Geophysical Research Letters’

RESEARCH LETTER
10.1029/2021GL096362

Key Points:

e The summer North Atlantic
Oscillation is found to become
predictable in the recent decades

e March North Atlantic jet strength
is the key predictor for the seasonal
forecast of the summer North Atlantic
Oscillation

e Stratosphere-troposphere dynamical
coupling leads to this extended
seasonal predictability of the summer
North Atlantic Oscillation

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

L. Wang,
wanglei_ias @fudan.edu.cn

Citation:

Wang, L., & Ting, M. (2022).
Stratosphere-troposphere coupling leading
to extended seasonal predictability of
summer North Atlantic Oscillation and
boreal climate. Geophysical Research
Letters, 49, €2021GL096362. https://doi.
0rg/10.1029/2021GL096362

Received 26 SEP 2021
Accepted 10 JAN 2022

Author Contributions:
Conceptualization: Lei Wang, Mingfang
Ting

Formal analysis: Lei Wang

Funding acquisition: Lei Wang,
Mingfang Ting

Methodology: Lei Wang

Project Administration: Lei Wang
Writing - original draft: Lei Wang
Writing — review & editing: Lei Wang,
Mingfang Ting

© 2022 The Authors.

This is an open access article under

the terms of the Creative Commons
Attribution-NonCommercial License,
which permits use, distribution and
reproduction in any medium, provided the
original work is properly cited and is not
used for commercial purposes.

'.) Check for updates

A G s

> SPACE SCIENCE

Kk
Stratosphere-Troposphere Coupling Leading to Extended
Seasonal Predictability of Summer North Atlantic Oscillation
and Boreal Climate
Lei Wang!?3# (©) and Mingfang Ting*

'Department of Atmospheric and Oceanic Sciences & Institute of Atmospheric Sciences, Fudan University, Shanghai, China,
2Shanghai Qi Zhi Institute, Shanghai, China, *Innovation Center of Ocean and Atmosphere System, Zhuhai Fudan Innovation
Research Institute, Zhuhai, China, “Lamont-Doherty Earth Observatory, Columbia University, Palisades, NY, USA

Abstract The boreal summer climate is of significant societal importance and is trending toward increased
risks of extreme climate events such as heatwaves. The summer North Atlantic Oscillation, as the primary
mode of atmospheric variability in the northern hemisphere, has been long considered lacking predictability on
seasonal time scales. Here we show that the summer North Atlantic Oscillation is predictable with a 2-month
lead for the recent decades. The primary predictor is the March North Atlantic jet strength, which is correlated
with the summer North Atlantic Oscillation index at a correlation coefficient of 0.66 over 1979-2018. Spring
stratosphere-troposphere coupling plays a critical role in this extended predictability from spring to summer, in
contrast to the common knowledge that this dynamical coupling is relatively inactive outside the winter season.
These results may bring sound prospects for summer seasonal prediction of boreal climate that benefits the
energy and public health sectors.

Plain Language Summary The summer climate in the northern hemisphere is of significant
societal importance. Extreme climate events such as heatwaves occur more and more frequently under global
warming. The summer North Atlantic Oscillation is a good representation of atmospheric motions in the North
Atlantic region and can influence the atmospheric flow of the entire northern hemisphere. Scientists have not
made accurate seasonal forecast of this mode and hence boreal summer climate. In this study, we discovered

a key predictor in March whose signal can be transmitted by the stratosphere back to the summer surface to
make the summer North Atlantic Oscillation predictable 2 months in advance. Our findings can help the society
better prepared for the extreme summer climate in the northern hemisphere.

1. Introduction

The summer North Atlantic Oscillation (SNAO; see definitions in the data section) is the dominant mode of
summer climate variability in the Euro-Atlantic region (Folland et al., 2009) and can influence surface climate
over most extratropical regions in the northern hemisphere (Figure 1). A positive SNAO may increase the risk
of extremely dry and hot weather conditions over the European coastal areas, most of North America, and as far
as East Asia, whereas a negative SNAO may affect pan-Mediterranean regions, Eastern Canada, and Greenland
(Figure 1). For example, the 2018 northern Europe summer heatwave was linked to an anomalously positive
SNAO (Drouard et al., 2019), and another major heatwave hit most of the Mediterranean in 2019 summer during
the negative phase of SNAO (Sousa et al., 2019). The affected regions in both summers are consistent with where
SNAO is the most impactful (as indicated by the dark red and blue regions in Figure 1, respectively). Neverthe-
less, SNAO has been considered much less predictable than its winter counterpart on seasonal and longer time
scales (Franzke & Woollings, 2011). Operational forecast systems can skilfully predict the winter North Atlantic
Oscillation (NAO) with a 1-month lead (Scaife et al., 2014) and even with some skill up to 13 months in advance
(Dunstone et al., 2016). Empirical models based on observations (Hall et al., 2017; Wang et al., 2017) also show
strong predictability of winter NAO with a few months of lead time. It would be highly beneficial to society if
SNAO can be predicted at a similar level, given the increasing risks of heatwaves under the warming climate.
However, SNAO remains poorly understood and skillful predictions of SNAO are very limited in forecast models
(Dunstone et al., 2018) with only marginal predictability in empirical models based on sea surface temperatures
(Baker et al., 2019).
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Figure 1. Summer surface climate associated with summer North Atlantic Oscillation (SNAO). The ERAS 1979-2018
correlation between the June-July-August (JJA)-mean SNAO index and (a), 2 m temperature and (b), total precipitation,
overlaid with the correlation between mean sea level pressure and the SNAO index (white contours with a 0.2 interval;
positive in solid and negative in dashed). (c), time series of the JJA-mean SNAO index and March North Atlantic jet strength.
Black lines on the colorbars indicate the 95% confidence level by a two-tailed r-test.

2. Methods

A multiple linear regression model (Kutner et al., 2005) is constructed to evaluate the predictability of the June-Ju-
ly-August (JJA) seasonal-mean NAO index (or SNAO, i.e., the predictand) and 12 potential spring predictors are
considered based on their possible physical or dynamical linkages to SNAO. Many of the potential predictors
are motivated by Hall et al. (2017), but the primary predictor, the March tropospheric barotropic jet strength, is
the new predictor found in this manuscript. The tropospheric barotropic jet strength in the North Atlantic region
is defined as the maximum within 20-65°N in the zonal wind averaged over 75°W-15°E and 100-1,000 hPa
(denoted as U, ). The vertical average is weighted by mass/pressure of each layer.

The optimal set of predictors are identified by a forward selection method based on hindcast skill (Kutner
et al., 2005). The hindcast is obtained by fitting the regression model using the entire 40-year time series of
the predictors and the predictand (Kutner et al., 2005). Having the highest correlation with the predictand, the
March North Atlantic jet strength is chosen as the first predictor for SNAO. The other candidate predictors are
added one by one to the regression model, and the predictor that boosts the hindcast skill most is identified as
the second predictor. A potential predictor will be discarded to avoid co-linearity (Kutner et al., 2005) if it has a
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correlation coefficient >0.6 with any of the existing predictors. This procedure is repeated for all potential pre-
dictors, resulting in a set of predictors that produces high hindcast skill (gray curve in Figure S1a in Supporting
Information S1).

We use a strict two-fold cross-validation procedure (Kutner et al., 2005) to ensure the robustness of the model.
The entire 40-year period of 1979-2018 is divided into two 20-year periods, that is, 1979-1998 and 1999-2018,
and each time the regression model is estimated using one 20-year period and validated using the other 20-year
period. Repeating the validation twice results in a two-fold cross-validated forecast for the entire 40-year period.
Hindcast skill is usually higher than the cross-validated forecast skill for any given combination of predictors, and
the regression model is considered robust if the forecast skill is close to the hindcast skill. The cross-validated
forecast skill starts to separate with the hindcast skill from the fifth predictor (Figure Sla in Supporting Infor-
mation S1). The first four predictors are then selected as the optimal set of predictors for the seasonal forecast
of SNAO, including the March North Atlantic tropospheric barotropic jet strength (pink curve in Figure 1c), the
eastern Indian Ocean rainfall, the North Atlantic SST, and the April Arctic sea ice extent (Figure S1b in Sup-
porting Information S1). The last three indices are motivated by Hall et al. (2017) and taken as domain averages
of the eastern Indian Ocean rainfall for the region 0-30°N and 75-115°E, the North Atlantic SST for the region
35-45°N and 70—-40°W, and the Arctic sea ice extent in the Pacific sector, 120°E-120°W and 40—-65°N.

3. Data

Data used in this study are from seven reanalysis datasets, including the ECMWF Interim Reanalysis (ERA-In-
terim; Dee et al., 2011), the ECMWEF Reanalysis v5.1 (ERAS; Copernicus Climate Change Service, 2017), the
ECMWEF Coupled Climate Reanalyses of the 20th Century (CERA20C; Laloyaux et al., 2018), the NCEP-DOE
AMIP-II Reanalysis (NCEP2; Kanamitsu et al., 2002), the Modern-Era Retrospective analysis for Research and
Applications, version 2 (MERRA2; Collins et al., 2005), the Japanese 55-year Reanalysis (JRA-55; Kobayashi
etal., 2015), and the NOAA-CIRES 20th Century Reanalysis (NOAA20CR; Slivinski et al., 2019). The pointwise
SNAO index is defined here as the difference between the mean sea level pressure (MSLP) averaged over two do-
mains: (25°W-5°E, 45-55°N) and (52-22°W, 60-70°N), which are selected to cover the two nodes of the leading
Empirical Orthogonal Function (EOF) pattern of the JJA MSLP within the North Atlantic region (70°W-50°E,
25-70°N; following Folland et al., 2009), as shown in Figures S2a—S2c in Supporting Information S1. This
pointwise definition is more convenient for comparisons among different datasets or time periods than the prin-
cipal component (PC)-based definition (Hurrell et al., 2003) and both produce consistent SNAO indices (Figures
S$2d-S2e in Supporting Information S1). The station-based definition (Hurrell, 1995), on the other hand, does not
work well for SNAO due to the poleward shift of the jet stream and the associated centers of action, that is, the
Icelandic Low and the Azores-Bermuda High, in summer relative to their winter positions (Folland et al., 2009).
Therefore, the pointwise SNAO index is used throughout the manuscript.

4. Results

Variability of the winter NAO has been considered as interactions between the subtropical (or thermal-driven) jet
and subpolar (or eddy-driven) jet in the North Atlantic (Gerber & Vallis, 2009). Unsurprisingly, NAO variability
in other seasons shows similar behavior. A positive SNAO tends to be preceded in spring (March and April) by
a strong single jet in the Atlantic section (Figures 2a and 2d) that transforms into well-separated subtropical and
subpolar jets in June (Figure 2j). In contrast, a negative SNAO is preceded with split and weaker jets in the Atlan-
tic sector in spring (Figures 2b and 2e) that are combined in June (Figure 2k). The seasonal evolution of the jet
locations and intensity shown in Figure 2 are somewhat consistent with experiments using simplified dynamical
models (e.g., O'Rourke & Vallis, 2016). The stronger March subpolar jet off the United States eastern coast asso-
ciated with the positive SNAO (Figure 2j, pink curve in Figure 21) is more favorable for long wave (wavenumber
1-5) generations by the barotropic instability due to the greater shear of the zonal flow. These long waves tend to
diffuse the zonal wind meridionally, leading to deceleration at the center of the jet core and acceleration north and
south of the jet core (O'Rourke & Vallis, 2016). This process drives the two jets further apart and pushes subpolar
jet poleward. As a result, the subpolar and subtropical jets become well separated in June (Figure 2j, pink curve
in Figure 21). On the other hand, for the well-separated subpolar and subtropical jets in March associated with the
negative SNAO (Figure 2k, blue curve in Figure 21), long waves tend to decelerate the jet cores and accelerate the
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Figure 2. North-Atlantic zonal wind composites on summer North Atlantic Oscillation (SNAO). The 1979-2018 March ERAS tropospheric barotropic (100-1000 hPa)
zonal wind composites with the June-July-August (JJA)-mean SNAO index (a), >1, (b), <—1, ¢, their difference, and d, the corresponding zonal wind composites
averaged over 75°W-15°E. Same as (a—d), but for (e-h), April, (i-1), May, and (m—p), June zonal wind. Green dot-stippling in the first three column and the circles in
the last column indicate that the local difference is significant at the 90% confidence level by a two-tailed #-test.

inter-jet region (O'Rourke & Vallis, 2016), driving the two jets closer in June (Figure 2b, blue curve in Figure 2c).
Even though the jet structure evolution shown above does not contravene O'Rourke and Vallis (2016), their
theory, however, cannot fully explain how the spring jet intensity and configurations are linked to the summer
NAO. Further evidence shows below that stratosphere-troposphere coupling plays a critical role in the seasonal
transition of the jet structure associated with SNAO.

Stratosphere-troposphere coupling has been considered a significant predictability source of surface climate,
primarily in winter when polar stratospheric winds are strongly westerly (Baldwin & Dunkerton, 2001; Scaife
et al., 2005; Thompson et al., 2002). It has not been widely applied to seasonal predictability in other seasons.
We found here that the stratosphere-troposphere coupling remains active through the entire spring in the northern
hemisphere extratropics and plays a critical role in the seasonal predictability of SNAO. Such predictability is
realized mainly through localized vertical and meridional propagation of circulation anomalies over the North
Atlantic region.

To determine how troposphere-stratosphere coupling may have contributed to the link between spring jet varia-
bility and SNAO, we show in Figure 3 the 31-day running average of the zonal wind averaged over the Atlantic
sector as a function of height and latitude. The early March (representing the mean of the second half of February
and the first half of March) North Atlantic zonal wind shows a positive (and statistically significant) surface
anomaly below the center of the subtropical jet 3-month preceding a positive SNAO (Figure 3a). This zonal
wind anomaly shifts northward and develops upward north of the subtropical jet core through mid-March and
early April (Figures 3b and 3c). The negative-positive-negative anomaly in mid-March and early April acts to
form a strong single jet in the upper troposphere and lower stratosphere (UTLS), as has been seen in Figures 2a
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Figure 3. North-Atlantic zonal wind regressed on summer North Atlantic Oscillation (SNAO). The ERAS 1979-2018 31-day moving mean zonal wind averaged over
75°W-15°E regressed on the June-July-August (JJA)-mean SNAO index with central days on (a), March 1, (b), March 16, (c), April 1, (d), April 16, (¢), May 1, (f),
May 16, (g), June 1, and (h), June 16. (i), Mean locations of areas of positive wind anomaly significant at the 90% confidence level by a two-tailed #-test for all days

from March 1
at an interval

to June 30. Climatological zonal winds are overlaid in corresponding panels, with positive winds in solid contours, negative in dashed, and zero omitted,
of 5 m s~!. The green dot/cross-stippling in (a-h) indicates the 90/95% confidence level by a two-tailed #-test, respectively.

and 2c. This single jet remains reinforced primarily in the mid-latitude UTLS in mid-April (Figure 3d). With the
zonal wind anomaly decays in the troposphere in May, the reinforced mid-latitude lower stratospheric zonal wind
starts to move poleward (Figures 3e and 3f). Once this positive wind anomaly reaches the northern high latitudes
(Figure 3g), it extends downward to the troposphere and induces a deceleration on the equatorward flank of the
subpolar jet (Figure 3h). As a result, the zonal wind anomaly associated with a positive SNAO drives the sub-
polar jet further northward, creating a double-jet structure (see also Figure 2j). The continuous evolution of the
acceleration centers (Figure 3i) suggests an upward-poleward-downward propagation of the zonal wind anomaly
from early spring to early summer. Through this process preceding a positive SNAO, the tropospheric zonal wind
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Figure 4. Monthly zonal wind regressed on summer North Atlantic Oscillation (SNAO). The 1979-2018 ERAS (a), tropospheric (100-1000 hPa), (b), lower
stratospheric (50 hPa), and (c), mid-stratospheric (10 hPa) zonal wind in March regressed on the June-July-August (JJA)-mean SNAO index. Same as (a—c), but for
(d-f), April, (g—i), May, and (j—1), June zonal wind. Climatological zonal winds are overlaid in corresponding panels, with positive winds in solid contours, negative in
dashed, and zero omitted, at an interval of 5 m s~'. The green cross-stippling indicates the 95% confidence level by a two-tailed z-test.

evolved from a strong merged subtropical and subpolar jet in March (Figure 2a) to a northward shifted subpolar
jet and a weak subtropical jet in June (Figure 2j).

Since O'Rourke and Vallis (2016) primarily focused on waves propagating meridionally between the tropospher-
ic jets and found subordinate contribution from extra-long waves (wavenumber 1-2) that can penetrate into the
stratosphere, their theory may not directly apply to the above troposphere-stratosphere-troposphere coupling
processes. It thus calls for an additional explanation to these processes associated with SNAO. The March tropo-
spheric barotropic zonal wind anomaly shows a negative-positive-negative tripolar pattern in the North Atlantic
sector (Figure 4a), which reduces the zonal wind to the north and increases it to the south of the climatological jet
location. The enhanced southwest-northeast-titled mid-latitude zonal wind is in favor of generating long waves
that are easier to penetrate into the stratosphere than short waves, inducing wave-1 like zonal wind anomalies
in the stratosphere in April (Figures 4e and 4f, one positive and one negative center across the longitudinal
circle). In contrast, the April and May tropospheric zonal wind anomalies are rather erratic and distinct from
their stratospheric counterpart, consisting of more wave-3 to 5 components (Figures 4d and 4g). The lower strat-
ospheric zonal asymmetries interfere destructively with the climatological waves in April (shading vs. contours
in Figures 4e and 4f). The reduced wave activity leads to weakened meridional residual circulation (Andrews
et al., 1987; Kidston et al., 2015) and accelerated zonal wind on the poleward flank in May (Figures 4h and 41),
which can be illustrated by geopotential height anomaly associated with SNAO. The weakened meridional resid-
ual circulation causes a negative geopotential height anomaly in the polar stratosphere in May, extending down
to the troposphere in June and persisting for the entire summer (stippled blue shading in Figure S3 in Supporting
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Information S1). The negative geopotential height anomaly in the Arctic is dynamically consistent with the
anomalously strong subpolar jet from the mid stratosphere to the troposphere in June (Figures 4j—41), according
to the thermal wind balance (Andrews et al., 1987). The June tropospheric barotropic zonal wind anomaly shows
a positive-negative-positive tripolar pattern, opposite to that in March, in the North Atlantic sector (Figure 4;),
indicative of a separated jet structure consistent with a positive SNAO. As visualized by the continuous propaga-
tion of zonal wind anomaly in Figure 3i and Figure S4 in Supporting Information S1, it is the troposphere-strato-
sphere-troposphere dynamical coupling that connects SNAO with the spring jet regime.

Based on the above relationship, the maximum strength of the mid-latitude barotropic zonal wind in the North
Atlantic sector in March reflects the merging and splitting of the subtropical and subpolar jets and can thus serve
as a predictor for SNAO. This March predictor shows a statistically significant and robust correlation with the
JJA-mean SNAO index for all 20-year windows in the post-satellite era (Figure S5 in Supporting Information S1),
making a skillful seasonal prediction of SNAO feasible months in advance. The March jet strength alone can
predict SNAO with an anomaly correlation skill of 0.66 (Figure 1c; pink symbol in Figure Sla in Supporting
Information S1). The skill can be further improved to 0.76 (blue symbol/curve in Figure S1a/S1c in Supporting
Information S1) with two more March predictors, the eastern Indian Ocean rainfall and the North Atlantic sea
surface temperature (SST). Adding an April predictor (the Pacific sea ice extent) boosts the skill to 0.81 (maroon
symbol/curve in Figure S1a/S1c in Supporting Information S1), a level comparable to that of the winter NAO
(Athanasiadis et al., 2017; Wang et al., 2017). However, this March-summer connection is primarily significant
after the 1960s (Figure S6 in Supporting Information S1), possibly due to an unprecedented increase in atmos-
pheric variability in recent several decades (Trouet et al., 2018).

5. Conclusions

The summer North Atlantic Oscillation has been long considered unpredictable due to the chaotic nature of the
extratropical atmospheric circulation. Yet, the phase and amplitude of the summer North Atlantic Oscillation is
crucial for the summer mean temperature and precipitation in the northern hemisphere as well as extreme heat-
wave occurrences in many regions of Eurasia (Christidis et al., 2015; Sun, 2012). The discovery of the role of the
stratosphere-troposphere coupling in this extended seasonal predictability indicates that the stratosphere-trop-
osphere coupling has broader applications than previously thought. It also calls for the need to examine the
relevant stratosphere-troposphere coupling processes in current dynamical models, as these models do not show
any seasonal forecast skill in the summer North Atlantic Oscillation (Dunstone et al., 2018). Our findings that the
summer North Atlantic Oscillation is highly predictable in the recent decades can enhance seasonal forecast skill
of boreal summer climate and has great potential in applications in the energy and public health sectors.

Data Availability Statement

All the data used in this study are publicly available online. ERA-Interim and CERA20C are obtained from https://
apps.ecmwf.int/datasets/, ERAS from https://cds.climate.copernicus.eu, NCEP2 from https://psl.noaa.gov/data/
gridded/index.html, MERRA2 from https://goldsmr5.gesdisc.eosdis.nasa.gov/data/ MERRA2_MONTHLY/,
JRASS from https://rda.ucar.edu/datasets/ds628.1/index.html, and NOAA20CR from https://psl.noaa.gov/data/
gridded/data.20thC_ReanV3.html.
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