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Abstract

Investigating Pacific Meridional Modes (PMM) without the influence of tropical
Pacific variability is technically difficult if based on observations or fully coupled model
simulations due to their overlapping spatial structures. To confront this issue, the present study
investigates both North (NPMM) and South PMM (SPMM) in terms of their associated
atmospheric forcing and response processes based on a mechanically decoupled climate model
simulation. In this experiment, the climatological wind stress is prescribed over the tropical
Pacific, which effectively removes dynamically coupled tropical Pacific variability (e.g., the
El Nifio-Southern Oscillation). Interannual NPMM in this experiment is forced not only by the
North Pacific Oscillation, but also by a North Pacific tripole (NPT) pattern of atmospheric
internal variability, which primarily forces decadal NPMM variability. Interannual and decadal
variability of the SPMM is partly forced by the South Pacific Oscillation. In turn, both
interannual and decadal NPMM variability can excite atmospheric teleconnections over the
Northern Hemisphere extratropics by influencing the meridional displacement of the
climatological intertropical convergence zone throughout the whole year. Similarly, both
interannual and decadal SPMM variability can also excite atmospheric teleconnections over
the Southern Hemisphere extratropics by extending/shrinking the climatological South Pacific
convergence zone in all seasons. Our results highlight a new poleward pathway by which both
the NPMM and SPMM feed back to the extratropical climate, in addition to the equatorward

influence on tropical Pacific variability.
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1. Introduction

Tropical Pacific climate varies on a range of timescales, including interannual (EI Nifio-
Southern Oscillation, ENSO; Timmermann et al. 2018) and decadal (tropical Pacific decadal
variability, TPDV; Okumura 2013; Liu and Di Lorenzo 2018) timescales. The predictability of
ENSO and TPDV is limited by several factors, such as atmospheric high-frequency noise
arising from wind bursts (Fedorov et al. 2003; Hu et al. 2014) and the Madden-Julian oscillation
(Slingo et al. 1999), systematic model errors in the mean state of the tropical Pacific (Bellenger
et al. 2014), and the growth of initial condition perturbations in coupled models (e.g., Larson
and Kirtman 2015) due to imperfect observations (McPhaden 2003). Predictability of tropical
Pacific climate variations is also thought to be influenced by physical processes originating
from the extratropics (Pegion et al. 2020). For example, stochastic atmospheric forcing in the
North Pacific can generate sea surface temperature (SST) variability in the subtropical eastern
Pacific related to the so-called Pacific Meridional Mode (PMM; Chiang and Vimont 2004;
Amaya 2019) through the “seasonal footprinting mechanism” (Vimont et al. 2003), which has
been shown to impact ENSO (Chang et al. 2007; Larson and Kirtman 2014; Thomas and
Vimont 2016; Maetal. 2017; Amaya et al. 2019). Thus, improving our understanding of PMM-

related teleconnections can benefit tropical Pacific climate prediction.

Previous studies suggest that the PMM exists both in the subtropical northeastern (i.e.,
the North Pacific Meridional Mode or NPMM; Chiang and Vimont 2004; Di Lorenzo et al.
2015) and southeastern Pacific (i.e., the South Pacific Meridional Mode or SPMM; Zhang et
al. 2014). The NPMM is thought to be primarily initiated by the southern lobe of the North
Pacific Oscillation (NPO; Rogers 1981; Chiang and Vimont 2004), which represents the
second mode of sea level pressure (SLP) variability over the North Pacific during boreal winter.
By extending as far south as the Hawaiian Islands, the NPO modulates the strength of trade

winds, resulting in changes in surface latent heat flux and underlying SST variations to generate
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the NPMM. The NPO is partly a stochastic atmospheric phenomenon and partly forced by
tropical SST anomalies (Stuecker 2018). The NPO-associated SST anomalies can persist into
late summer and fall through wind-evaporation-SST (WES) feedback (Xie and Philander 1994;
Wu et al. 2010) as well as through shortwave-SST positive feedback (Vimont et al. 2009). In
late summer, the intertropical convergence zone (ITCZ) is at its northernmost point and is
sensitive to NPMM-related subtropical SST anomalies. As a result, the NPMM can shift the
ITCZ meridionally, driving a broad atmospheric circulation response that occupies much of
the mid-latitude North Pacific basin. This atmospheric response was recently termed the

summer deep convection (SDC) response (Amaya et al. 2019; Amaya 2019).

In the southeast Pacific, the SPMM resembles the NPMM, driven stochastically by the
northern lobe of the South Pacific Oscillation (SPO; You and Furtado 2017; You and Furtado
2018), a mirror of the NPO over the South Pacific. Although the origins of both NPMM and
SPMM are similar, their impacts on the tropical Pacific variability may be timescale dependent.
For instance, some studies suggested that the NPMM primarily impacts ENSO variability
(Chang et al. 2007; Larson and Kirtman 2013; Ma et al. 2017; Amaya 2019), while the SPMM
is more effective at lower frequencies relevant for TPDV (Okumura 2013; Zhang et al. 2014).
In particular, Liguori and Di Lorenzo (2019) used a coupled model in which they artificially
suppressed NPMM and SPMM variability. They found that when the NPMM was suppressed,
ENSO variability dropped by ~35%, while suppressing the SPMM had little impact on ENSO.
However, suppressing the NPMM did not have a significant influence on low-frequency

variability, but suppressing the SPMM reduced TPDV by ~30%.

In contrast, other studies have suggested that the relative influences of the NPMM and
SPMM on ENSO and TPDV are of equal importance (Min et al. 2017; Zhao and Di Lorenzo
2020). For example, Lu et al. (2017) showed that externally-forced ENSO variability is

contributed roughly equally and independently by the Southern and Northern Hemisphere
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100 extratropical atmosphere. The debate on the relative contribution to ENSO and TPDV might
101  be related to the different timescales of PMM variability. Indeed, observations and modeling
102  studies have suggested that both NPMM and SPMM are “reddened” as they integrate stochastic
103  atmospheric forcing, suggesting that they include variability both on interannual and decadal
104  timescales (Min et al. 2017; You and Furtado 2018; Stuecker 2018). However, there has been
105 little effort to separate and investigate PMM variability on these two timescales, as almost all
106 related studies have been based on raw (i.e., unfiltered) PMM variations (Stuecker 2018,

107  Amaya 2019).

108 Separating raw PMM variability “dynamically” into interannual and decadal
109  components, however, is technically not easy if based on observations or fully coupled model
110  simulations. This is due partly to the nature of two-way interaction between the PMM and
111 tropical Pacific variability (Stuecker 2018; You and Furtado 2018; Joh and Di Lorenzo 2019).
112 To remove the effect of tropical Pacific forcing, statistical methods such as linear regression
113  are often employed (Chiang and Vimont 2004; Chang et al. 2007; Min et al. 2017; You and
114  Furtado 2018). However, this approach cannot completely remove ENSO variability because
115 of ENSO’s strong seasonality (Rasmusson and Carpenter 1982) and nonlinearity (An and Jin
116  2004; Stuecker 2018). Likewise, isolating TPDV is also difficult due to ocean reemergence
117  processes in the extratropics, which can persist SST anomalies from one year to another

118  (Alexander et al. 1999).

119 In the present study, we address these issues by isolating essential physical processes
120 that force and develop PMM variability by suppressing equatorial Pacific variability using a
121  mechanically decoupled model experiment in which the climatological wind stress is
122  prescribed over the tropical Pacific. Because this simulation effectively removes both ENSO
123  variability and TPDV (Larson et al. 2018a,b), it offers a unique opportunity to investigate PMM

124 dynamics, independent of tropical Pacific forcing. We focus on the forcing and response of
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125  atmospheric variability associated with both NPMM and SPMM. We find that interannual
126  NPMM is forced not only by NPO variability but also by a North Pacific tripole variability,
127  which primarily drives decadal NPMM variability. In addition to the atmospheric forcing,
128 NPMM variability can excite atmospheric teleconnections over the Northern Hemisphere
129  extratropics by influencing the meridional migration of climatological ITCZ. For the SPMM,
130 it is found to be partly forced by SPO variability and can also excite atmospheric
131  teleconnections over the Southern Hemisphere extratropics through the extension/contraction
132 of climatological South Pacific convergence zone (SPCZ). While the extratropical-to-tropical
133 link between the PMM and the tropical Pacific has been established, our study identifies a new

134  pathway by which the PMM ultimately feeds back to the extratropical climate.

135 The rest of the paper is organized as follows. Section 2 introduces the mechanically
136  decoupled experiment, as well as the observational data and methods used in this study. Section
137  3investigates the raw PMMs by comparing the model experiment with observations. In section
138 4, we study the interannual and decadal NPMM variability, in terms of their related
139  atmospheric forcing and response processes. Section 5 investigates the interannual and decadal

140  SPMM variability. Section 6 is a summary with discussions.

141

142 2. Data and methods

143 a. Model experiments

144 We conduct a mechanically decoupled experiment, referred to as Clim-t, based on the
145  Geophysical Fluid Dynamic Laboratory coupled model version 2.1 (CM2.1; Delworth et al.
146 2006). In the Clim-t, daily climatological wind stress, obtained from a 1000-year CM2.1 pre-
147  industrial control simulation, is prescribed over the tropical Pacific (15°S-15°N; dark blue

148  region in Fig. 1) with 10° buffer zone north and south (light blue regions in Fig. 1) where the
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149  simulated and prescribed wind stresses are blended, with the weight linearly tapering off.
150  Outside the tropical Pacific, the ocean and atmosphere are fully coupled and free to evolve. In
151  order to suppress tiny day-to-day fluctuations that remain in the 1000-year climatology, the
152  prescribed wind stress has been weakly smoothed temporally by removing the annual
153  harmonics higher than 18 (corresponding to a frequency of about 20 days). The model
154 horizontal resolution is 2.5° longitude x 2° latitude for the atmosphere and 1° longitude x 1°
155 latitude for the ocean, with the ocean latitudinal resolution equatorward of 30° getting gradually
156  finer to 1/3° at the equator. The model is integrated for 310 years, and only the last 300 years
157 are analyzed. Results are consistent when we repeat this Clim-7 experiment using the

158  Community Earth System Model version 1.2 (CESM1 Clim-t; Hurrell et al. 2013).

159 Mechanically decoupling the ocean and atmosphere removes the possibility for
160  anomalous wind-driven ocean dynamics (see Larson et al. 2018b for impacts on global SST
161  variability). Specific to ENSO, applying such decoupling in the tropical Pacific eliminates
162  anomalous wind-driven equatorially trapped oceanic Kelvin and Rossby waves that play
163  important roles for ENSO growth and phase transition (Bjerknes 1969; Wyrtki 1975; Zebiak
164  and Cane 1987; McGregor et al. 2012; Larson and Kirtman 2015; Timmermann et al. 2018).
165  Asaresult, this experiment effectively eliminates ENSO variability in the model at timescales
166  shorter than 10 years (Fig. 2a). This is apparent from the markedly reduced standard deviation
167  of interannual SST (91%) and precipitation (95%) variability over Nifio-3.4 region (170°W-
168  120°W, 5°S-5°N), compared with a 300-year fully coupled CM2.1 control simulation (Fig. 2c).
169  The control (CTRL) simulation is also used to compare the raw PMM simulation with
170  observations. Note that the NCAR CESM1 model shows a similar roughly 90% decline in
171  eastern equatorial Pacific SST variability when the mechanical coupling is disengaged (Larson

172 etal. 2018b).
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173 Additionally, TPDV (at timescales greater than 10 years) is also damped markedly in
174  the Clim-t (comparing Figs. 2b,d). This result contrasts with those from slab ocean models,
175  which suggest that thermodynamic coupling alone can drive TPDV (Okumura 2013; Zhang et
176  al. 2014). The damped TPDV in the Clim-t may be due to the damping effect generated by
177  climatological upwelling in the central-eastern equatorial Pacific, which is driven by the
178  climatological trade winds over the tropical Pacific. In the Clim-t, subsurface temperature
179 anomalies in the central-eastern equatorial Pacific are rather weak since they are mostly
180 induced by the anomalous ocean dynamics, which is largely suppressed due to the model
181  design. SST variability in the Clim-t, however, can be driven by the air-sea thermodynamic
182  coupling process, as behaved in the slab ocean models. As a result, the climatological
183  upwelling in the central-eastern equatorial Pacific plays a role in damping TPDV. With ENSO
184  variability and TPDV effectively removed from the model, the Clim-t experiment cuts off the
185  pathway for the equatorial Pacific to influence the mid-latitudes. Therefore, our experiment

186  can be used to investigate “pure” PMM variability, without equatorial Pacific influence.

187 We emphasize that air-sea thermodynamically coupled processes, such as the WES
188  feedback, are still retained. Thus, both the NPMM and SPMM are expected to be simulated.
189  Indeed, the interannual (Fig. 2a) and decadal (Fig. 2b) variability in the Clim-t experiment
190  both exhibit off-equatorial Pacific SST signatures. In particular, Clim-t reproduces over 75%
191  of the SST standard deviation (averaged over the purple boxes of Fig. 2) from the CTRL
192 simulation, suggesting that the NPMM and SPMM are largely unaffected by the mechanical
193  decoupling. Moreover, their simulations in the Clim-t are not likely affected by the meridional
194  width of the restoring domain in which only anomalous ocean dynamics is suppressed.
195  Nevertheless, more research is needed to test the sensitivity of the results shown in this study

196  to the wind stress restoring region.
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197 Interestingly, the NPMM- and SPMM-related SSTs in the Clim-t do not seem to
198  strongly project onto the equator (Figs. 2a,b), which we might have expected from numerous
199  studies using slab ocean and fully coupled models and observations (Chiang and Vimont 2004;
200  Okumura 2013; Zhang et al. 2014; Di Lorenzo et al. 2015; Min et al. 2017). This weak
201  projection in the Clim-t may be due largely to the poleward mean Ekman transport, which acts
202  against the equatorward propagation of the PMM variability. Detailed analyses on the role of
203  ocean dynamics in the PMM propagation will be carried out in future research. It is also worth
204  noting that the damped interannual and decadal SST anomalies along the equatorial Pacific can

205  also damp zonal wind and surface wind speed over most of the tropical Pacific (Figs. 2a,b).

206 We also conduct two atmosphere-only experiments to investigate the atmospheric
207  response to the NPMM (hereafter NPMM experiment) and SPMM (hereafter SPMM
208  experiment) variability, respectively. The two experiments are based on the atmosphere
209  module of CM2.1, and are forced by the SST anomalies only in the respective PMM domain
210  (purple box in Fig. 2 with 10° linear buffer zone outside the box) with climatological SST and
211  sea-ice variations globally, all of which are from the Clim-t experiment. Each experiment is

212  runonce, and the length is 300 years, identical to the Clim-t experiment.

213

214  b. Observational data

215 We also employ observational data to compare with the model simulation. We use SST
216  data from the Hadley Centre Global Sea Ice and Sea Surface Temperature version 1.1
217  (HadISST v1.1; Rayner et al. 2003). The horizontal resolution is 1° longitude x 1° latitude. We
218  also use SLP and 10-m surface wind from the European Centre for Medium-Range Weather

219  Forecasts 20-century reanalysis (ERA-20C; Poli et al. 2016). The horizontal resolution is 0.75°

10
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220  longitude x 0.75° latitude. All the data are monthly mean, and the period is from 1900 to 2010.

221  Analyses based on the period after 1950 are similar (not shown).

222

223  c. Methods

224 All the variables from observations and model experiments are linearly detrended after
225  removing the annual cycle. To separate the monthly anomalies into interannual and decadal
226  variability, respectively, we filter the data using a 10-year high-pass and 10-year low-pass
227  Lanczos filter. We then perform a singular value decomposition (SVD) analysis between SST
228  and surface wind anomalies to extract the PMM variability for the respective timescales. We
229  define the raw PMM as the leading SVD mode based on monthly anomalies (i.e., unfiltered),
230 and we define the interannual and decadal PMM as the leading SVD mode of interannual and
231  decadal anomalies, respectively. The SVD analysis is performed over the subtropical
232  northeastern Pacific for the NPMM and southeastern Pacific for the SPMM (purple boxes in

233  Fig. 2), respectively.

234 In observations and in our CTRL simulation, anomalies associated with tropical Pacific
235  variability are removed before the SVD analysis. Following Chiang and Vimont (2004), we
236  use the cold tongue index (CTI; SST anomalies averaged over 6°S-6°N and 180°-90°W) to
237  represent the tropical Pacific variability. To extract the raw and interannual PMM, given the
238  seasonality of the tropical Pacific variability, we linearly regress out the CTl-related SST and
239  surface wind anomalies for individual calendar months. To extract the decadal PMM, we

240  linearly regress out the 10-year low-pass filtered CTI for the entire time series.

241 To examine if decadal NPMM and SPMM variability are stochastically forced by the
242  respective dominant atmospheric variability, we construct a first order auto-regressive (AR-1)

243  model (Di Lorenzo et al. 2010) to reconstruct the PMM index and compare its 10-year low-

11
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244 pass filtered time series with the SST expansion coefficient (EC) of decadal PMM variability.

245  The AR-1 model is formulated as:

246 P _ 51 p(e) - PO,

247  where PMM(t) denotes the reconstructed PMM index at month t; SLP(t) denotes the
248  normalized principal component (PC) at month t, which is obtained from an empirical
249  orthogonal function (EOF) analysis of monthly SLP anomalies; t, denotes the e-folding
250 timescale of 6 months, which is estimated from the decorrelation timescale of the raw PMM

251  SST EC (changing t, slightly does not affect the result); the time step dt is 1 month.

252 Significance tests in this study are all based on a two-tailed Student t-test. The effective
253  degree of freedom is estimated based on the decorrelation timescale of the SST EC of
254  interannual and decadal PMMs (auto-correlation drops to 1/ e), respectively. The number of
255  effective degrees of freedom is approximately the length of SST EC divided by the

256  decorrelation timescale minus 2.
257
258 3. Raw PMM

259 We first investigate the raw PMM by comparing the CTRL simulation with
260  observations and then comparing the Clim-t simulation with CTRL. Figure 3 shows the
261  regression maps of SST, SLP, and surface wind anomalies against the normalized SST EC of
262  the raw PMMs, along with the seasonality and auto-correlation of the raw PMMs. Overall, the
263  CTRL simulates the NPMM structure, with a southwestward extension of SST warming from
264  the coast of Baja California and trades relaxation, although the extension is displaced more

265  westward and the simulated NPMM magnitude is slightly stronger than that in observations

12
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266  (purple boxes in Figs. 3a,b). Additionally, the NPMM in the CTRL exhibits more loading over

267  the western equatorial Pacific than that in observations (Figs. 3a,b).

268 The CTRL also simulates the atmospheric pattern associated with the NPMM over the
269  North Pacific, which resembles the NPO structure (Rogers 1981). Compared the Clim-t
270  simulation with the CTRL (Figs. 3b,c), the simulated NPMM and associated ocean-atmosphere
271  variability are mostly confined to the North Pacific, suggesting that the Clim-t experiment is
272 unique to investigate the NPMM variability without equatorial Pacific influence. The northern
273  lobe of the NPO-like pattern associated with the NPMM in the Clim-t is westward displaced
274 slightly compared to the CTRL, causing larger positive SST anomalies southwest of the Bering
275  Strait (Fig. 3c). In addition to the NPMM-related spatial pattern, both the CTRL and Clim-t
276  capture the seasonality (Fig. 3d) and persistence (Fig. 3e) of the observed NPMM variability.
277 The Clim-t NPMM autocorrelation decays more quickly than in the CTRL, suggesting
278  that the linear approach to removing ENSO from the CTRL simulation may leave behind
279  statistical artifacts that impact the subtropical North Pacific temporal variability (see discussion
280 in Stuecker 2018). In addition, linearly removing ENSO may account for some of the larger
281  differences in the tropical NPMM spatial pattern between the observation/CTRL and Clim-t,
282  since lagged and nonlinear ENSO/NPMM interactions are retained in both observations and
283  the CTRL but are effectively removed in Clim-t. Regardless, the Clim-t NPMM analysis (Fig.
284  3c) provides a useful metric to test the null-hypothesis that the traditionally defined NPMM
285 index (e.g., Chiang and Vimont 2004) truly captures the leading modes of subtropical coupled

286  climate variability independent of ENSO.

287 For the raw SPMM, the CTRL captures the observed SPMM structure, with SST
288  warming and trade wind weakening over the subtropical southeastern Pacific (purple boxes in
289  Figs. 3f,g), albeit with much stronger amplitude than in observations. The SPMM in the CTRL

290 isstrongly associated with an SLP pattern over the entire Southern Hemisphere (Fig. 3g), which

13
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291 s nearly identical to results in a similar mechanically decoupled NCAR CESM experiment
292  (Larson et al. 2018a; their Fig. 11) and to that in Garreaud and Battisti (1999). In contrast, the
293  SPMM in observations is weakly associated with the SLP variability (Fig. 3f). This distinction
294  might be caused by the lack of observations in the South Pacific before the satellite era, or the
295  stronger simulation of Southern Hemisphere atmospheric variability in the CTRL. In addition,
296  using the wind EC, rather than the SST EC of the SPMM variability gives similar results as in
297  Youand Furtado (2018). This suggests the sensitivity of selecting different indices to show the
298  SPMM-related SLP pattern. Moreover, the distinction may also be due to the strong interaction
299  Dbetween the tropical Pacific and southeastern Pacific variability in observations (e.g., Luo and
300 Yamagata 2001). As a result, removing the effect of tropical Pacific variability on the SPMM
301  will largely reduce the amplitude of both SPMM and associated atmospheric teleconnections.
302 Comparing the Clim-t simulation with CTRL (Figs. 3g,h), the Clim-t simulates the SPMM-
303  related variability mostly over the Southern Hemisphere, further highlighting the usefulness of
304  our Clim-t experiment in studying intrinsic PMM variability. The CTRL well simulates the
305  weak seasonality of the observed SPMM with a slight peak in austral summer, while the Clim-
306 7 shows the opposite with a minor peak in austral winter (Fig. 3i). The SPMM seasonality in
307 our CM2.1 Clim-t differs from that in the Clim-z based on the Community Climate System
308  Model version 4 (Larson et al. 2018a; see their Fig. 3). This discrepancy might be due to the
309 different seasonality of South Pacific wind variability and/or the seasonal cycle of southeastern
310  Pacific mixed-layer depth, according to the analysis of observed SPMM seasonality from You
311 and Furtado (2018). Future study based on multi-model Clim-7 experiments is needed to
312  deeply investigate the SPMM variability. Finally, to a large extent, the CTRL and Clim-t
313  capture the persistence of the observed SPMM variability (Fig. 3j). Overall, the simulated

314  spatiotemporal SPMM variability in the Clim-t can be used for investigating the interannual
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315 and decadal SPMM variability, both of which are largely independent of tropical Pacific

316  forcing.

317

318 4. NPMM variability

319 a. Interannual NPMM

320 We investigate NPMM variability on interannual timescales in observations and in the
321  Clim-7 experiment. Figure 4 shows the regression maps of SST, SLP, and surface wind
322  anomalies against the normalized SST EC of the interannual NPMM. The spatial pattern of
323 interannual NPMM in observations and Clim-t resemble the respective raw PMMSs (comparing
324  Figs. 3a,c and Figs. 4a,b), suggesting that the traditionally defined NPMM (the raw NPMM)

325 inthe literature primarily reflects its interannual variability.

326 To investigate what dominant atmospheric variability forces interannual NPMM in the
327  Clim-t experiment, we first extract dominant atmospheric modes by performing EOF analysis
328  to 10-year high-pass filtered SLP anomalies and then calculate the cross-correlation between
329  SLP PCsand NPMM SST EC in the Clim-t experiment (Fig. 5). All the EOF modes shown in
330 the following are mutually well separated based on North’s Rule (North et al. 1982). Figures
331  5a-d show only features significant at 95% confidence interval based on the two-tailed student

332  t-test (dotted for SLP).

333 The first EOF mode is Aleutian low (AL) variability (Fig. 5a), which leads interannual
334  NPMM variability by 2-3 months (Fig. 5e), implying a role in forcing interannual NPMM.
335  Although AL variability primarily features strong SLP anomalies over the Aleutians, westerly
336  anomalies associated with the weak negative SLP anomalies around the Hawaii Islands can

337  weaken trade winds and thereby force NPMM (Fig. 5a). The second EOF mode is NPO

15
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338  variability (Fig. 5b), which leads interannual NPMM variability by one month (Fig. 5e), also
339 implying a forcing role. This is consistent with numerous previous studies that relate low-
340  pressure anomalies associated with the NPO variability to weakened trade winds and thereby
341 NPMM variability (Fig. 5b; e.g., Amaya 2019). The third EOF mode is characterized by a
342  zonal dipole pattern along 60°N, which is too far away from the subtropics and cannot influence
343  the strength trade winds or NPMM variability (Figs. 5c,e). The fourth EOF mode exhibits a
344 tripolar structure from northeastern Asia to the northeastern Pacific. Here we term this mode
345  the North Pacific tripole pattern (NPT). Similar to the NPO, the NPT mode also leads NPMM
346  variability by about 1 month, suggestive of its forcing role in the NPMM. Although this mode
347  explains only 6.8% of total interannual SLP variance, the prominent low-pressure anomaly

348  over the northeastern Pacific can effectively weaken trade winds and force NPMM (Figs. 5d,e).

349 To further demonstrate the robustness of the NPT mode, we select a region that SLP
350 variability dominantly forces the interannual NPMM (Supplemental Fig. S1a) and correlate the
351  SLP index averaged over the region with the NPT PC time series. The result shows that their
352  correlation is statistically significant (Supplemental Fig. S1b), indicating that although only the
353  center of action over the northeastern Pacific associated with the NPT plays the role in forcing
354  the interannual NPMM, the other two centers of action will covary with this center and
355  collectively force the interannual NPMM. We highlight the necessity of taking the three centers

356  ofaction asawhole (i.e., the NPT mode) to investigate the relationship with NPMM variability.

357 As a caveat, the NPT mode obtained by applying EOF analysis to the interannual SLP
358 field may involve the variability forced by the interannual NPMM. To examine whether the
359 NPT mode, like AL and NPO modes, is an atmospheric internal variability, we analyze an
360 atmosphere-only experiment forced by the global climatological SST and sea ice from the
361  Clim-t experiment. The result shows that the NPT mode in the atmosphere-only simulation

362  also emerges as the fourth EOF mode (and is also mutually well separated based on North’s
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363  Rule), resembling the one simulated in the Clim-t in both spatial pattern and magnitude (not
364  shown). Furthermore, the seasonal evolution of the NPT mode in the atmosphere-only
365  simulation is also similar to that in the Clim-t. These analyses demonstrate that the NPT mode

366 is a mode of atmospheric internal variability.

367 To further investigate how these atmospheric internal modes (AL, NPO, and NPT)
368 influence interannual NPMM in different seasons, we show their seasonality (Fig. 5f). We then
369  regress seasonal mean SST anomalies against corresponding seasonal mean SLP PCs in
370  December-February (DJF), March-May (MAM), June-July (JJA), and September-November
371  (SON) to examine how the atmospheric modes influence SST variations in the NPMM region
372  (purple box in Fig. 6). The regression patterns are shown significant at 95% confidence interval
373 based on the two-tailed student t-test. We also compute the regression coefficient of the
374  seasonal mean SST EC of interannual NPMM against corresponding seasonal mean SLP PCs

375  (marked in the title of each panel in Fig. 6).

376 For the AL variability, although it is strong in DJF (Fig. 6a), the anomalously low
377  pressure around the Hawaiian Islands that effectively weakens trade winds is strong in MAM,
378  resulting in the prominent forcing of interannual NPMM (Fig. 6b). NPO variability is strong in
379 DJF and MAM (Figs. 6e,f). Its southern lobe during these two seasons can affect the strength
380  of trade winds over most of the NPMM domain. In JJA, NPO variability weakens and its
381  southern lobe only affect the trade winds around ~30° N, too far to effectively force the
382 interannual NPMM (Fig. 6g). In the subsequent SON, NPO variability strengthens and once
383  again projects onto interannual NPMM (Fig. 6h). Interestingly, although the seasonality of
384 NPT variability resemble that of AL and NPO variability, its impact on the interannual NPMM
385 variability largely persists throughout the year, owing to a persistent anomalous low over the

386  eastern North Pacific, which effectively modulates the strength of trade winds (Figs. 6i-I).
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387 We also examine the atmospheric forcing of the interannual NPMM in observations.
388  To extract the dominant modes of North Pacific atmospheric variability without equatorial
389  Pacific influence, we linearly regress out the CTl-related interannual SLP anomalies for
390 individual calendar months prior to the EOF analysis. EOF1 shows the AL variability (Fig. 7a),
391  which negatively correlates with the interannual NPMM variability (Fig. 7e), in contrast to the
392  result shown in the Clim-7 experiment (Fig. 5e). This negative correlation is because the
393  observed AL center extends further south than in Clim-t. Therefore, the associated easterly
394  anomalies in its southern flank strengthen the background trades and then drive negative phase
395  of interannual NPMM via WES feedback. Although the negative correlation is statistically
396 insignificant calculated based on the whole time series, it is significant at 95% confidence

397 interval in MAM (r = 0.22).

398 For the observed NPO variability, it significantly forces the interannual NPMM at 1-
399  month lead (Figs. 7b,e), consistent with the result shown in the Clim-z (Fig. 5e). The NPT
400 mode detected in the Clim-t also exists in observations (and is statistically significant based
401 on North’s Rule; North et al. 1982; Fig. 7d). Moreover, the observed NPT variability
402  significantly correlates with the interannual NPMM led by 1-3 months (Fig. 7e), suggesting
403 that the NPT plays a role in forcing the interannual NPMM. These observational results are
404  more consistent with the same analysis in CESM1 Clim-t (not shown) than in CM2.1 Clim-t.
405  Thus, the distinct result on the role of AL variability in forcing interannual NPMM may be
406  spurious in CM2.1 Clim-t. Here we conclude that the atmospheric forcing of the interannual

407  NPMM includes NPO and NPT variability.

408 We now examine the atmospheric response to the interannual NPMM in the NPMM
409  experiment. To show the seasonality of the atmospheric response, we regress the seasonal mean
410 atmospheric variability against the corresponding seasonal mean SST EC of interannual

411 NPMM variability (Fig. 8). Patterns are shown significant at 95% confidence interval. The
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412  result shows that the atmospheric response to interannual NPMM variability exhibits
413  teleconnection pattern emanating from the subtropical North Pacific to the Arctic. In DJF (Fig.
414  8a), the atmosphere-forced interannual NPMM encounters the climatological ITCZ at ~150°W,
415 driving a meridional-dipole pattern of precipitation anomalies. Although the precipitation
416  dipole is weak, a small atmospheric response to the precipitation anomalies may develop
417  quickly and become strong through, for instance, barotropic energy conversion in the exit of
418  subtropical westerly jet during boreal winter (Simmons et al. 1983). The resulting atmospheric
419  response will be an AL-like pattern over the Aleutians (Fig. 8a). This result differs from Amaya
420  etal. (2019), in which they showed that the atmospheric response to the NPMM occurs in late
421 summer and fall when ITCZ is displaced northward. This distinction may be due to the model
422  bias in simulating the latitude of ITCZ in DJF (~10°N), which shifts more northward than that
423  in observations (~5°N). As a result, the NPMM can influence the meridional displacement of
424 ITCZ and feed back to the atmosphere. Further examination will be needed based on observed

425  ITCZ and NPMM variability.

426 In MAM (Fig. 8b), as the developed interannual NPMM extends westward, the
427  meridional dipole of precipitation anomaly also moves westward. In JJA (Fig. 8c), with the
428  further westward extension of the NPMM and northward displaced climatological ITCZ, the
429  precipitation dipole pattern extends zonally along with a broad low-pressure anomaly pattern.
430 In SON (Fig. 8d), the zonally broad low-pressure anomaly persists and the associated westerly
431 wind anomalies penetrate into the central equatorial Pacific. This atmospheric pattern is
432  reminiscent of the SDC response proposed by Amaya et al. (2019) that takes place in August-

433  October.

434 We further investigate the upper tropospheric response to the interannual NPMM

435  variability in the NPMM experiment. The response is not confined to the North Pacific, with
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436  teleconnection pattern over the Northern Hemisphere extratropics throughout the year

437  (Supplemental Fig. S2).

438

439 b. Decadal NPMM

440 We now investigate decadal NPMM variability in observations and the Clim-t
441  simulation. Figure 9 shows the regression maps of SST, SLP, and surface winds against the
442  normalized SST EC of decadal NPMM variability. The observed decadal NPMM is associated
443  with variability in both Northern and Southern Hemisphere (Fig. 9a). The associated SLP
444 anomalies over the Southern Hemisphere extratropics exhibit a meridional see-saw pattern
445  between the mid- and high-latitudes. In contrast, the Clim-t isolates the Pacific-centered
446  characteristics of decadal NPMM variability (Fig. 9b). Similar results are obtained when
447  performing SVD analysis on the model segments with an identical number of time length as in
448  observations (not shown). As a result, the remainder of our analysis will only focus on the

449  Clim-t experiment.

450 To explore which dominant mode of atmospheric variability can force the decadal
451  NPMM variability, we compare the 10-year low-pass filtered reconstructed NPMM index,
452  which is obtained by the AR-1 model (see section 2c for details), with the SST EC of the
453  decadal NPMM variability, and examine their lead-lag relationship (Fig. 10). The AL-forced
454  AR-1 model weakly correlates with the decadal NPMM variability (Figs. 10a,d), suggesting
455  that AL variability cannot effectively force decadal NPMM. In contrast, the correlation
456  between the NPO-forced AR-1 model and decadal NPMM variability is slightly larger (Figs.
457  10b,d). Surprisingly, the NPT-forced AR-1 model best reproduces the decadal NPMM (Figs.

458  10c,d), suggesting that it is the primary driving role. Similar to the interannual NPMM, the
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459  decadal NPMM can also feed back to the atmosphere and excite atmospheric teleconnection in

460  the Northern Hemisphere extratropics (Supplemental Fig. S3).

461

462 5. SPMM variability

463  a. Interannual SPMM

464 Next, we investigate SPMM variability on interannual timescales in observations and
465  the Clim-t. Figure 11 shows the regression maps of SST, SLP, and surface wind anomalies
466  against the normalized SST EC of the interannual SPMM. The interannual SPMM in
467  observations and Clim-7 also resemble the respective raw SPMM, in both structure and
468  magnitude (comparing Figs. 3f,h and Figs. 11a,b), suggesting that the traditionally defined

469  SPMM (the raw SPMM) in the literature also primarily reflects its interannual variability.

470 To investigate what dominant modes of atmospheric variability over the South Pacific
471  force interannual SPMM, we perform EOF analysis of 10-year high-pass filtered monthly SLP
472  anomalies over the South Pacific (70°S-0°, 160°E-60°W; results are insensitive to the selected
473  EOF domain) and then compute cross-correlations between SLP PCs and the SST EC of the
474 interannual SPMM variability in the Clim-t experiment (Fig. 12). All the EOF modes shown
475  in the following are also mutually well separated based on North’s Rule (North et al. 1982).
476  The first EOF mode exhibits a meridional dipole pattern, which resembles SPO variability
477  (You and Furtado 2017). This mode can affect the strength of southeastern Pacific trade winds
478  (Fig. 12a) and thereby force SPMM at a 1-month lead (Fig. 12e). Higher-order SLP modes
479  cannot effectively influence trade winds, thus contributing weakly to interannual SPMM
480  variability (Figs. 12b-e). Note that the SPMM-related SLP pattern is not totally identical to the

481  first SLP EOF pattern (comparing Fig. 11b and Fig. 12a). This is because the SPMM-related
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482  SLP pattern also involves other higher SLP EOF modes, as well as the coupled atmospheric

483  response to the SPMM.

484 We further decompose the seasonality of SPO variability and quantify its forcing effect
485 by regressing seasonal mean SST anomalies and the SST EC of interannual SPMM variability
486  against normalized the seasonal mean SPO PC time series (Fig. 13). The result suggests that
487  SPO variability can drive interannual SPMM throughout the year, with a slightly stronger
488  forcing effect in JJA, which is largely consistent with its seasonality (Fig. 12f). This result is
489  similar to that of You and Furtado (2018) (see their Fig. 7), which showed that latent heat flux
490 associated with the SPMM variability is strong in boreal summer, indicative of the forcing role

491  of SPO variability.

492 Next we investigate the atmospheric response to the interannual SPMM. Figure 14
493  shows the regressions of seasonal mean atmospheric variability against the corresponding
494  seasonal mean SST EC of interannual SPMM variability in the SPMM experiment. Based on
495 these regressions, the positive phase of interannual SPMM variability can influence the
496 climatological SPCZ, causing southeastward extension along its diagonal throughout the whole
497  year. This finding is similar to that of Min et al. (2017), in which they showed that the SPMM

498  favors an anomalous eastward displacement of the SPCZ (see their Fig. 2d).

499 We further show that by influencing the mean SPCZ, the interannual SPMM can feed
500 back to the atmosphere, although the feedback amplitude is rather weak compared to that for
501 the interannual NPMM (Fig. 8). In DJF (Fig. 14a), the atmospheric response to the interannual
502 SPMM is rather weak. It is characterized by a convergence of surface wind anomalies ~150°W,
503 corresponding to a rather weak low-pressure center. The anomalous low-pressure center
504  becomes stronger in MAM, accompanied by an anomalous high-pressure center over the east

505 of New Zealand (Fig. 14b). During DJF and MAM, apart from influencing the SPCZ, the
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506 interannual SPMM also impacts ITCZ south of equator. The impact in MAM may be attributed
507  tothe model bias of CM2.1 that simulates strong double ITCZ (Wittenberg et al. 2006). In JJA
508 and SON (Figs. 14c,d), the interannual SPMM can also feed back to the atmosphere, with
509 comparable amplitude to those in DJF and MAM. We further show that the atmospheric
510 response to the interannual SPMM is not confined to the South Pacific with large-scale

511  teleconnections in much of the Southern Hemisphere extratropics (Supplemental Fig. S4).

512

513 b. Decadal SPMM

514 Finally, we investigate decadal SPMM variability in observations and the Clim-z. The
515  observed decadal SPMM exhibits SST cooling off the west coast of South America, associated
516  with a see-saw SLP anomaly pattern between the Southern Hemisphere mid- and high-latitudes
517  (Fig. 15a). In addition, the observed decadal SPMM is also linked to SLP anomalies over the
518 Northern Hemisphere extratropics. The strong linkage of both Northern and Southern
519  Hemispheric circulation anomalies indicates that simultaneously linear-removing EPDV will
520  still retain coherent variability between the Northern and Southern Hemispheres. Moreover,
521  the result of the observed decadal SPMM is not reliable due to the lack of SST measurement
522  in the South Pacific before satellite era. The decadal SPMM in the Clim-7, in contrast, is
523 simulated largely within Southern Hemisphere extratropics (Fig. 15b). Specifically, it is
524  characterized by SST warming in the southeastern South Pacific, associated with a weakening
525  of southeasterly trade winds. It is also associated with an SPO-like anomaly pattern over the
526  South Pacific. These features related to the decadal SPMM resemble those associated with the
527 interannual SPMM in the Clim-7 (Fig. 11b). To investigate whether the decadal SPMM in the
528  Clim-t is similar to the interannual variability that is effectively forced by the SPO variability,

529  we reconstruct an SST time series forced by SPO variability based on the AR-1 model. The
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530 result shows that the 10-year low-pass filtered reconstructed time series significantly (at 95%
531 confidence interval) correlates with the SST EC of decadal SPMM (Fig. 15c), suggestive of
532  the role of SPO variability in forcing the decadal SPMM. Similar to the interannual SPMM,
533 decadal SPMM can also feed back to the atmosphere and excite teleconnections over the
534  Southern Hemisphere extratropics through extending/shrinking the climatological SPCZ, but
535 the feedback amplitude is much stronger compared to that for the interannual SPMM

536  (Supplemental Fig. S5).

537

538 6. Summary and discussion

539 We have investigated the characteristics of both interannual and decadal PMM
540 variability based in a mechanically decoupled model experiment in which climatological wind
541  stress is prescribed over the tropical Pacific. ENSO variability is inhibited in such experiments
542  due to the absence of dynamical air-sea coupling (e.g., Larson and Kirtman 2015). Additionally,
543 TPDV s also markedly damped, due possibly to the dynamical damping effect by the
544  climatological upwelling in the central-eastern equatorial Pacific. This experiment is ideal to
545  investigate essential processes that generate PMM variability, as it cuts off the influence of
546  equatorial Pacific variability on the PMM. Past studies have argued or demonstrated that
547  NPMM (e.g., Chiang and Vimont 2004; Chang et al. 2007; Ma et al. 2017; Min et al. 2017)
548 and SPMM (e.g., Min et al. 2017; Larson et al. 2018a; You and Furtado 2018; Zhang et al.

549  2014) can operate in the absence of tropical forcing; this is confirmed in our experiments.

550 We have explored NPMM and SPMM variability with emphasis on the atmospheric
551  forcing and response processes. For the NPMM, the atmospheric forcing of its interannual
552  variability differs from the decadal variability. Specifically, interannual NPMM is primarily

553  forced by NPO variability, with a secondary contribution from another atmospheric internal
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554  variability, North Pacific tripole (NPT) mode, while decadal NPMM is primarily forced by the
555 NPT variability. However, the atmospheric response to interannual NPMM variability
556  resembles the response to the decadal NPMM variability, in that both can influence the
557  meridional migration of mean ITCZ throughout the whole year. This effect will excite a
558  baroclinic atmospheric response over the subtropical North Pacific and an equivalent
559  barotropic teleconnection pattern over the Northern Hemisphere extratropics. For the SPMM,
560  both interannual and decadal variability are partly forced by SPO variability. Moreover, both
561 can excite atmospheric teleconnections over the Southern Hemisphere extratropics through
562  extending/shrinking the mean SPCZ. Our study proposes a new poleward pathway excited by
563 the NPMM and SPMM variability, in addition to their equatorward influence on tropical
564  Pacific variability (Amaya et al. 2019; Amaya 2019). Further research is needed to examine

565  the robustness of the pathway and its associated climatic effects based on observations.

566 Although numerous studies have pointed out the role of NPO variability in initiating
567  the NPMM (e.g., Chiang and Vimont 2004; Vimont et al. 2009; Min et al. 2017; Stuecker 2018;
568 Amaya et al. 2019), not much attention is paid to the forcing role of NPT variability. While
569  only the center of action over the northeastern Pacific plays the role in forcing the NPMM, its
570  covariation with the other two centers of action, obtained from the EOF analysis, may mutually
571 initiate the NPMM. In addition, although the NPT mode only explains a small percent of the
572  total variance of SLP variability over the North Pacific, it is more closely tied to decadal
573  NPMM variability than the AL and NPO variability (Fig. 11d), both of which are the
574  contributors to interannual NPMM variability (Fig. 7e). More importantly, the decadal NPMM
575  will release the “reddened” NPT variability to the Northern Hemisphere extratropics, impacting
576  the predictability of Northern Hemisphere extratropical climate. Thus, future studies are
577 needed to investigate the dynamics of NPT variability in observations and modeling

578  experiments.
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754  Fig. 1. Schematic of Clim-t experiment. Dark blue indicates the region where daily
755  climatological wind stress is prescribed (15°S-15°N). Light blue denotes the buffer zones north
756  (15°N-25°N) and south (25°S-15°S). Otherwise, the ocean and atmosphere are fully coupled

757  and free to evolve.
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760  Fig. 2. Standard deviations of (a),(c) interannual and (b),(d) decadal SST (shading; °C) and
761  surface zonal wind (black contours; m s*) anomalies in the (a),(b) Clim-z and (c),(d) CTRL
762  experiments. Purple boxes denote SVD domains for the NPMM (160°E-100°W, 10°N-30°N)

763  and SPMM (180°W-70°W, 30°S-10°S), respectively.
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Fig. 3. NPMM and SPMM (unfiltered). Regression maps of SST (shading; °C), SLP [contour

interval: 0.2 hPa; solid red (blue) is positive (negative) anomaly; zero contour is omitted], and

surface wind (arrows; m s*) anomalies against normalized SST EC of the raw PMMs. (a)-(c)
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772

773

are the raw NPMM in observations, CTRL, and Clim-t, respectively; (f)-(h) are the raw SPMM
in observations, CTRL, and Clim-t, respectively. Small wind speed is omitted for clarity. The
horizontal black line denotes the equator. The explained squared covariance fraction of SVD
analysis is marked in each panel. Monthly standard deviation of the normalized SST EC of raw
(d) NPMM and (i) SPMM. Auto-correlation of the normalized SST EC of raw (¢) NPMM and

() SPMM.
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775  Fig. 4. As in Figs. 3a,c but for interannual NPMM.
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Fig. 5. Leading EOF modes of interannual SLP variability over the North Pacific in the Clim-
T experiment. (a)-(d) Regression maps of 10-year high-pass filtered SLP [contour interval: 0.4
hPa; solid red (blue) is positive (negative) anomaly; zero contour is omitted] and surface wind
(arrows; m s) anomalies against normalized SLP PCs. EOF domain is 120°E-80°W and 0°-
70°N. Purple box is the same as in Fig. 4, representing the region of NPMM variability. (e)
Cross-correlation between SLP PCs and SST EC of interannual NPMM. Black solid lines
denote the correlations at 95% confidence interval based on the two-tailed student t-test. (f)

Monthly standard deviation of normalized SLP PCs.
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Fig. 6. Seasonality of the interannual AL, NPO, and NPT variability in the Clim-t experiment.
Regression maps of 10-year high-pass filtered SLP [contour interval: 0.4 hPa; solid red (blue)
is positive (negative) anomaly; zero contour is omitted], surface wind (arrows; m s1), and SST
(shading; °C) anomalies in different seasons against corresponding normalized seasonal mean
SLP PCs. (a)-(d) AL; (e)-(h) NPO; and (i)-(I) NPT. Value in the bracket in each panel denotes
the regression coefficient of seasonal mean SST EC of interannual NPMM variability against
corresponding seasonal mean SLP PC. The regression coefficients significant at 95%
confidence interval are shown as italic. Purple box in each panel denotes the SVD domain of

NPMM variability.
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Fig. 8. Atmospheric response to the interannual NPMM in the NPMM experiment. (a) DJF, (b)
MAM, (c) JJA, and (d) SON. Patterns are shown as regression maps of 10-year high-pass
filtered SLP [contour interval: 0.2 hPa; solid red (blue) is positive (negative) anomaly; zero
contour is omitted], surface wind (arrows; m s1), SST (shading; °C), and precipitation [contour
interval: 0.2 mm day; solid green (brown) is positive (negative)] anomalies against the SST
EC of interannual NPMM variability. Climatological precipitation is overlaid as gray shading
(only larger than 6 mm day are shown, shading interval: 4 mm day™?). The stippling denotes

statistically significant regressed SLP at 95% confidence interval.
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(a) Decadal NPMM 53.9% (obs)
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807

808  Fig. 9. Asin Fig. 4 but for decadal NPMM. Note that contour interval is 0.1 hPa.
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(a) AL AR1
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(b) NPO AR1
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(c) NPT AR1
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810  Fig. 10. 10-year low-pass filtered reconstructed NPMM time series based on the AR-1 model.
811  (a) is reconstructed by AL variability, (b) is by NPO variability, and (c) is by NPT variability.

812  Red lines denote the SST EC of decadal NPMM variability. Correlation between the low-pass
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813

814

815

816

817

filtered reconstructed NPMM time series and the SST EC is marked in each panel. (d) Cross-
correlation between the SST EC of decadal NPMM variability and 10-year low-pass filtered
reconstructed NPMM time series forced by AL (blue), NPO (purple), and NPT (yellow)
variability based on the AR-1 model. Horizontal solid line denotes the correlation at 95%

confidence interval based on the two-tailed student t-test.
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(a) Interannual SPMM 49.4% (obs)
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818

819  Fig. 11. Asin Fig. 4 but for interannual SPMM.
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(a) EOF1 (36.6%) (b) EOF2 (17.7%)
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821  Fig. 12. Asin Fig. 5 but for leading EOF modes of interannual SLP variability over the South
822  Pacific in the Clim-t experiment. EOF domain is 140°E-60°W and 70°S-0°. Purple boxes in

823  (a)-(d) denote the SVD domain of SPMM variability.
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(a) DJF SPO (0.35) (c) JJA SPO (0. 38)

0° 0°
15°S 15°S
30°S 30°S
45°S 45°S
60°S 60°S
75°S 75°S
90°S 90°S
150°E  180° 150°W 120°W 890°W 60°W 150°E  180° 150°W 120°W 90°W 60°W
(b) MAM SPO (0.28) (d) SON SPO (0.26)
0°
15°S
30°S
45°S
60°S
75°S
90°S

150°E  180° 150°W 120°W 90°W 60°W 150°E  180° 150°W 120°W 90°W 60°W

-0.3 -025 -02 -0.15 -01 -005 0O 005 01 015 02 025 03 [OC]

824

825 Fig. 13. As in Fig. 6 but for the regression maps of 10-year high-pass filtered SLP, surface
826  wind, and SST anomalies in different seasons against corresponding normalized seasonal mean
827  SPO PC time series in the Clim-t experiment. Regression coefficient of seasonal mean SST

828  EC of interannual SPMM against seasonal mean SPO PC time series is marked in each panel.
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829

(a) SPMM exp, Interannual (DJF) (b) SPMM exp, Interannual (MAM)
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831  Fig. 14. As in Fig. 8 but for the atmospheric response to the interannual SPMM in the SPMM

832  experiment.
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(c) SPO AR1
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Fig. 15. As in Fig. 4 but for decadal SPMM in (a) observations and (b) the Clim-t experiment.
(c) 10-year low-pass filtered reconstructed SPMM time series forced by SPO variability based
on the AR-1 model.
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