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Abstract

The characteristics of the wintertime Arctic Oscillation (AO) and North Atlantic Oscillation (NAO) and their impacts on
climate variability over the Northern Hemisphere are important metrics for evaluating a climate system model. Observational
analyses reveal that the horizontal and vertical structures in the AO and NAO exhibit a meridional dipole and a large-scale
barotropic pattern between the Arctic and mid-latitudes. Historical model simulations from the Energy Exascale Earth System
Model (E3SM-HIST) are used to identify how well it captures these major climate modes. It is found that the simulated AO
and NAO modes have spatial structures similar to the observed features. In addition, the observed frequency bands in the
AO and NAO-related time variability are captured well in the E3SM-HIST simulation. Associated with the positive phase
in wintertime AO and NAO, zonal flow and warm advection in mid-latitude continents are enhanced, along with stronger
cold flow from enhanced northerly winds over high latitudes. These features are linked to the atmospheric circulation pat-
tern reflected by lower SLP anomalies over the Arctic and higher SLP anomalies over the mid-latitudes. In E3SM-HIST,
these spatial associations and main structural features are analogous to those in observations. In the time-height evolution
related to winter AO and NAO modes, it can also be seen that the simulations reproduce the downward propagating pat-
terns in observations. Nevertheless, the vertical structures associated with AO and NAO in E3SM-HIST exhibit substantial
biases in the lower stratosphere. The cause of these stratospheric biases is investigated using the strength of climatological
stratospheric polar vortex (SPV) and wave activity fluxes. The results herein suggest that E3SM-HIST has a reasonable skill
in reproducing the observed characteristics related to the winter AO and NAO, although there exist systematic biases in the
associated climate variability.

Keywords Arctic Oscillation (AO) - North Atlantic Oscillation (NAO) - Energy Exascale Earth System Model (E3SM) -
Wintertime climate variability modes - Winter AO and NAO-related climate impacts

1 Introduction et al. 2017). The AO is also referred to as the Northern

Hemisphere annular mode (NAM). Many previous studies

The Arctic Oscillation (AO) is defined as the leading mode
of extra-tropical low-frequency variability and is charac-
terized by a large-scale barotropic and zonally symmetric
seesaw pattern of pressure anomalies between the Arctic
and mid-latitudes of the Northern Hemisphere (Thompson
and Wallace 1998, 2000, 2001; Zuo et al. 2013b; Gong
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(Thompson and Wallace 1998, 2000, 2001; Gong et al. 2001;
Wu and Wang 2002; Wang and Chen 2010; Chen et al. 2013;
He et al. 2017) have demonstrated that different phases of
the AO can control the meridional temperature gradient by
the air mass change and have important impacts on climate
variability over wide regions of the Northern Hemisphere.
The North Atlantic Oscillation (NAO) is the most domi-
nant pattern of atmospheric variability and plays an impor-
tant role in climate variations over regions between eastern
North America and the Eurasian continent, especially during
the cold season (van Loon and Rogers 1978; Wallace and
Gutzler 1981; Hurrell 1995, 1996; Kushnir 1999; Greatbatch
2000; Marshall et al. 2001; Hurrellet al. 2003; Hurrell and
Deser 2015). The positive phase of the NAO is characterized
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by stronger westerly winds and warm temperature anomalies
over the North Atlantic Ocean and Eurasian continent along
with weaker westerlies and cold temperature anomalies over
the eastern Canadian Arctic and western Greenland.

The AO and NAO are both important modes of winter-
time climate variability in the Northern Hemisphere. The
AO pattern has remarkable similarities to the NAO, with
the largest signal over the Atlantic sector. Their indices are
highly correlated, but the AO pattern is zonally more sym-
metric with one center of action over the Arctic region and
an annular structure with opposite sign at mid-latitudes.
AO and NAO also describe similar climate phenomena,
but lead to different dynamical interpretations (Deser 2000;
Greatbatch 2000; Wallace 2000; Ambaum et al. 2001; Wan-
ner et al. 2001). The signals of both AO and NAO are not
confined to the surface. They also reach up to the middle
atmosphere (Wallace and Gutzler 1981; Kushnir and Wal-
lace 1989; Thompson and Wallace 2000; Wanner et al. 2001;
Zuo et al. 2013b).

The ability of coupled global climate models (CGCMs) to
simulate the AO and NAO variability is an important indica-
tor of model performance. The simulated AO and NAO pat-
terns have been widely evaluated using the climate models
taking part in the Coupled Model Intercomparison Project
Phase 3 (CMIP3) and phase 5 (CMIP5) (Miller et al. 2006;
Xin et al. 2008; Stoner et al.2009; Zhu and Wang 2010;
Driscoll et al. 2012; Cattiaux and Cassou 2013; Zuo et al.
2013b; Davini and Cagnazzo 2014; Gong et al. 2017). It
has been demonstrated that almost all the models are able
to reproduce the horizontal and vertical patterns of the AO
and NAO, whereas their ability to simulate the magnitude
and location of the patterns as well as their temporal vari-
ability needs to be improved as compared to observations
(Zuo et al. 2013b; Gong et al. 2017, 2019a).

We analyze the characteristics of the wintertime AO and
NAO, and investigate their impacts on climate variability
over the Northern Hemisphere to identify how well the
major climate variability modes are captured in the Energy
Exascale Earth System Model (E3SM) as a coupled climate
system. We use the E3SM historical simulations (E3SM-
HIST) with five ensemble members and several reanalysis
products over the period of 36 years since the satellite era to
evaluate the performance of the variability and influence of
the AO and NAO climate modes. The primary goal of this
study is to contribute to the improvement of the E3SM simu-
lation through an analysis of the model results, and docu-
ment and understand the current status and deficiency of the
model in simulating the AO and NAO patterns.

A description of the model, the simulated and reanalysis
datasets, and the methods employed in this study is pro-
vided in Sect. 2. In Sect. 3, we describe the observed verti-
cal variability and seasonality related to observed monthly
AO and NAO modes. Section 4 presents the wintertime AO
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and NAO-associated horizontal and vertical structures and
Sect. 5 analyzes the characteristics of AO and NAO winter
indices. The wintertime AO and NAO-associated climate
impacts are provided in Sect. 6. A possible cause of strato-
spheric biases is discussed in Sect. 7. Finally, a summary
and conclusions are presented in Sect. 8.

2 Model, data and methodology

2.1 Energy Exascale Earth System Model version 1
(E3SM)

E3SM is a new global climate coupled model funded by the
U.S. Department of Energy (DOE) and includes five compo-
nent models. The low-resolution configuration of the E3SM
is used in this study. The atmospheric component is E3SM
Atmosphere Model (EAM) with a spectral element dynami-
cal core at 110-km resolution on a cubed sphere geometry
and 72 layers with a top at approximately 60 km (Rasch
et al. 2019; Tang et al. 2019). The oceanic component is the
Model for Prediction Across Scales-Ocean (MPAS-Ocean),
which runs on an unstructured C-grid (Arakawa and Lamb
1977) of near-hexagons, varying from 30 to 60 km in the
horizontal direction with 60 vertical layers (Ringler et al.
2010; Petersen et al. 2015, 2019). The sea ice component is
the MPAS-Seaice. MPAS-Seaice and MPAS-Ocean share
identical meshes, but MPAS-Seaice uses a B-grid (Arakawa
and Lamb 1977) with sea ice concentration, volume, and
tracers defined at cell centers and velocity defined at cell
vertices (Hunke and Dukowicz 1997; Petersen et al. 2019).
The E3SM Land Model version 0 (ELMvO0), which is the
land component in E3SM version 1 (Golaz et al. 2019),
describes interactions of the land surface with the near-sur-
face atmosphere and includes interactions among land sub-
systems such as vegetation, soil, snow, groundwater, runoff,
urban areas, and managed ecosystems (Oleson et al 2013).
The river transport model in E3SM use the Model for Scale
Adaptive River Transport (MOSART) for a more physi-
cally based representation of riverine processes (Li et al.
2013, 2015). E3SM is the first climate system model that
is capable of regional refinement of the horizontal grid for
all components. The model uses unstructured-mesh arrays
where neighbors are defined by pointer variables, rather than
structured meshes on regular latitude/longitude grids. More
detailed descriptions of the E3SM fully coupled model can
be found in Golaz et al. (2019).

2.2 Data
We use the historical simulation (hereafter E3BSM-HIST)

dataset, which contributes to the Coupled Model Inter-
comparison Project Phase 6 (CMIP6: Eyring et al. 2016).
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Historical simulations covering the period 1850 through the
end of 2014 are forced by external factors such as natural
(e.g., solar variability, volcanic aerosols) and anthropogenic
(e.g., CO, concentration, aerosols, and land use) forcing
based on time-dependent observations. For this study, we
use various surface and three-dimensional variables for the
36-year period of 1979-2014 in E3SM-HIST, which has five
ensemble members. The same variables and time period as
for the model simulations are used for the corresponding
observed datasets. In order to compare to observed gridded
data, we perform horizontal interpolation using a mapping
file to re-grid all unstructured variables of E3SM-HISTsimu-
lation onto a 256 X 129 (about 1.4° X 1.4°) longitude-latitude
grid. The target season is boreal winter, January through
March (JFM) for 36 years. To assess the performance of the
E3SM-HIST simulation, several observational data are used:
Fifth generation of European Centre for Medium-Range
Weather Forecasts (ECMWF) atmospheric reanalysis of
the global climate (ERAS: Hersbach et al. 2018), National
Centers for Environmental Prediction (NCEP)-Department
of Energy (DOE) reanalysis 2 (NCEP-R2: Kanamitsu et al.
2002), Global Precipitation Climatology Project Version 2.3
Combined Precipitation Dataset (GPCP: Adler et al. 2003),
Climate Prediction Center (CPC) Merged Analysis of Pre-
cipitation (CMAP: Xie and Arkin 1997), and Hadley Cen-
tre Global Sea Ice and Sea Surface Temperature (HadISST:
Rayner et al. 2003). All observed datasets are interpolated
onto the same horizontal grid as simulation. The datasets
used in this study are summarized in Table 1.

2.3 Methods

AO and NAO modes are defined as the first empirical
orthogonal function (EOF) of the winter-time mean SLP
anomalies in the circumpolar region of 20-90° N (Thomp-
son and Wallace 2000; Hurrell and Deser 2015) and in the
North Atlantic sector, 20-80° N, 90° W—40° E (Hurrell et al.

Table 1 Reanalysis and simulated datasets used

2003; Hurrell and Deser 2010), respectively. The AO and
NAO indices are the corresponding standardized principal
component (PC1) time series, which are the amplitudes
associated with the first eigenvector based on the covari-
ance matrix. These PCs are standardized by subtracting the
mean and dividing by the standard deviation, respectively.
The regression coefficients of the SLP anomalies on the AO
and NAO indices are defined as the AO and NAO patterns.
For the E3SM-HIST simulations possessing five ensemble
members, we take an equal-weight average of all members’
corresponding AO (or NAO) patterns after obtaining the AO
(or NAO) mode and time series by applying the same EOF
analysis to each ensemble member. The averaged ¢ value
among each member was used to evaluate the confidence
level of the ensemble mean pattern based on a two-tailed
Student’s ¢ test (Gong et al. 2014, 2015, 2017, 2019a).

3 Variability and seasonality related
to observed monthly AO and NAO

To find the vertical variability of climatic variables associ-
ated with observed monthly AO and NAO modes over the
Northern Hemisphere, the zonal-mean vertical structures
regressed onto the monthly AO and NAO indices based on
monthly mean data from two reanalyses (ERAS and NCEP-
R2) are computed in Fig. 1. From the vertical structures,
we can obtain the AO and NAO-associated vertical vari-
ability and their features corresponding to the polarities of
both climate modes. Figure 1 shows the vertical regression
fields of the geopotential height (Z), zonal wind (U), and
temperature (T) anomalies observed in association with
the monthly AO and NAO indices. These structures are
similar to the results of Greatbatch (2000), Thompson
and Wallace (2000), and Zuo et al. (2013b). These regres-
sion patterns, based on the AO and NAO indices, are very
similar to each other and exhibit a distinct signature in

Name Observational (reanalysis) data Simulated data
ERAS NCEP-R2 GPCP/CMAP HadISST E3SMv1 (Energy Exascale Earth
System Model version 1)
Variable Sea Level Pressure (SLP) Precipitation (PREC) Sea Surface Tem-

Geopotential Height (Z)
Zonal wind (U)
Temperature (T)

perature (SST)
E3SM-HIST (Historical simulation)
5 ensemble members
SLP, Z, U, T, PREC, and SST

Resolution 1440x 721 (0.25°%x0.25°) 14473 (2.5°%2.5°) 144x72(2.5°%2.5°) 360x180 (1°x1°) 256x129 (1.4°x1.4°)

Target season: January—March (JFM, Boreal winter)
Period: 1979-2014 (36 years)

Vertical variables (Z, U, and T) use the 17 vertical pressure levels of 1000-10 hPa
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Fig. 1 Vertical structures of the zonal-mean (top) geopotential height
(Z, unit: m), (middle) zonal wind (U, unit: m/s), and (bottom) tem-
perature (T, unit: K) regressed on the observed monthly a—f AO and
g-1 NAO indices based on monthly mean data from Jan 1979 to Dec

the geopotential height and zonal wind fields, indicated
by a zonally symmetric and equivalent barotropic struc-
ture from the surface to the lower stratosphere. AO and
NAO modes have dominant dipole meridional structures
with nodes of opposite signs separated near 55° N for geo-
potential height and near 45° N for zonal wind. The largest
geopotential height anomalies in the AO and NAO modes
are observed in the lower stratosphere near 20 hPa. The
high-latitude centers of zonal wind have maxima centered
near 60° N in the lower troposphere and about 70° N in
the lower stratosphere (20 hPa). The poleward tilting with
height in the regressed zonal wind fields shows maximum
wind activity of the AO and NAO modes amplified with
height upward into the lower stratosphere. The positive
monthly AO and NAO modes are marked by anomalously
cold polar cap regions, with the largest negative anoma-
lous temperature in the tropopause near 100 hPa.
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2014 for ERAS and NCEP-R2. Contour intervals are 5 m for geo-
potential height, 0.5 m/s for zonal wind, and 0.2 K for temperature.
Green dashed line indicates statistical significance at the 95% confi-
dence level for a two-tailed Student’s ¢ test

Based on the vertical location of the largest variability for
the geopotential height, zonal wind and temperature related
to the monthly observed AO and NAO modes, the annual
variations calculated from monthly anomalies are obtained
following the method of Thompson and Wallace (2000)
(Fig. 2). Monthly mean 20 hPa geopotential height (Z20)
and zonal wind (U20), 100 hPa temperature (T100), and
sea level pressure (SLP) anomalies are averaged over the
region poleward of 70° N for the 36-year period 1979-2014,
and their annual cycles are repeated in the display. In addi-
tion, the magnitude of annual variation is calculated for each
month and variable (Table 2). We can find that the magni-
tudes of the amplitudes are somewhat larger during the cold
season (December—April) and the structures shown in Fig. 1
are largely dominated by the cold season. The upper-level
anomalies (Z220, U20, and T100) averaged over the polar
cap regions exhibit much stronger seasonality than that of
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Fig.2 Annual variation of observed monthly mean anomalies for a, b
geopotential height (unit: m) at 20 hPa, ¢, d zonal wind (unit: m/s) at
20 hPa, e—f temperature (unit: K) at 100 hPa, and g, h sea level pres-

sure (unit: hPa) averaged over the region poleward of 70° N for the
36 years (1979-2014). Annual variance is depicted together repeat-

edly

the low-level anomalies (SLP). The distribution of monthly

SLP anomalies also shows higher amplitudes during the cold
season, but it is not as clear as the upper-level variables due

to the higher variance during the warm season. The distri-

bution of Z20 anomalies is slightly skewed to early or later
months of the cold season for positive and negative anoma-
lies, respectively. This shape is similar to the distribution of
T100 anomalies, but the pattern of U20 anomalies is skewed
in the opposite direction. Overall from these results, it can
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be clearly seen that the AO and NAO modes are most active
during January—February—March (JFM) (Thompson and
Wallace 2000), so we consider JFM to be the boreal winter
season in this study.

4 Horizontal and vertical structures related
to wintertime AO and NAO

In the previous section we showed that climate variables
related to AO and NAO modes have larger variability dur-
ing the JFM winter season. Here we focus on comparing
the JFM mean sea level pressure (SLP) anomaly patterns
regressed on the JFM AO and NAO indices for two reanal-
yses and E3SM-HIST simulation in Fig. 3. The observed
structures related to the AO mode, which explains 31.9%
(ERAS) and 31.8% (NCEP-R2) of the total variance, show
a zonally symmetric pattern, which is characterized by
north—south seesaws of atmospheric mass between the
Arctic region and the mid-latitudes. These features are
consistent with previous studies (Thompson and Wallace
1998, 2000; Miller et al. 2006; Zuo et al. 2013b; Hurrell
and Deser 2015; Gong et al. 2017). The spatial pattern
correlation coefficient (PCC) of AO-related SLP patterns
between ERAS and NCEP-R2 dataset is 0.997 over the
Northern Hemisphere. The observed NAO-related SLP
anomaly patterns, which have the explained variance
of 50.1% for ERAS and 50.0% for NCEP-R2, exhibit

JFM AO pattern
(b) NCEP_R2 (31.8%)

1.9%
@ ERAS (3 ) Cor w/(a)= 0.997

Fig.3 Wintertime (January-March: JFM) mean sea level pressure
(SLP, unit: hPa) anomaly patterns regressed on the JFM a—¢ AO and
e—g NAO indices over the Northern Hemisphere (20-90° N) in a, e
ERAS, b, f NCEP-R2, and ¢, g E3SM-HIST dataset for the period
1979-2014. d, h The difference patterns between E3SM-HIST and
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similar amplitudes and meridional scales compared to the
observed AO SLP anomaly patterns, although there are
some differences that show slightly reduced and increased
amplitudes over the North Pacific and Atlantic Ocean,
respectively. Previous studies (Rogers and McHugh 2002;
Feldstein and Franzke 2006; Gong et al. 2017) also men-
tioned that the wintertime AO and NAO are somewhat dif-
ficult to distinguish in observations. The E3SM-HIST sim-
ulation reproduces the AO and NAO-related SLP anomaly
patterns quite well. The PCCs of the E3SM-HIST simula-
tion with observations have comparable values higher than
about 0.8. However, the E3SM-HIST tends to simulate
an excessively strong (weak) Pacific and northern Europe
(Atlantic) center of SLP anomaly patterns associated with
AO and NAO modes. This feature can be seen in most
of the climate models (Miller et al. 2006; Cattiaux and
Cassou 2013; Gong et al. 2017). Note that Gong et al.
(2018, 2019b) found the pattern of the AO over the North
Pacific center varies with time in observations. The exces-
sively strong North Pacific center in E3SM, however, is
not due to such temporal variation. The amplitude and size
of the AO patterns over the North Pacific in E3BSM-HIST
simulations consistently showed the same biases when
the analysis was performed over different periods of time
(figure not shown). Gong et al. (2017) considered a statisti-
cal method for bias-correction to improve the pattern and
teleconnections of AO in the CMIP5 models. From the
same bias-corrected AO pattern in E3SM-HIST simulation

JFM NAO pattern
(f) NCEP_R2 (50.0%)

(e) ERAS (50.1%)

Cor w/(e)= 0.997

ERAS. Percentages indicate explained variance (averaged explained
variance from each ensemble member for E3SM-HIST) from the pat-
tern. Green dashed line indicates statistical significance at the 95%
confidence level for a two-tailed Student’s ¢ test
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(not shown), the method was also found to be useful for
improvement of the AO-related variability although it is
not used in this study.

In Fig. 4, similar to monthly AO and NAO-associated
vertical structures in Fig. 1, the wintertime zonally-aver-
aged vertical regressed structures are investigated in terms
of JFM AO and NAO modes in observations and E3SM-
HIST simulation. The patterns of observed wintertime
regression fields are remarkably similar to those of the
corresponding monthly fields for each variable in Fig. 1,
while some differences in the amplitude are shown. The
simulated vertical structures associated with JFM AO and
NAO modes for geopotential height and zonal wind in
E3SM-HIST display to some extent the similar patterns
as observed. The E3SM-HIST is able to reproduce the
observed negative barotropic geopotential height anoma-
lies (Fig. 4c, 1) and the observed westerly anomalies tilting
poleward with height (Fig. 4f, o) in the high-latitudes. But
it shows difficulties in simulating the variability for the two
variables in the mid and high latitudes of the stratosphere.
For example, the E3SM simulation displays the maximum
center of the AO and NAO-associated vertical structure
at lower altitudes (biased downward to the troposphere

JFM AO pattern
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Fig.4 Vertical structures of the wintertime (JFM) zonal-mean (top)
geopotential height (Z, unit: m), (middle) zonal wind (U, unit: m/s),
and (bottom) temperature (T, unit: K) regressed on the JFM a-i AO
and j-r NAO indices in ERAS5, NCEP-R2, and E3SM-HIST for the

or tropopause) compared to the observations. In addition,
the amplitudes of the simulated vertical structures associ-
ated with the AO and NAO modes, especially in the high
latitude, are much weaker than those of observed. Figure 5
exhibits the vertical relationship between two observations
and E3SM-HIST for JFM AO and NAO-associated zon-
ally-averaged vertical structures. As mentioned above, due
to the significant stratospheric biases in both magnitude
and location of vertical patterns for geopotential height
and zonal wind, the skill is low in capturing the character-
istics of the observations in the stratosphere (see also Zuo
et al. 2013b), while we can find a high correlation between
observed and simulated vertical patterns associated with
winter AO and NAO modes in the troposphere or even up
to the lower portion of the lower stratosphere (Fig. 5a—d).
In both AO and NAO-associated observed temperature
(T), the spatial patterns are characterized by a deep layer
of anomalously cold polar cap regions and an anomalously
warm area centered about 45-50° N at surface. We can
also see that the distribution of the observed positive tem-
perature anomalies extends upward from the mid-latitude
troposphere and forks into equatorward (to the tropical
tropopause) and poleward (to the polar stratosphere)

JFM NAO pattern
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period 1979-2014. Contour intervals are 5 m for geopotential height,
0.5 m/s for zonal wind, and 0.2 K for temperature. Green dashed line
indicates statistical significance at the 95% confidence level for a two-
tailed Student’s ¢ test
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Fig.5 Pattern correlation of
the wintertime (JFM) zonally-
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averaged vertical structures for 10

a, b geopotential height (Z), 20 20
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branches going further up from upper troposphere near
200 hPa. Note that the vertical structure of the distribution
extending to the pole for observed temperature is differ-
ent from that in Thompson and Wallace (2000). In the
simulated vertical temperature structure associated with
the AO and NAO modes, there is difficulty in reproducing
the observed features due to a much weaker cold polar
cap as well as strong stratospheric cold anomalies in the
30-50° N belt. From these results, it can be seen that JFM
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AO and NAO-associated simulated temperature anoma-
lies have a weak relationship with observations at most
altitudes, except for the middle-troposphere (Fig. Se, f).
Generally, wintertime NAO-associated vertical structures
show slightly better performance compared to wintertime
AO-associated vertical structures. Although it is limited to
upper troposphere or tropopause, simulated geopotential
height and zonal wind in E3SM-HIST describe reasonably
well the observed vertical characteristics. However, the
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simulated temperature shows more difficulty in capturing
them.

5 Spectral analysis of winter AO and NAO
indices

We have performed the power spectrum analysis to deter-
mine how the dominant modes of climate variability vary
in time and to quantify the significant periodic oscillations
in the time series of the wintertime AO and NAO indices
(Wanner et al. 2001; Hurrell et al. 2003; Jevrejeva et al.
2003, 2005). By decomposing the wintertime AO and NAO
indices in time-period space for ERAS and NCEP-R2 reanal-
yses and E3SM-HIST simulation, a wavelet power spectrum
is shown in Fig. 6a—c for AO and in Fig. 6g—i for NAO. In
addition, the 3-year smoothed power spectrum in frequency-
variance pattern is examined to test the spectral behavior
of the JFM AO (Fig. 6d—f) and NAO (Fig. 6j-1) indices.
In general, the spectrum patterns of the observed AO and
NAO winter indices consist of the similar leading signals
with near-identical periodicity, namely, 2.4-2.6, 3.5, 5-5.5
and 33-years. The observed winter wavelet spectra for the
JFM AO index clearly reveal the significant power peaks at
about 3—4-years between about 1986 and 1992 (Fig. 6a, b). It
also represents the enhanced power at the lowest frequency
(period of about 33-years) band, which is consistent with
the NAO-related observed wavelet spectra. The observed
wavelet power spectra for the NAO index exhibit similar
power band to those for the AO index, but the power vari-
ances of wavelet spectra of AO index are on average larger.
The wavelet spectra for the JFM AO index in E3SM-HIST
are considerably analogous to those of the simulated JFM
NAO index, except for the bands of about 2.5-3-years during
2006-2014 and about 3-5-years during 1992-2002. In the
AO and NAO winter indices, both observed power spectra
have the power variance increasing with period, while the
power variance of E3SM-HIST simulation shows a reversed
pattern. The spectral analysis for the simulated AO winter
index shows that E3ASM-HIST simulation captures well the
mode near the 3.5-year cycle, but failed to capture the period
of about 2.4-2.6 and 33-years. In the NAO-related power
spectral analysis, the E3SM-HIST simulation shows skill
in capturing the cycles of about 2.4 and 5-5.5-years, but
has difficulty to capture the frequency bands around 3.5 and
33-years.

6 Climate impacts of winter AO and NAO

Many studies (Thompson and Wallace 1998, 2000; Marshall
et al. 2001; Hurrell and van Loon 1997; Wanner et al. 2001;
Hurrell and Deser 2015; He et al. 2017; Gong et al. 2017)

showed that AO and NAO have major impacts on various
wintertime climate patterns of the Northern Hemisphere. In
this section, by regression of the hemispheric climate vari-
ables on the JFM AO and NAO indices, we investigate the
influence on the atmospheric fields over the Northern Hemi-
sphere due to the AO and NAO modes.

Figure 7 indicates that change in temperature at 2 m
(T2m) and 950 hPa wind pattern are significantly correlated
with variability of the JEM AO and NAO indices, especially
over the wide regions between North America and Eurasia
including the Arctic. The AO-associated observed winter
temperatures over much of North America and from Europe
to Asia show the anomalous warming due to the warm
southeasterly wind from the subtropical Atlantic Ocean and
enhanced westerly wind across the North Atlantic, while
observed temperatures over Greenland, northeastern Canada
and the northern oceans depict the anomalous cooling due to
the cold air from stronger northerly flows (Fig. 7a, b). This
pattern is strongly related to variabilities in the atmospheric
circulation, which are reflected by negative SLP anoma-
lies over the high latitudes of the North Atlantic and much
of the Arctic, and pattern of positive SLP anomalies over
the subtropical Atlantic (Fig. 3a, b). These features associ-
ated with AO mode are considerably similar to those of the
NAO-associated observed winter temperatures and winds
(Fig. 7e, f), even though there exist some differences in
temperature by the slightly stronger wind patterns around
the polar cap region compared to NAO mode. Many pre-
vious studies (Deser 2000; Ambaum et al. 2001; Wallace
and Thompson 2002) also mentioned it is very difficult to
distinguish the relative effects of AO and NAO. The AO
and NAO-associated temperature and wind patterns from
the E3SM-HIST simulation are consistent with those from
two observations. However, in both AO and NAO modes,
one can see significant cold biases over northern Europe and
Siberia and strong warm biases over northeastern Canada,
Greenland and southern Asia (Fig. 7d, h). Specifically, as
mentioned in Sect. 4, it is shown that the AO-related anoma-
lously cold temperature biases by enhanced northerly wind
over Alaska due to the strong clock-wise flow over North
Pacific need to be improved in E3SM simulations, just like
most of the CMIP5 models analyzed in Gong et al. (2017),
while the NAO-related cold temperature over northwestern
North America due to weak North Pacific winds is simi-
lar to the observations. The PCCs (0.872 and 0.869) of the
NAO-associated simulated temperature are higher than those
(0.795 and 0.804) of the AO-associated temperature because
of smaller biases over the North Pacific compared to the
AO mode.

The dominant patterns of wintertime SST anomaly vari-
ability associated with JFM AO and NAO modes in North
Atlantic Ocean are exhibited in Fig. 8. The AO and NAO-
associated enhanced tripole-like SST anomalies spreading
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Fig.6 a—c Wavelet power spectrum and d—f 3-year smoothed power
spectrum (solid black) of the AO winter (JFM) index for (left) ERAS,
(middle) NCEP-R2 and (right) E3SM-HIST during 1979-2014. Stip-
pled areas at wavelet power spectrum indicate statistical significance

northeastward in observations (Fig. 8a, b) are consistent
with the anomalous 2 m air temperature patterns over North
Atlantic Ocean due to the subtropical Atlantic atmospheric
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at the 95% confidence level for a two-tailed Student’s r test. Green
solid and blue dashed lines at the power spectra show the red noise
curve and the 95% confidence interval, respectively. g-1 The same as
a—f but for NAO winter (JFM) index

circulation (Fig. 7a, e). This SST pattern is called the North
Atlantic SST tripole pattern, which consists of a cold sub-
polar region, warm mid-latitudes and a cold region between
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JFM AO pattern
(b) NCEP_R2

Cor w/(a)= 0.975

(d) DIFF (E3SM_HIST—ERAS)
Cor w/(a)= 0.795 =
Cor w/(b)= 0.804 P

Fig.7 Wintertime (JFM) 2 m temperature (T2m, unit: K), 925 hPa
streamlines (gray contour, unit: m/s) and vector wind (green, unit:
m/s) anomaly patterns regressed on the JFM a—c¢ AO and e-g NAO
indices over the Northern Hemisphere (20-90° N) in a, e ERAS, b, f

the equator and 30° N. Such tripole pattern typically occurs
during the positive phase of AO and NAO over the North
Atlantic Ocean (Czaja and Frankignoul 2002; Cohen and
Barlow 2005; Zuo et al. 2013a). The AO and NAO-associ-
ated SST patterns from the E3SM-HIST simulation are simi-
lar to the observed SST patterns (Fig. 8c, d), but there exist
significantly strong cold biases over the northwestern North
Atlantic (Fig. 8e, f). In both the simulated and observed SST
patterns, the North Atlantic tripole patterns appear to be
more strongly affected by the NAO mode than the AO mode
because the significant areas are much more widely distrib-
uted. The simulated SST tripole pattern associated with the
NAO mode (PCC is 0.424), compare to AO mode (PCC is
0.302), show closer relationship with observed SST tripole
pattern.

In Fig. 9, the distinct features in observed precipitation
anomalies associated with AO and NAO winter modes are
shown as a dipole mode over the Euro-Atlantic area. There
are anomalously wet patterns, due to the northeastward
shifts of relatively warm and moist maritime air (in Fig. 7),
over the northern North Atlantic, which extends eastward
across the northern Europe and Scandinavia, while anoma-
lously dry conditions are present in the mid-latitude North
Atlantic, much of southern Europe and northern portions
of the Mediterranean. Changes in the intensity and pattern
of climate variables, such as temperature, pressure, and
precipitation fields, are caused by the changes in atmos-
pheric circulation over the North Atlantic associated with
the AO and NAO (Hurrell and van Loon 1997; Thompson

JFM NAO pattern

(f) NCEP_R2
- Cor w/(e)= 0.974

<

e N

(h) DIFF (E3SM_HIST—ERAS)
Cor w/(e)= 0.872 =
o _—— Cor w/éi): 0.869

NCEP-R2, and ¢, g E3SM-HIST dataset for the period 1979-2014. d,
h The difference patterns between E3SM-HIST and ERAS. Red stip-
pled area and green wind vector indicate statistical significance at the
95% confidence level for a two-tailed Student’s 7 test

and Wallace 2001; Hurrell and Deser 2015). This study also
proves that the changes in wind circulation over the Atlantic
in Fig. 7 is closely linked to large-scale anomaly patterns
in precipitation (Fig. 9) as well as temperature (Fig. 7) in
the same location. The simulated precipitation anomalies
during the positive AO and NAO winters (Fig. 9¢c, g) show
a considerable similarity to the observations both in their
spatial pattern and magnitude over the Euro-Atlantic area.
However, the strong dry and wet biases of the AO-associated
precipitation anomaly in simulations over the eastern and
western North Pacific still remain a challenge to be resolved
(Fig. 9d), while the simulated NAO-associated precipita-
tion anomaly shows weaker dry and wet biases in the North
Pacific compared to the simulated AO-associated precipita-
tion pattern.

In both the model and observations, the spatial patterns
and biases of 500 hPa geopotential height (Z500) anomalies
associated with AO and NAO modes (Fig. 10) are almost
the same as those of SLP anomalies in Fig. 3. This reflects
the quasi-barotropic characteristics of the vertical structure
of the AO and NAO modes (Thompson and Wallace 2000;
Greatbatch 2000; Zuo et al. 2013b; Gong et al. 2017). The
observed patterns maintain these features through the lower
stratosphere, but the E3SM simulated patterns show large
biases at altitudes above 50 hPa in the stratosphere (Figs. 4
and 5). The Pacific (Atlantic) sector of AO and NAO in
the Z500 anomalies is much stronger (weaker) in E3SM
than in observations (Fig. 10d, h). These biases of AO and
NAO patterns are expected to influence the related low-level
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Fig.8 Wintertime (JFM) (a, b) observed (HadISST) and ¢, d simu-
lated (E3SM-HIST) sea surface temperature (SST, unit: K) anomaly
patterns regressed on the JFM a, ¢ AO and b, d NAO indices of a,
b ERAS and ¢, d E3SM-HIST dataset in the North Atlantic Ocean

temperature (T2m) anomalies (in Fig. 7d, h). Similar to other
variables, the NAO-related Z500 anomalies generally show
considerably weaker biases compared to AO-related Z500
anomalies.
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(100°W-10°E, 0°-85°N) for the period 1979-2014. e—f The differ-
ences of regressed SST patterns between E3SM-HIST and ERAS.
Red stippled area indicates statistical significance at the 95% confi-
dence level for a two-tailed Student’s # test

The regressed upper level (300 hPa) zonal wind anomaly
patterns onto the JFM AO and NAO indices from E3SM-
HIST simulation are generally consistent with those from
two reanalyses (Fig. 11). Their PCCs are about 0.58 for
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Fig.9 Wintertime (JFM) precipitation (unit: mm/day) anomaly
patterns from a, e GPCP and b, f CMAP data regressed on the
JFM a—c AO and e-g NAO indices over the Northern Hemisphere
(20°N-90°N) in ERAS5 and E3SM-HIST dataset for the period 1979—

JFM AO pattern
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Fig. 10 Wintertime (JFEM) 500 hPa geopotential height (Z500, unit:
m) anomaly patterns regressed on the JFM a—¢ AO and e-g NAO
indices over the Northern Hemisphere (20°N-90°N) in a, e ERAS, b,
f NCEP-R2, and ¢, g E3SM-HIST dataset for the period 1979-2014.

AO mode and about 0.83 for NAO mode. But there are sys-
tematic biases such as amplitudes at the centers of wind
variability and shifts in the location of maximum variabil-
ity (Fig. 11d, h). These biases correspond to those in the
variability of other variables, especially over the North

JFM NAO pattern

(f) CMAP on ERAS NAOI
~ Cor w/(e)= 0.893

(e) GPCP on ERA5 NAOI

(g) E3SM_HIST
Cor w/Ea)- 0.688
e Cor w/(f)= 0.666 -

2014. d, h The differences of regressed precipitation patterns between
E3SM-HIST and GPCP. Red stippled area indicates statistical signifi-
cance at the 95% confidence level for a two-tailed Student’s # test

JFM NAO pattern
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d, h The difference of regressed Z500 anomaly patterns between
E3SM-HIST and ERAS. Green dashed line indicates statistical sig-
nificance at the 95% confidence level for a two-tailed Student’s ¢ test

Atlantic and North Pacific sectors (see also Kang et al.
2014; Gong et al. 2017). NAO-associated 300 hPa zonal
wind shows much stronger wind (westerly and easterly)
dipole bands in the north—south direction over the Euro-
North Atlantic sector than AO-associated 300 hPa zonal
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Fig. 11 Same as Fig. 10, except for 300 hPa zonal wind (U300, unit: m/s) anomaly

wind in both the simulation and observations. Due to the
weaker westerly(easterly) air flow associated with winter-
time AO and NAO modes over the Euro-North Atlantic
(Greenland and northern Canada) in E3SM-HIST simula-
tion compared to the observed wind patterns, cold (warm)
bias are produced over northern Europe (Greenland/north-
eastern Canada) (see Fig. 7d, h). Figure 12 shows the winter
AO and NAO-associated zonal wind patterns in the lower
stratosphere (20 hPa). Observed stratospheric zonal winds

JFM AO pattern

(a) ERAS (b) NCEP_R2

Cor w/(a)= 0.998

(c) E3SM_HIST
Cor w/(a)= —0.15
Cor w/(b)= —0.16

are mostly zonally symmetric between the polar cap region
and the mid-latitudes, and both the AO and NAO wind pat-
terns show considerable similarity, although there is some
difference in the amplitude of easterlies over North America.
These features such as annular structure can be expected
from the vertical structure of zonal mean zonal wind in
Fig. 4 in advance. Unlike the tropospheric zonal wind pat-
terns associated with JFM AO and NAO modes in Fig. 11,
the E3SM-HIST appears to have difficulty to capture the

JFM NAO

pattern

(e) ERAS (f) NCEP_R2

Cor w/(e)= 0.997
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Fig. 12 Same as Fig. 10, except for 20 hPa zonal wind (U20, unit: m/s) anomaly
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observed distinct features in both the AO and NAO-associ-
ated stratospheric zonal wind patterns. The performance of
stratospheric zonal wind with respect to the AO and NAO
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Fig. 13 Scatter diagram on wintertime (JFM) AO and NAO-associ-
ated pattern correlation coefficients for 6 regions from regression
fields of 8 variables on JFM AO and NAO indices in E3SM-HIST
and observations (ERAS and GPCP). Regions: Northern Hemisphere
(NH: 20-90° N, 180° W-180° E), North America (NA: 20-80° N,
140-60° W), Atlantic (AT: 20-80° N, 70-10° W), Europe (EU:
30-75° N, 10° W-40° E), Siberia (SB: 50-75° N, 70-120° E), North
Pacific (NP: 20-60° N, 150° E-120° W). Variables: SLP, PREC,
T2m, Z500, U300, T100, U20, and Z20
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modes in E3SM-HIST simulation shows the clear need for
improvement.

To simply understand the performance in the response
patterns of various variables influenced by wintertime AO
and NAO modes in E3SM-HIST simulation, the relation-
ship between winter AO and NAO-related spatial pattern
correlation coefficients is shown as the scatter diagram in
Fig. 13. After obtaining the regression patterns of 8 vari-
ables onto winter AO and NAO modes in both the simula-
tion and observations, the pattern correlation coefficients
for 6 regions are calculated, and then the scatter diagram
is depicted. Skills for atmospheric variables in troposphere
(SLP, PREC, T2m, Z500, and U300) mostly display bet-
ter performance than those in stratosphere (T100, U20, and
720) in the AO and NAO modes. This result is consistent
with the performance of AO and NAO-associated vertical
structures from E3SM-HIST simulation in Figs. 4 and 5. As
compared to other regions, most of tropospheric variables,
except for T2m, in the North Pacific region have much lower
skills due to the biases in the exaggerated Pacific center
associated with winter AO and NAO exist in almost all sim-
ulated tropospheric variables. In general, the regional PCC
values of AO and NAO-related variables are largely aligned
along the diagonal line which are directly proportional to
each other.

Figure 14 illustrates the temporal evolution of regionally
averaged geopotential height (Z), zonal wind (U), and tem-
perature (T) anomalies associated with wintertime AO and
NAO indices to examine the impact and propagation of the
AO and NAO signals between stratosphere and troposphere.
In ERAS and NCEP-R2, pronounced downward propagation

NAO pattern
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Fig. 14 Time-height evolution of 3-month averaged zonal mean
anomaly patterns for (top) geopotential height (Z, unit: m), (middle)
zonal wind (U, unit: m/s), and (bottom) temperature (T, unit: K) in
the 1000-10 hPa layer regressed on the wintertime (JFM) a—i AO and

=T 15T -0 T

Jj—r NAO indices in ERAS, NCEP-R2, and E3SM-HIST for the period
1979-2014. Z and T are zonally averaged between 70° N and 90° N,
and U is zonally averaged between 60° N and 80° N
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of the winter AO and NAO-related zonal mean anomalies
(Z, U, and T) in the stratosphere is shown to enter the tropo-
sphere with an oscillation period of several months. These
features are also present in the vertical patterns of zonal
mean anomalies of various variables associated with strato-
spheric polar vortex (SPV) signal in previous studies (Bald-
win and Dunkerton 2001; Wanner et al. 2001; Zuo et al.
2016). These studies found that wintertime SPV index shows
similar characteristic to winter AO and NAO modes. When
the JFM AO and NAO indices are in the positive (negative)
phase, negative (positive) Z and westerly (easterly) U anom-
alies propagate from the stratosphere to the troposphere. In
the case of temperature, stratospheric warming and cool-
ing signals associated with observed AO and NAO modes
during winter show downward extension that weakens with
time. Observed propagation patterns of the JFM AO signal
are almost identical to those of JFM NAO signal. In E3SM-
HIST simulation, even though the center locations of the
impact with respect to the phase of AO and NAO indices do
not match well with those in observations, the characteris-
tic of downward propagating with time lag appears similar
to the observations. In addition, the amplitude of the zonal
mean anomaly patterns in E3BSM-HIST appears to be weaker
than that in observations. Downward propagation patterns of
zonal mean anomalies associated with NAO mode in E3SM
look more like those in observations compared to the AO
mode in E3SM.

7 Relationship between stratospheric polar
vortex strength and stratospheric bias

Gong et al. (2019a) indicated that the strength of the clima-
tological stratospheric polar vortex (SPV, Castanheira and
Graf 2003), as represented by the 50-hPa zonal-mean zonal
winds along 65° N, is tightly related to upward and eastward
wave activity flux over the North Pacific and downward plan-
etary wave activity flux over the North Atlantic and northern
North America in the upper troposphere and lower strato-
sphere. Based on this relationship, we have investigated the
possible mechanism of the climatological SPV influence on
the stratospheric biases related to the AO and NAO modes in
the E3SM model. To fairly compare to Gong et al. (2019a),
the SPV from the zonal-mean zonal winds (Fig. 15a—c) and
the horizontal and vertical component of the wave activ-
ity fluxes (Fig. 15d-f) for climatological December—Janu-
ary—February (DJF) season are examined. Although E3SM-
HIST simulation shows strong zonal-mean zonal winds in
the upper stratosphere (near 10 hPa), the climatological
SPV in observations (18.89 m/s for ERAS and 19.02 m/s
for NCEP-R2) is much stronger than that in E3SM-HIST
simulation (17.25 m/s). Under the criterion (18 m/s) used by
Sun and Tan (2013) and Gong et al. (2019a) for classifying

@ Springer

the strong and weak climatological SPV, both ERAS and
NCEP-R2 reanalyses would belong in the strong SPV group,
similar to Japanese 55-year Reanalysis (JRA-55) in Fig. 4
of Gong et al. (2019a), while the E3SM-HIST simulation
belongs in the weak SPV group. In observations, the strong
climatological SPV suggests that there are strong eastward
propagating wave fluxes from East Asia to the North Atlantic
as well as the strong upward (downward) wave activity flux
over the North Pacific (North Atlantic and northern North
America) in the upper troposphere and lower stratosphere.
These wave flux activities influence the active coupling of
troposphere and stratosphere through changing the vertical
propagation of planetary waves. In the E3SM-HIST simu-
lation, the vertical wave activity fluxes are much weaker in
companion with the weak climatological SPV compared to
the observation (Fig. 15d—f), suggesting a weaker coupling
between the troposphere and the stratosphere. The climato-
logical distribution of the wave activity fluxes for the JFM
season (not shown) of this study also shows similar results
in the DJF season. In short, the tropospheric planetary waves
may be trapped in the troposphere by the lack of activity of
vertical wave fluxes under the weak climatological SPV. The
resulting weaker coupling between troposphere and strato-
sphere likely plays a role on the less coherent vertical struc-
ture associated with AO and NAO from upper troposphere
to lower stratosphere compared to the observations, as seen
in Fig. 4. In fact, we find that the CMIP5 models that have
large stratospheric biases in the AO index-regressed DJF
zonal-mean zonal wind as in Fig. 4 of Zuo et al. (2013b)
match well with the CMIPS models that have weak climato-
logical SPV as in Fig. 4 of Gong et al. (2019a). In addition,
Gong et al. (2019a) mentioned that increasing the vertical
resolution of climate models may weaken the climatologi-
cal SPV and reduce the bias in the amplitude of the AO-
related North Pacific center. However, although E3SM-HIST
simulation with 72 levels, which would belong in the higher
vertical-resolution group among the CMIP5 models in Gong
et al. (2019a), has weak climatological SPV, the fact that the
amplitude of the North Pacific center in the AO and NAO
pattern is still stronger than observations needs to be further
examined as well as the stratospheric biases associated with
AO and NAO modes.

8 Summary and conclusion

As part of the critical evaluation of the overall performance
of E3SM, this study assesses the ability of the model to
simulate the AO and NAO, which are known to be impor-
tant modes of wintertime climate variability in the Northern
Hemisphere. The model data used in this diagnostic study
consist of the historical simulations with 5 ensemble mem-
bers for the 36-year period of 1979-2014 performed with
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Fig. 15 (Top) Vertical structures of the climatological wintertime
(December-February: DJF) zonal-mean zonal wind (unit: m/s) in
ERAS5, NCEP-R2, and E3SM-HIST for the period 1979-2013. Con-
tour intervals are 5 m/s. Climatological distribution of the (bottom)

the Energy Exascale Earth System Model (E3SM-HIST).
We analyze the performance and characteristics of the win-
tertime AO and NAO variability, and their impacts over the
Northern Hemisphere in E3SM-HIST simulations.

We first examine the observed vertical structure of zonal
mean Z, U, and T anomalies for ERAS5 and NCEP-R2, asso-
ciated with the monthly AO and NAO indices. After calcu-
lating the magnitude of annual variation by using the vertical
location of the largest variability related to AO and NAO
modes, we selected the months January to March (JFM) to
represent the AO and NAO-associated active season.

Regressed horizontal/vertical structures as typical pat-
terns associated with the positive phase of wintertime AO
and NAO in E3SM are compared with observations. We
find that the E3SM-HIST exhibits a quasi-barotropic struc-
ture and meridional dipole pattern that are consistent with
observed features, but still has difficulties in simulating the
magnitude of the activity center of the horizontal structure
that were also reported in previous works (e.g., Miller et al.

DIF planetary wave activity fluxes at 100 hPa. The arrows and shad-
ing indicate the horizontal (unit: m?/s?) and vertical (unit: 1073 m%/s?)
component of wave activity flux, respectively. The positive (negative)
vertical component means the upward (downward) motion

2006; Cattiaux and Cassou 2013; Gong et al. 2017). The
model also has considerable biases in both amplitude and
center location of vertical patterns in the lower stratosphere
(see also Zuo et al. 2013b).

In the power spectral analysis for the time series of the
wintertime AO and NAO indices, generally, it turns out that
the observed AO and NAO spectrum patterns consist of
similar leading signals with near-identical quasi-periodicity.
E3SM-HIST simulations capture well the nearly 3.5-year
cycle in the AO-related time variability and nearly 2.4 and
5-5.5-year cycle in the NAO-related time variability, even
though showing a reversed power spectrum pattern as a
function of period compared to observations.

The climate impacts on several variables with regard to
wintertime AO and NAO modes are further investigated.
Like the previous findings (Deser 2000; Ambaum et al.
2001; Wallace and Thompson 2002) that it is not easy to
differentiate the relative climate impacts between AO and
NAO modes, the dominant features of climate variability
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associated with JFM AO and NAO modes in both the simu-
lation and observations are similar to each other. Overall,
the AO and NAO-associated spatial impacts and main struc-
tural features in the E3SM-HIST simulation are analogous to
those in observations. However, systematic biases in simula-
tions such as amplitudes in the centers and shifts in the max-
imum location in terms of AO and NAO-related variability,
especially over the North Atlantic and North Pacific sectors,
need improvement. From comparing the performance of cli-
mate impacts associated with the simulated winter AO and
NAO modes, we find that the skills in capturing the associa-
tion with tropospheric variables generally are much higher
than those of stratospheric variables due to deficiencies in
the stratospheric simulation of E3SM-HIST. Performance
of simulating the AO versus NAO-related variability among
variables seem to be almost proportional to one another, but
the climate impacts associated with NAO have a tendency
to be better simulated.

To examine the downward influence of stratospheric vari-
ability with time, time-height evolution of each vertical vari-
able related to wintertime AO and NAO modes is shown.
Downward propagating signals from the lower stratosphere
with a period of several months in observation are found.
We also find the downward propagating pattern similar to
observations with time lag in the E3SM-HIST simulation,
although the center location and amplitude of winter AO and
NAO-related vertical impacts in E3SM-HIST do not match
well with those in observations.

Based on the results that show close relationship between
the intensity of climatological SPV and the horizontal/ver-
tical wave activity flux in Gong et al. (2019a), we explore
the possible causes of occurrence of the stratospheric biases
related to the AO and NAO modes in the E3SM-HIST simu-
lations. In the E3SM-HIST simulation with a weaker clima-
tological SPV compared to the observations, it is found that
weaker horizontal/vertical wave flux activities may affect
the vertical coupling between the troposphere and strato-
sphere. We postulate that the weaker vertical coupling due
to the lack of wave activity flux results in the large strato-
spheric biases in the vertical structures associated with AO
and NAO in E3SM.

We have demonstrated that E3SM-HIST has a capability
to reproduce the observed characteristics in the JFM AO
and NAO-associated vertical/horizontal spatial patterns.
It is also noteworthy that the climate impacts with regard
to JFM AO and NAO modes match reasonably well with
observations. However, there is still room for improvement
in the amplitude and location of the winter AO and NAO-
associated spatial pattern and variability as the same biases
have been reported in most other climate models. In addi-
tion, though the topic of the causes of the systematic biases
on climate impacts of stratospheric variability associated
with AO and NAO was briefly covered by the relationship

@ Springer

between climatological SPV and stratospheric bias in this
study, it should remain an area of interest that needs to be
studied for the improvement of current climate predictability
and future climate projections made by E3SM simulations.
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