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Abstract
The Pacific Meridional Mode, a coupled ocean–atmospheric interaction responsible for propagating subtropical anomalies 
to the tropics via thermodynamic mechanisms, features prominently in discussions of the response of climate variability to 
climate change. However, it is presently unclear how and why the variance in PMM might change, or even if greenhouse gas 
forcing might lead to heightened activity. Here, PMM variance over the last millennium is assessed in the Community Earth 
System Model Last Millennium Ensemble (LME). The model reproduces the main spatial characteristics of the PMM in 
the modern ocean in agreement with observations. With this basis, we assess the magnitude of the PMM variance over the 
past millennium, subject to forcing from a variety of sources. Internal (unforced) variability dominates the PMM variance 
in the LME, but prolonged periods of strong or weak PMM variance are found to be associated with characteristic spatial 
patterns, consistent across ensemble members and forcing experiments. The pattern of strong PMM variance features a cooler 
north Pacific, weaker Walker circulation, and a southward-shifted ITCZ. Comparison with a slab ocean model suggests that 
equatorial ocean dynamics are necessary to sustain the statistically significant multidecadal variability. With respect to the 
last millennium, present greenhouse forcing does not promote exceptional PMM variance. However, the PMM variability 
projected in the RCP8.5 scenario exceeds the thresholds expressed with the forcings applied over the Last Millennium. Aside 
from multidecadal variability, the model simulations also bear on ENSO variability and the sensitivity of climate variability 
to external forcing.
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1 Introduction

The Pacific Meridional Mode (PMM) is a form of tropical 
ocean–atmospheric interaction, independent of ENSO, that 
can create coherent anomalies through an interplay of wind 
speed and surface evaporation. This mode has been increas-
ingly recognized as an influential component of climate 
variability, effective in channeling extratropical anomalies 
to the equatorial ocean–atmosphere system (Chiang and 
Vimont 2004). The PMM is reinforced by a thermodynamic 

feedback involving varying wind speed, evaporation, and 
sea surface temperatures (WES feedback; Xie and Philander 
1994; Chang et al. 1997). Central to this mode, extratropical 
atmospheric variability acts to warm (cool) local sea surface 
temperatures in the subtropical North Pacific, adjusting the 
mean surface wind field and spurring lesser (greater) evapo-
rative cooling. These positive (negative) sea surface temper-
ature anomalies, typically initiated southwest of Baja Cali-
fornia in the Eastern Tropical North Pacific, induce further 
weakening (strengthening) of the trade winds by relaxing 
the meridional surface temperature gradient. These weak-
ened trade winds further reduce (increase) evaporation rates, 
allowing the sea surface temperature anomalies to propagate 
southwestward to the equatorial Pacific. The “meridional 
mode” framework is important as it links El Niño South-
ern Oscillation (ENSO) variability to internal extratropical 
atmospheric variability.

Indeed, the PMM was initially hypothesized as an impor-
tant precursor to ENSO (Chiang and Vimont 2004). This 
hypothesized connection has been supported in subsequent 
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observational and modelling studies. For example, using 
instrumental observations between 1958 and 2000, Chang 
et al. (2007) found that more than 70% of El Niños followed 
a positive PMM event. This strong relationship has similarly 
been observed in National Center for Atmospheric Research 
Community Climate System Model, version 3 (CCSM3, 
Zhang et al. 2009), and in version 4(CCSM4; Larson and 
Kirtman 2013), and other CMIP5 models (Lin et al. 2015). 
The PMM also seems to be important for the formation of 
central Pacific El Niño (Vimont et al. 2005; Di Lorenzo 
et al. 2010; Yu et al. 2010; Yu and Kim 2011; Kim and Yu 
2012), and, accordingly, the increase in prevalence of the 
Central Pacific El Niño events over the past few decades has 
been attributed to an intensification of the thermodynamic 
coupling mechanism central to the PMM (Di Lorenzo et al. 
2015, 2016). The PMM has further been identified as an 
important feature in Pacific cyclone suppression/enhance-
ment (Zhang et al. 2016), is thought to have played a role 
in the extreme drought, and sea surface temperatures, and 
resilience of a mid-level atmospheric high pressure system 
of 2012–2016 (Wang et al. 2014; Hartmann 2015), the asso-
ciated marine heat wave (Di Lorenzo and Mantua 2016; Joh 
and Di Lorenzo 2017), and is an important means of attenu-
ating low frequency variability in the tropics (Di Lorenzo 
et al. 2015).

While the PMM has proven to be an important feature in 
the climate system, the recent amplification of PMM vari-
ability (Fig. 1c), deserves careful consideration. It is still 
unknown if and why the variance of the PMM might be 
intensifying. The apparent increase in variance might simply 
be the result of unforced modulations in the climate system. 
Alternatively, this intensification may have been induced 
by a changing mean state associated with anthropogenic 
global warming. The background state could influence the 

PMM through a number of processes: (1) The effectiveness 
of WES feedback could fluctuate via changes in the mean 
surface temperature and wind fields (Di Lorenzo et al. 2015; 
Di Lorenzo and Mantua 2016; Vimont et al. 2009; Liguori 
and Di Lorenzo 2018), (2) the characteristics of stochas-
tic wind forcing in the extratropics can be modified due to 
variations in atmospheric circulation (Chiang et al. 2009), 
and (3) The structure and location of the Intertropical Con-
vergence Zone (ITCZ) could change, potentially allowing 
for greater propagation of anomalies from the subtropics 
to the tropics (Zhang et al. 2014a, b; Martinez-Villalobos 
and Vimont 2016). Instrumental records are simply not long 
enough to capture the full range of variability of the PMM 
and to test these alternatives.

Over the last millennium, Earth’s radiative budget has 
fluctuated as a result of a variety of natural and anthropo-
genic forcings: volcanic eruptions, solar cycles, orbital vari-
ation, land use change, greenhouse gas and aerosol emis-
sions. These shifts provide a means of investigating how 
sensitive the PMM is to subtle variations in the mean state 
and provide greater context to understand the extent the of 
natural variability. Therefore, the last millennium repre-
sents a valuable experimental platform. Paleoclimatic proxy 
records (e.g. from corals) provide some indication of PMM 
variance (e.g. Sanchez et al. 2016), but, are too geographi-
cally sparse to pinpoint mechanisms of PMM variability 
beyond the instrumental record. Thus, temporally extended 
model integrations are required to make use of the experi-
mental platform.

Here we use the Community Earth System Model-Last 
Millennium Ensemble (CESM-LME) to better understand 
the extent of PMM variability, seeking to address the ques-
tions of how the modeled PMM changed over the last 
millennium, and whether the changes were the result of 

Fig. 1  Linear regression maps 
between PMM and SST and 
surface wind vector anoma-
lies a in observations, using 
years 1948–2006 from NOAA 
ERSSTv3b (Smith et al. 2008) 
and NCEP–NCAR Reanalysis 
version 1 (Kalnay et al. 1996) 
winds and b a single ensemble 
member the CESM-LME using 
years 1948–2006. The green 
box outlined highlights the 
region of NPO DJF zonal wind 
forcing used in Fig. 6. c The 
moving 20-year standard devia-
tion (using a centered window) 
of the Pacific Meridional Mode 
index in observations (rela-
tive to the 1948–1968 mean), 
highlighting the often discussed 
trend for increasing variance
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radiative forcing. The analysis includes the issues of whether 
the PMM always operated in a physical framework similar 
to that of the modern climate. We further explore the links 
between the variability of the PMM and ENSO.

2  Datasets and methodology

The Last Millennium Ensemble (CESM-LME, Otto-Bliesner 
et al. 2016) and the Large Ensemble (CESM-LE; Kay et al. 
2015) experiments use the same coupled physical model of 
ocean, atmosphere (the Community Atmosphere Model ver-
sion 5), land, and sea ice. However, the experiments differ 
in grid cell resolution and forcing employed: the CESM-
LME has a coarser land and atmosphere resolution (~ 2° 
atmosphere and land, ~ 0.3°–1° ocean and sea ice coupled 
model), while the CESM-LE has a 1° atmosphere model. In 
addition, the experiments consist of a number of realizations 
to capture a fuller extent of internal variability in the model 
behavior. The LME is forced with varying solar intensity, 
volcanic aerosol emissions, greenhouse gas concentrations, 
land use changes, orbital variations, aerosols and ozone cali-
brated with values from observations and high resolution 
paleoclimate reconstructions. Each LME ensemble mem-
ber spans 1256 years, beginning in year 850 and extending 
to 2006 (more information available in Otto-Bliesner et al. 
2016). The LME is therefore an especially useful platform 
for forcing-response diagnosis, given that there are multiple 
ensemble members within each prescribed forcing regime. 
The twelve “all-forcing” experiments include all relevant 
radiative forcing (volcanic, greenhouse gases, ozone-aer-
osols, land use change, solar intensity, and orbital), while 
the five volcanic forcing-only ensemble members have only 
been forced with historical volcanic eruptions. The control 

(unforced) run provides a measure of internal variability 
within the model. Finally, the future projections are an exten-
sion of four of the all-forcing scenario ensemble members 
(#2, 3, 8, and 9), following the RCP 8.5 forcing pathway. 
These ensemble members provide the unique opportunity 
to not only account for the range of natural variability, but 
also to pinpoint the common and robust characteristics of the 
modelled Pacific Meridional Mode. We additionally assess 
two long unforced control runs in the Community Earth Sys-
tem Model Large Ensemble (CESM-LE, Kay et al. 2015) to 
gauge the role of ocean dynamics in the variability of the 
PMM. One control run comes from the fully coupled model 
(CESM-LE), the other control run comes from a slab ocean 
experiment using the CAM5 model (CESM-LE–SOM). The 
CESM model, encompassing the CESM-LME and CESM-
LE, are demonstrably skillful in capturing broad aspects of 
climate variability in the tropical Pacific, but can overes-
timate the amplitude of ENSO variability (Otto-Bliesner 
et al. 2016; Kay et al. 2015; Vega-Westhoff and Sriver 2017) 
(Table 1).

3  Results

3.1  Model validation

The PMM is calculated with similar methodology to Chi-
ang and Vimont (2004); monthly means of sea surface 
temperatures and 1015 mb zonal and meridional winds 
from 21°S–32°N, 175°–265°E are removed and 3 month 
moving average is applied before taking the Maximum 
Covariance Analysis (MCA) of the three variables. As in 
observations (Smith et al. 2008; Kalnay et al. 1996), the 
PMM in CESM-LME is the second mode of maximum 

Table 1  Characteristics of 
model experiments

Model Years Ensemble 
members

Applied forcing

CESM-LME control
Otto-Bliesner et al. (2016)

850–2006 1 None

CESM-LME volcanic-only
Otto-Bliesner et al. (2016)

850–2006 5 Volcanic

CESM-LME all forcing
Otto-Bliesner et al. (2016)

850–2006 12 Greenhouse gases, ozone-aerosols, volcanic, 
land use change, solar intensity, and orbital 
volcanic, greenhouse gases, ozone-aerosols, 
land use change, solar intensity, and orbital

CESM-LME RCP8.5
Otto-Bliesner et al.(2016)

2006–2100 4 Greenhouse gases, ozone-aerosols, volcanic, 
land use change, solar intensity, and orbital 
volcanic, greenhouse gases, ozone-aerosols, 
land use change, solar intensity, and orbital

CESM-LE control
Kay et al. (2015)

1–1000 1 None

CESM-LE SOM control
Kay et al. (2015)

1–900 1 None
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covariance between winds and SST after ENSO, and it is 
characterized by large sea surface temperature and wind 
anomalies southwest of Baja California, extending south-
westwards towards the dateline (Fig. 1). In the Last Millen-
nium Ensemble, the SST and wind anomalies associated 
with the PMM are comparable to observations; however, 
with respect to observations, the mean spatial pattern of 
SST and wind anomalies is shifted westward and into the 
Western Pacific Warm Pool region as is common in many 
GCMs (Kug et al. 2010; Ham and Kug 2012; Capotondi 
et al. 2006). The correlation of the SST and wind expan-
sion coefficients are slightly stronger in the model than in 
observations (R = 0.86 vs R = 0.70, respectively), implying 
marginally stronger air–sea coupling in CESM.

The North Pacific Oscillation (NPO), calculated as 
the 2nd EOF of sea level pressure in the North Pacific, 
defined as 180°W–110°W, 25°N–62°N (Walker and Bliss 
1932; Rogers 1981; Linkin and Nigam 2008), has been 
shown to force the PMM in boreal winter (Anderson 2003; 
Vimont et al. 2003, 2014). Approximately 2–3 months 
before the PMM peaks, wind anomalies associated with 
the NPO imprint a pattern of SST anomalies (Fig. 2a). 
The monthly variance of the PMM is then maximized 
in March–April–May and can initiate ENSO activity 
[described by the Niño 3 index as in Kug et al. (2010), 
5°S–5°N, 170°–110°W] in the following DJF (9 months 
later Fig. 2b). This series of steps is qualitatively repro-
duced in CESM-LME, and furthermore, the variance of 
the PMM (MAM) is highly correlated with the variance 
of the following Niño 3 (DJF, Fig. 2d), suggesting that 
the PMM is a highly effective ENSO precursor. While the 
standard deviation of the Niño 3 region is directly related 
to the variability of the NPO (Fig. 2c), the highest cor-
relation coefficients are found in the NPO–PMM–ENSO 
chain. We note that a weaker correlation is found when the 
Niño 3 leads the PMM by 14–20 months (mean R = − 0.37 
vs mean R = 0.48 when the PMM leads the Niño 3 by 
9 months) in the LME, not found in observations. In gen-
eral, the physical consistency of the model with observa-
tions allows us to refer to the variability within CESM-
LME to investigate both the internal and forced variability 
of the PMM.

There are two commonly used metrics for describing the 
strength of the PMM. The first metric is the 30-year moving 
standard deviation of the SST expansion coefficient of the 
PMM MCA index in March–April–May [MAM, the months 
of highest variance, as in Di Lorenzo and Mantua (2016) 
and Wang et al. (2014)]. The second is the 30-year moving 
correlation between the wind and SST expansion coefficients 
from the maximum covariance analysis [used in other MCA 
analysis to show greater coupling between variables, as in 
Amaya et al. (2017) and Lin et al. (2015)]. In the instrumen-
tal record, both metrics have shown an increase in variability 

(Fig. 1c) or in the air–sea coupling affiliated with the PMM 
(not shown) from years 1950 to the present.

A 30-year moving standard deviation of the PMM is cal-
culated in the unforced control run (Fig. 3a) to provide a 
baseline expectation for the internal variability observed in 
the model. This baseline fluctuates roughly by a factor of two 
and experiences a wider range in variability than that of the 
forced runs. In CESM-LME, the variability in the 30 year 
moving correlation between the wind and SST expansion 
coefficients is mostly uniform in time, even in the forced 
experiments. However, the rare deviations in the correla-
tion coefficient of the expansion coefficients skew highly 
negatively, implying that the surface SST or winds are tem-
porarily decoupled. This type of deviation is most common 
immediately following volcanic eruptions in single ensemble 
members, but is not found in ensemble averages (not shown). 
For these reasons, we emphasize the description and assess-
ment of PMM strength using the 30-year moving standard 
deviation.

3.2  Forced and unforced variability

Internal variability in the climate system (defined as in Deser 
et al. 2012a, b) dominates the variance of the PMM in each 
individual ensemble member. In any single ensemble mem-
ber from each particular forcing experiment, the most pro-
nounced form of variability is low frequency variability, also 
readily observed in the control run (Fig. 3a, thin grey lines 
in b, c). In each of the forced experiments, the internal vari-
ability is comparable to that of the control run and causes 
the standard deviation of the PMM to vary by about a factor 
of two. However, when ensemble members from single forc-
ing experiments are averaged together, the high amplitude 
internal variability vanishes, as internal variability should 
not be coherent between ensemble members. This provides 
a means of identifying forced responses as periods when the 
ensemble averaged PMM index is above a particular thresh-
old, since forced variability would create coherent anomalies 
of the same sign between ensemble members, regardless of 
their internal variability.

In Fig. 3, coherent anomalies in the moving standard 
deviation of the PMM are found in concert with volcanic 
eruptions, suggesting that the PMM could be influenced by 
variations in Earth’s radiative budget. Volcanic eruptions 
tend to amplify the variability of the PMM in the ensem-
ble mean, or more specifically, increase the variance of the 
PMM’s SST expansion coefficient. For example, the Sama-
las event of 1257 (Lavigne et al. 2013; Guillet et al. 2017), 
the largest volcanic eruption in the last 2500 years (Lavigne 
et al. 2013), created a short lived, but high amplitude sig-
nal, prompting the epoch of highest averaged variance in 
the last millennium (Fig. 3b, c). Though this event was only 
manifest for 3 years, the 30-year moving standard deviation 
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metric results in the appearance of an artificially prolonged 
60-year period of high variance (Supplementary Materials., 
Figure S1).

Another indication of the PMM’s sensitivity to Earth’s 
radiative budget is observed when considering greenhouse 
gas forcing. In the 12 All-Forcing scenarios, an increase 
in PMM variance is observed through the late twentieth 
century (through the year 2006 in the CESM simulations, 
Fig. 3c). The variance in the “present” is above average, but 
does not exceed the bounds of that simulated over the last 
millennium. In a single ensemble member, the variance rises 
above all previous values, but the average trend suggests 
that there is no clear difference in the variability of the late 

twentieth century from the variability witnessed over the 
last millennium.

3.3  Pattern of variance

Modifications in the background climate have been hypoth-
esized to amplify or dampen the variability of the PMM. 
The three leading hypotheses describing the ways in which 
the mean climate might influence the PMM are: (1) The 
mean location of the ITCZ, (2) the sensitivity of latent heat 
fluxes to the variations in wind speed are expected to change 
with the mean background temperature and (3) variations in 
“noisiness” in the extratropical atmosphere. To investigate 

A B

C D

Fig. 2  The model PMM is physically consistent with observations. a 
lead-lag plot in the Control and 12 “All Forcing” experiments (colors) 
and observations (black) between the PMM and the NPO Index 
(calculated as the second EOF of SLP in the North Pacific); maxi-
mum correlation is found when NPO leads by 2  months), (median 
maximum correlation, R = 0.27). The dashed lines indicate a p < 0.01 
significant correlation for the CESM output when accounting for 
autocorrelation in each index by modifying the number of effective 
degrees of freedom, as in Bretherton et al. (1999). b Same as a, but 
with the PMM and Niño 3 index; a maximum correlation is found 

when ENSO follows the PMM by 9 months, (median maximum cor-
relation, R = 0.57). Observations here use the wind component of 
the PMM. c For comparison’s sake, we also show the cross correla-
tion relationship between the NPO and the Niño 3. As the strength 
of the correlations are much weaker than that of the NPO-PMM, or 
PMM-Niño 3, this highlights the important role of the PMM (median 
maximum correlation, R = 0.17 when the NPO leads by 12 months). 
d Scatterplot of the 30-year moving standard deviation of the PMM 
(MAM) and the following Niño 3 (DJF)
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mean state influence on the PMM, we identify the charac-
teristic conditions that accompany periods of extreme PMM 
variance. There is no reason to expect a clear background 
pattern of variability, but the existence of a pattern might 
help address the mechanisms responsible for altering the 
variance of the PMM.

A least squares linear regression of relevant climate fields 
is calculated on each of the 30-year moving standard deviation 
of the PMM (MAM) indices from each of the 12 “All Forc-
ing” ensemble members. A consistent pattern of variability 
emerges in the averaged ensemble members (Fig. 4). Periods 
of high variance are characterized by anomalously cool North 
Pacific sea surface temperatures (of about 0.2 °C for 1 stand-
ard deviation) and cooler warm pool region, while the eastern 
equatorial Pacific and Kuroshio region shows a slight warming 
tendency. The surface wind field and precipitation response are 
also consistent with a weaker Walker Circulation during peri-
ods of higher variance, while lower PMM variance tends to be 
characterized by a strengthened Walker Cell and warmer North 
Pacific. The precipitation response during periods of high 
PMM variance also features a contracted, southward shifted 

ITCZ. The same analysis is performed with Pacific mixed layer 
depth and results in a consistent pattern in the background 
state associated with PMM variance; high variance is associ-
ated with a deepening of the western Pacific and far eastern 
Pacific mixed layer depth and shoaling of central equatorial 
mixed layer depth, with shoaled flanks extending eastward in 
the extratropics (Fig. 4). The PMM variance pattern is a robust 
feature in CESM, regardless of forcing experiment and method 
of calculation. Compositing of the most extreme (top quintile) 
events results in essentially the identical pattern of anomalies 
in each respective climate fields (see the Supplementary Mate-
rials, Figure S2).

There is some consistency between these background pat-
terns associated with the internal variability of the PMM and 
the previously hypothesized mechanisms of PMM change. 
Recent work has found that the PMM is particularly sen-
sitive to ITCZ shifts in intensity and location (Martinez-
Villalobos and Vimont 2016). Other studies have suggested 
that the location of the ITCZ might inhibit or help types of 
Meridional Modes from occurring (Zhang et al. 2014a, b). 
In CESM-LME simulations, periods of high PMM activity 

Fig. 3  Moving 30-year standard 
deviation (centered window) is 
used on different CESM-LME 
ensemble members to assess 
the variability of the PMM 
over the last millennium. In a, 
the moving 30-year standard 
deviation of the normalized 
SST expansion coefficient of 
the PMM index in the unforced 
control run. This index is used 
to estimate a range of PMM 
variability and the normaliza-
tion provides a reference for 
the forced experiments. The 1 
sigma mark (± 0.14) is dashed 
in magenta, and the 2 sigma 
mark is dashed in rust-red. In 
b, the 30-year moving standard 
deviation of the PMM in each 
ensemble member from the 
volcanic-only forcing experi-
ment is plotted in thin gray lines 
to highlight the range of natural 
variability within the model. 
The median of the 5 “Volcanic-
Only” experiments is plotted in 
bolded navy. In c, same as b, 
but using the 12 “All Forcing” 
experiments (median in black) 
and the four RCP8.5 experi-
ments (median in dark green). 
The RCP8.5 experiments are a 
continuation of four of the “All 
Forcing experiments” (ensem-
ble members #2, 3, 8 and 9) to 
year 2100
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are indeed accompanied by a southward shifted ITCZ and 
a weaker Walker circulation; however, the magnitude of 
the meridional shift in ITCZ position in the model is small 
enough to preclude drawing conclusions of causality.

Similarly, we find minor variations in the sensitivity of 
latent heat flux in the western tropical North Pacific associ-
ated with the PMM variance (Fig. 5b). We calculate this 
sensitivity of latent heat flux to zonal winds, or Wind-Evapo-
ration-SST Parameter, or “WES” parameter ( ∝ ), using a lin-
earized approximation as in Czaja et al. (2002) and Vimont 
et al. (2009).

where LH is latent heat, u is zonal wind, w̄ is wind speed 
( w̄ =

√

u2 + v2 + ŵ2) , ŵ is a background wind speed used 
to account for higher frequency variance, ŵ = 4 ms

−1 (Czaja 
et al. 2002), and ∝ has units of W s  m−3 (annual mean field 
of ∝ illustrated in Fig. 5a). The WES parameter anomalies 
associated with the variance of the PMM are not only small 
in magnitude, but also occur in regions not particularly 
important for the activation of the PMM (Fig. 5b). In con-
trast, the change in latent heat flux sensitivity to the mean 
zonal winds expected under RCP8.5 forcing creates a far 
greater magnitude change; roughly a 20% increase in the 
mean WES feedback parameter is predicted in the RCP 8.5 
extensions (Fig. 5c).

Finally, anomalies in atmospheric circulation can alter 
the characteristics of stochastic wind forcing in the extra-
tropics, influencing the NPO and the PMM (Chiang et al. 
2009). Using a simplified calculation for the strength of the 

− ∝ (y) =
𝜕LH

𝜕u
= LvCe𝜌

(

qsat
(

Ts
)

− RHqsat
(

Tref
)) u

w
= LH

u

w̄2

jet stream (specifically, the 200 mb zonal wind averaged 
over wind speed between 20°N to 45°N and 110°E to 180°E 
in jet exit region over western Asia), a significant correla-
tion is found between PMM activity and weakness of the jet 
stream, R = − 0.45, p < 0.01. Such an association is expected 
on general principles: when the jet stream is stronger (west-
erlies exceed 45 m/s), baroclinic eddy activity diminishes 
with reduced atmospheric noise (Nakamura 1992; Nakamura 
et al. 2002) thereby suppressing the NPO that ultimately 
forces the PMM (Chiang et  al. 2009; Chiang and Fang 
2010). This correlation is apparent in Fig. 4d: the slower 
the jet stream, the more energetic the variance of the PMM, 
and vice versa. As with the other hypothesized sources of 
PMM variability, however, the variations in 200 mb zonal 
wind speed found in the CESM-LME are so small, they can-
not be prime drivers for PMM behavior.

Model magnitude aside, the ability of NPO variability to 
influence PMM variability merits greater investigation. In 
the LME, the ensemble mean correlation between the NPO 
(DJF) and following PMM (MAM) indices is R = 0.52 at 
seasonal resolution in the All-Forcing Ensemble members, 
consistent with the expected causal relationship. Figure 6a, 
b, e, f further illustrates the mechanics of this relationship, 
showing the regions of significant ensemble mean corre-
lation between December–January–February (DJF) wind 
anomalies and the concurrent NPO index (DJF) or the fol-
lowing PMM Index (March–April–May, MAM) using the 12 
All-Forcing Ensemble Members of the CESM-LME with all 
1156 years available. Figure 6a, e highlight the wind anom-
alies correlated with the NPO in DJF. Figure 6b, f illus-
trate the DJF wind anomalies correlated with a PMM event 

Fig. 4  Median least squares 
linear regression of DJF (+ 1) 
fields on the 30-year moving 
standard deviation of the PMM 
index from year 850 to 2006 
in each of the 12 All-Forcing 
ensemble members. The 
median linear regression pattern 
between all 12 ensemble mem-
bers encompasses 13,872 model 
years. Stippling indicates sign 
agreement in 100% of ensemble 
members. Similar patterns are 
also found when compositing 
the most extreme 20% of years 
(see Supplementary Materials.). 
Fields evaluated are a SST and 
surface wind anomalies, b Pre-
cipitation anomalies, c Mixed 
layer depth anomalies, and d 
200 mb zonal wind anomalies
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following the subsequent MAM. The strong similarities in 
the pattern of anomalies confirm that the ideal conditions 
to initiate a PMM event are indeed supplied by the NPO. 
In the CESM-LME, the strong influence of the NPO on the 
PMM is centered in the central-western subtropical Pacific 
(10°–30°N, 165°–215°E), further westward than found in 
NCEP–NCAR Reanalysis version 1 (Kalnay et al. 1996), 
but in consistent spatial structures with reanalysis (Supple-
mentary Fig. 3), and consistent with the model’s PMM (as 
seen in Fig. 1b). The same is also true of the 30-year moving 
averages. Of particular importance is the high correlations 
in the trade wind region of the central equatorial Pacific 
(10°–30°N, 165°–215°E). As this is the same region where 
the NPO is known to influence the PMM, this suggests that 
the NPO may have a role in maintaining this PMM variance. 
There are, however, notable differences between the variance 
of the NPO and the variance of the PMM on wind variance 
(Fig. 6c, d, g, h); for example, the variance of the PMM is 
more highly correlated to equatorial Pacific wind variability, 
while the variance of the NPO is more highly correlated with 
the variance of higher latitude winds.

3.4  Mechanisms driving variance pattern

It is difficult to assess the fidelity of these model back-
ground climatic patterns associated with PMM variance 
in the instrumental record because observations are too 
short. Thus, we rely on the CESM models to take the 
broad approach of assessing whether the variance mode 
derives primarily from ocean or atmospheric dynamics. 
The CESM-LME control and two unforced control runs 
from the CESM Large Ensemble [CESM-LE, using a 1° 
latitude/longitude version of CAM5 (Kay et al. 2015)] are 
used to discriminate the role of the dynamical and thermo-
dynamic mechanisms. In general, the CESM-LE was not 
created to model climate variability over the last millen-
nium (Kay et al. 2015); instead, the project sought to cre-
ate a multitude of ensemble members over the industrial 
era and future projections, including a fully coupled con-
trolled experiment and a slab ocean experiment, used here. 
The variability of the PMM and the NPO are assessed in 
both the fully coupled CESM-LME Control (1155 years), 

Fig. 5  Relationship between 
WES parameter and the Pacific 
Meridional Mode. a The annual 
mean field of WES feedback 
parameter (W s  m−3) over the 
1950–2000 period, using the 
average of the 12 “All Forc-
ing” ensemble members. In b 
the linear regression pattern 
associated with the natural vari-
ability of the Pacific Meridional 
Mode, methodology identical to 
climatological fields in Fig. 4. 
In c the difference between the 
2080–2100 average under RCP 
8.5 forcing and the present day 
mean (1950–2000) using the 
average of the four available 
RCP8.5 ensemble members (#2, 
3, 8, 9)



The Pacific Meridional Mode over the last millennium  

1 3

the fully coupled CESM-LE Control (1000 years), and the 
CESM-LE Slab Ocean Control (900 years).

In the slab ocean experiment the PMM is calculated 
using surface temperatures instead of SST; otherwise the 

treatment is identical to the previously described MCA 
method. There is consistency between the fully coupled and 
slab ocean experiments in the standard metrics of the PMM. 
For example, in the slab ocean experiment, the correlation of 

Fig. 6  Ensemble averaged DJF wind anomalies and variance associ-
ated with the North Pacific Oscillation (a, c, e, g) and Pacific Meridi-
onal Mode indices (b, d, f, h). a The Pearson correlation coefficient 
(R) of the DJF NPO index with the contemporaneous DJF zonal (U) 
winds averaged between all All-Forcing Ensemble members (N = 12 
members, 1156 years per ensemble member, 13,872 years total). On 
top of this lies the linear regression coefficient of the NPO index 
with DJF U and V wind vectors for context. Bolded boxes represent 
the region where the NPO zonal winds are thought to influence the 
Pacific Meridional Mode in DJF in CESM-LME (10°–25°N, 165°–
195°E). b Same as a, but for DJF zonal (U winds) and the follow-

ing MAM PMM index. c The Pearson correlation coefficient of the 
30-year moving standard deviation of the DJF NPO index with the 
30-year moving standard deviation of the DJF zonal (U winds). d 
Same as c, but for the 30-year moving standard deviation of the PMM 
index. e Same as a, but for meridional (V) winds. The bolded box 
indicating the region where NPO meridional winds likely influence 
the Pacific Meridional Mode in DJF in CESM-LME (10°–30°N, 
200°–215°E). f Same as b, but for meridional (V) winds. g Same as 
c, but for meridional (V) winds. h Same as d, but for meridional (V) 
winds
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the wind and SST expansion coefficient, or degree of air–sea 
connectivity, is 0.87, while both coupled model experiments 
observed values of 0.86 (observations R = 0.70). In each 
simulation, the PMM follows NPO variability and experi-
ences maximum variance in MAM.

Multitaper mean spectrum analysis (Thomson 1982; 
Percival and Walden 1993; Ghil et  al. 2002) suggests 
that both the LME and LE coupled ocean model experi-
ments have statistically significant PMM variability in the 
26–32 years bands at 95% significance (using 4 tapers, but 
still significant over a range of 2–8 tapers). However, there 
is no significant multidecadal variability observed in the 
slab ocean model (Fig. 7a), a result that emerges regardless 
of the number of tapers. This fundamental difference in 
behavior of the slab ocean model implies that the decadal 
frequencies observed in the PMM cannot be explained by 
an attenuation of stochastic white noise and ocean ther-
modynamics alone; some dynamical oceanic mechanism 
is required.

The region where NPO forcing is most influential on zonal 
winds is identified, (10°–25°N, 165°–195°E) and an index 
using the area averaged zonal wind components is created to 
assess any differences in the actual forcing of the PMM. We 
further find that there is no significant difference in the low 
frequency (> 10 years) component of the zonal wind forcing 
of the NPO (Fig. 7b). Neither the coupled model experiments 
nor the slab ocean model experiments exhibit statistically sig-
nificant variability. Thus, the statistically significant decadal 
variability in the coupled models cannot be attributed to a 
low frequency component of atmospheric forcing. As the 
atmospheric forcing component in both the coupled and slab 
ocean models are similar, the significant decadal variability 
in the coupled models must result from some feedback pro-
cess between the atmospheric forcing and ocean dynamics. 
These ocean dynamics are likely of equatorial origin; the 
relationship between PMM variance and mixed layer depth 
is most robust in the equatorial Pacific in the fully coupled 
experiments (Fig. 4c), and in the slab ocean experiment, the 
relationship between PMM variance and surface temperature 
differs most significantly from the fully coupled experiments 
in the equatorial Pacific (Supplementary Fig. 5). In the fully 
coupled experiments, periods of high PMM variance are 
accompanied by an anomalously cool North Pacific and west-
ern equatorial Pacific, while the eastern equatorial Pacific dis-
play mild warming. In the slab ocean experiment, periods of 
high PMM variance similarly occur with an anomalously cool 
North Pacific, but lack an association with the pronounced 
anomalous zonal dipole of equatorial surface temperature 
anomalies. Mechanisms for such oceanic feedbacks have been 
hypothesized, such as rectification of interannual variability 
onto thermocline stratification (Ogata et al. 2013; Rodgers 
et al. 2004).

4  Summary and discussion

Modifications in the background climate have been hypoth-
esized to alter the variability of the PMM. The CES-LME 
analysis shows some support for many of the most prominent 
hypothesized mechanisms, (ITCZ structure, sensitivity of 
latent heat flux to zonal winds, and North Pacific stormi-
ness,) but no single process mentioned here appears to domi-
nate the unforced internal variation of the model PMM. Still, 

Fig. 7  Assessment of the necessity of ocean dynamics through con-
trasting experiments with and without an interactive ocean. We com-
pare the (1) Control from the CESM-Last Millennium Ensemble 
(green, 1156 years), (2) control from the CESM Large Ensemble (to 
ensure that there are no critical differences when changing our spa-
tial resolution between the LME and LE, blue, 1000 years) and 2). A 
slab ocean model with no ocean dynamics (pink, 900 years). We use 
multitaper spectral analysis (4 tapers) to assess the dominant frequen-
cies in a the PMM index and b averaged zonal winds in the region 
most influential on the PMM (in CESM it is U averaged over 10°N to 
25°N, 165° to 195°E, highlighted in green the box in Fig. 1b)
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a background climatological pattern associated with PMM 
variance emerges in the LME. This background state is char-
acterized by cooler North Pacific sea surface temperatures, 
and weaker Walker circulation in the equatorial Pacific dur-
ing periods of high PMM variance.

The spatial pattern of anomalies associated with high and 
low PMM variance are generally in agreement with previous 
studies that have noted the dynamical ink between the West-
ern North Pacific and the NPO (Linkin and Nigam 2008; 
Baxter and Nigam 2015; Wang et al. 2012, 2014; Hartmann 
2015): anomalous convection in the Western Tropical North 
Pacific (WTNP) generates atmospheric Rossby waves that 
can influence the NPO during the influential winter sea-
son (Wang et al. 2014; Furtado et al. 2012). The southern 
node of the NPO is thought to be highly influenced by 
atmospheric wave train activity from the equatorial Pacific 
(Furtado et al. 2012; Di Lorenzo et al. 2010). However, in 
CESM, this tropical atmospheric interaction cannot be the 
sole driving factor maintaining the statistically significant 
decadal variability in the PMM system. The atmospheric 
component of the slab ocean experiment is statistically indis-
tinguishable from model runs with active ocean dynamics, 
yet the slab ocean simulations of the PMM do not feature 
significant decadal variability. Thus, the statistically sig-
nificant variability at multidecadal timescales must require 
oceanic feedbacks. In the model, this oceanic feedback 
appears to be dominated by equatorial thermocline variabil-
ity. Given the pattern and strength of correlations between 
PMM behavior and the equatorial Pacific found in the fully 
coupled experiments, ENSO dynamics are likely necessary 
to maintain this decadal variability. However, it is important 
to note that the pattern in the CESM mixed layer depth asso-
ciated with PMM variance does not explicitly resemble the 
canonical ENSO response.

Thermocline variability has an important role in deter-
mining the interdecadal amplitude of ENSO (Ogata et al. 
2013; Rodgers et al. 2004; Dewitte et al. 2007; Borlace et al. 
2013). Periods of high ENSO variance have been associ-
ated with a deepening and sharpening of the thermocline 
(Ogata et al. 2013). A sharper thermocline increases the sen-
sitivity of surface SST to thermocline displacement, which 
supports a positive feedback between ENSO and tropical 
Pacific decadal variability. Previous works have hypothe-
sized mechanisms responsible for the low frequency modu-
lation of ENSO (Li et al. 2013; Ogata et al. 2013; Chowdary 
et al. 2012; Rodgers et al. 2004; Meehl et al. 2001), many 
suggesting that ENSO variance is enhanced during periods 
of decreased zonal SST contrast, deeper eastern equatorial 
Pacific thermocline, and weaker Walker circulation (Meehl 
et al. 2001; Imada and Kimoto 2009; Kirtman and Schopf 
1998; Kleeman et al. 1999; Barnett et al. 1999; Ogata et al. 
2013; Sadekov et al. 2013). A feedback between ENSO 
amplitude modulation and the mean state of the equatorial 

Pacific has been described (Ogata et al. 2013, Imada and 
Kimoto 2009; Wittenberg 2009; Choi et al. 2012), how-
ever, it has been difficult to discern the causality of this 
relationship. The long integration model runs in this work 
provide evidence that, in the CESM-LME, the anomalous 
equatorial background pattern is the result of ENSO ampli-
tude modulations, consistent with other work (Ogata et al. 
2013; Rodgers et al. 2004; Liang et al. 2012; Sun and Zhang 
2006). This work reaffirms that the PMM can initiate ENSO 
events (Fig. 2b) and that the variance of the PMM and ENSO 
are correlated (Fig. 2d). This work demonstrates that the 
background pattern of anomalies associated with PMM 
variance requires ENSO dynamics to operate (Fig. 7), and 
features robust anomalies in the equatorial Pacific mixed 
layer (Fig. 4c). Furthermore, this work highlights that the 
amplitude modulations are, in part, influenced by the North 
Pacific atmosphere (Fig. 6). Complementary to the work 
presented here, Okumura et al. (2017) found that both ENSO 
and extratropical variability are important in setting promi-
nent Pacific decadal variability in CCSM4. It is interesting 
that the pattern associated with the interdecadal amplitude 
modulation of ENSO in CCSM4 strongly resembles the 
cooler North Pacific/weaker-Walker zonal pattern in the 
equatorial Pacific associated with the PMM variance pat-
tern described here.

These results support prior studies showing distinct, 
yet necessary roles for subtropical atmospheric noise and 
equatorial dynamics in maintaining decadal variability (Di 
Lorenzo et al. 2015; Okumura et al. 2017). Di Lorenzo et al. 
(2015) divided the influence of “meridional” and “zonal” 
modes on decadal variability, noting that the PMM can sup-
ply decadal and multidecadal variability to the tropics, while 
ENSO dynamics amplify that variability through global tel-
econnections. Okumura et al. (2017) further illustrated that 
influences from other regions, particularly the South Pacific, 
may have an important role in mediating Pacific variability.

An outstanding question is if the PMM’s ability to influ-
ence decadal variability and ENSO has varied throughout 
time. While the instrumental record is too short to directly 
compare observations with the model-based results, there is 
observational evidence that central Pacific El Niño events, 
dynamically linked to the PMM, become more prevalent 
during colder North Pacific conditions (Xiang et al. 2013; 
McPhaden et al. 2011; Chung and Li 2013; Choi et al. 2012).

During a period known as the Little Ice Age (LIA), span-
ning years 1400–1850, paleoclimate proxies provide evi-
dence for persistent climate anomalies, most notably cooler 
Northern Hemispheric surface temperatures ~ 0.6 to 0.8 °C 
(Mann et al. 1998, 2009), despite smaller anomalies in mean 
global temperature (IPCC AR4) (Change 2007). Physically 
constrained general circulation models have a difficult time 
reproducing the magnitude of the anomalies expressed in 
paleoclimate proxies during the LIA. This may be partially 
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the result of inaccuracies in model physics, and partially 
due to the interpretation of limited samples of the paleo-
proxy record. As such, we cannot assess the response of the 
PMM to mean state changes during the LIA in the CESM-
LME. Nevertheless, we can describe some of the expected 
sense of change in the PMM associated with the mean state. 
In the LME, heightened PMM activity is associated with 
mean state anomalies featuring cooler North Pacific surface 
temperatures, weakened Walker circulation, El-Niño-like 
equatorial surface temperatures, an equatorially displaced 
ITCZ and heightened ENSO activity. Paleoclimate prox-
ies demonstrate that the LIA featured pronounced northern 
hemisphere cooling (Mann et al. 1998), equatorward dis-
placement of ITCZ (Sachs et al. 2009), or an ITCZ signifi-
cantly different in structure (Denniston et al. 2016; Lechleit-
ner et al. 2017). In several reconstructions, ENSO variance 
increases throughout the LIA, reaching a maximum over the 
sixteenth to nineteenth century (Li et al. 2013; Rustic et al. 
2015; Loisel et al. 2017). Palmyra corals also record espe-
cially intense ENSO activity over the seventeenth century 
(Cobb et al. 2003). Studies have suggested that this change 
in ENSO activity was accompanied by a modification in the 
mean equatorial zonal gradient, from a strong zonal gradi-
ent in the early LIA to a weaker zonal gradient over the 
sixteenth to nineteenth century (Rustic et al. 2015). Addi-
tionally, proxies in regions associated with PMM influence, 
such as continental North America, or higher latitude North 
Pacific also show heightened decadal variability during the 
early nineteenth century (Sanchez et al. 2016; Halfar et al. 
2011; Hetzinger et al. 2012; MacDonald and Case 2005; 
Griffin and Anchukaitis 2014). Thus, while they are scat-
tered, these paleo observations are generally consistent with 
the sense, if not the magnitude of the model results. How-
ever, our analysis also highlights the fact that the reconstruc-
tion of thermocline variability in the equatorial Pacific over 
the last millennium would be a particularly important target 
for further exploration of PMM activity in paleo archives.

What does the CESM-LME behavior imply for the future 
behavior of the PMM? Unforced, internal variability alone 
can modulate the moving standard deviation of the PMM by 
a factor of two in the model. In single ensemble members, 
this internal variability dominates, while forced changes, 
such as volcanic eruptions, can influence the PMM, but the 
link between this radiative cooling effect and PMM behav-
ior is not robust (Supplementary Materials Figure S4). On 
the other hand, simulations that extend the “All Forcing” 
experiments with RCP8.5 greenhouse gas forcing continued 
out through year 2100 result in PMM variance that exceed 
the bounds of that simulated over last millennium (Fig. 3c). 
PMM variance at the “present” (2006) is not unusual with 
respect to the last millennium, but the RCP 8.5 extensions 
of the “All Forcing” experiments exhibit a 33% increase in 

standard deviation of the PMM relative to the 2006 average 
by year 2100. This result is similar to that of Liguori and Di 
Lorenzo (2018). Some notable differences in the RCP8.5 
scenario accompany this increase in variance. For example, 
the mean WES feedback parameter increases in the trade 
wind region, implying a heightened sensitivity of latent heat 
flux to zonal winds (Fig. 5c).

This result underscores the fact that anthropogenically 
forced change in PMM variability is quite distinct from 
the unforced, internal modulation described in depth here. 
In this regard, the model differences between forced and 
unforced PMM activity could be useful for attribution of the 
steady increase in variance of the PMM over the late twenti-
eth century and early twenty-first century. For example, the 
lack of clear instrumental evidence for a trend in the WES 
feedback parameter over this same period may suggest that 
the increasing variance of the PMM is not (yet) the direct 
result of anthropogenic forcing—an issue worthy of further 
work (Liguori and Di Lorenzo 2018). In any case, the model 
clearly demonstrates that the PMM is capable of high ampli-
tude shifts in variance, unprompted by any modifications in 
radiative forcing, and that these that can have a profound 
influence on the state of the tropical Pacific.
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