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The Pacific Decadal Oscillation

Trenberth et al. (NCC, 2014)

The Pacific Decadal
Oscillation (PDO) is
defined by the leading
pattern (EOF) of sea
surface temperature
(SST) anomalies in the
North Pacific basin
(typically, polewards of
20N).

R. Farneti Pacific interdecadal variability and ENSO



Intro Models, Forcings & Experiments Results Toy model Hindcast simulations Conclusion References

What is the PDO?

(Newman et al., 2016)

The PDO is not a physical
mode but rather is the sum of
several physical processes:
North Pacific SST integrates
weather noise (fluctuations in
the Aleutian Low)
SST anomalies provide
reduced damping of
atmospheric signals at
low-frequency
Midlatitude ocean dynamics
(partly) sets the timescale
Teleconnections from the
Tropics
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The Pacific Decadal Oscillation

Trenberth et al. (NCC, 2014)

At decadal time scales, about
a third of the PDO signal
might be remotely-driven, with
the remaining variance
explained by oceanic zonal
advection anomalies and
variability of the Aleutian low
(Schneider and Cornuelle,
2005).
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The observed PDO & ENSO

Deser et al. 2010
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PDO & ENSO indeces
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The recent warming hiatus (slowdown)

Accounting for the recent cooling
in the eastern equatorial Pacific
reconciled climate simulations
and observations (Kosaka and
Xie, 2013).

England et al. (2014) showed
that a pronounced strengthening
in Pacific trade winds over the
past two decades is sufficient to
account for the cooling of the
tropical Pacific and the slowdown
in surface warming.
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Figure 3 | Schematic of the trends in temperature and ocean–atmosphere circulation in the Pacific over the past two decades. Colour shading shows
observed temperature trends (�C per decade) during 1992–2011 at the sea surface (Northern Hemisphere only), zonally averaged in the latitude-depth
sense (as per Supplementary Fig. 6) and along the equatorial Pacific in the longitude-depth plane (averaged between 5� N–5� S). Peak warming in the
western Pacific thermocline is 2.0�C per decade in the reanalysis data and 2.2�C per decade in the model. The mean and anomalous circulation in the
Pacific Ocean is shown by bold and thin arrows, respectively, indicating an overall acceleration of the Pacific Ocean shallow overturning cells, the equatorial
surface currents and the Equatorial Undercurrent (EUC). The accelerated atmospheric circulation in the Pacific is indicated by the dashed arrows; including
the Walker cell (black dashed) and the Hadley cell (red dashed; Northern Hemisphere only). Anomalously high SLP in the North Pacific is indicated by the
symbol ‘H’. An equivalent accelerated Hadley cell in the Southern Hemisphere is omitted for clarity.

experiments, we later re-evaluate the impact of the Pacific winds
in a full coupled climate model setting. Two types of experiment
are undertaken in each model setting: one forced by climatological
monthly varying winds, the other includes the addition of observed
1992–2011 Pacific wind trend anomalies (Fig. 2a and Methods).

The ocean model SST response to the applied wind trends
captures the pattern of recent warming and cooling observed over
the Pacific Ocean (compare Figs 4a and 2c), with cooling in the
central and east andwarming in thewest that extends into the Indian
Ocean and polewards in the tropical Pacific western boundaries.
Peak cooling in the central Pacific is higher than observed, although
elsewhere the pattern andmagnitude agree well. Ocean velocity and
horizontal streamfunction trends (Fig. 4a and Supplementary Figs
4 and 5) demonstrate that the simulation reproduces many of the
changes seen in the reanalysis data; for example, an acceleration
in surface Ekman divergence and pycnocline convergence, a spin-
down in the tropical Pacific western boundary currents and an
increase in both the Indonesian throughflow and the Equatorial
Undercurrent. The Kuroshio Current and the North Pacific gyre
also accelerate.

Subsurface temperature and circulation fields also exhibit
significant trends, with a cooling in the upper tropical ocean
and warming at depth, consistent with observational evidence
(Fig. 3 and Supplementary Fig. 6). The maximum rate of warming
in the tropical Pacific thermocline agrees well between model
(2.2 �C per decade) and reanalysis data (2.0 �C per decade). The
circulation trends reveal an acceleration of the Pacific Ocean
shallow overturning cells22 (Fig. 4b), as identified during hiatus
periods in the National Center for Atmospheric Research (NCAR)
climate model2,3, driven by an intensified wind stress curl on
either side of the Equator. The enhanced overturning cells increase

both the upwelling of cool subthermocline waters at the Equator
and the subduction of warm subtropical water into the ventilated
thermocline (Supplementary Figs 4 and 6), enhancing convergence
in the tropical pycnocline (Fig. 3 and Supplementary Fig. 4). This
increases the subsurface uptake of heat in the Pacific, while cooling
the surface layer that interacts with the atmosphere. Di�erences in
heat content in 2012 between the two experiments confirm this, with
a net wind-driven heat gain below 125m (+5.0⇥1022 J; most of this
in the Pacific and Indian Oceans) and reduced heat content in the
surface 125m (�3.8⇥1022 J), resulting in a net ocean heat gain of
1.2⇥1022 J. This is about half the model’s total integrated radiation
imbalance at the top of the atmosphere during the post-2000 hiatus,
reducing SAT trends during this decade.

The Pacific wind trends thus produce a cooler tropical Pacific
and other ocean circulation changes that contribute to a cooler
global average SAT, although the influence on global average
temperatures becomes detectable only ⇠5 years after the start of
the trade wind acceleration (Fig. 4c). This spin-up in heat uptake
in the subtropical overturning cells matches the approximate
timescale for baroclinic wave adjustment to changing wind stress
at subtropical latitudes22. Furthermore, about 80% of the cooling
in SAT occurs post-2000, suggesting that the multidecadal Pacific
wind acceleration is an integral element to account for the hiatus
of the scale recently observed (this is also the case in models;
Supplementary Fig. 7). Relative to the control greenhouse warming
experiment, anomalous global average SAT cooling due to Pacific
wind trends reaches ⇠0.11 �C by 2012 (Fig. 4c), consistent with the
extra heat stored by the ocean.

Projections of global surface warming estimated from the two
most recent generations of coupled climate models assessed by
the Intergovernmental Panel on Climate Change (IPCC; Methods)
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(England et al., 2014)
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SST anomalies [2000-2009] - [1990-1999]
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Teleconnections are also possible drivers

The Atlantic forcing decadal
Pacific variabilityAtlantic forcing of Pacific decadal variability

1 3

Fig. 7  1970–1989 minus 1931–
1950 SST and near surface wind 
differences. a Observed,  
b ATL_VAR ensemble mean. 
In b anomalies that are 95 % 
statistically significant are indi-
cated by the contours. Units are 
K for SSTs and m/s for wind

(a)

(b)

Fig. 8  1994–2013 minus 1970–
1989 SST and near surface wind 
differences. a Observed,  
b ATL_VAR ensemble mean. 
In b anomalies that are 95 % 
statistically significant are indi-
cated by the contours. Units are 
K for SSTs and m/s for wind

(a)

(b)

Atlantic Multidecadal
Oscillation (AMO) has had a
substantial influence on the
equatorial Pacific decadal
variability
Pacemaker experiments
confirm the teleconnection
(Kucharski et al., 2015); see
also McGregor et al. (2014)

Kucharski et al. (2015)
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1 The Pacific Decadal Oscillation (PDO) seems to be partly (i) stochastically driven,
(ii) a passive ocean response to the atmosphere and (iii) a coupled mode of the
ocean-atmosphere system where ocean dynamics plays a critical role (Latif and
Barnett, 1996; Barnett et al., 1999).

2 The PDO is believed to be associated with both tropical forcing, through an
atmospheric bridge of low-frequency ENSO signal, and local extratropical
atmospheric stochastic forcing (Liu and Alexander, 2007).

3 The PDO might be a combination of several different processes (Newman et al.,
2016).

4 What is the origin of ENSO Decadal Variability (EDV)? from the Pacific
midlatitudes (Barnett et al., 1999b, Yeh and Kirtman, 2005)? is there a role for
tropical noise and mean state in low frequency ENSO modulation? a
teleconnection from the Atlantic (Kucharski et al., 2015)?

5 Incidentally, what could be (yet another) cause of the recent slowdown in the rate
of surface warming (the so-called warming hiatus/slowdown)?
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Hypothesis: tunnels and bridges

Tropical⇐⇒extratropical interactions

The ocean’s role in the tropical-extratropical 

interaction in an idealized AOGCM 

Neven S. Fučkar1, Shang-Ping Xie1,2, and Riccardo Farneti3 

International Pacific Research Center1 and Department of Meteorology2,  

School of Ocean and Earth Science and Technology, University of Hawaii, Honolulu, Hawaii, USA 

International Center for Theoretical Physics, Earth System Physics Section3, Trieste, Italy 

June 14, 2011 (11:30-11:45) AM, 18th AMS Conference on Atmospheric and Oceanic Fluid Dynamics, Spokane, Washington 
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Tropical forcing patterns can force extratropical flow responses
Can the atmosphere feed back on the ocean, leading to a
time-delayed response of the tropical oceans?
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The role of SubTropical Cells

lower than for the July 1998–June 2003 period in McPhaden and Zhang (2004) (the last discrete value in
Fig. 1b) is that the 2000 estimate in this study uses data from 1997 to 2003 which includes the strong
1997–1998 El Niño.

What is striking from Fig. 1b is the strong decadal variability superimposed on the linear weakening trend
of the STC. In this heavily filtered time series, the influence of ENSO is effectively removed. For example, the
reduction of the STC associated with the 1997–1998 El Niño (Cheng et al., submitted for publication) is not
evident. While the linear trend over the past several decades from 1954 was !11 Sv, the maximum decade–
decade variations about the trend were 7–11 Sv, with a standard deviation of the detrended time series of
3.4 Sv. Both the linear trend and the decade-to-decade variations are large fractions of the long term mean
transport convergence (21.8 Sv). The reduction of the STC in late 1970s associated with the 1976/77 regime
shift is profound, while rebounds in late 1980s and 1990s corresponding to possible regime shifts in the North
Pacific (e.g., Minobe, 2000; Chavez et al., 2003) are also significant. McPhaden and Zhang (2002, 2004) related
STC transport variability to equatorial upwelling and SST in central and eastern tropical Pacific and suggested
a positive feedback loop for Pacific decadal variability similar to the Bjerknes feedback that occurs as part of
the ENSO cycle. This relationship is more clearly illustrated in Fig. 1c, where a low pass filtered (7-year and 3-
year running mean applied successively) SST index averaged over 90!W–180! and 9!S–9!N is plotted against

1950-1999

= 25.0 kg m-3σθ

(b) (c)

(a)

Fig. 1. (a) Mean geostrophic stream function and velocities on 25.0 rh density surface (also plotted are the sections at 9!N and 9!S, across
which equatorward convergence transport are calculated). (b) Time series of the equatorward volume transport convergence. Horizontal
line and error bars are based on McPhaden and Zhang (2002, 2004). (c) Time series of volume transport convergence and SST averaged
over the central and eastern tropical Pacific, 90–180!W and 9!S–9!N. The transport scale is inverted to emphasize that a slow down of the
circulation corresponds to a warming of SST.

6 D. Zhang, M.J. McPhaden / Ocean Modelling xxx (2006) xxx–xxx

ARTICLE IN PRESS

(Zhang and McPhaden, 2006)
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The Models

Ocean model: MOM
1 2◦resolution (∼1◦ at Equator), 30 levels, z∗ coordinate
2 NO SST RESTORING
3 Forced with the Coordinated Ocean-ice Reference Experiment

(CORE) Normal Year Forcing (NYF) described in Griffies et al.
(2009) for 600 years.

4 CORE dataset include T, [U,V], Q, SLP, LW and SW, Precip and
Runoff. They all derive from a combination of NCEP reanalysis
and satellite data.

Atmospheric Model: SPEEDY
1 the ICTPAGCM SPEEDY (Molteni, 2003)
2 Spectral dynamical core, hydrostatic, σ-coordinate.
3 Horizontal resolution is T30, with 8 levels in the vertical.
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The anomalous forcing

1 We ran a 10-member SST-forced SPEEDY ensemble with
interannually varying SST, derived from the HadISST dataset.

2 The forcing was applied only to the Pacific region; elsewhere,
climatological, monthly varying SSTs are used.

3 From the ensemble mean, we calculated the difference between
decades 2000/2009 and 1990/1999, for all CORE forcing fields,.

4 The anomalies were then added to each climatological CORE
forcing field driving the ocean.
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The anomalous forcing
a) 10 m  Temperature b) SLP

c) Wind and curl (x1e6)

1 Asymmetric response
2 wins stress and wind stress curl anomalies have the opposite sign from the

climatological mean.
R. Farneti Pacific interdecadal variability and ENSO
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but where is the anomaly coming from?

Most of the anomalies in extratropical winds are generated from
tropical forcing, and only a minor fraction comes from local air-sea
interactions

Anomalous wind and its curl for an ensemble of tropical (18◦S to 18◦N) SST
forcing only.
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CTL and SPEEDY experiments

1 The Control (CTL) experiment is 600 years long.
2 A perturbation experiment (SPEEDY-ALL), 25 years long, was

started at year 350 of the CTL run.
3 SPEEDY-TPW: as SPEEDY-ALL, but only temp, SLP and wind

anomalies.
4 SPEEDY-W: as SPEEDY-ALL, but only wind anomalies.
5 Results seem robust and stable after the first 10-15 years.
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Atmospheric response
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overturning circulation in the
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(2005)
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Atmospheric response
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Ocean response

A PDO-like pattern is
generated when the
anomalous forcing is added

SST EOF-1

SST PC-1
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Ocean response
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Sensitivity to location of the forcing

SPEEDY-NOTROP and SPEEDY-TROP

1 1
1
1
11

1
1

Anomalous wind stress (vectors; Nm−2) and its curl (shading; ×10−7

Nm−3) computed by the ocean model in the sensitivity experiments.
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Ocean response: TROP
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Ocean response: NOTROP
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Heat Content anomalies

Evolution of heat content anomalies
relative to the Control
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An idealized model for the ENSO-STG-STC interactions

Let T be the SST anomaly in central equatorial Pacific, G and C the
indices of the anomalies in the intensity of the Pacific sub-tropical
gyre and cells [based on the ENSO delayed oscillator of Suarez and
Schopf (1988)]:

d T
d t

= T − α T(t − δ)− r1(T − T0)
3 − E G (1a)

d G
d t

= E T − κG + γ r2 (1b)

d C
d t

= −κ (C − G) (1c)

where T0 = −βC, γ = 0.25 and κ = 0.025 (because atmospheric
response is 10×faster than the G-C interactions).
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Time series for the three
variables
T (ENSO SST)
G (subtropical gyre)
C (subtropical cells)
in the idealized model.
Decadal variability appears in
T and C, which are
anticorrelated by construction.
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If there is no direct interaction between T and G, i.e. E = 0 & r1 = const.

d T
d t

= T − α T(t − δ)− r1(T − T0)
3 −��E G (2a)

d G
d t

=��E T − κG + γ r2 (2b)

d C
d t

= −κ (C − G) (2c)
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Much reduced variability in
C and G and
regular variations in T.
In this model, the Gyre forcing
by chaotically-modulated
ENSO response is crucial.
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Coupled tropical-extratropical feedbacks and
the generation of low-frequency ENSO variability

Ekman Layer 

STC 

STG SPG TG 

(Farneti et al., 2014b) and based on theories and simulations by McCreary
and Lu (1994); Kleeman et al. (1999); Klinger et al. (2002)
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Evolution of the Pacific STC & SST for the period
1948-2007 in forced ocean models
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Model results agree well with
observed estimates of STC transport,
convergence, and equatorial SSTa
(ZM06, Zhang and McPhaden, 2006).
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Subtropically-forced STC variability is
identified as a major player in the
generation of equatorial Pacific
decadal SSTa.

(Farneti et al., 2014a)
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STC - PDO - GMST

PDO- PDO+ PDO-
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Do CMIP5 models reproduce the observed STC variability? NO
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Conclusions

1 The atmospheric response to tropical forcing has feedbacks on
the subtropical ocean, which is in turn forcing an equatorial
time-delayed response, generating decadal SST anomalies.

2 The system outlines a possible coupled mechanism for ENSO
decadal variability, involving both the ‘atmospheric bridge’ and
the ‘oceanic tunnel’.

3 Subtropically-forced STC variability is identified as a key player in
the generation of equatorial Pacific decadal SST anomalies,
pacing tropical Pacific natural climate variability on decadal time
scales.

4 The natural mode of variability could have implications for the
evolution of equatorial Pacific SSTs in the coming decades under
the concomitant effects of climate change.
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Next: Sensitivity studies on location and intensity of Wind stress
On the E�ect of the Extratropical Wind Stress Forcing on the STC
Circulation using MOM5
Giorgio Gra�no (ggra�n@ictp.it), Riccardo Farneti, Fred Kucharski

International Centre for Theoretical Physics, Trieste (Italy)
Università degli Studi di Trieste, Trieste (Italy)

Summary

Sub-Tropical Cells (STCs) are meridional overturning structures, observed in either
Paci�c, Indian, and Atlantic Ocean. In particular, Paci�c STCs have been studied
extensively from a theoretical point of view (McCreary and Lu, 1994; Liu, 1994),
and observations have demonstrated their in�uence on several aspect of tropical
Paci�c variability (McPhaden and Zhang, 2002). Moreover, STCs changes can have
quantitative e�ects on Earth's climate (England et al., 2014), due to teleconnection
mechanisms.

Figure 1: Examples of teleconnection mechanisms related with STCs.

(a) Role of STC on tropical-subtropical interactions (Farneti et
al., 2013)

(b) Schematics of the Ocean-Atmosphere circulation in the
Paci�c Ocean (England et al., 2014)

Experimental Setup

We recognize the wind stress at the sea surface as one of the main character in the
STCs forcing. More precisely, our aim is to explore the role of the zonal wind stress
on the STCs circulation; in order to do that, we have performed several numerical
experiments, listed in Table 1. Basically, we have selected a suitable area of the
Paci�c Ocean (Figure 2) and imposed at the sea surface an enhanced (or weakened)
zonal wind stress for the entire run. We have then compared the outcomes of these
simulations with a control run, in which the forcing applied at the sea surface was
a �normal year� climatological forcing (NYF) one, taken from the CORE-I dataset
(Gri�es et al., 2009). The model we used is the Ocean Global Circulation Model
MOM5 (Gri�es et al., 2012), developed at NOAA/GFDL in Princeton (NJ, USA).

Table 1: Main characteristics of performed simulation.

CTRL 10p 20p 30p 40p 50p

10m 20m 30m 40m 50m

Horizontal resolution 1◦×1◦ (�ner around the Equator)

Vertical levels 50 (depth), 80 (density)

Time step 7200 s

Sub-grid scheme Gent and McWilliams (1990)

Simulation time 1400 years 30 years

τx NYF NYF+10% NYF+20% NYF+30% NYF+40% NYF+50%
NYF-10% NYF-20% NYF-30% NYF-40% NYF-50%

Figure 2: Sea surface region on which wind stress anomalies (N/m−2) have been applied.

As we can see from Figure 3, the control run shows some long term variability in
the meridional water transport, expecially in the early phase of the simulation. On
average, this simulation is able to reproduce the usual potential vorticity pattern
observed in the Paci�c Ocean. Numerical experiments have been started from a
restart �le of the control run at year 1220, after the end of the spin-up phase.

Figure 3: Control run features.

(a) Meridional Overturning Circulation (MOC,
Sv) at four di�erent locations

(b) Potential vorticity (10−10m−1s−1) at the 1025 kg/m3

isopycnal

Results

Our experiments show that an increased subtropical zonal wind stress gives a stronger
overturning structure in the Tropics, while a reduced zonal wind stress gives a weaker
meridional transport. The cross sections shown in Figures 4 and 5 prove it for the
positive anomaly, using both depth and density coordinates. In Figure 6, the time
series shows that the main e�ect of the positive/negative anomalies is restricted to
the Hemisphere in which the anomalies are applied (the northern one, in our case).

Figure 4: Meridional cross sections of the STCs water transport (Sv) for the Indo-Paci�c Ocean, in depth coordinates.

Figure 5: Meridional cross sections of the STCs water transport (Sv) for the Indo-Paci�c Ocean, in density coordinates.

Figure 6: Running averages (25 months) of the zonally-averaged meridional water transports (Sv) at 9◦N (left panel) and 9◦S (right panel)
for the Paci�c Ocean.

This modi�ed circulation impacts on many aspects of the equatorial ocean state.
Indeed, as we can see in Figure 7, the Equatorial UnderCurrent (EUC) is strongly
strengthened in the central Paci�c Ocean if the positive wind stress anomaly is
applied; the opposite occurs with the negative anomaly (not shown). As a result,
the temperature vertical structure is changed as well; nonetheless, at the surface the
temperature signal is reduced due to the climatological forcing.

Figure 7: Zonal cross sections at the Equator; for each panel the reference picture is top-left one.

(a) Zonal velocity (m/s) and potential density (kg/m3) (b) Temperature (◦C)

Outlooks

We want to use analogous zonal wind stress anomalies in the southern subtropical
Paci�c Ocean, and study their response on the STCs circulation. Nevertheless, we
also plan to test the in�uence on the tropical circulation of more poleward wind
stress anomalies: indeed, we want to apply speci�c zonal wind stress patterns in the
Extratropical Paci�c Ocean in order to have a proper wind stress curl response in that
area. After that, we want to use a coupled Ocean-Atmosphere Global Circulation
Model, in order to study eventual Ocean-Atmosphere feedbacks in response to wind
stress anomalies applied at the surface.

ICTP Workshop on Teleconnections in the Present and Future Climate, 24-26 October 2016, Trieste (Italy)

← Giorgio’s Poster. Preliminary
results on:

The effect of subtropical
winds on STC transport
and equatorial SST anomalies
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