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Abstract Using a coupled ocean–atmosphere general cir-
culation model, we investigated the impact of Greenland ice
sheet melting on North Atlantic climate variability. The
positive-degree day (PDD) method was incorporated into
the model to control continental ice melting (PDD run).
Models with and without the PDD method produce a real-
istic pattern of North Atlantic sea surface temperature (SST)
variability that fluctuates from decadal to multidecadal peri-
ods. However, the interdecadal variability in PDD run is
significantly dominated in the longer time scale compared to
that in the run without PDD method. The main oscillatory
feature in these experiments likely resembles the density-
driven oscillatory mode. A reduction in the ocean density
over the subpolar Atlantic results in suppression of the
Atlantic Meridional Overturning Circulation (AMOC), lead-
ing to a cold SST due to a weakening of northward heat
transport. The decreased surface evaporation associated
with the cold SST further reduces the ocean density and
thus, simultaneously acts as a positive feedback mechanism.
The southward meridional current associated with the sup-
pressed AMOC causes a positive tendency in the ocean
density through density advection, which accounts for the
phase transition of this oscillatory mode. The Greenland ice
melting process reduces the mean meridional current and
meridional density gradient because of additional fresh wa-
ter flux, which suppress the delayed negative feedback due
to meridional density advection. As a result, the oscillation
period becomes longer and the transition is more delayed.

1 Introduction

The increased concentration of greenhouse gasses in the
atmosphere has led to warmer climates during the twentieth
century (IPCC 2007). The observed global warming signal
was estimated to be about 0.6° over the last 100 years.
However, the change in the surface temperature shows a
distinct regional distribution. In particular, the recent surface
temperature trend that appeared in observations and simu-
lations by coupled general circulation models under the
future climate scenario was consistent with so-called polar
amplification (Holland and Bitz 2003; ACIA 2005; IPCC
2007), indicating that the Arctic region is the most vulner-
able location to global warming. Evidently, the record for
the smallest area of arctic sea ice has frequently been broken
over the last few decades (Serreze et al. 2003; Rothrock et
al. 2008), and the melting rate of continental ice sheets (such
as the Greenland ice sheet), as observed from space and in
the field, has continuously increased (Chen et al. 2006; there
is also a regional difference in Greenland; Abdalati and
Steffen 2001). Nevertheless, ocean reanalysis data obtained
over the last 100 years (Deser et al. 2010) and coupled
general circulation model simulations (Ting et al. 2009)
have shown a negative sea surface temperature (SST) trend
over the North Atlantic between 50–60°N. The mechanism
for this negative trend has yet to be investigated, but it is
presumably due to a slowing down of the Atlantic Meridi-
onal Overturning Circulation (AMOC) that has actually
been observed in recent decades (Bryden et al. 2005). Fur-
thermore, such change in Atlantic Ocean due to the green-
house warming eventually modifies either climate state in
terms of the long-term trend or climate variability in terms
of the short-term decadal-to-multi-decadal variation. Thus,
the continuous modification of climate variability is expected
through the impact of long-term trend, and its possible mech-
anism needs to be revealed.
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The AMOC is a major branch of the thermohaline circula-
tion; its intensity depends on the salinity of the ocean and
temperature changes. The ocean salinity is influenced by local
precipitation, evaporation, and river runoff. Freshwater dis-
charge from Greenland ice sheet melting also modifies the
oceanic salinity. Therefore, global warming would sequential-
ly lead to Greenland ice sheet melting, a reduction in oceanic
salinity, a slowing down of the AMOC, a reduction in north-
ward thermal transport, and a cooling trend over the North
Atlantic. In contrast, cooling over the subpolar North Atlantic
influences the surrounding atmosphere (Deser and Blackmon
1995; Kushnir 1994; Wohlleben and Weaver 1995) and pre-
sumably reduces the Greenland ice sheet-melting rate. Such
an air–sea–ice feedback process exists in nature, but has yet to
be fully investigated (Grossmann and Klotzbach 2009), in
particular a possible modification of the climate variability
associated with the change in the climate state.

In this work, a coupled general circulation model was
used to examine the impact of Greenland ice sheet melting
on North Atlantic climate variability spanning the interan-
nual to interdecadal time scale. The reason for focusing on
such temporal periods is that the dominant mode of North
Atlantic climate variability is known to have a decadal-to-
multidecadal time scale (Schlesinger and Ramankutty 1994;
Eden and Jung 2001; Alvarez-Garcia et al. 2008). In addi-
tion, related physical processes such as ice melting, oceanic
adjustment, AMOC changes, and local air–sea interactions
must be identified as timescale response components for
longer than one year. To examine the role of the Greenland
ice sheet, we have parameterized the ice sheet-melting rate
in the developed model as a function of the surface air
temperature. Basically, we compared the results of two
simulations conducted with and without ice sheet melting
parameterization, and addressed how Greenland ice sheet
melting affects North Atlantic climate variability.

In Section 2, the model and parameterization method are
introduced. North Atlantic climate oscillation features sim-
ulated by the coupled model and a possible mechanism of
the oscillation are detailed in Section 3. The role of Green-
land ice sheet melting is presented in Section 4. Conclusions
are ultimately given in Section 5.

2 Model, parameterization, and experimental designs

2.1 Fast ocean atmosphere model

The Fast Ocean Atmosphere Model (FOAM) was developed
jointly at the University of Wisconsin-Madison and Argonne
National Laboratory (Jacob 2007). The atmospheric model is
a parallel version of the National Center for Atmospheric
Research Community Climate Model version 2 (CCM2), but
the atmospheric physics were replaced by those from CCM3.

The ocean model was developed from the Geophysical Fluid
Dynamics Laboratory Modular Ocean Model. The FOAM
used in this work has an atmospheric resolution of R15 with
18 vertical layers in a hybrid sigma pressure coordinate sys-
tem, and an oceanic resolution of 1.4° latitude by 2.8° longi-
tude with 24 vertical levels. The model also includes a
thermodynamic sea ice model. The FOAM captures most
major features of the observed climate, including the El
Nino-Southern Oscillation (Liu et als. 2000), Atlantic climate
variability (Wu and Liu 2002, 2005), Pacific decadal variabil-
ity (Wu et al. 2003), etc. More information can be found at
http://www.mcs.anl.gov/research/projects/foam/index.html.

2.2 Positive degree-day method

To compute the melting rate of the Greenland ice sheet, the
positive degree-day (PDD) method was incorporated into
the FOAM. The PDD method is a parameterization of the
melting rate of snow and ice at the surface of an ice sheet or
glacier. It is a simple, empirical relation that states that the
melting rate is proportional to surface-air temperatures
above 0 °C (Braithwaite and Olesen 1989; Hock 2003).
The physical basis of this method and its related temperature-
based melt index methods were examined by Braithwaite
(1995) and are used in this study. The PDD model here is
basically same as in Braithwaite (1995), and thus the total
ablation A over an N day period is given by:

A ¼ a
Xt¼N

t¼1

Ht þ b
Xt¼N

t¼1

HtTt ð1Þ

where Ht01.0 when Tt>0 °C and Ht00.0 when Tt<0 °C; the
parameters α and β represent the melting with an air temper-
ature of 0 °C and the increase of ablation with temperature,
respectively. The first and second summations indicate the
number of days (N*) with temperatures at or above the melt-
ing point, and the PDD sum for the N day period. Therefore,
the daily mean ablation rate for the N day period (A/N)
becomes α(N*/N)+β(PDD/N). In this study, α is a constant
of 3 mm day−1, and β for the air temperature Tmj is following;

For South of 72� N
bice ¼ bwice
For North of 72� N

bice ¼
bwice Tmj � Tw;

bwice þ bcice�bwice
Tw�Tcð Þ3 Tw � Tmj

� �3
Tc � Tmj � Tw;

bcice Tmj � Tc:

8
><

>:
Tw ¼ 10 �C; Tc ¼ �1 �C;
bwice ¼ 7mm d�1 �C�1 and bcice ¼ 15mm d�1 �C�1

ð2Þ
The PDD method is different from an active ice sheet

model such that the growth of ice sheet is not accounted but
the ablation does. Nevertheless, since we set up the
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complete melting of snow cover as a precondition for the ice
sheet melting, to some extent both accumulation and melt-
ing of ice sheet are taken into account in this model.

2.3 Experimental design

Without flux adjustment, fully coupled control simulations
(CTL) have been performed over a time scale of 1,000 years;
no apparent climate drifts have been observed (not shown
here). Such a long-term simulation is necessary to account
for the spin-up of the ocean. Data from the past year are used
as an initial condition for each experiment. Here, we perform
two experiments: one for the “CTL-run”without PDD param-
eterization and another for the “PDD-run” with PDD param-
eterization. Each run was integrated for 500 years and the last
200-year results were subsequently analyzed.

3 Mean climate states

Climate state changes caused by Greenland ice sheet melting
are identified as the difference between the total mean for the
PDD run and that for the CTL run. Here, themean indicates the
average over the last 200 years of each run. The SST, salinity,
meridional stream function of the ocean (a measure of the
intensity of the AMOC), and P–E data (precipitation minus
evaporation at the surface) are shown in Fig. 1. As evident in

Fig. 1a, a negative SST with a maximum of about −1.0 °C
centered at 50° N, 45°W is observed over the subpolar North
Atlantic. In the same region, a negative surface air temperature
with a maximum of −2 °C was also observed (not shown).
Negative salinity appears in the Baffin Bay and Labrador Sea.
This negative salinity spreads down to the subpolar North
Atlantic, where the negative SST region is located (Fig. 1b).
The decreased salinity in the PDD run is obviously related to
the freshwater discharge of the melted Greenland ice sheet.
The mean freshwater discharge in the PDD run was about
0.0116 Sv higher than that in the CTL run (see Fig. 10). The
density difference pattern is almost identical to the salinity
pattern (not shown) and thus, the negative density region is
somewhat collocated over the negative SST area. This indi-
cates that density changes mainly follow salinity changes, but
not temperature changes. The lower density obviously leads to
a slowing down of the AMOC (Fig. 1c) and thus, northward
heat transport is reduced (Dickson and Brown 1994; Marshall
and Schott 1999) and the North Atlantic SST is decreased, as
seen in Fig. 1a. Interestingly, the cooling and freshening of the
subpolar North Atlantic and the slowing down of the AMOC
in the PDD run are consistent with recently observed trends
(Bryden et al. 2005; Deser et al. 2010; Lozier et al. 2010).
Furthermore, a positive surface freshwater flux (P–E) is ob-
served over the negative density (salinity) region (Fig. 1d),
which should cause a further decrease in the density. The
increase in the P–E is mainly due to a decrease in surface

Fig. 1 Differences (PDD minus
CTL) in the mean a SST, b
salinity, c meridional stream
function, and d P–E for the PDD
run and CTL run. The mean
indicates the temporal average
for the last 200 years. Units for
the SST, salinity, meridional
stream function, and P–E are
degree Celcius, practical salinity
unit, sverdrups, and centimeter
per year, respectively. Shading
indicates the statistically
significant region with 95 %
confidence tested by t test.
Contour intervals in the SST,
salinity, stream function, and
P–E are 0.2, 0.2, 0.5, and 1,
respectively
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evaporation caused by the cold SST rather than an increase in
precipitation, and it may be also due to the associated atmo-
spheric circulation (not shown here). Through the aforemen-
tioned processes, a positive feedback loop to cool the mean
SST over the North Atlantic was obtained. However, it is also
expected that SST cooling contributes to a cold surface air
temperature, which in turn prevents further melting of the ice
sheet. Consequently, the mean SST over the North Atlantic
Ocean is sustained.

4 Climate variability

To identify the dominant mode of climate variability over
the North Atlantic, principal component analysis (PCA, also
known as empirical orthogonal function analysis (EOF))
was applied to the observed and simulated North Atlantic
SSTs. Here, the observed SST was obtained from the Na-
tional Oceanic and Atmospheric Administration Extended
Reconstructed SST version 3 dataset, which spans almost
100 years from 1900 to the present (Smith et al. 2008). To
remove intraseasonal variation, the annual average with a
center of the boreal winter was taken before applying PCA.
As shown in Fig. 2a, the first PCA mode of the observed
North Atlantic SST anomalies shows a monopole pattern
(also referred to as the North Atlantic monopole by Wu and

Liu (2005)) with a center located at 40°W, 55°N. Overall,
the major temporal fluctuations obtained from the spectrum
analysis of the principal components (PC) of this first PCA
mode show a broad spectrum with dominant peaks around
50 years and slightly less than 10 years. The leading SST
modes obtained from both the CTL and PDD runs are
similar to those derived from observations, but the variance
explained by the first PCA mode from the model (60.5 % for
the CTL run and 65.9 % for the PDD run) is larger than that
from observations (40.0 %). The broad spectral density
distributions from both runs are similar to those from obser-
vations. However, significant peaks around 10–20 years are
observed in the CTL run, while those for the PDD run are
around 15–30 years. Such findings indicate that Greenland
ice melting seems to lengthen the main period of North
Atlantic climate variability. The slow time scale variation
will be discussed in Section 5. On the whole, both the CTL
and PDD runs simulate the dominant mode of the North
Atlantic SST reasonably well.

4.1 Wind driven

To identify the atmospheric pattern associated with the first
PCA mode, the lagged regressions of 500 hPa geopotential
height anomalies against the PC of the first PCA were
computed for the CTL and PDD runs. To isolate the

Fig. 2 a First PCA mode of the North Atlantic SST anomaly (upper)
obtained from ocean reanalysis data, the corresponding principle com-
ponent (PC) time series (middle), and the power spectral density of the
PC. Significant levels are indicated by long-dashed (95 %) and dotted

(90 %) lines. Contours are dimensionless. b, c Same as a, but for CTL
and PDD runs, respectively. Solid and dashed lines in the PCA mode
indicate the positive and negative values, respectively
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decadal-to-interdecadal time scale, a 5–35 year bandpass
filter was subsequently applied to all data. Consequently, a
time scale longer than the decadal time scale remains. The
same method was also applied to SST anomalies to depict
air–sea coupled patterns. The lagged patterns shown in this
study cover almost 8 years, which is about a quarter-to-half
cycle of the decadal-to-interdecadal variations. As shown in
Fig. 3, the sequential phase transition of SST anomalies
from the negative to positive is clearly evident. A gradual
southwestward migration of the negative SST anomaly is
featured (Te Raa and Dijkstra 2002; Dijkstra 2006). Such
migration resembles the “multidecadal SST mode”. Howev-
er, the stationary feature with a monopole pattern, the am-
plitude of which goes up and down with respect to time, is
more dominant. The cold SST in the subpolar North Atlantic
is associated with cyclonic atmospheric circulation in the

middle atmosphere, of which the center is located at the
southern tip of Greenland. Such a coherent pattern was also
reported from an analysis of observed data (Wohlleben and
Weaver 1995). After the cold SST anomaly moves to the
southwest and then gradually weakens, it is replaced by a
warm SST anomaly. At the same time, anticyclonic upper
atmospheric circulation appears above the warm SST, and
upper atmospheric circulation is subsequently intensified as
the magnitude of the SST anomalies increases, indicating a
strong air–sea interaction (Deser and Blackmon 1995;
Kushnir 1994; Wohlleben and Weaver 1995). Basically,
these features observed in the CTL run are very similar to
those in the PDD run (not shown here) and thus, we omitted
a description of the features in the PDD run.

In order to determine the dominant mechanism that indu-
ces the SST changes shown in Fig. 3, we analyzed the heat

Fig. 3 Lagged linear regression map of the SST (left two columns)
and 500 hPa geopotential height (right two columns) anomalies with
respect to the first PCA PC time series of the North Atlantic SST
anomaly obtained from the CTL run. Units for the SST and

geopotential height are degree Celcius and meter, respectively. Statis-
tically significant areas with 95 % confidence level are shaded. The 5–
35 year bandpass filter is applied to all data
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budget of the upper ocean heat content, which is defined as
the vertical averaged ocean temperature from the surface to
a depth of 200 m over 45–60°N. Since we are focusing on
long-term fluctuations, a heat budget analysis of the upper
ocean heat content is more reasonable than an examination
of the SST because the upper ocean heat content naturally
filters the short-term fluctuations that occur at the ocean
surface. An area-averaged budget analysis is also applicable
because the SST change in the North Atlantic is dominated
by stationary features. The heat budgets include the net heat
flux at the surface, as well as meridional and vertical thermal
advections. Note that the vertical advection is smaller than
the other terms by more than an order of magnitude and
thus, it is neglected (not shown). The lead-lag regression of
each term in the heat budget with respect to a change in the
upper ocean heat content is shown in Fig. 4. The net heat

flux, including the net short- and long-wave radiations, and
the sensible and latent heat fluxes actually change with an
upper ocean heat content change, which simultaneously acts
as negative feedback. In contrast to the upper atmosphere
trend, anticyclonic circulation at the surface over the subpo-
lar Atlantic is associated with the cold SST (not shown
here), which basically intensifies climatological surface at-
mospheric circulation over 45°–60°N, specifically the in-
tensified westerly. Therefore, the intensified wind speed
over 45°–60°N should lead to ocean surface cooling due
to the enhanced release of latent heat, indicating positive
feedback via “SST–wind–evaporation feedback”. However,
as shown in Fig. 4, the upper ocean heat content is nega-
tively correlated to the net surface flux. Therefore, there
must be another effect that overcompensates for this
expected additional surface cooling.

On the other hand, cold (warm) meridional advection leads
the cooling (warming) of the upper ocean heat content by
about 2 years. Since the mean temperature decreases toward
the north, the northward (southward) current accompanies
warm (cold) advection. From Fig. 4, the expectation is that
the strong southward current occurs around 2 years prior,
while the strong northward current occurs around 4 years after
the peak in upper ocean heat content cooling. Again, the
southward current leads to the cooling by the cold advection
and the northward current leads to the warming by the warm
advection. To verify this feature, we computed the lagged
regression of the zonally averaged zonal wind stress anomaly
and zonally and vertically upper 200 m-averaged meridional
current anomaly with respect to the first PCA PC time series
of the North Atlantic SST anomaly obtained from both the
PDD and CTL runs (see Fig. 2). As shown in Fig. 5, the
evolution of the meridional current is consistent with that
inferred from Fig. 4. That is, in the CTL run, the maximum
southward current occurs 1–2 years before, which leads to the
cooling, and the maximum northward current occurs 4 years
after, which leads to the warming

If the meridional current that leads to the thermal advection
is directly driven by the wind, like Ekman current, the wind
stress change is more likely in-phase with the meridional
current. This is because the time scale for the Ekman adjust-
ment is shorter than 1 month. However, the wind stress curl by
the zonal wind stress (not shown but the wind stress curl by
the zonal wind stress is proportional to the meridional gradient
of the zonal wind stress, −∂τx/∂y) and the meridional current
are not in-phase but time-lagged, inferring that the meridional
current in this system is not dominated by the Ekman current
(i.e., not directly wind driven). Furthermore, the meridional
scale and location of the wind stress curl do not match those of
the meridional current. The surface anticyclonic wind stress
anomaly pattern (i.e., the negative wind stress curl) over the
subpolar Atlantic, which is associated with the cold SST, is
supposed to lead to a southward Sverdrup current. However,

Fig. 4 a Lagged correlation of the North Atlantic heat content (open
circles), meridional thermal advection (closed circles), entrainment (open
rectangles), and surface net heat flux (closed rectangles) with respect to
the North Atlantic heat content anomaly (temperature anomaly averaged
horizontally over the 45–60°N latitudinal band and vertically over a depth
of 0–200 m) obtained from the CTL run. Data are 5–35 year bandpass
filtered. Negative (positive) lag means the ocean heat content is lagging
(leading). b Same as a, but for the PDD run. Solid lines indicate the
statistically significant with 90 % confidence level
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as seen in Fig. 5, the northward current appears after the peak
in the cold SST. Therefore, it can be inferred that the upper
meridional current is not directly driven by the wind. This is
related to the argument that the atmosphere drives the ocean
over a shorter time scale; the opposite case is dominant for a
longer time scale (Gulev et al. 2011).

Note that the positive wind stress curl anomaly over the
Greenland–Iceland–Norwegian Sea was consistent with the
negative SST anomaly over the subpolar North Atlantic in the
CTL and PDD runs (not shown here). Thus, strengthening of
the Greenland Sea gyre (Dickson et al. 1996) is supposed to
lead to an intensification of the AMOC due to the introduction
of a high salinity anomaly into the Greenland Sea gyre (i.e.,
negative feedback). However, this effect may not be critical in
this model (see Figs. 5 and 8). Therefore, the role of wind
stress in this model is rather passive with respect to oceanic
changes over a longer time scale.

The results from both the CTL and PDD runs are basically
similar, but the pattern from the CTL run shows more station-
ary features, while that for the PDD run exhibits a southward
propagation feature. Overall, the phase transition and oscilla-
tory features are more clearly depicted in the CTL run than in
the PDD run. The phase transition in the PDD run seems to be
delayed when compared to that in the CTL run.

As previously mentioned, the air–sea coupled pattern
shown in Fig. 3 is very common, especially during the boreal
winter. It is known that anticyclonic surface atmospheric cir-
culation leads to the northward displacement of the Gulf
Stream and a weakening of the Labrador Current. Consequent-
ly, northward heat transport by the Gulf Stream is enhanced,
resulting in warming over the subpolar North Atlantic. There-
fore, such an air–sea coupled process that occurs over the
seasonal time scale operates as negative feedback. However,
it is unclear whether or not the same mechanism also acts over
the decadal-to-multidecadal time scale fluctuation.

4.2 Density driven

In the previous section, we demonstrated that thermal ad-
vection by the meridional current acts as prominent positive
feedback, and the associated current is not directly driven by
surface wind. Such results indicate that, over a long-term
time scale fluctuation, the meridional current may rely more
heavily on a change in the density rather than the wind.
Here, we show the temporal evolution of the surface ocean
density, which is represented by the lagged regression of the
density anomaly with respect to the first PCA PC time series
of the North Atlantic SST anomaly obtained from the CTL
run. As shown in Fig. 6, a lower density appears over the
ocean surrounding southern Greenland 3 years before the
peak of the cold SST anomaly (−3 year lag) over the sub-
polar North Atlantic. In general, colder temperatures lead to
a larger density. However, as the ocean temperature

decreases (Fig. 3), the density anomaly also decreases, im-
plying that the density is less influenced by temperature, but
more dependent on the salinity. At zero lag, the density
anomaly over the Labrador Sea becomes minimum, and a
positive density anomaly begins to appear south of Iceland.
This positive density anomaly gradually expands southwest-
ward and, 4 years later, the phase of the density is com-
pletely changed when compared to the density anomaly
3 years before the peak of the cold temperature anomaly.
The main feature in Fig. 6 is also observed in the PDD run
(not shown here) and thus, we omit the description of the
corresponding results. The differences between the CTL run
and PDD run will be discussed later.

The meridional propagation features and the origin of the
density anomaly were analyzed by computing the lagged
regression of the zonal averaged density, salinity, and P–E
against the PC time series of the first PCA of the SST
obtained from the CTL run and PDD run. As shown in
Fig. 7, the density anomaly propagates to the south at a
speed of about 3.3°year−1, and the salinity pattern matched
the density pattern quite well. Such a result confirms that the
density change is mainly dependent on the salinity change.
As seen in Fig. 6, the density change leads to a temperature
change by about 3–4 years, especially over the subpolar
North Atlantic (55–70°N). However, around 50°N, the den-
sity and temperature anomalies are rather in-phase (upper
panels of Fig. 7). In particular, the salinity change in the
regression map is maximized at zero lag and 50°N. Such a
result is attributed to the influence of the P–E. The P–E
shows no propagation features and is simultaneously corre-
lated to the PCs. Thus, the maximum regression of the P–E
is observed at zero lag and 50–60°N, which matches the
salinity change. The increase in the P–E mainly accounts for
the decrease in evaporation due to the cold sea surface or the
decrease in the saturated vapor pressure caused by the colder
surface air temperature. The precipitation change does not
significantly contribute to the change in the P–E. The main
difference between the CTL run and PDD run in Fig. 7 is the
relatively further delayed transition in the PDD run.

Finally, we calculate the regression map of the meridional
overturning circulation (MOC, defined as the meridional
stream function) over the North Atlantic with respect to
the PC time series of the first PCA of the SST (Fig. 8).
The mean MOC is positive over the North Atlantic, denot-
ing clockwise rotation, i.e., a northward current in the upper
ocean (less than 1,000 m in depth) and a southward current
in the deep ocean (greater than 2,000 m in depth). The
regression map of the MOC represents the negative anomaly
through −3 to 1-year lags, indicating a slowing down of the
MOC due to the reduced upper ocean density. The change in
the upper ocean meridional current (see Fig. 5) is well
correlated to that from the anomalous MOC, suggesting that
the upper ocean meridional current is related to the MOC
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and driven by the density change. Note that a maximum
anomalous MOC is observed at a −2 to −1 year lag and thus,
the density change slightly leads the MOC change due to the
delayed oceanic adjustment.

As mentioned above, the change in the MOC/meridional
current is mainly caused by a change in density. Here, we
propose that a change in the MOC/meridional current in turn
leads to a change in the density. In order to complete an
interdecadal oscillatory loop with a delayed negative feed-
back process, the above hypothesis was examined further.
As seen in Fig. 6, the positive density anomaly starts to
grow south of Iceland 1 year before the cold SST maximum.
This positive density anomaly is related to density advection.
Density advection by the meridional current influences the
density anomaly, as represented in the following equation

@ρ0

@t
/ �v

@ρ0

@y
� v0

@ρ
@y

; ð3Þ

where a bar and prime denote the temporal mean and anomaly,
respectively. When a negative density anomaly appears over
the subpolar Atlantic (as in Fig. 6), both meridional advection

of the anomalous density by the mean meridional current

( � v @ρ0
@y , where v is overall positive and @ρ0

@y is negative)

and meridional advection of the mean density by the anoma-

lous meridional current (� v0 @ρ@y , where
@ρ
@y is positive and v

0 is
negative in the case driven by density) become positive. Such
a result may be attributed to a scenario where the negative
density anomaly drives the negative meridional current anom-
aly due to suppression of the MOC (see Figs. 5 and 8).
Therefore, the initial negative density anomaly over the sub-
polar Atlantic is reduced due to the positive tendency of the
density anomaly associated with these two meridional density
advection terms (see Fig. 11, which will be discussed in the

next section). In particular, since @ρ
@y is largest over the south of

Iceland (see Fig. 3 of Wang et al. 2010), the positive tendency

of the density anomaly due to � v0 @ρ@y is largest. This positive

density anomaly gradually expands to the west and grows so
that the phase change occurs.

It was suggested that an anomalous high atmospheric
pressure over Greenland enhances the flux of ice and
freshwater through the Farm Strait into the Greenland

Fig. 5 a Lagged regression map of the zonally averaged wind stress
anomaly (upper left panel) and zonally and vertically upper 200-m
averaged meridional current anomaly (lower left panel) with respect to
the first EOF PC time series of the North Atlantic SST anomaly

obtained from the CTL run. b Same as a, but for the PDD run. Data
are 5–35 year bandpass filtered. Shading indicates the statistically
significant with 95 % confidence level

36 S.-I. An et al.



Sea (Wohlleben and Weaver 1995). This flux ultimately
enters the Labrador Sea and results in suppressed deep
convection and AMOC due to the fresher surface water

(Dickson et al. 1988; Mysak et al. 1990). In this regard,
the higher sea level pressure anomaly over Greenland,
which is associated with the cold SST over the subpolar

Fig. 6 Same as Fig. 3, but
for the upper ocean density
anomaly. Units are kilogram per
cubic meter
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North Atlantic, is expected to suppress the MOC and
thus, intensify ocean cooling due to reduced northward
heat transport. Note that the sea level pressure anomaly
is opposite to the 500 hPa geopotential height anomaly
in Fig. 3 because of the baroclinic structure over the
subpolar Atlantic in this long-term time scale. However,
the oceanic resolution of FOAM is somewhat low and
sea ice transport is not simulated in this model. Conse-
quently, the intrusion of sea ice and fresh water through
the Farm Strait is not easily realized

5 Role of Greenland ice sheet melting

In previous sections, a possible mechanism to drive an
oscillatory loop of the North Atlantic long-term climate
variability was proposed based on the lead/lag relationship
between the density, MOC, and SST. Here, we investigate
the role of Greenland ice sheet melting in this oscillatory
loop. As shown in Fig. 9, the surface air temperature anom-
aly associated with the PC time series of the first PCA of the
SST anomaly obtained from the CTL run shows that the

Fig. 7 a Same as Fig. 5, but for the upper ocean density (upper panel), salinity (middle panel), and P–E (lower panel) anomalies. P–E indicates the
precipitation minus evaporation. b Same as a but for the PDD run
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evolution and amplitude changes in the surface air temper-
ature anomaly closely match those of the SST anomaly in
Fig. 3. This implies that the SST regulates the surface air
temperature, especially over the longer time scale, but not
the other way around. In other words, the negative SST
anomaly leads to the negative surface air temperature anom-
aly, and the cold surface air temperature reduce the melting

of ice and consequently the freshwater discharge is reduced,
which results in an increase in the ocean density and an
enhancement in the MOC.

As can be seen in Fig. 10, the mean runoff in the PDD run
(0.043 Sv for the last 200-year mean) is larger than that in the
CTL run (0.032 Sv for the last 200-year mean). Such an
increase is attributed to the lower salinity, as seen in Fig. 1b.

Fig. 8 Same as Fig. 3, but for
the oceanic meridional stream
function anomaly obtained
from the CTL run. Units are
sverdrups [(100 m)3s−1]
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The variance of the runoff in the PDD run is also larger than
that in the CTL run. The runoff and P–E over the North
Atlantic are negatively correlated with correlation coefficients
of −0.38 (CTL run) and −0.48 (PDD run), which are statisti-
cally significant with 99 % confidence levels. This is because
the cold SST anomaly results in an increase of the P–E, but a

decrease in ice melting. This negative feedback operates in the
PDD run, but not in the CTL run.

Another possible impact of Greenland ice sheet melting
is related to the change in the mean state. The mean state
change shown in Fig. 1 can modify the feedback process. As
mentioned in the previous section, meridional density

Fig. 9 Same as Fig. 3, but for
the surface air temperature
anomaly and PDD run
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advection plays an important role in the phase transition in the
oscillatory loop by acting as negative feedback. This negative
feedback is modified in a changing climate state associated
with Greenland ice sheet melting. As seen in Fig. 1, both the
mean meridional current and the meridional gradient of the
mean density of the PDD run are relatively small when
compared to those in the CTL run (i.e., 0 < vPDD < vCTL
and 0 < @ρ @y=ð ÞPDD < @ρ @y=ð ÞCTL). Thus, the density ten-

dency due to both � v @ρ0
@y and � v0 @ρ@y in the PDD run is

expected to be smaller than that in the CTL run. Consequently,
the negative feedback due to these density advections is
expected to be weaker in the PDD run than in the CTL run.
To confirm this argument, we computed the lagged regres-
sions of two meridional density advections with respect to the
ocean density (Fig. 11). In this calculation, all quantities have
been volume-averaged horizontally over the 45–60°N latitu-
dinal band and vertically over a depth of 0–200 m. In the CTL

run, � v0 @ρ@y strongly influences the density change as negative

feedback (as mentioned above), while the impact of� v @ρ0
@y is

relatively small. However, in the PDD run, the negative feed-

back due to � v0 @ρ@y becomes significantly reduced when

compared to that in the CTL run, while � v @ρ0
@y somewhat

influences the ocean density as positive feedback. Therefore, a
slow transition and longer time scale fluctuation in the PDD
run is attributed to a reduction in such slightly lagged negative
feedback associated with these two density advections.

In summary, local air–sea–ice interactions increase
negative feedback, while the mean state change induced
by Greenland ice sheet melting suppresses negative feed-
back. While a quantitative comparison of these two op-
posite effects may not be easy, we could argue that,
when compared to the CTL run, the slower phase shift
and lower frequency oscillation in the PDD run are likely
due to the fact that the suppression of negative feedback

associated with a change in the mean state overcompen-
sates for additional negative feedback due to local air–
sea–ice interactions.

6 Summary and discussion

In this study, we investigated the role of Greenland ice sheet
melting on climate variability over the North Atlantic. The ice
sheet melting rate was calculated via the PDD method, which
was incorporated into a coupled ocean-atmosphere model,
FOAM. Greenland ice sheet melting resulted in an increase
in climatological–mean freshwater discharge, which leads to
sea surface cooling over the Labrador Sea due to the suppres-
sion of the North Atlantic meridional overturning circulation.
Reduced ocean surface evaporation due to a colder ocean
surface contributed to a further reduction in the surface ocean
density.

Models both with and without the PDD method produced
a realistic pattern of North Atlantic SST variability that
fluctuated from decadal to interdecadal periods. However,
significant longer interdecadal variability was only observed
in the PDD run. The quasi-oscillatory mode is mainly driven
by feedback processes related to density. This oscillatory
loop may be described as follows. The lower surface density
suppresses the AMOC and weakens northward heat trans-
port, which leads to a decrease in the ocean surface temper-
ature over the subpolar North Atlantic by 3–4 year lags. The
cold ocean surface reduces surface evaporation and thus, the
ocean surface becomes fresher and the AMOC is further
reduced, namely acting as positive feedback. On the other
hand, density advection by the southward anomalous me-
ridional current leads to a positive tendency of the density
anomaly, which is opposite to the initial negative density
anomaly. This negative feedback acts as a transition mech-
anism. Anticyclonic surface atmospheric circulation over

Fig. 10 River runoff from Greenland (solid line, scales on the left) and
P–E over the North Atlantic (dashed line scales on the right), as
obtained from a the CTL run and b the PDD run (dashed line). Units

are sverdrups. The time mean of P–E for CTL run and PDD run are
0.123 and 0.129 Sv, respectively, and the time mean of runoff for CTL
run and PDD run are 0.0315 and 0.0431 Sv, respectively
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the cold SST region influences the ocean current, but does
not play a dominant role in longer time scale variations.
Finally, when the Greenland ice melting process is incorpo-
rated in the system, the cold (warm) SST acts to decrease
(increase) the ice melting rate, which intensifies (reduces)
the AMOC and warm (cold) advection. Therefore, the melt-
ing of the Greenland ice sheet works as negative feedback.
However, the melting of the ice sheet also modifies the
climate state over the subpolar Atlantic, which actually acts
to reduce the negative feedback associated with density
advection by the meridional current. The former is actually
overcompensated by the latter and thus, the reduced nega-
tive feedback causes the low frequency and slow transition
of the quasi-oscillatory mode in the PDD run. This oscilla-
tory mode may not be self-sustained, but rather damped so

that the stochastic forcing that supplies the energy and
triggers the mode is necessary.

It is known that long-term climate variability in the subpolar
North Atlantic is driven by complicated air-sea-ice feedback
loops (Grossmann and Klotzbach 2009). In contrast to other
studies (Wu and Liu 2005; Alvarez-Garcia et al. 2008), this
work emphasizes the role of salinity-driven flow (Frankcombe
and Dijkstra 2010), where the salinity change depends on
density advection by current, air-sea interactions, and freshwa-
ter discharge due to Greenland ice sheet melting. Using the
FOAM, Wu and Liu (2005) demonstrated that North Atlantic
climate variability is composed of monopole and tripole modes
that are dominated by decadal-to-multidecadal and interannual-
to-decadal variabilities, respectively. They especially focused
on the tripole mode, which is driven via positive feedback
associated with coupling between the North Atlantic Oscilla-
tion and the SST tripole pattern, as well as delayed negative
feedback associated with the adjustment of the subtropical gyre
in response to an associated wind stress curl. On the other hand,
we focused on the decadal-to-interdecadal monopole mode,
which is mainly driven by density-related feedback processes.
It should be noted that in the work of Wu and Liu (2005), the
first and second EOFmodes of the observed SSTanomaly were
monopole and tripole modes, respectively. This order was
switched in the FOAM-simulated SST anomaly. In our calcu-
lations, the first EOF mode exhibited a monopole pattern
(Fig. 2). This discrepancy between our study and the work of
Wu and Liu (2005) is mainly attributed to a difference in the
averaging method; we employed the annual average, while Wu
and Liu (2005) used the winter average (DJF), which had been
checked by computing the EOF mode of the DJF-averaged
SST anomaly.
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