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ABSTRACT:  The build-up of decadal timescale upper ocean heat content in the off-equatorial western tropical Pacific can provide necessary conditions for interannual El Niño/Southern Oscillation (ENSO) events to contribute to decadal timescale transitions of tropical Pacific SSTs to the opposite phase of the Interdecadal Pacific Oscillation (IPO).  This can be viewed as a corollary to subseasonal westerly wind burst events contributing to El Niño interannual timescale transitions.  A long pre-industrial control run with CESM1 is analyzed to show that there is a greater chance of ENSO activity to contribute to an IPO transition when off-equatorial western Pacific Ocean heat content reaches either a maximum (for El Niño to contribute to a transition to positive IPO) or minimum (for La Niña to contribute to a transition to negative IPO) as seen in observations.  If above a necessary ocean heat content threshold, the convergence associated with westerly anomaly near-equatorial surface winds associated with El Niño activity can draw that heat content equatorward to sustain anomalously warm western and central Pacific SSTs.  These are associated with positive precipitation and convective heating anomalies, a Gill-type response and wind stress curl anomalies that continue to feed warm water into the near-equatorial western Pacific.  These conditions then sustain the decadal-timescale transition to positive IPO (with the opposite sign for transition to negative IPO).  Associated central equatorial Pacific convective heating anomalies produce SLP and wind stress anomalies in the North and South Pacific that can excite westward-propagating off-equatorial oceanic Rossby waves to contribute to the western Pacific thermocline depth and consequent heat content anomalies.  
1.  Introduction

Timescale interactions have been proposed to be pervasive and inherently crucial aspects of variability in the climate system, with shorter timescale processes affecting longer timescale processes, and then those longer timescale processes feeding back to the shorter timescale processes (e.g. Meehl et al., 2001).  For example, westerly wind bursts in the western equatorial Pacific, lasting approximately 5 to 90 days and often associated with subseasonal variability of the Madden-Julian Oscillation (MJO, Puy et al., 2016), play a key role in El Niño transitions on the interannual timescale (e.g. McPhaden et al., 2006;  Lian et al., 2014).  Then the ENSO state can act back on the system to affect MJO behaviour (e.g. Lawrence and Webster, 2002), and the level of subseasonal variability (e.g., Lengaigne et al., 2004, Capotondi et al., 2018).

The Interdecadal Pacific Oscillation (IPO, comparable in timescale and pattern with the Pacific Decadal Oscillation, PDO, Han et al 2014) is a dominant contributor to decadal variability in the Pacific (Fig. 1c,d), and also can influence decadal variability in the Atlantic (e.g. Meehl et al., 2016a; 2020) and Indian Oceans (e.g. Han et al 2014).  Just as ENSO on the interannual timescale can influence globally averaged surface temperatures (e.g. Newell and Weare, 1976; Angell, 1981; Trenberth et al., 2002), so also can the IPO affect variability of global surface temperatures at decadal timescales (e.g. Kosaka and Xie, 2013;  Meehl et al., 2016a).  It also has been noted that initializing the ocean state in models according to IPO phase provides a more accurate near-term prediction of global climate (Bordbar et al., 2019).
There have been a number of processes and mechanisms proposed to explain the origin of the IPO.  In one view, the IPO could be seen, primarily, as the low-frequency residual of ENSO through either oceanic integration of the interannual signals (Vimont, 2005; Newman et al., 2016) or through the nonlinear rectification of ENSO into the mean state (e.g. Rodgers et al., 2004; Ogata et al., 2013).  In another view, the IPO can be considered a mode of variability of the Pacific sector sustained by tropical-extratropical interactions.  Decadal SST anomalies in the equatorial Pacific produce wind anomalies in the extra-equatorial tropics, which excite slow westward-propagating oceanic Rossby waves. After reaching the western boundary, the waves continue along the boundary to the equator as coastal Kelvin waves and along the equator as equatorial Kelvin waves where they alter the depth of the thermocline, resulting in equatorial SST anomalies of the opposite sign and in the opposite phase of the decadal cycle (Meehl and Hu, 2006;  Farneti et al., 2014).  Wang et al. (2003) used a simple model to demonstrate the important role played by extra-equatorial winds in forcing decadal modes of tropical variability, whose evolution can be viewed in a slower-acting recharge-discharge context.   Alternately, it has been proposed that externally forced decadal timescale variability in the Atlantic can drive IPO decadal variability in the Pacific (e.g. Sun et al., 2017).  However, recent evidence has been presented that the connections between Atlantic and Pacific are not one way, but are rather mutually interactive so that the Atlantic could affect the Pacific and then the Pacific could affect the Atlantic in turn (Meehl et al., 2020).                                                                                      

Additionally, the IPO could be caused by stochastic changes in frequency of El Niño and La Niña events as noted by Power and Colman (2006). Variations on this stochastic theme have been proposed by others as noted above (Vimont, 2005; Newman et al., 2016).  We allow that this could indeed be the case, leaving little hope that an initialized prediction could capture the time evolution of IPO transitions.  However, the purpose of this paper is to present evidence that if off-equatorial western Pacific heat content anomalies are captured in the initial state, they could provide a possible necessary but not sufficient ingredient for an IPO transition.  Then, an ENSO event occurring early in the prediction period, in conjunction with off-equatorial western Pacific Ocean heat content anomalies of sufficiently large magnitude, could contribute to predicting an IPO transition.  The evidence we present here from the analysis of a model simulation indicates that not every ENSO event can cause a transition when heat content anomalies are primed to do so, but there is a shift in the odds towards a higher chance of such an occurrence.  This provides some hope that, at least in some cases, an initialized prediction, given the right initial state, could produce such transitions more often than not.  Such predictions would not be perfect given that an ENSO event can occur when heat content anomalies are primed and still not produce an IPO transition.  But a shift in the odds towards such an occurrence is information that would improve the predictability of such transitions.

Transitions of the IPO on decadal timescales appear to be synchronized with interannual variations (Meehl et al. 2016b), suggesting a possible role for interannual timescale processes in IPO transitions.  Fig. 1a shows the time series of annual mean off-equatorial western Pacific upper ocean heat content (represented by the depth of the 20°C isotherm) from hindcast initializations with CESM1 for the Decadal Prediction Large Ensemble (DPLE, Yeager et al. 2018).  Though there is considerable interannual variability, decadal timescale trends are evident with changes in slope roughly corresponding to transitions of the phase of the IPO (Fig. 1d).  There is declining ocean heat content after the negative to positive IPO transition around 1976, increasing ocean heat content after the positive to negative IPO transition in the late 1990s, and declining ocean heat content after indications of a negative to positive IPO transition around 2015.  Comparable decadal-timescale time evolutions are evident in the areas north and south of the equator.  Though these data are from a model initialization, comparable decadal trends are evident in several ocean reanalysis products (Yin et al., 2018).  

The decadal timescale transitions in Figs. 1a and d appear to be associated with ENSO events illustrated in Fig. 1b for ocean heat content in the eastern equatorial Pacific (represented by the depth of the 18°C isotherm meant to approximate the depth of the thermocline).  There are relative maxima for El Niño events, and several correspond to IPO transitions.  For example, the 1972-73 and 1976-77 El Niño events in Fig. 1b occur around the time of the 1976 IPO transition, and the 2015-2016 El Niño event takes place around the time of the possible 2015 IPO transition.  Meanwhile, the two year 1998-2000 La Niña in Fig. 1b corresponds roughly to the positive to negative IPO transition in the late-1990s in Figs. 1a and d.

Here we hypothesize that ENSO events on the interannual timescale can contribute to an IPO transition when off-equatorial ocean heat content in the tropical western Pacific reaches a necessary threshold in its recharged or discharged state to be more susceptible to “perturbations” associated with ENSO events.  The heat content build-up can be viewed as a necessary but not sufficient condition for a transition.  The transition itself would depend on ENSO activity occurring when the ocean heat content is primed for such a transition.  This is analogous to the necessary but not sufficient equatorial western Pacific heat content build-up for an El Niño development, which requires westerly wind bursts associated with a subseasonal MJO passage to trigger the ENSO transition (e.g. McPhaden et al., 2006).  In the decadal timescale context, if the ocean heat content is below the necessary threshold, ENSO events could occur without an IPO transition.
2.  Data and model simulation
As noted above, for ocean heat content, we use the ocean initial states for initialized hindcasts in the DPLE.  The methodology (Yeager et al., 2018) involves forcing the ocean model with the time-evolving observed atmospheric forcing for five cycles through the 20th and early 21st century, and taking the fifth cycle as ocean initial states approximating a representation of the observed upper ocean.  These values compare favorably with the time evolution of tropical Pacific Ocean heat content from ocean reanalysis products (Yin et al., 2018).   The EOF analysis of observed Pacific SSTs in Fig. 1 uses the HadISST product (Rayner et al., 2003).  These data are low-pass filtered with a Lanczos filter with a 13-year cutoff prior to calculating the EOFs.  The first EOF represents the trend, and the second EOF (Fig. 1c) is interpreted to represent the IPO with 20.5% of the variance (Meehl et al. 2016b).  
CESM1 provides a relatively realistic representation of ENSO. The ENSO SST pattern tends to be displaced somewhat further west than observed, as it is the case for most climate models, and the amplitude is slightly larger than observed.  However, its dominant timescale, spectral width, and seasonal phase locking are in very good agreement with observational estimates (Capotondi et al., 2020).  CESM1 simulation of ENSO and PDO patterns rank among the best of models included in the CMIP5 archive (Fasullo et al. 2020, their Table 1).
For the composite results for IPO transitions, we analyze the 1800 year CESM1 pre-industrial control run (Kay et al., 2015), and compute the IPO index as the first EOF of low pass filtered SSTs for the Pacific basin (Meehl et al., 2009).  We select IPO transitions as the time when the IPO index crosses the zero line both from positive to negative (e.g. as in the late 1990s), and negative to positive (e.g. as in the mid-1970s and possibly the 2014-2016 time frame) (Fig. 1).  In the model control run, there are 47 cases of IPO negative to positive transition, and 51 cases of IPO positive to negative transition defined in this way.  We then composite conditions associated with those transitions and in Figs. 4-9 we show negative to positive transitions (positive to negative are very similar but with opposite sign).  The Niño3.4 index is defined as area-averaged SST anomalies from 5(S-5(N, 170(W-120(W.  
The specified convective heating anomaly experiments with the Community Atmospheric Model version 3 (CAM3) are run here at T42 resolution with climatological monthly varying SSTs (see description of methodology in Meehl et al., 2016c).   We prescribe a local heat source in the same position as the prominent precipitation anomalies that would produce such convective heating anomalies. To simulate conditions of negative IPO prior to the transition to positive IPO (there are similar results for transition from positive to negative IPO but with opposite signs), a negative convective heating anomaly (corresponding to a negative precipitation anomaly) is placed in the CAM3.  It has the shape of an elongated ellipse in the Pacific at two different locations, one centered on Equator, 160°E, and another at Equator, 135°W.  There is a central value of -5ºC day-1  decreasing linearly with distance until it vanishes on an elliptical boundary with a 3000 km east-west semi-major axis and a 500 km north-south semi-minor axis.  In the vertical, the heating has the profile sin(πp/ps), where p is pressure and ps is surface pressure.  This profile is an approximation of the vertical distribution of long-term heating anomalies that tend to occur in this model.  The magnitude of the idealized source produces the same depth-averaged heating as about a -5 mm day-1 precipitation anomaly averaged over the area of the specified heating.  The experiments were run for 30 years, and results are shown as anomalies from a 100 year control run that uses specified climatologically varying sea surface temperatures.  
3. IPO transitions in the model control run
The normalized composite IPO transitions from negative to positive (Fig. 2a) and positive to negative (Fig. 2b) are shown along with off-equatorial western Pacific Ocean heat content.  At least two years prior to a transition, the heat content reaches 0.5 standard deviations (+/- 1 standard deviation) for each.  At the time of IPO transition (year 0), the heat content values begin to fall (for negative to positive, Fig. 2a) or rise (for positive to negative, Fig. 2b) until the heat content anomalies are about 0.5 standard deviations of the opposite sign about 4 to 5 years after the transition.  The positive heat content anomalies in the years prior to a negative to positive IPO transition are significantly different (at the 95% level, denoted by dots on heat content lines in Fig. 2a,b) from the negative heat content anomalies for a positive to negative transition.  Additionally, the IPO index values for negative and positive IPO transitions are also significantly different from each other (dots on blue lines in Fig. 2a,b).

To explore the relationship between ENSO interannual timescale events and IPO decadal timescale events, we first define individual El Niño and La Niña events following the NOAA definition used in Yu et al (2012).  The ONI (“Oceanic Niño Index”, three month running means of Niño3.4 area-averaged SST anomalies, https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php) must be greater than or equal to 0.5°C for 5 consecutive overlapping 3 month seasons for the ENSO year defined as April of year 0 to March of year+1 (Meehl, 1987).  Furthermore, for those defined events, we follow the Yeh et al (2009) Niño method for Central Pacific (CP) and Eastern Pacific (EP) events.  For each ENSO event as defined above, we count a CP El Niño event when Niño4 (5°N-5°S, 160°E-150°W) area averaged SST anomalies are greater than Niño3 (5°S-5°N and 150°W-90°W) SSTs, and an EP El Niño when Niño4 is less than Niño3, and vice versa for La Niña events.  For IPO transitions (negative to positive in Fig. 2c, and positive to negative in Fig. 2d), we count how many El Niño and La Niña events as defined above occur in the year of a transition, and how many of those are CP and EP. 

Results from Fig. 2 provide evidence that ENSO events likely contribute to IPO transitions. In Fig. 2c, in year0 of IPO transitions from negative to positive there is a larger number of El Niño events compared to La Niña events (20 El Niño and 13 La Niña, which amounts to a ratio of events per transition of 0.43 and 0.27 respectively shown in Fig. 2c).  Nearly twice as many of those El Niño events (13, or 0.27 events per transition) are CP compared to EP (7, or 0.14 events per transition).  For positive to negative IPO yr0 in Fig. 2d, there are 50% more La Niña events (24 La Niña events compared to 16 El Niño events, or 0.47 versus 0.31 events per transition in Fig. 2d).  Note that there are some IPO transitions that are not associated with an ENSO event that meets the criteria to be counted as such.  A full analysis of non-ENSO years0 (as defined here) in IPO transitions is beyond the scope of the present paper, and will thus be the subject of a subsequent paper.  Preliminary analysis indicates that there is more of a Pacific Meridional Mode signature to these IPO transitions originating in the extratropical North Pacific.  They therefore occur more in the western equatorial Pacific with less signature in the central and western equatorial Pacific, thus not showing up as strongly in the ONI index.  Interannual timescale processes still play a role in these IPO transitions (17 out of 47 for negative to positive IPO), and ocean heat content buildup in the off-equatorial western Pacific is still a key element.  But the PMM forcing places the relevant processes a bit farther west than with the ONI-defined El Nino events we describe in the current paper.  Thus, these transitions involve comparable conditions but somewhat different ENSO processes.

Though these occurrences could be stochastic as noted by Power and Colman (2006), the evidence presented here indicates that the combination of the buildup of western Pacific Ocean heat content and the occurrence of ENSO events could produce a mechanism for IPO transitions in that the odds are shifted towards this combination producing a transition.  However, there could still be a stochastic element since not every ENSO event combined with ocean heat content anomalies produces a transition. The average Nino3.4 indices for positive-to-negative and negative-to-positive ensembles are both close to zero (0.09° and 0.04°) as we would expect where the differences would not be dominated by a few extreme cases, and the difference is insignificant.

Since the composites in Figs. 2a, b are low pass filtered, it could be more representative to look at the three years prior to and after a composite low frequency transition.  Summed for the three years from year-1 to year+1 for negative to positive IPO transitions, there are 51 El Niño events and 33 La Niña events (over 50% more El Niño events).  For that same window for positive to negative transitions there are 62 La Niña events and 38 El Niño events (more than 60% more La Niña events).  So there is a higher chance of an El Niño event around the time of an IPO transition from negative to positive, and of a La Niña for positive to negative IPO transitions.  

After a transition to positive IPO, there is a continued higher chance for El Niño events, with 23 El Niño events and 14 La Niña events in year+2 (or 0.49 versus 0.30 events per transition in Fig. S1), and 25 El Niño events and 14 La Niña events in year+3 (or 0.53 versus 0.30 events per transition in Fig. S1).  After a transition from positive to negative IPO, there are 28 La Niña events and only 8 El Niño events in year+2 (or 0.55 versus 0.15 events per transition in Fig. S1), and 20 La Niña events and 8 El Niño events in year+3 (or 0.40 versus 0.15 events per transition in Fig. S1).  Thus, when the base state changes phase with the IPO transition, that new base state appears to contribute to a shift in the frequency of occurrence of El Niño and La Niña events for several years after the transition (Fig. S1).  There are even enhanced chances of La Niña events versus El Niño events in year-2 and year-1 prior to positive to negative IPO transitions (0.40 versus 0.28 events per transition in year-2, and 0.38 versus 0.25 events per transition in year-1 in Fig. S1).   As noted above, it is possible that this could be the result of stochastic processes as proposed by Power and Colman (2006).  But the evidence we present here indicates that it is the connection between ENSO events and ocean heat content anomalies that makes this less than random in terms of shifting the odds to a more likely occurrence of ENSO events with an IPO transition.  
To illustrate how such transitions can be manifested in time series data from the model control run, we show examples for a positive to negative IPO transition (Fig. 3a) and negative to positive IPO transition (Fig. 3b).  For the example of a positive to negative IPO transition (Fig. 3a), there are La Niña-like conditions around year0, while for the negative to positive transition (Fig. 3b), there are El Niño-like conditions around year0.  Both off-equatorial western Pacific heat content values are negative prior to the transition from positive to negative IPO (Fig. 3a), and then the north area transitions to positive before the south area in this example.  For the negative to positive IPO transition case (Fig. 3b), both off-equatorial heat content values are positive in model year 1683, and then the south area becomes negative after the transition while the north area is less consistent.  This illustrates how the low-pass filtered IPO index and associated composite values can be manifested in individual time series examples of IPO transitions.   

We now turn to the composite time evolution of various relevant quantities for negative to positive IPO transitions (positive to negative transitions are very similar but with signs reversed).  The 13 year low pass filtered 47 member composite annual SST anomalies from negative to positive IPO starting four years before the transition and ending four years after are shown in Fig. 4.  The negative IPO in years prior to the transition is indicated by negative SST anomalies across the tropical Pacific.  The magnitude of these anomalies builds until there are significant values nearing -0.4°C in the central and western equatorial Pacific two years prior to the transition (“year-2”).  Then from year-1 to year+1 the sign of the SST anomalies in that region changes from negative to positive. After the transition in year 0, a nearly opposite pattern forms compared to before the transition, with significant positive SST anomalies in the central and western equatorial Pacific of about +0.4°C three years after the transition extending to the northeast and southeast, with smaller positive values in the equatorial eastern Pacific. Bands of SST anomalies that extend south-westward from the coast of California toward the equator, with negative anomalies prior to the transition, and positive anomalies after the transition, bear a strong similarity with the Pacific Meridional Mode (PMM; Chiang and Vimont, 2004; Di Lorenzo et al., 2015; Amaya, 2019). Similar SST anomaly patterns are also seen in the Southern Hemisphere. These Southern Hemisphere structures, which extend northwestward from the south-eastern Pacific toward the central equatorial Pacific, differ somewhat from the South Pacific Meridional Mode (SPMM) described by Zhang et al. (2014), which has its largest anomalies near the coast of South America.  Consequently, we will refer to these Northern and Southern Hemisphere anomalous SST patterns as PMM/SPMM-like.  
The sign of precipitation anomalies in Fig. 5 associated with the IPO transition are related to the sign of the SST anomalies in Fig. 4.  There are significant negative precipitation anomalies of around -0.7 mm day-1 in the equatorial western Pacific up to two years prior to a transition, changing to positive precipitation anomalies of about +0.5 mm day-1 in the equatorial western Pacific at year 0 and building to larger significant positive anomalies approaching +0.8 mm day-1 by 4 years after the transition.
It could be expected that those precipitation anomalies and associated convective heating anomalies would produce an anomalous atmospheric Rossby wave response and consequent teleconnections.  The signature of those teleconnections can be seen in the sea level pressure (SLP) anomalies in Fig. 6.  The negative precipitation anomalies in the equatorial western Pacific prior to the transition are associated with positive SLP anomalies in the North and South Pacific approaching statistically significant values of +1 hPa (Fig. 6), with smaller amplitude negative SLP anomalies near 20°N and 20°S in the western tropical Pacific.  After the transition there is an opposite pattern of SLP anomalies, with negative values of nearly -1 hPa in the North and South Pacific and small amplitude positive values near 20°N and 20°S in the western tropical Pacific.  

Those SLP anomalies occur in conjunction with surface wind stress anomalies (superimposed on the SLP anomalies in Fig. 6), whose zonal component is shown in Fig. 7.  In years prior to the transition, the positive precipitation anomalies in the western equatorial Pacific are associated with significant negative wind stress anomalies (indicating anomalously strong trade winds, consistent with the negative phase of the IPO (England et al. 2014) of about -0.5 N m-2.  There are lower amplitude positive wind stress anomalies near 20°N and 20°S in the western tropical Pacific.  At the time of transition at year 0, positive wind stress anomalies appear in the equatorial western Pacific that intensify in the years after the transition, while negative wind stress anomalies become established near 20°N and 20°S in the western tropical Pacific (Figs. 6, 7). The positive SLP anomalies in the North (South) Pacific prior to the transition are associated with north-easterly (south-easterly) wind stress anomalies (Fig. 6).  These reinforce the climatological winds, and are likely responsible for the PMM/SPMM-like negative SST anomaly patterns described previously in Fig. 4. Opposite conditions occur after the transition.
Focusing on the boxes in the off-equatorial western Pacific, anomalies of the curl of the wind stress (curl τ) in years prior to the transition show anomalous quasi-zonal bands which are negative (blue colors) near 10-15°N and positive (red colors) around 10-15°S with values around +/- 0.5 x 10-8 N m-3 in Fig. 8. There are bands of opposite sign poleward of these because the meridional gradients of the wind stress change sign poleward of the maximum stress.  The curl of the wind stress is usually viewed as the forcing term for the ocean (at least in terms of vorticity), but the actual term that enters the oceanic equations is the Ekman pumping, which is curl τ /f.  Since f is negative in the Southern Hemisphere, and positive in the Northern Hemisphere, the bands of curl τ near 10-15°S and 10-15°N will result in Ekman pumping anomalies of the same sign in both hemispheres. So the negative values in the Northern Hemisphere and the positive values in the Southern Hemisphere will both be associated with negative Ekman pumping, which would be associated with wind stress convergence and favor downward motion. This is consistent with the positive Z20 (depth of the 20°C isotherm, a proxy for ocean heat content) anomalies for the same lags in the off-equatorial western Pacific boxes (Fig. 9), indicative of a deeper thermocline and greater ocean heat content.  

One of the best documented aspects of Pacific decadal variability are westward propagating ocean Rossby waves between about 10°N and 25°N and 10°S and 25°S that contribute to the slow variations of PDV  as noted, for example, by Capotondi and Alexander (2001), Power and Colman (2006), Meehl and Hu (2006), and Liu and DiLorenzo (2020).  Here we document the geographical patterns of upper ocean heat content associated with such westward propagating Rossby waves (Fig. 9).  

Note that the Z20 anomalies in Fig. 9 are at least partly positive in the areas of Ekman pumping of the opposite sign.  A contributing factor is that the thermocline in those regions does not only respond to the local forcing, but it is also influenced by anomalies propagating from further east.  Thus, it is difficult to have an exact match between local Ekman pumping and local Z20. And indeed, the curl τ anomalies that are in the 10-15° latitude bands in the western Pacific extend poleward going eastward, so they could still affect the thermocline depth in the western Pacific poleward of 15 degrees.  This will be discussed further below.
Such anomalous motion in the ocean would indicate changes in ocean heat content (Fig. 9).  In years prior to a transition, there is a build-up of heat content in the equatorial and off-equatorial central and western Pacific, with values of more than +5 m two years prior to a transition, while negative heat content anomalies are present in the eastern part of the basin. From  year-4 to  year-2, the positive heat content anomalies increase in amplitude closer to the equator with maxima around 15(N and 10(S at year-2. An eastward propagation of these positive heat content anomalies along the equator is seen at year-1, leading to positive heat content anomalies in the eastern equatorial Pacific at year0, and to a concurrent reduction of the western Pacific positive anomalies. Meanwhile, the negative off-equatorial heat content anomalies extend westward, ultimately replacing the positive anomalies starting at year+2, and leading to a heat content anomaly pattern opposite in sign to that before the transition. 

It is evident from the precipitation, SLP, wind stress, wind stress curl and ocean heat content values in Figs. 5-9 that the wind stress forcing is crucial for the heat content build-up and subsequent discharge in the western tropical Pacific.  For an indication of the processes that could produce such responses, a specified negative convective heating anomaly in the atmosphere-only model is placed in the equatorial western Pacific (equator, 160°E) at the location of the maximum negative precipitation anomaly prior to the transition in Fig. 5.  Fig. 10a reproduces the model control run composite wind stress anomalies 4 years prior to a negative-to-positive IPO transition (Fig. 7) for the western Pacific with arrows indicating the direction of the wind stress anomalies.  The comparable wind stress anomalies from the specified convective heating anomaly experiment in Fig. 10b indicate a similar pattern that represents a Gill-type response (Gill, 1980) with anomalous anticyclonic circulations centered  near 10°N and 10°S (Fig. 6), negative wind stress anomalies in the equatorial western Pacific, and positive wind stress anomalies near 15°N and 15°S.  This is evidence that a sustained negative SST anomaly in the western equatorial Pacific can be associated with negative precipitation and convective heating anomalies that drive an anomalous Gill-type response.  This can be seen in the larger domain plots for the years prior to an IPO transition from negative to positive.  There are anticyclonic circulations to the northwest and southwest in the off-equatorial western Pacific (Fig. 6) that produce anomalous westerly wind stress near 15(-20°N and 15(-20°S (Fig. 7) with negative (positive) wind stress curl near 15°N (10°S) (Fig. 8).  The resulting downward vertical motion and convergence of heat in the ocean near 15°N (10°S) is associated with a deepening of the thermocline that contributes to the build-up of off-equatorial ocean heat content (Fig. 9).  Around the time of transition from negative to positive IPO, an El Niño event can produce positive SST and precipitation anomalies in the central equatorial Pacific with the opposite sequence to before the transition.  There are then positive convective heating anomalies, cyclonic Gill-type circulations to the northwest and southwest with wind stress and wind stress curl anomalies to produce upward vertical motion near 15°N and 10°S, divergence of heat in the ocean, and a depletion of ocean heat content to set up a transition to positive IPO a number of years later.
We could speculate that those El Niño events that have a positive SST anomaly in the central-western Pacific (CP events, e.g. Kug et al., 2009) could favour such a transition. For instance, the 1972-73 and 1976-77 El Niño events had largest SST anomalies in the eastern equatorial Pacific (EP events, e.g. Kug et al., 2009), but 1977-78 was a CP event, and 1982-83 started with anomalies in the central Pacific. For the La Niña cases, they are mostly characterized by central Pacific anomalies, but some may extend westward and/or persist longer than others. This could be a possible contributing factor for the ENSO events that can produce an IPO transition.    Indeed, as noted in Fig. 2c and d, there is a tendency for twice as many CP than EP El Niño events for negative to positive IPO transitions.
Additionally, as noted earlier, thermocline depth anomalies and ocean heat content in the tropical western Pacific can receive contributions from oceanic Rossby waves excited further east by Ekman pumping anomalies (Capotondi and Alexander, 2001; Capotondi et al. 2003;  Jin, 2001).  This teleconnection-driven mechanism was an important part of the IPO transition mechanism proposed by Meehl and Hu (2006) and Farneti et al. (2014).  Wang et al. (2003) performed idealized numerical experiments showing that trans-Pacific tropical ocean heat content anomalies were related to anomalous wind stresses on the eastern side of the basin.  This relates to the positive SLP anomalies in the North and South Pacific (Fig. 6) and the PMM/SPMM-like SST anomalies (Fig. 4) prior to the transition from negative to positive IPO.  These are associated with anomalous easterly winds in the lower troposphere in the northeast Pacific near 20-25°N, 140°W, and in the southeast Pacific near 20-25°S, 120°W (Figs. 6 and 7).  There also is a band of negative curl τ along 15°N (and a positive band around 10°S, extending toward the southeast), whose coherence across the basin can be more effective in producing a stronger signal at those latitudes (Capotondi et al, 2003). Indeed,  these were the latitudes found to be important for enhanced Rossby wave activity and western Pacific ocean heat content anomalies by Capotondi and Alexander (2001) and Capotondi et al. (2003) using a 40-year run with an ocean model forced by observed atmospheric fields.  If the off-equatorial ocean heat content is subdivided into smaller latitudinal bands (comparing the larger areas in Fig. 1 with the smaller areas in Fig. 10c,d),   the equatorward boxes show a more pronounced change in slope around the year 2000 than for the meridionally broader ones.  This is consistent with the result that the biggest contributions to ocean heat content anomalies are coming from latitudes near 13°N and 10°S (Capotondi et al, 2003).  However, ocean Rossby waves originating at higher latitudes could contribute to the ocean heat content anomalies in the more poleward boxes as well in Fig. 10c,d.
Thus, as noted above, these processes originating farther east also are likely contributing to the ocean heat content anomalies in the off-equatorial western Pacific as postulated earlier for IPO transitions (Meehl and Hu, 2006;  Farneti et al., 2014).  It is notable that these patterns of SLP and wind stress anomalies discussed above resembling the PMM are viewed as precursors of interannual ENSO variability, and have been associated with the onset phase of CP El Niño events (Vimont et al., 2014; Capotondi et al., 2015; Capotondi and Sardeshmukh, 2015).  These are the types of El Niño events more likely to promote a phase transition as speculated above.  A difference between the PMM and SPMM modes operating at the interannual timescale and the PMM/SPMM-like patterns noted here is that the former are usually associated with stochastic forcing from the midlatitudes, with possible contributions from the PMM to decadal variability also mentioned as a possibility (e.g. Di Lorenzo et al., 2015; Amaya, 2019).  As we will show shortly, in the decadal context, forcing from persistent convective heating anomalies in the tropics likely plays a role in driving the PMM/SPMM-like patterns we document.  Therefore, for IPO transitions, persistent or recurring precipitation anomalies are noted to play an important role for the wind stress curl anomalies in the western tropical Pacific as noted above.  But negative precipitation anomalies in the equatorial Pacific regions farther east also can be contributing to the SLP anomalies (Fig. 6) with possible connections to the PMM/SPMM-like pattern.  
Fig. 11a shows a regression of negative precipitation anomalies in the vicinity of 165°W, Eq. on to SLP and is consistent with the SLP pattern in Fig. 6.  There are positive SLP anomalies in the North (40-50°N) and South (40-50°S) Pacific, and an anomalous SLP gradient across the equatorial Pacific with positive anomalies in the east and negative in the west.  Such SLP anomalies would contribute to the negative wind stress curl anomalies discussed in those regions in Fig. 7.  A possible contributor to these SLP anomalies across this large area of the Pacific could be convective heating anomalies occurring east of the Dateline near the equator.  Fig. 11b shows results from a specified convective heating anomaly experiment with negative heating centered at 135°W, Eq.  This experiment produces SLP and wind stress anomalies in the North and South Pacific in the same regions as in the regressions (Fig. 11a) and in the composite SLP anomalies (Fig. 6).  This suggests a role in decadal timescale IPO transitions for equatorial convective heating anomalies across the western and central equatorial Pacific to contribute to patterns of SLP, SST and wind stress curl with a PMM/SPMM-type response in the central Pacific and a Gill-type response in the western Pacific.  
4. Summary and discussion
The various interactions involved with an IPO transition are summarized in Fig. 12. The focus here is on processes in the western tropical Pacific, although anomalous wind forcing further east also likely contributes to the build-up of western Pacific off-equatorial heat content. Indeed, as discussed in Section 3, Ekman pumping anomalies in the eastern/central Pacific can excite off-equatorial oceanic Rossby waves which will propagate to the western part of the basin, altering the thermocline depth and upper ocean heat content in that area, and reinforcing the western Pacific regional processes shown in Fig. 12.  For example, the wind stress anomalies associated with PMM/SPMM-like patterns, which result from anomalous atmospheric Rossby wave forcing from central equatorial Pacific negative convective heating anomalies, contribute to the excitation of westward-propagating oceanic Rossby waves, whose largest amplitude lie in the 10-15°N and 10-15°S latitude ranges (Capotondi et al., 2003).
Fig. 12a shows composite conditions three years prior to an IPO transition from negative to positive.  Negative near-equatorial SST anomalies (Fig. 4) and easterly wind stress anomalies (Figs. 6, 7) maintain negative precipitation (Fig. 5) and consequent negative convective heating anomalies in the western equatorial Pacific (blue ellipse).  These produce a Gill-type response with anticyclonic circulation to the northwest and southwest of the negative convective heating anomaly, and westerly wind stress anomaly near 20°N and 20°S, leading to equatorward Ekman transport (large arrows).  The anomalously strong trades force near-equatorial divergence in the surface layer and cooler temperatures in the upper ocean.  There is then corresponding convergence near 15°N and 10°S that deepens the thermocline and contributes to positive off-equatorial heat content anomalies in the western Pacific (Fig. 9).  Meanwhile, the negative equatorial convective heating anomalies just east of the Dateline  force an anomalous atmospheric Rossby wave response that is characterized by positive SLP anomalies in the North and South Pacific, and negative wind stress and SST anomalies in the central-eastern  extra-equatorial Pacific.  These resemble the PMM in the Northern Hemisphere and the SPMM in the Southern Hemisphere, though here the latter anomalies set up farther west than the more typical SPMM anomalies that are closer to the west coast of South America.  The associated Ekman pumping anomalies in the eastern/central North and South Pacific excite off-equatorial Rossby waves which propagate to the western part of the basin and alter the thermocline depth there.
For the year of the IPO transition in Fig. 12b, the build-up of off-equatorial heat content in the western Pacific has pre-conditioned the system for an IPO transition.  ENSO activity brings westerly equatorial wind stress anomalies, warming SSTs, and positive precipitation and convective heating anomalies in the central equatorial Pacific.  During a transition from negative to positive IPO, the necessary build-up of off-equatorial western Pacific ocean heat content has conditioned the system such that an El Niño event can then weaken the zonal SLP gradient and produce anomalous westerly surface winds from 5°N to 5°S (Figs. 6,7, year 0 and year+1), with equatorial surface convergence and downwelling motion.  There are about 50% more El Niño (La Niña) events that occur around the time of IPO transitions from negative to positive (positive to negative ) IPO in the model indicating a role for these interannual timescale events in contributing to IPO transitions on the decadal timescale. 
Even though there would be interannual variability superimposed, we can propose the following based on the model results.  If there is sufficiently persistent convergence of heat content from the western off-equatorial ocean to the equatorial region over a period of several years, the positive SST anomalies can be sufficiently sustained and build persistent positive precipitation and convective heating anomalies in the western equatorial Pacific (Fig. 5, year 0 through 4yr).  These would then produce a Gill-type response and cyclonic circulations to the northwest and southwest that would produce easterly wind stress anomalies near 20°N and 15°S (Figs. 6,7, year 0 through year+4).  The associated wind stress curl anomalies (positive near 15°N, negative near 10°S) and consequent positive vertical motions in the upper ocean near those latitudes would result in a depletion of heat content and convergence of warmer water into the equatorial Pacific.  These positive heat content anomalies would then propagate from the western to eastern equatorial Pacific producing a flatter, more El Niño-like thermocline over several years even with interannual variability superimposed.  This would maintain the positive low-frequency SST and convective heating anomalies and the Gill-type response with the easterly anomalies near 15-20°N and 15-20°S, and so on, to produce an IPO transition from positive to negative  several years later.  
These signals in the western equatorial Pacific on the decadal timescale must then persist past the occurrence of an interannual El Niño event.  Consequently, there must be sufficient off-equatorial ocean heat content that converges equatorward during an El Niño event to sustain the SST, precipitation and convective heating anomalies in the western equatorial Pacific.  If there is insufficient off-equatorial ocean heat content in the western Pacific, the El Niño event would terminate after a year or so and the negative IPO would continue.  Thus, the build-up of off-equatorial ocean heat content is a necessary but not sufficient condition for an IPO transition.  The exact nature of this necessary threshold is unclear for the observed system since we have observed so few transitions (Fig. 1a), but the composite threshold for the model from Fig. 3a,b for the anomalous depth of the 20°C isotherm averaged over the off-equatorial areas is around 0.6 standard deviations +/- 1 standard deviation.  However, as noted above, the positive heat content anomalies in the years prior to a negative to positive IPO transition are significantly different (at the 95% level) from the negative heat content anomalies for a positive to negative transition.  These heat content anomalies actually set up a couple of years before the transition, thus supporting the idea that these anomalies are necessary but not sufficient by themselves to trigger an IPO transition.   The off-equatorial western Pacific ocean heat content anomalies must reach such a threshold whereby El Niño activity can trigger the release of this heat into the equatorial western Pacific.  This must continue for long enough, and with large enough magnitude, to maintain SST, precipitation and convective heating anomalies past the interannual timescale to sustain the IPO transition on the decadal timescale.  In the model, once an IPO transition has occurred, those base state conditions favor the continued occurrence of El Niño events during positive IPO, and La Niña events during negative IPO (Fig. S1).
Once the decadal IPO pattern is set up, the ocean transport will continue to drain the off-equatorial ocean heat content in the western Pacific.  This can be seen by the heat content values for the composite IPO transitions in Fig. 2 (as well as for the observations in Fig.1 and Yin et al 2018).  With the IPO transition from negative to positive in Fig. 2a, the heat content begins to decline.  The decline lasts until the heat content values reach the low threshold for the necessary condition for a La Niña event to contribute to an IPO transition back to the positive phase in Fig. 2b.
5. Conclusions

1) An IPO transition from negative to positive, as was seen in the mid-1970s and possibly the 2014-2016 time frame, is documented by many more samples in a long model control run.  It can come about by the build-up of off-equatorial western Pacific ocean heat content maintained by persistent negative SST, precipitation and convective heating anomalies in the western and central equatorial Pacific.  There also are likely contributions from PMM/SPMM-like patterns farther east. These patterns originate as a response to atmospheric Rossby waves excited by equatorial convective heating anomalies, and are associated with wind stress anomalies which force off-equatorial oceanic Rossby waves that propagate slowly across the basin.  They also contribute to the off-equatorial western Pacific Ocean heat content anomalies.
2) El Niño activity can trigger an IPO transition from negative to positive if off-equatorial ocean heat content anomalies reach a necessarily large threshold for a transition, this being a necessary but not sufficient condition for a transition.  The sufficient condition for a transition from negative to positive is the onset of well-timed ENSO activity with equatorial westerly wind anomalies, warming SSTs, and positive precipitation and convective heating anomalies in the central and western equatorial Pacific.  Warm water from the off-equatorial western Pacific converges toward the near-equatorial western and central Pacific to sustain positive SST, precipitation and convective heating anomalies that can persist past the one-year duration of an El Niño event itself.
3) If the off-equatorial western Pacific Ocean heat content anomalies are not large enough or the El Niño event does not lead to a persistent positive SST signature in the central-western Pacific, an El Niño event can occur without an IPO transition.  This is because there will not be enough heat brought to the near-equatorial western Pacific from the off-equatorial western Pacific to sustain the SST, precipitation and convective heating anomalies past the termination of an interannual El Niño event.
4) The positive phase of the IPO will then be maintained until heat content anomalies in the off-equatorial western Pacific are necessarily negative, and the onset of a La Niña event can then produce the sufficient trigger for a transition to negative IPO with the opposite set of processes than for the transition from negative to positive.  It may also be possible that the type (CP vs. EP) and duration (e.g. one year vs. two-year) of an El Niño/La Niña event plays a role, though that topic goes beyond the scope of the present study and will be examined subsequently.
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Figure 1:  Off-equatorial western Pacific ocean heat content above the depth of the 20(C isotherm an area in the North Pacific (5°N-30°N, 125°E-180°E; blue line), and South Pacific (5°S-30°S, 150°E-160°W, red line) (updated from Meehl et al., 2016b);  b) same as (a) except for heat content above the 18(C isotherm in the eastern equatorial Pacific, 5°S-5°N, 160°W-80°W); c) second EOF of low-pass filtered observed SSTs from the HadISST data, sign convention is for positive IPO;  d) PC time series for the second EOF of HadISST data which is taken to be an index for the IPO, note negative IPO from the mid-1940s to mid-1970s, positive IPO from the mid-1970s to late-1990s, negative IPO after about 2000, and indications of a positive transition after about 2014 corresponding to alternating trends of ocean heat content in (a) (after Meehl et al., 2016a).
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Figure 2:  a) Composite IPO negative to positive transitions showing normalized values of the IPO index (blue line), and ocean heat content as indicated by the normalized depth of the 20°C isotherm in the off-equatorial western Pacific for the North Pacific (5°N-30°N, 125°E-180°E; green line), and South Pacific (5°S-30°S, 150°E-160°W, red line); color shading shows the +/- 1 standard deviation of the 47/51 cases’ heat content, with light blue shading for the north box, and light brown shading for the south box.  The dots on the lines indicate the two composite averages (positive-to-negative and negative-to-positive) are significantly different (at the 95% level from a t-test);   b) same as (a) except for positive to negative IPO transitions; c) ratio of the average numbers of El Niño and La Niña occurrences in year 0 per IPO transition from negative to positive as depicted in (a), and for those El Niño ratios, CP and EP events per IPO transition, and for the La Niña events, ratios of CP and EP La Niña per IPO transition;  and d) same as (c) except for IPO transitions from positive to negative in (b); there are a relatively larger ratio of El Niño events per transition from negative to positive IPO, and a larger ratio of La Niña events in the transitions from positive to negative IPO. 
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Figure 3:  a) example of the time evolution of Niño3.4 SSTs (color shading), IPO index (thick black line), and off-equatorial western Pacific ocean heat content for the northern area (dashed) and southern area (thin solid) as in Fig. 2 for an IPO transition from positive to negative; and b) from negative to positive.  
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Figure 4:  Composite evolution of low pass filtered SST anomalies (°C) from negative to positive IPO, 47 samples from the CESM1 control run, for years prior to transition (indicated by, e.g. -4yr for four years prior to a transition) to years after the transition (e.g. 4yr indicates four years after a transition).  Black boxes are the areas used to compute off-equatorial ocean heat content in Fig. 1a.  Stippling in all panels indicates 5% significance.
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Figure 5:  As in Fig. 4 except for composite evolution of precipitation anomalies (mm day-1) from negative to positive IPO.  Stippling in all panels indicates 5% significance.
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Figure 6:  As in Fig. 4 except for composite evolution of sea level pressure anomalies (hPa) and surface wind stress vectors (N m-2, scaling arrow in upper right of each panel) from negative to positive IPO.  Stippling indicates 5% significance.
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Figure 7:  As in Fig. 4 except for composite evolution of u-component wind stress (TAUX) anomalies (N m-2) from negative to positive IPO.  Stippling in all panels indicates 5% significance.
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Figure 8:  As in Fig. 4 except for composite evolution of curl of the u-component wind stress (curl tau) anomalies (10-8 N m-3) from negative to positive IPO.  Stippling in all panels indicates 5% significance.
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Figure 9:  As in Fig. 4 except for composite evolution of ocean heat content anomalies as represented by the depth of the 20°C isotherm (m) from negative to positive IPO.  Stippling in all panels indicates 5% significance.
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Figure 10:  a) Composite u-component wind stress (TAUX) anomalies (N m-2, color bar at lower left; note that the corresponding precipitation anomalies in (a) are about an order of magnitude less than in (b)) in the western tropical Pacific region from four years before a negative to positive IPO transition (from Fig. 7a); b) u-component wind stress anomalies from atmospheric model with a specified negative convective heating anomaly at equator, 160°E.  Black arrows in each panel highlight general direction of surface wind stress anomalies;  c) as in Fig. 1a except for the areas 5°S-15°S, 150°E-160°W, and 5°N-15°N, 125°E-180°E;  d) as in (c) except for latitude ranges 15°S-30°S, and 15°N-30°N.
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Figure 11:  a) Regression of negative precipitation anomalies in the vicinity of 165°W, Eq. on to sea level pressure in the model control run, red contours are positive SLP anomalies, blue dashed are negative, with a contour interval of 0.2 hPa (zero contour omitted);  red colors are negative precipitation anomalies, blue are positive, with maximum values of  greater than +/-1 mm day-1; black arrows highlight implied geostrophic surface wind anomalies;  (using precipitation anomalies for the regression calculation for locations on the equator from 165°E to 120°W give similar SLP patterns);  b) specified convective heating anomaly experiment with negative heating, representing negative precipitation anomalies in (a) centered at 135°W, Eq., SLP anomalies (hPa) are highlighted with color, stippling denotes 5% significance, vectors represent 850hPa winds, scaling vector at lower right, m sec-1;  heavy black arrows highlight anomalous wind directions to correspond to (a).
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Figure 12:  Summary schematic of IPO negative to IPO positive transition tracking from 3 years before a transition (top row), the year of the transition (middle row), and 3 years after the transition (bottom row).  Background colors are wind stress curl from Fig. 8; wide arrows indicate direction of meridional ocean transport in surface layer; thin arrows indicate wind stress; colored circles denote areas of negative (blue) or positive (red) precipitation anomalies.    Stippling in all panels indicates 5% significance.
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Fig. S1:  top row:  Average numbers of El Niño and La Niña occurrences per IPO transition for 3 years prior to and 3 years after an IPO transition from negative to positive as depicted in Fig. 2a, and for those El Niño ratios, CP and EP events per IPO transition, and for the La Niña events, ratios of CP and EP La Niña per IPO transition;  bottom row:   same as top row except for IPO transitions from positive to negative in Fig. 2b.
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