to the

GFWA that spreads to the interior SPNA and circulates there

for a decade, which is consistent with other studies (Luo et al.

2016; Castelao et al. 2019).

c. GFWA and freshening events in the SPNA

Analytical solutions for the dynamical system [Eq. (5)]

clearly illustrate different responses of the SPNA to either a

pulse of freshwater or a slowly increasingGreenland discharge.

The results presented here suggest different evolutions of the

freshwater anomaly and associated freshening in the SPNA

originated from the GFWA and freshwater pulses propagating

from the Arctic Ocean (through either Fram Strait or Davis

Strait). The GFWA is fluxed into the SPNA at a slow rate and

unevenly distributed over the coast of Greenland. This surplus

freshwater does not have a strong impact on the water column

stability because it is mixed into the deeper layers by wind-

driven mixing on the Greenland shelf (Sutherland and Pickart

2008; Håvik and Våge 2018; D2019) and by deep convection in

the interior SPNA (Yashayaev and Loder 2016, 2017; de Jong

et al. 2018).We therefore infer that a substantial fraction of the

GFWApropagates into subsurface layers below 100mwhere it

can circulate within the SPNA for about 10–15 years, whereas

the GFWA fraction in the near-surface layers (above 100m) is

quickly (in less than 7 years) removed from the SPNA by the

surface currents. Therefore, most of the GFWA accumulated

in the SPNA circulates below 100m, while the surface salinity

remains largely unaffected on a multiyear time scale. Thus, the

overall impact of the GFWA on surface salinity in the SPNA is

expected to be small (as stated in D2019) and the presence of

the GFWA cannot be easily tracked from salinity surface

observations.

In the case of freshwater pulses, the flux of freshwater

anomaly transported into the SPNA is about 10 times larger

than the surplus Greenland freshwater flux, resulting in quick

accumulation of freshwater anomaly in the SPNA (Fig. 13).

Although we argue that general response of the SPNA to

short-lived freshening events is well approximated by the an-

alytical model, the estimated response time scale (t) should be

taken with reservation. Hindcast numerical experiments

of the GSA-type events with passive tracers tracking the

anomaly would provide necessary information on path-

ways and accumulation of freshwater anomaly in the SPNA.

Also, freshwater volume in the GSA-type events might

need to be reassessed given the ambiguity associated with

the choice of reference salinity in the calculation of fresh-

water content reported in the previous studies (Schauer and

Losch 2019).

Due to the large volume of surplus freshwater advected into

the SPNA over a short period of time, the freshwater anomaly

substantially shifts surface salinity, increasing water col-

umn stability and inhibiting vertical mixing and spreading

of freshwater into the subsurface layers (leading to posi-

tive salinity anomalies in the subsurface Labrador Sea; e.g.,

Yashayaev et al. 2015). Unlike the GFWA, this freshwater

anomaly predominantly stays in the near-surface layers, causing

strong freshening in the SPNA. This idea concurs with paleo-

climate studies suggesting that abrupt climate change events

were likely caused by pulses of meltwater from the ice sheets of

North America impacting AMOC (e.g., Rahmstorf 2002).

With regard to the 2010s freshening in the SPNA, the direct

relation to the GFWA is unlikely. Observed freshening with

magnitudes 0.1–0.3 developed during 3–5 years and primarily

in the upper 200m (D2019; Holliday et al. 2020), which is more

characteristic of a freshwater pulse propagating into the SPNA

(Dickson et al. 1988). However, the GFWA could have con-

tributed to the overall freshwater content anomaly in the

SPNA, since the upper 1000m of the SPNA acquired about

6600 km3 of freshwater anomaly [again, the reported estimate

depends on the choice of the reference salinity and represents a

fraction of freshwater in contrast to the GFWA that is pure

freshwater according to Schauer and Losch (2019)] during

2012–16 (Holliday et al. 2020). Deep propagation and a wide

spreading of the freshening in the SPNA could be attributed to

the accumulated GFWA in the subsurface layers.

7. Conclusions

The study shows that the SPNA response to the perturbation

in the Greenland freshwater discharge has decadal time scale

(t 5 13 yr). The response time scale is mainly determined by the

residence time of the GFWA in the SPNA. For the non-steady

case, the residence time scales are not constant and approach t in

the limit as t / ‘. The residence time of the GFWA derived

from the Lagrangian experiments is 9–11 years, which is close to

and smaller than t, in agreement with the theory (section 4a).

The SPNA response to theGFWA is qualitatively different from

the response to the GSA-type events characterized by strong

freshening due to quick (a few years) accumulation of surplus

freshwater in the region. In contrast, accelerating Greenland

melt results in a slow but still growing volume of freshwater

anomaly in the SPNA. Therefore, the role of the surplus

Greenland freshwater in the SPNA in the future depends on

whether the melting continues to grow or levels off. A slow-

down of the freshwater discharge anomaly from theGreenland Ice

Sheet occurred during 2012–16 (Figs. 2a and 2b). Recent satellite

data revealed an unprecedented summer mass loss of the

Greenland Ice Sheet in 2019 (Velicogna et al. 2020), which may

indicate the return of an accelerating Greenland discharge,

meaning that volume of the GFWA in the SPNA will continue to

grow. Presently, the impact of the GFWA remains mainly incon-

spicuous in the interior SPNA, but the long-term increase of the

freshwater content in the SPNAwill likely have a profound impact

on thermohaline circulation in the subpolar regions and the Arctic

Ocean, potentially leading to aweakerAMOC, lower ocean fluxes

through the Canadian Arctic Archipelago, and reduced volume

transport through Bering Strait into the Arctic Ocean (Hu et al.

2009, 2010; Hu and Myers 2014; Jackson and Wood 2018).
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