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Abstract. The Northern Hemisphere stratosphere exhibits variability across subseasonal to multi-decadal timescales. While

subseasonal-to-seasonal stratospheric variations have been shown to link to surface climate variability, low-frequency strato-

spheric variability and its coupling to the surface remain less well understood due to the short observational record and

model limitations in simulating variability on these timescales. Here, we analyze low-frequency stratospheric variability using

the CERA-20C Reanalysis, and multi-century simulations from three fully coupled models: CESM2.0-WACCM, CESM1.0-5

CAM4 and CESM2.0-CAM6. We identify an oscillatory stratospheric variability with a ∼15-year period that is consistently

present across reanalysis and all three models. Wavelet analysis suggests that this ∼15-year periodicity is highly non-stationary

and intermittent owing to the coexistence of other periodic variability on longer timescales. The ∼15-year frequency peak in

stratospheric variability is closely associated with the North Atlantic Oscillation (NAO) and tends to lead NAO surface variabil-

ity. Although all models simulate the stratospheric ∼15-year peak to some degree, they differ in simulating the link between10

this frequency peak and the surface NAO: WACCM shows the closest agreement with reanalysis, whereas CAM4 demonstrates

limited capability in simulating low-frequency stratosphere-NAO coupling, and CAM6 again exhibits closer agreement with

reanalysis. By contrast, the relationship between the stratospheric ∼15-year variability and the Aleutian Low is comparatively

weak and less consistent across the reanalysis and models. These results help improve our understanding of how low-frequency

stratospheric variability is connected to surface variability.15

1 Introduction

The extratropical stratosphere exhibits variability on a wide range of timescales from daily variability to long-term trends.

Reanalyses suggest multi-decadal weakening and an equatorward shift of the Arctic stratospheric polar vortex, although these

trends may largely reflect internal variability (Seviour, 2017), while future projections show large model uncertainty in long-

term changes in vortex strength (Karpechko et al., 2022). One of the most prominent examples of stratospheric dynamical20
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variability are sudden stratospheric warming events (SSWs) (Baldwin et al., 2021), which are associated with a reversal of

the typical westerly zonal-mean zonal winds in the winter polar stratosphere, and can subsequently impact surface weather

(Baldwin and Dunkerton, 2001). These events are therefore one of the prime examples for inducing stratosphere - troposphere

coupling in the extratropics. Observational records show that SSWs in the Northern Hemisphere occur around six times per

decade (Charlton and Polvani, 2007), but their frequency also exhibits pronounced decadal variability. For instance, almost25

no SSWs were detected in the 1990s, whereas the 1980s and 2000s saw a higher number of such events (Butler et al., 2015;

Domeisen, 2019; Pawson and Naujokat, 1999; Manney et al., 2005). Understanding the variability of the stratosphere is es-

sential for predicting and projecting surface weather and climate (Domeisen and Butler, 2020; Domeisen et al., 2019; Kidston

et al., 2015; Simpson et al., 2018; Karpechko et al., 2022). A wide range of studies have examined the link between the strato-

sphere and surface anomalies on daily to seasonal timescales (Bett et al., 2023; Domeisen, 2019; Domeisen et al., 2020; Ding30

et al., 2022, 2023; Wang and Chen, 2010; Chen and Ding, 2026; Shen et al., 2023). However, due to the short observational

record and the limited availability of long-term coupled ocean-atmosphere model simulations, low-frequency stratospheric

variability and its interaction with surface climate are less well understood.

Several studies have explored the origins and impacts of extratropical stratospheric multi-year to multi-decadal variability,

suggesting that it may arise from external forcing or internal variability. Kodera and Kuroda (2002) suggested that long-term35

stratospheric variability is driven by the 11-year solar cycle, which can modulate the variation in the polar vortex through

planetary waves. Seviour (2017) analyzed two reanalysis datasets from 1980 to 2016, finding that stratospheric polar vor-

tex variability is most likely a result of internally generated variability. Using a multi-century General Circulation Model

(GCM) simulation, Schimanke et al. (2011) noted a 52-year period of stratospheric variability and found that Eurasian snow

cover, blocking, and Atlantic sea surface temperature (SST) vary in-phase with a similar timescale of approximately 52 years.40

Dimdore-Miles et al. (2021) linked the 90-year variability in SSWs to multi-decadal variability in the amplitude of the tropical

stratospheric quasi-biennial oscillation (QBO) through the Holton–Tan relationship in a 1000-year high-top UK Earth Sys-

tem Model (UKESM) simulation. Butler et al. (2023) used three large-ensemble coupled model simulations over the period

1850-2100 and found that stratosphere-troposphere coupling amplifies decadal variability of extratropical surface tempera-

tures. Future uncertainty in the stratospheric polar vortex response to climate change may also contribute to model spread in45

tropospheric circulation change (Simpson et al., 2018)

Low-frequency stratospheric variability has been linked to North Pacific and North Atlantic surface variability (Manzini

et al., 2012; Omrani et al., 2014). Using reanalysis datasets and short numerical simulations, the North Pacific circulation,

such as the Aleutian Low, the Pacific Decadal Oscillation (PDO) (Hu and Guan, 2018; Ayarzagüena et al., 2021; Kren et al.,

2016) and the North Pacific Gyre Oscillation (NPGO) (Li et al., 2018) are suggested to impact the stratosphere on multi-year50

to multi-decadal timescales by modifying the upward propagation of planetary waves into the stratosphere. Over the North At-

lantic, the low-frequency stratospheric variability is found to have a downward impact on the NAO and the Atlantic Meridional

Overturning Circulation (AMOC). Using a 4000-year simulation with the low-top GFDL-CM2.1 model, Reichler et al. (2012)

demonstrated that the AMOC exhibits a delayed oscillatory response to low-frequency variations in the stratospheric polar

vortex. Dimdore-Miles et al. (2022) further studied the mechanism of this stratosphere-AMOC teleconnection on decadal-55
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to-multi-decadal timescales. The main process they found is that long-lived stratospheric vortex events can modulate NAO

anomalies, which further impact the heat flux and SSTs over the North Atlantic, thus triggering decadal-to-multi-decadal vari-

ability in the deeper ocean circulation. This stratosphere-troposphere-Atlantic decadal-to-multi-decadal oscillation coupling

was also found in the Max Planck Institute Earth System Model (Omrani et al., 2022).

However, current research on low-frequency stratospheric variability and its coupling with the troposphere still faces sev-60

eral challenges. Firstly, numerous previous studies have aimed to clarify the low-frequency coupling between the stratosphere

and surface circulation by primarily focusing on short-term observational changes that may cause large uncertainty and low

statistical significance. Secondly, previous research has generally used relatively short and single simulations due to the lim-

ited availability of long-term stratosphere-resolving model simulations. Moreover, few studies have systematically compared

reanalysis with multiple model simulations to identify low-frequency signals that are consistently present in both observations65

and models. In this study, we analyze the CERA-20C reanalysis for 1900-2010, together with three multi-century simulations

from the NCAR Community Earth System Model (CESM). CESM is one of the most widely-used fully coupled global climate

model family that provides both stratosphere-resolving (high-top) and non-stratosphere-resolving (low-top) configurations, en-

abling long integrations suitable for studying stratospheric low-frequency variability. The high-top component WACCM (the

Whole Atmosphere Community Climate Model Version 6) is particularly effective at representing stratospheric dynamics and70

stratosphere–troposphere coupling (Gettelman et al., 2019), and therefore provides a useful framework for examining strato-

spheric variability. For comparison, we also analyze two low-top configurations: CAM4 (the Community Atmosphere Model,

version 4) integrated for 1000 years and CAM6 (the Community Atmosphere Model, version 6) integrated for 2000 years.

The aim of this work is to address the following three questions: (1) What spectral peaks characterize long-term variability

of the stratospheric polar vortex in reanalysis and climate models? (2) How is stratospheric long-term variability linked to75

tropospheric circulation variability? (3) How do low-top and high-top models differ in their representation of stratospheric

long-term variability and its coupling to the troposphere?

2 Data and Methods

2.1 Reanalysis and model data

For examining the low-frequency stratospheric variability we start by using the CERA-20C reanalysis covering the period80

1900-2010. CERA-20C is the ECMWF coupled atmosphere-ocean reanalysis for the twentieth century, providing a 10-member

ensemble of reanalysis to account for observational and model errors (Laloyaux et al., 2018). It contains 91 vertical levels

between the surface and 0.01 hPa in the atmosphere, with a horizontal resolution of 125 km. The ocean has a roughly 110 km

horizontal resolution with meridional refinement at the equator and 42 vertical levels. The details are listed in Table 1.

Although this reanalysis product covers a longer period than most other such products, it is still short for analyzing multi-85

decadal variability. Hence, we also use climate model output from three long-term model simulations from the CESM. CESM

is a fully-coupled global climate model, providing state-of-the-art simulations of Earth’s past, present, and future climate states

(http://www2.cesm.ucar.edu/). For the atmospheric component, WACCM from CESM2.0 uses a nominal 1° resolution (0.9°in
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Datasets Vertical resolution
(top model level)

Horizontal 
resolution Length

CERA-20C 91 levels (0.01 hPa) 125 km 110 years

CESM1.0-CAM4 26 levels (3.54 hPa) 3.75°×3.75° 1000 years

CESM2.0-CAM6 32 levels (2.25 hPa) 0.9°×1.25° 2000 years

CESM2.0-WACCM 66 levels (0.01 hPa) 0.9°×1.25° 500 years

Table 1. List of reanalysis and model simulations used in this study.

latitude and 1.25° in longitude), with 66 vertical levels and a model top at 0.01 hPa (Danabasoglu et al., 2020). CAM6 from

CESM2.0 has the same horizontal grid as WACCM, except that it uses 32 vertical levels with a relatively low model top level90

of 2.25 hPa. CAM4 from CESM1.0 uses 26 vertical levels up to 3.54 hPa and a horizontal resolution of about 3.75°× 3.75°.

Compared to stratosphere-resolving high-top models usually used for stratospheric analysis such as WACCM, CAM6 and

CAM4 have a lower model top and are thus referred to as low-top models. For the ocean component, CESM1.0 uses the

Parallel Ocean Program Version 2 (POP2). It contains 60 vertical levels and runs at a uniform resolution of 3.6° in the zonal

direction. The resolution in the meridional direction is non-uniform: it is 0.6° at the equator, gradually increases to a maximum95

of 3.4° at 35°N/S, and then decreases poleward. The CESM2.0 ocean component is the same as in CESM1.0, but with higher

horizontal resolution, using 1.125° in the zonal direction. The resolution varies significantly in the meridional direction, with

the highest resolution of 0.27° at the equator. In the Southern Hemisphere, the resolution steadily increases, peaking at 0.53°

at 32°S before stabilizing further southward. In the Northern Hemisphere, the resolution increases northward, with the highest

resolution of 0.38° in the northwestern Atlantic Ocean and the coarsest resolution of 0.64° in the northwestern Pacific Ocean.100

All the model control runs are forced using Coupled Model Intercomparison Project Phase (CMIP) preindustrial conditions

from the 1850s, with a CO2 level of 285 ppm. CESM1.0-CAM4 is integrated for 2600 years, and we analyze the last 1000

years. CESM2.0-WACCM and CESM2.0-CAM6 are integrated for 500 and 2000 years, respectively. Both simulations are from

the NCAR CESM2.0 preindustrial control experiments (Danabasoglu et al., 2020) and are in quasi-equilibrium throughout the

integrations. The output is given as monthly mean data.105

To examine model biases in representing the stratospheric polar vortex, we compare the climatological 10 hPa geopotential

height and its zonal wave-1 and wave-2 components with CERA-20C reanalysis (Figure A1). The 10 hPa geopotential height

reflects the strength of the polar vortex, while its wave-1 and wave-2 components characterize the planetary-scale structure

of the vortex. The high-top model WACCM simulates a vortex structure and strength broadly consistent with the CERA-20C

reanalysis, whereas the low-top models CAM4 and CAM6 exhibit a stronger polar vortex than reanalysis. All three models110

reasonably reproduce the observed wave-1 and wave-2 spatial patterns. CAM6 simulates wave amplitudes comparable to

CERA-20C, while WACCM simulates slightly reduced amplitudes. In contrast, CAM4 produces a stronger wave-1 amplitude,

particularly over the Eurasian sector, and a substantially weaker wave-2 amplitude relative to reanalysis.
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2.2 Data diagnostics

The strength of the stratospheric polar vortex is defined as the standardized first principal component (PC) of the empirical115

orthogonal function (EOF) of the zonal mean deseasonalised 10 hPa geopotential height north of 20°N during boreal winter

(November-March), termed the Northern Hemisphere Annular Mode (NAM) Index (Thompson and Wallace, 2001). The North

Atlantic Oscillation (NAO) index is defined as the first PC of the EOF of the November-March mean sea level pressure in the

North Atlantic basin (20°N-80°N, 90°W-40°E) (Feldstein and Franzke, 2006; Domeisen et al., 2018; Hurrell et al., 2001). The

Aleutian Low index is calculated as the first PC of the EOF of the November-March mean sea level pressure in the North Pacific120

basin (20°N-80°N, 120°E-120°W) (Linkin and Nigam, 2008; Yu and Kim, 2011). The Pacific decadal oscillation (PDO) index

is the leading EOF pattern of the November-March mean sea surface temperature (SST) anomalies in the North Pacific basin

(20°N-80°N, 120°E-120°W) (Lorenzo et al., 2023; Mantua et al., 1997). All indices are obtained by removing the seasonal

cycle and the linear trend, and are then normalized.

We perform regression analysis between the stratospheric index and the surface circulation indices for a range of time lags125

between the predictor and predictand. The lead-lag regression is defined as follows:

Surface indices(t+∆t) = r× stratospheric NAM index(t) (1)

where t is a specific point in time, r is the regression coefficient between surface indices and stratospheric NAM index. The

time interval ∆t > 0 (∆t < 0) indicates that the stratospheric polar vortex leads (lags) the surface circulation by |∆t| years. For

example, ∆t= 10 indicates that the stratospheric polar vortex leads the surface circulation by 10 years. By contrast, ∆t=−10130

indicates the surface circulation leads the stratospheric polar vortex by 10 years. ∆t= 0 indicates an instantaneous regression

between the stratospheric polar vortex and the surface circulation.

2.3 Wavelet analysis

Wavelet analysis is a widely used tool for examining time series with non-stationary spectral power, enabling the identifica-

tion of dominant variability modes and their temporal evolution. This method has been extensively applied to study the low-135

frequency variability of the climate system, such as the El Niño-Southern Oscillation (ENSO; Torrence and Compo (1998)),

the Madden-Julian oscillation (MJO; Whitcher et al. (2000)) and regional precipitation (Nalley et al., 2019; Coulibaly and

Burn, 2004). Given that the time series of the stratospheric polar vortex displays multiple variability periods (Dimdore-Miles

et al., 2021, 2022), we employ wavelet analysis based on Torrence and Compo (1998) to examine the low-frequency variability

of the stratosphere.140

The continuous wavelet transform of a one-dimensional time series x(t) (t=1,2· · ·N) is given by the convolution between the

series and a wavelet function ψ.

Wn(s) =

N∑

n′=0

xn′(t)ψ∗
[
(n′ −n)∆t

s

]
(2)
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where s, n and ∆t are the wavelet scale, time index and uniform time step, respectively. n′ is the location where the wavelet

transform is applied. ψ∗ denotes the complex conjugate of the wavelet function ψ. |Wn(s)|2 is the wavelet power spectrum,145

indicating the distribution of signal power across different time scales. The wavelet power spectrum provides insights into the

dominant frequencies present in the time series and how they evolve over time.

We here choose the Morlet wavelet because it provides a good balance between time and frequency localizations (Grinsted

et al., 2004), thus can effectively reflect the oscillatory features of the stratospheric polar vortex time series. The Morlet wavelet

function is defined as150

ψ(t) = π− 1
4 eiω0te−t2/2 (3)

where ω0 and t are the non-dimensional central frequency and the non-dimensional time parameter, respectively. ψ(t)is the

Morlet wavelet function, used to transform a time series into frequency components.

3 Results

3.1 Low-frequency stratospheric variability periods155

We begin by examining the low-frequency variability of the stratospheric polar vortex using power spectral analysis (Figure 1).

To better identify low-frequency signals, the NAM index is smoothed using a Gaussian filter (σ = 2 years) following the method

in Reichler et al. (2012) and Dimdore-Miles et al. (2022). Because the model integrations have different lengths (see Table 1),

we compute spectra from 250-year segments for each simulation and then average across segments to obtain a consistent

estimate of spectral power. The CERA-20C ensemble mean (Figure 1a, red solid line) exhibits a statistically significant peak160

near 15 years that exceeds the 95% confidence level (black dashed line), and all 10 members (grey solid lines) also show

enhanced power around this ∼15-year period. Importantly, the same ∼15-year peak is present in all three CESM simulations.

In addition to the dominant ∼15-year peak, three CESM simulations show enhanced power at lower frequencies near 30 years.

A comparable ∼30-year peak has also been reported in another high-top model, UKESM (Figure 7d in Dimdore-Miles et al.

(2022)). Although some CERA-20C members display peaks around 20-30 years, the considerable model spread underscores165

the challenge of effectively analyzing the ∼30-year frequency peak due to the limited length of the observational record.

Therefore, in this study, we mainly focus on the ∼15-year peak, which is consistently evident in both reanalysis and model

simulations in Section 3.2. We will briefly discuss the potential ∼30-year peak in model simulations in Section 3.3.

We further use wavelet analysis to examine the low-frequency signals in the stratospheric NAM index (Figure 2), given the

non-stationary spectral characteristics of the stratospheric polar vortex time series (Dimdore-Miles et al., 2021). Consistent170

with the results shown in power spectrum (Figure 1), the CERA-20C wavelet spectrum exhibits a significant power signal

around 15 years that persists for nearly four decades (Figure 2a). In three model simulations, the wavelet spectrum displays

non-stationary power over several frequencies. The WACCM wavelet spectrum shows a relatively continuous power during

10–40 years, with the most significant peak in power near 30-40 years of periodicity occurring during model years 150-250,
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(c) CAM4 (d) CAM6

(b) WACCM(a) CERA-20C

Figure 1. Power spectrum of the 10 hPa NAM index in (a) CERA-20C, (b) WACCM (high-top model), (c) CAM4 (low-top model), and (d)

CAM6 (low-top model). In (a), the grey solid lines represent the power spectra from 10 individual members of CERA-20C, and the red line

represents their ensemble mean. The grey dashed lines and black dashed line in (a) denote the 95% confidence levels relative to an AR(1)

red-noise background for individual members and their ensemble mean, respectively. In (b-d), the red line shows the power spectrum, and

the black dashed line indicates the 95% confidence level. In each model, spectra are computed from 250-year segments and then averaged.

while another peak around 10-15 years is evident in the model-year windows 50–150 and 380-470 (Figure 2b). In low-top175

CAM4 and CAM6 models, the wavelet spectrum displays intermittent power throughout the simulations at periods of around

15 years. A significant signal at periods of around 30 years is also evident approximately during model years 100-200 and

400-500 in CAM4 simulation (Figure 2c), and approximately during model years 1500-1800 in CAM6 simulation (Figure 2d).

Importantly, Figure 2 highlights pronounced intermittency in both the ∼15-year and 30∼40-year frequency signals across

the three model simulations. Variability near 15 years is present throughout much of the integration, whereas power in the180

30∼40-year band appears more episodically. Episodes of enhanced low-frequency power can persist for decades to centuries,

but they weaken substantially or disappear during other periods. For example, WACCM shows little low-frequency power

during model years 250-350. Moreover, the dominant frequency signal varies over time: some time intervals are characterized

primarily by the ∼15-year frequency peak, some show a stronger 30∼40-year peak, and some exhibit enhanced power at both

timescales. This pronounced intermittency indicates that low-frequency variability of the stratosphere is strongly non-stationary185

rather than exhibiting a single, persistent oscillation.

At a next step, we investigate the linkage between the stratospheric ∼15-year variability period and surface circulation using

a lead-lag regression method. Because the NAM time series contains power at both ∼15 and ∼30 years, regression results can

be dominated by the variability period with a larger amplitude (Dimdore-Miles et al., 2021), making it difficult to isolate the
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Figure 2. Wavelet power spectrum of the smoothed NAM index time series at 10 hPa in (a) CERA-20C, (b) WACCM, (c) CAM4, and (d)

CAM6. Black closed contours represent the 95% confidence level, assuming a mean background AR1 red noise. The bowl-shaped thick

black line indicates the cone of influence; outside this bowl, edge effects are significant and power should not be considered. Red dashed

lines represent periods of ∼15 years and ∼30 years. Note the different y-axes for the different simulations due to the different simulation

lengths.

surface coupling associated with each timescale. One possibility of isolating these two frequency peaks is through temporal190

filtering techniques, but in our case the proximity of the two peaks does not allow for a clean separation. Instead, we use the

wavelet analysis (Figure 2) to identify time intervals during which the ∼15-year signal is pronounced while the ∼30-year

signal is weak, and restrict the regression analysis to those intervals. Specifically, we avoid intervals where the ∼30-year

peak is significant (e.g., excluding the CAM4 segment around model years 400-500, and CAM6 segment around model years

1500-1800). Accordingly, in Section 3.2 we analyze the WACCM simulation spanning the model years 10-150, the CAM4195

simulation spanning the model years 500-1000, and the CAM6 simulation spanning the model years 50-1000, as indicated by

the wavelet spectrum.

3.2 Link between the stratospheric ∼15-year spectral peak and surface variability

In this Section, we examine the lead-lag relationship between the stratospheric NAM index at 10 hPa and the tropospheric NAO

index at the surface (Figure 3), with a focus on the stratospheric ∼15-year spectral peak identified in Figures 1 and 2. In the200

CERA-20C reanalysis and the model simulations, the NAM auto-regression (Figure 3, red line) exhibits a strong maximum at

zero lag and secondary maxima near lags of ±15 years, consistent with the ∼15-year spectral peak observed in both the power

and wavelet spectra. In CERA-20C and WACCM, the NAM auto-regression also exhibits a significant local minimum around
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lags of ±8 years, but this feature is absent in the low-top CAM4 simulation, which is potentially related to model biases. For

example, CAM4 simulates a stronger stratospheric polar vortex than observations (see discussion in Section 2 and Appendix205

Figure A1). In CAM6, a local minimum is present near lags of ±8 years but does not reach statistical significance.

Both reanalysis and model simulations suggest that the stratospheric ∼15-year variability period tends to lead NAO oscil-

lation with a similar timescale. In Figure 3, positive lags indicate that the stratospheric NAM leads the tropospheric NAO,

while negative lags indicate that the tropospheric NAO leads the stratospheric NAM. In CERA-20C, positive NAM anomalies

are associated with positive NAO anomalies at lags near 0 and 15 years, while negative NAM anomalies are associated with210

negative NAO anomalies at lags near 22 years (Figure 3a). WACCM shows a similar NAM-NAO lead-lag relationship with

CERA-20C reanalysis (Figure 3b), and CAM6 exhibits broadly consistent behavior at lags near 0 and 15 years (Figure 3d). By

contrast, the relationship at negative lags is generally weak and not statistically significant at lags of -15 years in CERA-20C

and WACCM.

Compared with CERA-20C reanalysis, WACCM and CAM6, the low-top model CAM4 shows a much weaker lead-lag215

relationship between the stratospheric NAM and the tropospheric NAO (Figure 3c). Specifically, the NAO signal near zero

lag (blue line) is substantially weaker, and the NAO response near the 15-year lags is not evident, suggesting that CAM4 has

limited skill in simulating low-frequency stratosphere–NAO coupling. The misrepresented stratosphere-troposphere coupling

may further feed back to the muted signal of the stratospheric ∼15-year frequency peak. In contrast, the low-top model CAM6

broadly reproduces the ∼15-year variability period of the stratosphere and its link with the NAO. This improved performance220

may be related to CAM6’s better representation of the wave-1 and wave-2 components of 10 hPa geopotential height (Figure

A1), and CAM6’s higher horizontal and vertical resolution than CAM4, which together support a more realistic representation

of low-frequency stratosphere–troposphere coupling compared to CAM4.

The overall lead-lag relationship between the stratospheric ∼15-year variability period and the NAO is not sensitive to the

specific choice of analysis time windows. When we repeat the analysis using alternative time intervals that predominantly225

feature the ∼15-year spectral peak, such as model years 500–1000 or 600-1200 in CAM6, and model years 600–900 in

CAM4 (Figure A2), the results remain broadly consistent with Figure 3. CAM6 continues to show a significant positive NAO

anomaly at lags near 0 and 15 years following positive NAM anomalies, whereas CAM4 shows a much weaker and generally

insignificant lead-lag relationship. These sensitivity tests suggest that our main conclusions remain similar as long as the

selected intervals are characterized by a significant ∼15-year peak but a non-significant ∼30-40-year peak.230

For the North Pacific, Figure 4 shows the lead-lag regression between the stratospheric NAM index at 10 hPa and the

tropospheric Aleutian Low index at the surface (blue line), as well as the PDO index (green line). In both CERA-20C reanalysis

(Figure 4a) and WACCM (Figure 4b), positive NAM anomalies are associated with a weakened Aleutian Low and a negative

PDO near zero lag. This is consistent with previous work suggesting that a weakened Aleutian Low and negative PDO can

strengthen the stratospheric polar vortex by reducing upward Rossby wave propagation into the stratosphere (Garfinkel et al.,235

2010; Hu and Guan, 2018). However, at lags near ±15 years, CERA-20C shows a negligible Aleutian Low and PDO signal

when the NAM is significantly positive. Although WACCM simulates a generally anti-correlated relationship between the

Aleutian Low and the stratospheric ∼15-year spectral peak (Figure 4b, red line and blue line), the Aleutian Low anomaly is
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(a) CERA-20C (b) WACCM

(c) CAM4 (d) CAM6

Figure 3. Lagged regression of the tropospheric NAO index (blue line) with the stratospheric NAM index. Note that the right y-axis for NAO

is inverted (labels decrease upward) for display purposes. Red lines represent the auto-regression of the stratospheric NAM index. To focus

on the ∼15-year frequency peak, data from (a) CERA20C (1900-2010), (b) WACCM spanning model years 10-150, (c) CAM4 spanning

model years 500-1000, and (d) CAM6 spanning model years 50-1000 are analyzed. Positive lags indicate the stratospheric polar vortex leads

the surface NAO. All indices are smoothed with a Gaussian filter (σ = 2 years). Solid segments of the lines indicate regression coefficients

significant at the 95% confidence level based on a Student’s t-test.

only significant at lags around -18, -12, 2 and 25 years. Overall, the lead-lag relationships between stratospheric ∼15-year

frequency peak and Pacific surface indices are not as clear as those found for the NAO (Figure 3). One potential explanation is240

that the downward coupling over the Atlantic region is stronger than that over the Pacific. It is also possible that the CERA-20C

and the selected WACCM simulation are still too short to adequately capture the low-frequency linkage between the Aleutian

Low and the stratospheric polar vortex. Similar to WACCM, CAM6 shows a generally anti-correlated NAM-Aleutian Low

relationship during negative lags (Figure 4d), but the Aleutian Low response is weak near the positive lags around 15 years. By

contrast, neither CAM6 nor CAM4 exhibits a clear relationship between the PDO and the stratospheric ∼15-year variability245

period, with regression coefficients close to zero near zero lag (Figures 4c,d). Taken together, the lack of agreement between

CERA-20C and the model simulations suggests that the link between the stratospheric ∼15-year variability period and the

Pacific circulation (the Aleutian Low and PDO) is relatively weak and less coherent than the corresponding stratosphere-NAO

relationship.

To further assess the surface signatures associated with the stratospheric ∼15-year spectral peak highlighted in Figures 3 and250

4, we analyze the lagged regression patterns of sea level pressure (SLP) and SST with the stratospheric NAM index (Figures

5 and A3). Results from CAM4 are not shown here due to CAM4’s limited performance in simulating the stratospheric ∼15-

year spectral peak and the coupling with the tropospheric circulation. Figure 5 shows the SLP regression pattern at three lags

corresponding to Figure 3: a lag of -15 years (averaged over -17 to -13 years), zero lag (averaged over -2 to +2 years), and

10

https://doi.org/10.5194/egusphere-2026-4150
Preprint. Discussion started: 16 July 2026
c© Author(s) 2026. CC BY 4.0 License.



(a) CERA-20C (b) WACCM

(c) CAM4 (d) CAM6

Figure 4. Lagged regression of the tropospheric Aleutian Low index (blue line) and the PDO index (green line) with the stratospheric

NAM index, where positive (negative) values indicate the strong (weak) Aleutian Low anomalies. For green lines, positive (negative) values

represents positive (negative) PDO anomalies. Red lines represent the auto-regression of the NAM index. To focus on the ∼15-year frequency

peak, data from (a) CERA20C, (b) WACCM spanning years 10-150 of the model simulation, (c) CAM4 spanning years 500-1000, and (d)

CAM6 spanning years 50-1000 are analyzed. Positive lags indicate the stratospheric polar vortex leads the Aleutian Low and PDO. All

indices are smoothed with a Gaussian filter (σ = 2 years). Solid segments of the lines indicate regression coefficients significant at the 95%

confidence level based on a Student’s t-test.

a lag of +15 years (averaged over +13 to +17 years). In CERA-20C, WACCM, and CAM6, the dipole structure of Atlantic255

SLP anomalies projects onto the positive phase of the NAO at approximately zero lag and 15-year lag during positive NAM

anomalies, whereas the NAO-like signal is weak and not significant at -15 years in CERA-20C and WACCM. These spatial

patterns corroborate the lead–lag regression results in Figure 3, indicating that stratospheric variability in the ∼15-year period

is closely associated with an NAO-like surface circulation and tends to lead NAO variability on a comparable timescale. Both

WACCM and CAM6 to some extent capture the lagged NAO-like SLP response near lags of 15 years observed in CERA-260

20C reanalysis, although the North Atlantic SLP anomalies in CAM6 are weaker. In CERA-20C, the SST regression patterns

(Figure A3a) display a tripole structure over the North Atlantic around zero and 15-year lags, with positive anomalies over

the subpolar North Atlantic between approximately 50–65° N, negative anomalies off the East Coast of North America, and a

second positive anomaly off the coast of northeast Africa. This SST tripole pattern aligns with the SST pattern associated with a

positive NAO (Delworth and Zeng, 2016) and may provide a pathway through which the atmosphere can influence longer-term265

ocean variability (e.g., the Atlantic meridional overturning circulation). Compared with CERA-20C, WACCM reproduces a

similar tripole pattern at lags near 0 and +15 years, while CAM6 captures a comparable structure at zero lag but exhibits a

different SST pattern at +15 years.
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-15
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15

Figure 5. Lagged regression patterns of sea level pressure (SLP) with the stratospheric NAM index for (a) CERA-20C, (b) WACCM (model

years 10-150), (c) CAM6 (model years 50-1000). From top to bottom, the panels show the regression patterns at -15-year lag (averaged

over years -13∼-17), zero lag (averaged over years -2∼2), and 15-year lag (averaged over years 13∼17). Positive lags indicate that the

stratospheric polar vortex precedes the surface circulation. Stippling indicates the regression coefficients significant at the 95% confidence

level based on a Student’s t-test.

Over the North Pacific, the lagged SLP and SST patterns in WACCM and CAM6 do not match those in CERA-20C. For

example, CERA-20C shows negative SLP anomalies around the Bering Strait region around zero lag, whereas the WACCM and270

CAM6 display positive anomalies. Additionally, the SLP and SST anomalies over the North Pacific are generally weak and not

statistically significant near lags of -15 and +15 years in CERA-20C, consistent with the comparatively weak and less coherent

lead–lag relationships between the stratospheric ∼15-year variability and Pacific indices (Aleutian Low and PDO) inferred

from Figure 4. Considering the inconsistency between models and reanalysis, the relationship between the stratospheric ∼15-

year frequency peak and North Pacific surface circulation remains uncertain and warrants further evaluation using additional275

high-top models and longer observational record.

3.3 Stratospheric ∼30-40 year spectral peaks

In addition to the dominant ∼15-year spectral peak, CESM simulations exhibit a lower-frequency peak around ∼30-40 years

(Figures 1 and 2). In WACCM, a pronounced ∼30-40-year peak emerges around model years 150–250, while CAM4 and

CAM6 display episodic ∼30-year peaks around model years 400–500 and 1500–1800, respectively. A similar multi-decadal280

stratospheric spectral peak has been found in a 1000-year high-top UKESM simulation (Figure 7 in Dimdore-Miles et al.

(2022)), where stratospheric variability near 30 years was found to precede NAO and AMOC oscillations of comparable

periods. To explore the potential link with the troposphere, we select the WACCM simulation spanning model years 150-250,

CAM4 spanning years 50-500, and CAM6 spanning years 1500-2000, during which the stratospheric ∼30-40-year frequency

12

https://doi.org/10.5194/egusphere-2026-4150
Preprint. Discussion started: 16 July 2026
c© Author(s) 2026. CC BY 4.0 License.



peak signal is pronounced and clearly evident in the wavelet analysis (Figure 2). During these time intervals, WACCM and285

CAM6 simulations suggest that the stratospheric ∼30-40-year frequency peak is associated with the tropospheric NAO (blue

line versus red line in Figure 6a, c), which is in agreement with the findings in Dimdore-Miles et al. (2022). In contrast, the

potential relationship between the stratospheric ∼30-40-year frequency peak and the NAO is not simulated in CAM4 due to the

negligible regression coefficient near zero lag. Over the North Pacific, the WACCM simulation suggests a possible association

between the stratospheric ∼30-40-year frequency peak and the Aleutian Low and the PDO, primarily during negative lags290

(blue line versus red line in Figure 6d, f). A weak Aleutian Low and negative PDO anomalies are associated with a persistently

strong polar vortex near zero lag, and a strong Aleutian Low and positive PDO anomalies are associated with a persistently

weak polar vortex near lags of around -20 years. The regression coefficients linking the stratospheric ∼30-40-year spectral

peak to the Aleutian Low are much weaker in CAM4 and CAM6 than in WACCM. Consistent with this, CAM4 and CAM6

show an unclear relationship between the stratospheric ∼30-40-year peak and the PDO (green lines in Figure 6e, f).295

However, the results related to the stratospheric ∼30-40-year spectral peak should be interpreted with caution. This peak

is identified only in the model simulations and is not evident in the reanalysis, raising the possibility that it reflects model-

specific variability rather than a robust feature in observations. Our assessment is likely affected by model biases and limited

effective sample sizes at multi-decadal timescales. In the high-top WACCM simulation, only a relatively short time interval

(∼100 years) is available to examine the ∼30-40-year frequency peak. In addition, the low-top models CAM4 and CAM6300

have comparatively coarse vertical resolution in the stratosphere and exhibit biases in the simulated stratospheric polar vortex

(Figure A1), which may affect stratospheric multi-decadal variability and its coupling to the troposphere. Therefore, in this

study, we simply document the possible signatures of the stratospheric ∼30-40-year frequency peak in current CESM long-

term simulations.

4 Discussion and Conclusions305

In this study, we investigate multi-year to multi-decadal variability of the stratospheric polar vortex and its links to the tro-

pospheric circulation over the North Atlantic and North Pacific using the ECMWF CERA-20C reanalysis (1900–2010) and

three multi-century CESM simulations: CESM1.0-CAM4 integrated for 1000 years, CESM2.0-WACCM integrated for 500

years and CESM2.0-CAM6 integrated for 2000 years. Across CERA-20C and all three model simulations, the smoothed

stratospheric NAM index exhibits a prominent variability timescale near 15 years (Figure 1 and Figure 2). Wavelet analysis310

further shows that stratospheric low-frequency variability is highly non-stationary and intermittent, owing to the coexistence

of variability at longer timescales, including episodic ∼30-40-year signals in the model simulations that are not present in the

reanalysis. Accordingly, the relative prominence of the ∼15-year and longer-period peaks varies substantially over time, and

in some intervals no clear low-frequency spectral peak is evident, indicating that the stratospheric low-frequency variability

does not behave as a persistent single-frequency oscillation. Lead–lag regression and lagged surface patterns indicate that this315

stratospheric ∼15-year variability period is closely associated with NAO-like SLP anomalies and tends to lead an oscillatory

NAO response on a comparable timescale (Figure 3 and Figure 5). By contrast, the corresponding relationships with North
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(a)

(b)

CAM4

CAM6

WACCM

(c)

(d)

(e)

(f)

lead-lag corr. (strat NAM, tropos NAO) lead-lag corr. (strat NAM, tropos AL&PDO)

Figure 6. As in Figure 3 and Figure 4, but selecting different time intervals to focus on the stratospheric ∼30-40-year frequency peak, with

(a, b) WACCM spanning years 150-250 of the model simulation, (c, d) CAM4 spanning years 50-500, and (e, f) CAM6 spanning years 1500-

2000. Positive lags indicate that the stratospheric polar vortex leads surface circulation indices. All indices are smoothed with a Gaussian

filter (σ = 2 years). Solid segments of the lines indicate regression coefficients significant at the 95% confidence level based on a Student’s

t-test.

Pacific variability are comparatively weak and less consistent between the reanalysis and model simulations (Figure 4 and Fig-

ure 5), suggesting that the Pacific linkage to the stratospheric ∼15-year variability period is more uncertain than the Atlantic

linkage.320

The models display both agreement and model dependence in representing the link between stratospheric ∼15-year variabil-

ity period and tropospheric circulation. Consistent with CERA-20C reanalysis, the high-top model WACCM and the low-top

model CAM6 reproduce the ∼15-year stratospheric spectral peak and its lead–lag relationship with the NAO. In contrast,

CAM4 exhibits a much weaker lead–lag relationship between the stratospheric NAM and the tropospheric NAO and a muted

expression of the ∼15-year spectral peak, indicating limited skill in simulating low-frequency stratospheric variability and its325

surface coupling. Although CAM6 shows some discrepancies in the North Atlantic SST response compared with CERA-20C

and WACCM, it represents the stratosphere–NAO coupling far more realistically than CAM4. This improvement may be related

to CAM6’s higher horizontal and vertical resolution, but the specific processes responsible for CAM6’s superior performance

remain to be clarified.

This study helps improve our understanding of low-frequency stratospheric variability and its surface impacts. Building on330

previous studies showing that low-frequency variability of the stratospheric polar vortex tends to lead an oscillatory response

of the tropospheric NAO (Reichler et al., 2012; Dimdore-Miles et al., 2022), we further show that this low-frequency strato-
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sphere–NAO coupling also occurs at a ∼15-year timescale by comparing the CERA-20C reanalysis with multiple long CESM

simulations. Lead–lag regression patterns further indicate that stratospheric ∼15-year variability has a downward influence

on SLP and SST variability over the North Atlantic at a similar timescale, thereby potentially shaping the climate over the335

Northern Hemisphere middle-to-high latitudes. A better understanding of the mechanisms underlying low-frequency strato-

sphere–troposphere coupling may therefore help improve decadal climate prediction. More broadly, these findings highlight

the importance of accurately representing the stratosphere in climate models.

The conclusions drawn in this study could be affected by the length of the reanalysis record and model biases. The available

reanalysis record is likely not long enough to accurately capture low-frequency stratospheric variability. Analysis of long-term340

model simulations remains the only available method for understanding this problem. However, strong model deficiencies and

biases need to be kept in mind. Previous studies have found that different vertical resolution and dynamical cores in general

circulation models can substantially impact the simulation of SSW occurrence (Yao and Jablonowski, 2016; Chávez et al.,

2022). For example, due to low vertical resolutions, CESM2.0-CAM6 simulates a lower frequency of split, displacement and

mixed SSW events than observations (Wu and Reichler, 2020; Hall et al., 2021). Although CESM2.0-WACCM has high vertical345

resolution, it underestimates the SSW frequency compared with ERA5 (Hall et al., 2021). Regarding low-frequency coupling

between the stratosphere and the troposphere, Reichler et al. (2012) demonstrated that the North Atlantic surface response to

persistent SSW events is significantly weaker in CMIP5 low-top models, including CESM1.0-CAM4, compared to high-top

models. Therefore, studies using a longer reanalysis record and long-term high-top model simulations are required for a better

understanding of low-frequency stratospheric variability and its coupling to the troposphere.350

Appendix A: Supplementary figures
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CERA-20C

Wave-1 Wave-2GH 10hPa

WACCM

CAM4

CAM6

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Figure A1. Comparison of model representations of climatological 10 hPa geopotential height (left panels; units: m), and its wave-1 (middle

panels) and wave-2 (right panels) components, with CERA-20C reanalysis. The wave-1 and wave-2 components are obtained from a Fourier

decomposition of the climatological 10 hPa geopotential height. (a-c) CERA-20C reanalysis averaged over 1900-2010; (d-f) WACCM (high-

top model) averaged over 500 simulation years; (g-i) CAM4 (low-top model) averaged over 1000 simulation years, and (j-l) CAM6 (low-top

model) averaged over 2000 simulation years. All variables are averaged over November-March

(a) CAM6 (500-1000 years) (b) CAM6 (600-1200 years) (c) CAM4 (600-900 years)

Figure A2. Same as Figure 3, but for different model time intervals. (a) and (b) show CAM6 averaged over model years 500–1000 and

600–1200, respectively, and (c) shows CAM4 averaged over model years 600–900.
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Figure A3. Similar to Figure 5, but for the lagged regression patterns of sea surface temperature (SST) with the stratospheric NAM index.
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