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Key Points.

© Simulated AMV is improved in a model
with a realistic North Atlantic Current

© Ocean controls AMV in the northwestern
part, atmosphere transfers heat to eastern
and southern parts

o Atmosphere/ocean heat transfer is modi-
fied on interdecadal time scales by the at-

mosphere

We examine the simulated Atlantic Multi-
decadal Variability (AMV) in a model that
includes a correction for a longstanding prob-
lem with climate models, namely the misplace-
ment of the North Atlantic Current. The cor-
rected model shows that in the warm AMV
phase, heat is lost by the ocean in the north-
western part of the basin and gained by the
ocean to the east, suggesting an advective trans-
fer of heat by the mid-latitude westerlies. The
basin wide response is consistent with a role
for cloud feedback and is in broad agreement
with estimates from observations, but is poorly
represented in the uncorrected model. The cor-

rected model is then used to show that the ocean/atmosphere
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heat transfer is influenced by low frequency
variability in the overlying atmosphere. We
also argue that changing ocean heat transport

is an essential feature of our results.
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1. Introduction

North Atlantic sea surface temperatures (SSTs) exhibit pronounced basin scale vari-
ability on multidecadal time scales. This mode of coherent warming/cooling is known as
the Atlantic Multidecadal Variability [AMV; Schlesinger and Ramankutty, 1994; Enfield
et al., 2001; Sutton and Hodson, 2005; Knight et al., 2005; Dima and Lohmann, 2007].
The time series and spatial pattern of the AMV based on observations are shown in Fig-
ures la and 2a (see Section 3 for the precise definition of the AMV). The former shows
pronounced multidecadal variability while the latter exhibits a basin-wide SST signature
with a maximum east of Newfoundland and a weaker signature in the subtropics.

The AMV has been shown to influence North American and European Summer cli-
mate [Sutton and Hodson, 2005], US rainfall [Enfield et al., 2001] and drought [McCabe
et al., 2004], Sahel rainfall [Folland et al., 1986], Atlantic hurricanes [Goldenberg et al.,
2001], the Indian monsoon [Zhang and Delworth, 2006], South American rainfall [Kayano
and Capistrano, 2014], Arctic temperature change [Chylek et al., 2009], and temperature
over the whole Northern Hemisphere [Steinman et al., 2015], to name but a few studies.
Through its impact, the AMV is of great socio-economic relevance. Therefore, it is highly
desirable to understand its dynamics and potential predictability.

The dynamics of the AMV are under debate. It has long been thought that the Atlantic
Meridional Overturning Circulation (AMOC) plays an important role, with a stronger
(weaker) AMOC enhancing (reducing) the North Atlantic heat content, of which the
AMYV is the surface imprint in this paradigm [e.g., Latif et al., 2004; Knight et al., 2005;

Latif and Keenlyside, 2011; McCarthy et al., 2015]. Some studies, however, have suggested
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that the AMV is largely driven by changing radiative forcing, e.g., from volcanoes [Ottera
et al., 2010]. Booth et al. [2012] go further and argue that variations in aerosol loading
are a key factor, a view that has been criticized by Zhang et al. [2013]. The mixture of
free and forced variability complicates the interpretation of both models and observations,
with both forms of variability likely to play a role in reality [Tandon and Kushner, 2015].
Even the nature of the free variability is not without controversy. In particular, Clement
et al. [2015] claim that the AMV is entirely driven by fluxes from the atmosphere, with
no role for the AMOC and the associated heat transport variations, a view that has been
challenged by, e.g., O’Reilly et al. [2016].

Aside from the role of variable radiative forcing, a further complication when inter-
preting models is the cold SST bias in the North Atlantic that is a common feature of
climate models and is associated with the southward displacement of the North Atlantic
Current in the models [Fig. S1 in the supporting information; Wang et al., 2014; Flato
et al., 2014; Drews et al., 2015; Menary et al., 2015]. Different climate models simulate
AMYV patterns that are distorted and/or shifted from observed estimates and from each
other [Ba et al., 2014; Brown et al., 2016]. Here, we show the advantage of using a flow
field correction, as described in Drews et al. [2015], to alleviate the cold SST bias in a
coupled model. Our bias corrected model shows a much more realistic representation of
the AMV than does the uncorrected model and throws light on the role of the atmosphere
for setting the basin wide character of the AMV. In addition, we show that the AMV
in our model cannot be reproduced without having a dynamic ocean and the associated

AMOC variations, addressing the issue raised by Clement et al. [2015]. We also show that
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the relationship between the air-sea heat exchange and the AMV can be modulated by
low frequency variability in the atmosphere. For example, Yamamoto and Palter [2016]
have argued that the absence of an AMYV fingerprint in the observed record of winter mean
European surface air temperature is because of the tendency, along air parcel trajectories,
for more heat to be removed from the North Atlantic in the cold than in the warm phase
of the AMV during the observed record in winter, a feature we can address with our model

set-up.

2. Data and Methods

2.1. The coupled model and the flow field correction

For this study, we use the Kiel Climate Model [KCM; Park et al., 2009], a coupled
atmosphere/ocean/sea ice model. It consists of the ocean model NEMO [Madec, 2008] in
the ORCAZ2 configuration (& 2° x 2°, 31 vertical levels) coupled to the atmospheric model
ECHAMS [Roeckner et al., 2003] with approximately 3.75° x 3.75° resolution (T31), 19
vertical levels and a lid at 10hPa, using the coupler OASIS3 [Valcke, 2006, 2013]. The
radiative forcing is fixed at late twentieth century levels and, in particular, does not
include changing greenhouse gas concentration or aerosol loading.

We compare model output of the KCM run in the standard configuration (hereafter “the
uncorrected model” or “CTRL”) with output from a corrected model version (referred to
as “CORR”). CORR includes a non-flow interactive correction that is applied to the
North Atlantic flow field as well as an additional correction that is applied to the surface
freshwater flux (model experiment C-FSO as described in Drews et al. [2015]). The flow

field correction adjusts the baroclinic pressure gradient of the ocean component by a non-
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interactive seasonally varying climatological correction term in the momentum equations.
The correction leads to a more northward flow of the North Atlantic Current (NAC),
re-establishing the northwest corner [Lazier, 1994] east of Newfoundland (see Fig. S2). In
order to prevent a shutdown of the AMOC, the surface freshwater flux seen by the ocean
component is also adjusted. However, no adjustment is made to the model heat budget.
Further details can be found in Drews et al. [2015]. 1000 year long model simulations are
carried out using both model versions and the last 700 years, annually averaged (unless

otherwise stated) and, here, 5 year low pass filtered, are analyzed.

2.2. Gridded Observational Data Sets

We compare our model results with SST from the Hadley Centre sea Ice and Sea Surface
Temperature data set (HadISST, from 1900 to 2012) [Rayner et al., 2003] and turbulent,
i.e., sensible and latent, heat flux data produced by Gulev et al. [2013], available from 20°

— 70° N in the North Atlantic.

3. Results

We define the AMV as the linearly detrended area mean North Atlantic SST between
the equator and 60° N, 75° W and 7.5° W [Sutton and Hodson, 2005; Ting et al., 2009],
annually averaged and, here, 5 year low pass filtered. CTRL simulates variability analo-
gous to the observed AMV, albeit with lower amplitude and shorter time scale (Figs. 1b
and S3 and note the dominance of decadal rather than multidecadal variability in this
model version'), an aspect of the model performance that is improved in CORR (Fig.
1c). In observations, the region of maximum SST variability is found in the northwest

corner region (Fig. 2a), just to the east of Newfoundland, whereas in CTRL, it is shifted
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to the south and east (Fig. 2b). This is perhaps not surprising given the southeastward
displacement of the North Atlantic Current and the lack of a northwest corner in CTRL
[Drews et al., 2015, see Fig. S1 and S2]. Correcting the flow field moves the North At-
lantic Current to a more realistic location [Drews et al., 2015] and leads to a more realistic
pattern of SST variability associated with the AMV (Fig. 2¢). The SST variability is now
at a maximum in the northwestern part of the North Atlantic, south of Greenland, in a
region where CTRL shows, by contrast, a local minimum in SST variability. On the other
hand, the variability in the deep tropics is less pronounced in CORR than in the pattern
derived from observations, with the characteristic horseshoe pattern bending westwards
further north than in observations. There is evidence that cloud feedback is important for
the tropical signature of the AMV [Brown et al., 2016; Yuan et al., 2016], a process that
appears to operate in our model but probably not sufficiently in the deep tropics. Never-
theless, the pattern of SST variability derived from CORR is quite similar to the ensemble
mean from the CMIP5 simulations shown in Figure la of Brown et al. [2016]. By contrast,
the SST pattern derived from individual models shown in Figure S2 of Brown et al. [2016]
varies considerably from model to model and sometimes shows features similar to those
in CTRL (e.g., the MPI-ESM-MR model).

Examining the interaction of the ocean and the atmosphere associated with the AMV in
CORR reveals an anomalous warming of the atmosphere by the ocean in the warm phase
of the AMYV in the northwestern part of the basin, while the atmosphere gives anomalous
heat back to the ocean in the eastern and, to a lesser extent, parts of the tropics, thereby

leading to a basin-wide warming (see Fig. 3b; heat flux is defined as positive upward).
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Although there is the suggestion of this pattern in CTRL (Fig. 3a), the pattern is clearly
distorted by the presence of the cold bias, especially in the subpolar gyre. This pattern,
in which anomalous heat is given up by the ocean in the northwest and given back to the
ocean in the east and the tropics, has been noted by Brown et al. [2016]. These authors
show that cloud feedback plays an important role in models, both for amplifying the
AMYV signal in the northwestern Atlantic and for transferring heat from the atmosphere
to the ocean in the tropical regions. We can see this effect in our model when using
the total net heat flux for the regression (see Fig. S4) instead of only the sensible and
latent heat flux used in Fig. 3b. In particular, Fig. S4 shows some amplification of the
regression pattern in the subpolar North Atlantic as well as a region of quite pronounced
heat input in the tropics that is not so clear from Fig. 3b. Since the difference between
the sensible and latent heat flux and the net heat flux is dominated by the short wave
component, this is consistent with a role for cloud feedback in our model. The region
of heat uptake by the ocean to the west of Europe is, nevertheless, also found in the
model version without cloud feedback discussed by Brown et al. [2016, see their Fig. 4e].
We suggest that this region of heat uptake is associated with the advection of heat from
the northwestern part of the basin by the mid-latitude westerly winds, a process that
may also play a role in more tropical latitudes due to advection around the subtropical
(Azores) anticyclone. Advection of heat by the westerly winds in the atmosphere has been
discussed by Yamamoto and Palter [2016] as a mechanism by which the AMV influences
European climate. It is also interesting to note that the subsurface (200 — 880 m) heat

content in CORR regressed on the AMV index with zero lag (not shown) does not show
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the contrast between the western and eastern sides of the subpolar gyre that one sees in
the surface heat flux. However, going along with the subsurface heat content anomalies,
the subpolar gyre transport is reduced in the warm phase of the AMV (see Figure S5),
favouring heat transport convergence in the ocean on the western side of the subpolar gyre
at the expense of the eastern side, an issue we shall explore further elsewhere. We also
note, as for SST, the similarity between the pattern of the AMV-related net surface heat
flux in CORR (Fig. S4) and that from the ensemble mean of the CMIP5 models shown in
Brown et al. [2016, see their Fig. 1b], albeit with some differences in detail (in CORR, the
regression coefficient is higher and the region of strongest heat release to the atmosphere is
more confined to the western North Atlantic). On the other hand, individual models (see
Figure S3 from Brown et al. [2016]) often show very different patterns that are sometimes
quite similar to that from CTRL (e.g., GFDL-ESM2M or the MPI-ESM-MR).

We turn now to an estimate of the AMV-related surface turbulent heat flux based on
observations. Figure 3c shows the same regression but this time using the annual mean
AMYV from observations (HadISST) and surface sensible and latent heat fluxes from the
data set produced by Gulev et al. [2013]. Here, we smoothed the data with an 11 year
running mean filter as in the original article (it should be noted that applying an 11 year
running mean to the model output does not qualitatively affect the comparison - see Fig.
S6). It is clear that the pattern derived from observations is much closer to the pattern
derived from CORR than to that derived from CTRL. A notable area of agreement is the
region in the northwestern Atlantic where, in the warm phase, heat is given up by the

ocean to the atmosphere. This region is almost coincident spatially in both CORR and in
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the observed estimate and is of similar magnitude in both cases. The main discrepancy
is the region close to Greenland and in the Labrador Sea where heat is taken up by the
ocean from the atmosphere in the observed estimate and which is not found in CORR.
However, in this region, the observed estimate does not pass the significance test and
is probably also compromised by sparse data. Nevertheless, the difference could reflect
model deficiencies, in particular the lack of resolution to properly resolve the shelf/slope
circulation, especially the Labrador Current along the shelf break, and the fact that in
the Labrador Sea there is still too much sea ice in CORR (cf. masked areas in Fig. 2a and
c).

A difficulty when interpreting surface fluxes associated with the AMV derived from
observations is the shortness of the record. Yamamoto and Palter [2016] have argued
that the absence of an AMV signal in European winter mean surface air temperature is
because of the tendency for “swifter, more zonal winds” in negative (cold) AMV winters
compared to positive (warm) AMV winters. As noted by Yamamoto and Palter [2016],
this is similar to the behaviour associated with the winter North Atlantic Oscillation
(NAO) [Hurrell, 1995], for which positive NAO winters are associated with stronger zonal
winds than negative NAO winters. Given such a relationship between the zonal winds and
the AMV, Yamamoto and Palter [2016] argue that more heat is removed from those parts
of the North Atlantic that matter for European winter climate in the cold phase than
in the warm phase of the AMV, thereby masking the AMV signal over Europe. We can
illustrate this effect using CORR by looking for an episode in which the winter AMV and

NAO are negatively correlated (using 5 year low pass filtered time series). In CORR, the
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winter (December-January-February, DJF) NAO has no correlation with the winter AMV
at the 0 lag. However, a particular 70 year episode in the 1000 year long model simulation
was found and analyzed (years 620-689 - see Figure 1), which shows an anti-correlated
NAO-AMYV relationship (r = —0.53 at zero lag, a very rare event in this model run).
During these 70 model years (see Figure 4a), the regression of winter (DJF) turbulent
surface heat fluxes on the winter (DJF) AMV index looks quite different from that shown
in Fig. 3b. In particular, more heat is lost to the atmosphere during the cold phase than
in a warm phase of the AMV over large parts of the subpolar North Atlantic, leading to a
pattern not dissimilar to that shown in Fig. 3e of Yamamoto and Palter [2016]. However,
when considering all winters from the 700 year time series (Fig. 4b), the pattern looks
very similar that in Fig. 3b.

Finally, we note that when a 50 meter deep slab ocean without any ocean circulation is
forced with the turbulent (i.e., sensible and latent) monthly mean heat flux anomalies from
CORR (details in the supporting information), the spatial pattern found when regressing
the slab ocean SSTs on the slab ocean AMV index (Fig. S7a) is similar to that in CORR
(Fig. 2c¢). However, the pattern of the surface heat fluxes associated with the slab ocean
AMYV index (Fig. S7b) is reversed compared to that of CORR (Fig. 3b; see also Fig. 1c
in O’Reilly et al. [2016]). In other words, the slab ocean AMV index has an 180° offset
compared to the coupled model AMV index (see Fig. S8), despite being driven by the
time series of surface heat fluxes from the coupled model. It follows that the mechanism
driving the AMYV in the fully coupled model is quite different from that in the slab ocean

model, the warm phase of the AMV in the coupled model corresponding to the cold phase
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of the AMV in the slab model, pointing to the fundamental role being played in the
coupled model by the variations in ocean heat transport that are missing from the slab
model. The results confirm those found by O’Reilly et al. [2016] concerning the role of
changing ocean heat transport in the dynamics of the AMV in coupled models. It should
be noted, too, that in CORR, the AMV and the AMOC at 48° N, 1400m depth, are highly
correlated with r ~ 0.6 at 0 to 3 years lag (AMOC leading the AMV, both time series
detrended and 5 year low pass filtered), significantly different from zero at the 99 % level
using the method of Ebisuzaki [1997] and not sensitive to the choice of AMOC index.

This underlines the strong relationship between the AMV and the AMOC in CORR.

4. Summary and Conclusions

A correct simulation of the Atlantic Multidecadal Variability (AMV) is important given
the known impact of the AMV on the weather and climate of the Northern Hemisphere
(see, for example, Folland et al. [1986]; Goldenberg et al. [2001]; Knight et al. [2005];
Sutton and Hodson [2005]; Zhang and Delworth [2006]; Steinman et al. [2015]). However,
a common feature of coupled climate models is the misplacement of the North Atlantic
Current and the associated North Atlantic cold bias [ Wang et al., 2014; Drews et al., 2015].
Here, we have looked at the impact of the bias on the representation of the unforced AMV
using two versions of the Kiel Climate Model (KCM), one of which includes a correction
for the bias, following Drews et al. [2015], and one of which does not. A novel feature
of the correction technique is the use of a flow field correction that is applied to the
model momentum equations and adjusts the North Atlantic Current to a more realistic

location than in the uncorrected model, CTRL. Neither model version includes changing
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greenhouse gas forcing or aerosol loading and it should be noted that the correction
technique does not involve adjusting the model heat budget.

We have shown that the representation of the AMV is much improved in the corrected
model, CORR, in comparison to observations and that, in CORR, the location of max-
imum sea surface temperature (SST) variability associated with the AMV is found to
the south of Greenland in a region where, in CTRL, the SST variability shows a local
minimum. Furthermore, in CORR in the warm phase of the AMV, heat is released by the
ocean to the atmosphere in the northwestern part of the Atlantic on decadal time scales,
consistent with the dataset derived by Gulev et al. [2013] from observations, and absorbed
by the ocean from the atmosphere to the west of the Europe and in parts of the tropics,
leading to a basin wide response. Brown et al. [2016] have noted the importance of cloud
feedback, both for amplifying the AMV signature in the northwestern Atlantic and for
determining the atmosphere/ocean heat transfer in the tropics [see also Yuan et al., 2016],
a process we also think operates in our model. Here, we have argued that advection of
heat by the mid-latitude westerlies also plays a role in heating the ocean to the west of
Europe in the warm phase.

We have also used CORR to look at the modulation of the atmosphere/ocean heat flux
on interdecadal time scales due to the low frequency variability of the atmospheric circu-
lation, as seems to be a feature of the observed record during boreal winter | Yamamoto
and Palter, 2016]. The results largely confirm the finding of Yamamoto and Palter [2016]
that there can be multidecadal episodes in which more heat is removed from parts of the

subpolar North Atlantic in the cold phase of the AMV than in the warm phase, contrast-
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ing the picture when a long time series of the AMV is considered. This raises questions
about the interpretation of the AMV and its impact on the atmosphere from the short
observational data record, at least in subpolar regions where the atmosphere exhibits con-
siderable internal variability. We also show that in CORR, the correct simulation of the
AMYV almost certainly requires changes in ocean heat transport, countering the suggestion
made by Clement et al. [2015] that the AMV is driven locally by heat fluxes from the
atmosphere without the need to invoke changes in ocean heat transport [see also O’Reilly
et al., 2016].

Finally, we note that although higher resolution models become more and more avail-
able, the representation of the North Atlantic Current and the cold bias do not necessarily
improve with higher resolution (Delworth et al. [2012]; but see Menary et al. [2015]). The
correction technique explored here is therefore a computationally inexpensive and prag-
matic means to improve the flow field in the North Atlantic in models, thereby alleviating
the cold bias, with the potential for significant improvement in the simulation of the over-
lying atmospheric circulation [Scaife et al., 2011; Keeley et al., 2012] and in the seasonal
to decadal forecast skill in the Euro-Atlantic sector [Scaife et al., 2014]. It should nev-
ertheless be noted that it is not certain how ocean circulation will evolve with climate
change in the future and that use of present-day climatological data to correct a model,

as we have done here, might be inappropriate for future climate simulations.
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Notes

1. This is the reason for using a 5 year low pass filter. This removes the interannual variability but preserves the decadal

variability in CTRL.
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Figure 1. Time series of the AMV (a) in observations (OBS; HadISST 1900-2012), (b) the
uncorrected model (CTRL), and (c) the corrected model (CORR). All time series have been 5
year low pass filtered. The bar in (c) marks the 70 year long episode discussed in the text and

used in Fig. 4a.

Figure 2. The spatial pattern of SST varability associated with the AMV in (a) observations,
(b) CTRL, and (c) CORR. Shown are regressions of 5 year low pass filtered SST ( (a) HadISST
1900-2012, (b) and (c) 700 model years) onto the corresponding 5 year low pass filtered AMV
index. Units are °C/°C. Areas with more than 15% mean sea ice in March have been masked.
Longitude/latitude intervals are 15° in all figures. For the same figure, but using AMV indices

normalized by their standard deviation, see Fig. S9.

Figure 3.  Regression of the annual mean turbulent (i.e. sensible and latent) surface heat
flux (positive upward) on the AMV index: (a) CTRL, (b) CORR, and (c) the dataset produced
by Gulev et al. [2013] (1900-2007). For the models, time series are 5 year low pass filtered; in
(c) time series are smoothed with an 11 year running mean (cf. Gulev et al. [2013]). Units
are Wm?K~!. Areas with more than 15% mean sea ice cover in March are masked (HadISST
used for the observed estimate of the AMV index and sea ice in (c)). Hatching denotes that the
corresponding correlation coefficients are significantly different from zero at the 95% or greater

level according to the method of Ebisuzaki [1997].
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Figure 4. Regression of the winter (DJF) mean turbulent surface heat flux (positive upward)
on the winter (DJF) AMV index from CORR for (a) the years 620-689, which exhibit anti-
correlated NAO and AMYV indices, and (b) the whole 700 years of model data. All time series
are 5 year low pass filtered. Units are Wm=2K~!. Areas with more than 15% mean sea ice cover
in March are masked. Hatching combined with white stippling denotes areas with correlations

that are significantly different from zero at the 95 % level using the method of Ebisuzaki [1997].
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