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The impact of the Arctic Oscillation (AO) on the predictability of mid-high latitude circulation
in December is analysed using a full set of hindcasts generated form the Beijing Climate
Center Atmospheric General Circulation Model version 2.2 (BCC_AGCM2.2). The results
showed that there is a relationship between the predictability of the model on the Eurasian
mid-high latitude circulation and the phase of AO, with the highest predictability in the
negative AO phase and the lowest predictability in the normal AO phase. Moreover, the
difference of predictability exists at different lead times. The potential sources of the high
predictability in the negative AO phase in the BCC_AGCM2.2 model were further
diagnosed. It was found that the differences of predictability on the Eurasian mid-high
latitude circulation also exist in different Arctic sea ice anomalies, and the model performs
well in reproducing the response of Arctic sea ice on the AO. The predictability is higher
when sudden stratospheric warming (SSW) events occur, and strong SSW events tend to
form a negative AO phase distribution in the Eurasian mid-high latitudes both in the
observation and model. In addition, the model captured the blocking over the mid-high
latitudes well, it may be related to the relatively long duration of the blocking. Changes in the
AOwill affect the blocking circulations over the mid-high latitudes, which partly explains the
high predictability of the model in negative AO phases from the aspect of the internal
atmospheric dynamics.
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INTRODUCTION

The Arctic Oscillation (AO) is the dominant mode of the interannual variability in the
extratropical regions of the Northern Hemisphere in winter. Its typical feature is the
opposite change in pressure between the polar regions and the mid-high latitudes in the
Northern Hemisphere [1, 2]. The AO exerts a strong impact on the climate of North America,
Eurasia, and North Africa through the zonal variation in the North Atlantic storm track and the
related temperature, precipitation, and cyclone activities in winter [3–9]. Changes in the East
Asian winter monsoon (EAWM) and winter surface climate that have a great social impact on
East Asia are closely related to the interannual and interdecadal changes in the AO. The
atmospheric circulation anomaly corresponding to the negative AO phase tends to be a strong
EAWM and cold surface air temperature (SAT) anomaly in East Asia in winter and often brings
strong cold wave events [10, 11], and vice versa [12–14].
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The AO is most common in winter and occurs on time scales
ranging from intraseasonal to interdecadal [15]. On subseasonal
to interannual time scales, the predictability of the AO is mainly
affected by the chaotic characteristics of the air-sea system and
the nonlinear dynamics of the extratropical atmosphere [16, 17].
Many studies have focused on the forecast skill of the AO on the
scale of the winter average [18–21]. Recent studies have shown
that advanced seasonal forecast models have significantly
improved the forecast skill of the AO in winter [22, 23]. In
terms of predictable sources on the seasonal scale, in addition to
the internal atmospheric dynamics, the predictability of the AO in
winter is related to underlying surface anomalies, such as the
North Atlantic sea surface temperature and the snow cover
anomalies in the Northern Hemisphere [24–26].

However, the forecast skill of the AO is more challenging on the
subseasonal scale. Currently, there are relatively few assessments on
this time scale. The forecast skills of some operational dynamical
forecast systems, such as the National Centers for Environmental
Prediction (NCEP), the European Centre for Medium-Range
Weather Forecasts (ECMWF) and the Beijing Climate Center,
were evaluated, the results showed that the forecast skills were low
at the subseasonal scale [20, 27, 28]. The low forecast skill of the AO
on the subseasonal scale is related to a lack of understanding of its
predictable sources. The variability in the stratospheric polar vortex
may also provide an important source for the predictability of the
subseasonal AO. Studies have shown that the stratospheric polar
vortex can propagate downward through westerly and easterly wind
anomalies. Sudden stratospheric warming (SSW) can dramatically
weaken the stratospheric polar vortex, and the weakened Northern
Hemispheric stratospheric polar vortex is beneficial for the turning of
the tropospheric and near-surface AO to the negative phase in winter
[29, 30]. In addition, the recent accelerated reduction in Arctic sea ice
is also considered to be a possible factor in the changes in the mid-
high latitude circulation in winter, and the response characteristics of
circulation are often similar to AO modes, especially in some
numerical models [31, 32]. However, the relatively short
observational record and the low mid-latitude signal-to-noise ratio
(SNR) lead to difficulties when explaining the physical connection
between Arctic sea ice and the AO mode, so this connection is still
controversial.

Existing studies have shown that the ability of a model to forecast
the AO differs in different months, including winter months. At the
same time, the relationship between the AO and the East Asian
climate shows intraseasonal variability, and the impact of the AO on
the temperature in southernChina inDecember is different from that
in January-February [8]. Meanwhile, the circulation anomalies
affected by the December AO for December and for the following
January are primarily confined to the Euro-Atlantic sector while they
extend to East Asia during the following February [33]. In addition,
the standard deviation of the AO has increased significantly in
December since the 1990s, while this phenomenon has not been
observed inNovember and January [34]. Therefore, this study aims to
evaluate the predictability of mid-high latitude circulation in
BCC_AGCM2.2, with a focus on December. More importantly,
we investigate the differences of predictability in different AO
phases and the possible causes for the differences are also further
analysed.

Data
The BCC_AGCM2.2 has a horizontal resolution of T106 and
includes 26 vertical levels [35]. The top of the model is at 2.3 hPa.
The model is initialized using the atmospheric conditions from the
NCEP Reanalysis dataset [36] and sea-surface conditions from
NOAA Optimum Interpolation Sea Surface Temperature V2 [37].
Four model runs (00Z, 06Z, 12Z, and 18Z) are initialized every day
starting on January 1, 1983 and run for 55 days each. The lagged
average forecasting (LAF) technique is used to produce the ensemble
mean. The LAF ensemble includes the latest 5 days (A total of 20
members) operational forecasts, and also forecasts for the same
verification time stated one or more days earlier than the latest
one. The model output is interpolated to a 2.5 × 2.5 horizontal
resolution prior to analysis. To verify the model hindcast, we use the
daily and monthly NCEP-NCAR reanalysis dataset for the period
1983–2015. TheNCEP-NCAR reanalysis data are gridded at 2.5× 2.5
resolution. The SST data gridded at 2× 2 resolution used in this study
are taken from the National Oceanic and Atmospheric
Administration extended reconstructed SST version 4 (ERSST V4)
[38]. The optimal interpolated global sea ice density data from
December 1981 to December 2015 are provided by NOAA, with
a horizontal resolution of 1.0 ×1.0. The observed monthly AO index
derive from the Climate Prediction Center of NOAA (https://www.
cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml), which
is defined as the first leading mode of empirical orthogonal
function (EOF) analysis of area-weighted monthly mean 1000mb
anomalies north of 20°N. The predicted index is calculated using the
1000mb anomalies of ensemble mean.

Methods
The Signal-to-noise ratio (SNR) is used to account for the
predictability of mid-high latitude circulation, which is
estimated by the ratio of the variances of ensemble mean (the
signal) to the deviations or spreads among the ensemble members
(the noise) [39, 40]. At a given location, the prediction of a single
ensemble member is denoted by Fij, where j is the year index that
goes from 1 to 33 and i is the case number of the ensemble that
goes from 1 to 20. For year j, the climate signal Fj is estimated as
the mean of all 20 members, that is

Fj � 1
20

∑20
i�1

Fi,j, (1)

The yearly mean climatology F could be recalculated as

F � 1
33

∑33
j�1

Fj, (2)

The variance of ensemble mean represents the climate
signal as

σs � 1
33 − 1

∑33
j�1

(Fj − F)2, (3)

Note that the denominator is 32 instead of 33 because the degrees
of freedom are one less than the total number for a second
moment. Similarly, the deviations or spreads among the ensemble
members represents the noise as
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σn � 1
33 × (20 − 1) ∑33j�1 ∑

20

i�1
(Fi,j − F)2

j
, (4)

The Signal-to-noise ratio is recalculated as

R � σs

σn
. (5)

The anomaly correlation coefficient (ACC) is also chosen as a
measure to gauge the predictability that we are interested in. The
ACC is defined as:

ACC �
∑N
i�1
(ΔRf − ΔR�f)(ΔR0 − ΔR�0)����������������������������∑N

i�1
(ΔRf − ΔR�f)2 ∑N

i�1
(ΔR0 − ΔR�0)2

√ , (6)

Where ΔRfand ΔR0 denote the predicted and observed anomaly
fields, respectively, and their averages are �ΔRf and �ΔR0. N is the
number of points.

The composite is employed to compare prediction skill in
different AO phases. The wave activity flux is used to provide
information about the large-scale wave source and sink [41].

Prediction Skill and Predictability of AO and
Mid-high Latitude Circulation
To test the forecast skill of AO, we first decomposed the 1,000 hPa
extratropical height in the Northern Hemisphere (0–360°E, 20°N-
90°N) using the empirical orthogonal function (EOF) and then
projected the result onto the observed first mode to obtain the AO
index series predicted by the model. Figure 1 shows the temporal
evolution of December AO index hindcast by BCC_AGCM2.2 at
0-days, 5-days, and 10-days lead times for the ensemble mean
from 1983 to 2015. The results showed that the temporal
evolution of AO index predicted at different lead times were

relatively consistent with the observation. The correlation
coefficients between the AO indexes predicted at 0-days, 5-
days, and 10-days lead times and the observed AO indexes
were 0.71, 0.68, and 0.69, respectively, which all exceed 99.9%
confidence, indicating that the dynamic model can well capture
the AO interannual variability in December. In addition, in the
typical positive and negative phase years, the AO index predicted
by the model were also very close to the observed AO index.

The AO is the dominant mode of the interannual variability in
atmospheric circulation in the mid-high latitude regions of the
Northern Hemisphere. Figure 2 shows the ACC of the 500 hPa
geopotential height over the Eurasian region (20°-80°N, 50°-
180°E) predicted by the model at 0-days, 5-days, and 10-days
lead times. According to the AO index and its standard
deviations, the 33 years for 1983–2015 were divided into
negative AO phase, normal AO phase and positive AO phase.
Negative AO years include 1985, 1995, 2000, 2005, 2009, 2010,
and 2012, and the index is greater than 1 standard deviation.
Positive AO years include 1988, 1991, 1992, 1998, 2006, 2011,
2013, and 2015, and the index is greater than 1 standard
deviation. The remaining 18 years are the normal AO years. In
terms of the average over all years, the forecast skill decreased
rapidly with the extension of the lead time, the ACCs predicted at
0-days, 5-days, and 10-days lead times were approximately 0.5,
0.4, and 0.27, respectively. Additionally, the ACC predicted at 0-
days lead time was 0.76 in the negative AO phase, 0.48 in the
positive AO phase, and 0.4 in the normal AO phase. Although the
forecast skills at 5-days and 10-days lead times were both lower
than those at 0-days lead time, the ACC was still highest in the
negative AO phase, followed by the positive AO phase, and lowest
in the normal AO phase. Interestingly, when the AO phase was
positive, the forecast skill decreased the slowest with the extension
of the lead time.

To further examine the prediction skill in the lower
troposphere, Figure 3 displays the composites of 1,000 hPa
geopotential height for different AO phases in the model and

FIGURE 1 | Temporal evolution of December AO index hindcast by BCC_AGCM2.2 at 0-days (yellow), 5-days (Cyan), and 10-days (red) lead times for the
ensemble mean, and the observations (black).
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observations. Due to different lead times the skill changes are
similar, we only chose the prediction at 0-days lead time. In the
negative AO phase, a huge positive anomaly occupies the
entire northern Eurasia continent, and a negative anomaly
is seen over the Northwest Pacific. The large zonal gradient
between the anomalous Eurasia continent high and the
subtropical North Pacific low implies strong EAWM. The
distributions in the model and observation were very
similar, including the significant positive and negative

anomaly region. The anomalous distributions in positive
AO phase were also quite similar, with a major trough
extending southward along the Ural Mountain and a ridge
extending northward along the Mongolia. However, the
intensity of the trough and ridge in the model prediction is
obviously weak, and the significant positive anomaly in
Eastern China and Mongolia is not seen in prediction. The
anomalous center in prediction and observation are not
significant in the normal AO Phase.

FIGURE 2 | ACC of the 500 hPa geopotential height in the Eurasian region predicted by BCC_AGCM2.2 in negative, positive, and normal AO phases.

FIGURE 3 | Composites of 1,000 hPa geopotential height for the negative AO phase in (A) model (B) observations (C) The difference between prediction and
observation (D–F) As in (A–C), but for the positive AOphase (G–I) As in (A–C), but for the normal AO phase. Light, middle, and dark shading indicate the 90, 95, and 99%
confidence levels based on a Student’s t-test, respectively.
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Based on the above analysis, the model has a high
predictability for the geopotential height in the Eurasian
region in the negative AO phase. On this basis, the SNR
method was applied to further analyse the predictability of the
model over the Eurasian region in different AO phases (Figure 4).
In the case of a negative AO phase, the SNR of the model was
greater than 1 from east of Japan to the northwest Pacific,
indicating that the model can generally well capture the
strength and location of the East Asian trough in the negative
AO phase. The model predicted a high SNR in the Sea of Okhotsk
region and West Pacific in positive AO phase. Additionally, The
SNR in the normal AO phase was the lowest.

Causes for the Different Predictability
The above results show that the prediction skill of the negative
AO phase is higher than that of the positive and normal AO
phases. To explain the origins of the potential predictable sources
of the high forecast skill of the negative AO phase in the
BCC_AGCM2.2 model, the possible causes were analysed
from the aspects of the Arctic sea ice, sudden stratospheric
warming (SSW), and the internal atmospheric dynamics.

As a component of the Earth’s climate system, Arctic sea ice
plays an important role in the surface energy budget of the high
latitudes in the Northern Hemisphere by regulating the surface
albedo and the turbulent heat and momentum fluxes at the
ocean-atmosphere interface. The atmospheric response to
reductions in Arctic sea ice is often associated with changes in

the AO [31, 32]. Figure 5 shows the composite Arctic sea ice
anomalies in the negative and positive AO phases. The figure
shows that when the AO is in the negative phase, the Arctic sea ice
has a significantly negative anomaly centre in the Kara Sea region,
which exceeds the 95% confidence level. When the AO is in the
positive phase, the positive Arctic sea ice anomaly only exceeds
the 95% confidence level in the vicinity of the Kara Sea, and the
region that passes the 95% confidence level is significantly smaller
than that in the negative AO phase.

We define the sea ice in the Barents Sea-Kara Sea region (60°-
90°E, 70°-80°N) in October as the Arctic sea ice index, they are
area weighted and linearly detrended before the analysis. The
correlation coefficient between the December AO index and the
autumn Arctic sea ice index is 0.40 (Figure 6B), which exceeds
the 95% confidence. Then, 5 years with less sea ice (1984, 1985,
1995, 2009, and 2012) and 5 years with more sea ice (1992, 1996,
1998, 1999, and 2002) were selected for comparing the prediction
skill. The ACC of the 500 hPa geopotential height in the Eurasian
region predicted by BCC_AGCM2.2 in less Arctic sea ice years at
0-days and 5-days lead times were 0.63 and 0.62, respectively,
which were significantly higher than those (0.4 and 0.35) in years
with more ice (Figure 6A). This finding is consistent with the
observed and model-predicted negative feedback between the sea
ice and the atmosphere, indicating that less Arctic sea ice is one of
the predictable sources of the Eurasian mid-high latitude
circulation. The composites of the 500 hPa geopotential height
in years with less and more sea ice was further analysed in

FIGURE 4 | The signal-to-noise ratio distributions for the AO in the (A) negative phase, (B) positive phase, (C) normal phase, and (D) all years.
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Figure 7. There are significant negative anomalies over most
areas of China in years with less Arctic sea ice, while the
anomalies are not clearly significant in years with more Arctic
sea ice, indicating that the response to less Arctic sea ice forcing
over the Eurasian mid-high latitudes is much obvious than more
Arctic sea ice.

The influence of the stratospheric polar vortex can last for
several weeks or even several months, and SSW can dramatically
weaken the stratospheric polar vortex. The zonal geopotential
height anomalies of 90°N and 60°N at 10 hPa were averaged
separately, and then the mean zonal geopotential height anomaly

of 60°N was subtracted from the mean zonal geopotential height
anomaly of 90°N to obtain the index [29]. The specific formula is
ΔH � [H′]90°N − [H′]60°N, where [H′] represents the mean value
of the zonal geopotential height anomalies, and ΔH represents
the SSW index. Figure 8 shows the SSW index in November and
the AO index in December. The correlation coefficient between
the two was -0.51, which exceed the 99% confidence. It is
indicated that when a strong SSW event occurs, the 500 hPa
height field in the troposphere rapidly adjusts, forming a negative
AO phase distribution in the Eurasian mid-high latitudes. Based
on the above definition, 4 years (1987, 1996, 2000, and 2009) with
an SSW index greater than 200 were selected to compare the
prediction skill. Figure 9 shows the average ACC in Eurasia
predicted by the years with strong SSW events. The ACC at 0-
days and 10-days lead times in SSW events was higher than the
average of all years, indicating that strong SSW has a certain
contribution for predictability in negative AO years.

Some studies pointed out that the blocking high over the Ural
Mountains in winter occurs more frequently in years with a weak
AO and less frequently in years with a strong AO [42]. The
composite of the observed 500 hPa geopotential high is computed
based on the mean of years with the positive AO minus that with
the negative AO (Figure 10A). The strong high pressure anomaly
is located at the Ural Mountains and the Sea of Okhotsk, and the
low pressure anomaly is located at the Northern China and
Mongolia. The anomalous high over Ural Mountains and the
Sea of Okhotsk are conductive to the activity of blocking. The
similar distribution is also seen in model (Figure 10B), which
implies good prediction of blocking in extreme years of AO. To
further explain that the predictability of the model under different
AO phases is related to the blocking high situation over the mid-
high latitudes, the average of 500 hPa geopotential high over the
Ural Mountains (40°N-50°N, 40°E-80°E), the Lake Baikal (60°N-
70°N, 80°E-120°E), and the Sea of Okhotsk (60°N-70°N, 120°E-
160°E) were defined as the blocking indices, and their normalized
indices were shown in Figure 11. Blocking activity in the three
regions were obvious for 6 out of 7 negative AO years. However,
there were only 4 years with active blocking in 8 positive AO
phase years. Therefore, the probability of the occurrence of a
blocking high over the mid-high latitudes is higher in the negative
AO phase and lower in the positive AO phase. The model can
capture most of the blocking, but all three blocking in 2000,

FIGURE 5 | Composite of autumn Arctic sea ice in the (A) negative AO
phase and (B) positive AO phase years. Light, middle, and dark shading
indicate the 90, 95, and 99% confidence levels based on a Student’s t-test,
respectively.

FIGURE 6 | (A) ACC of the 500 hPa geopotential height in the Eurasian region predicted by BCC_AGCM2.2 in less, more, and average Arctic sea ice, (B) temporal
evolution of December AO index and Arctic sea ice.
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blocking of the Sea of Okhotsk in 2009 and the blocking of the
Ural Mountains in 2010. In summary, changes in the AO will
affect the blocking circulations over the mid-high latitudes, and
the model can well capture the blocking over the mid-high

latitudes, it may be related to the long duration and
persistence of blocking [43]. It partly explains the high
predictability of the model in negative AO phases from the
aspect of the internal atmospheric dynamics.

FIGURE 7 | Composite of the 500 hPa geopotential height in years with (A) less and (B) more Arctic sea ice. Light, middle, and dark shading indicate the 90, 95,
and 99% confidence levels based on a Student’s t-test, respectively.

FIGURE 8 | The SSW index in November and the AO index in December.

FIGURE 9 | ACC of the 500 hPa geopotential height in the Eurasian region predicted by BCC_AGCM2.2 in SSW events and all years.
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The wave source is in the North Atlantic Ocean and gradually
propagates along Europe to the mid-high latitudes of Asia in the
negative AO phase (Figure 12). The model also predicts a
westward propagating wave source in the North Atlantic
Ocean, which also moves towards the mid-high latitudes of
Asia, but there are differences in magnitude and propagation
phase. However, the wave activity center over Tibetan Plateau is
underestimated by BCC_AGCM2.2. In general, the internal
atmospheric dynamics of the model in the negative AO phase
are better than those in positive AO phase.

DISCUSSION AND CONCLUSIONS

The Arctic Oscillation (AO) is the dominant mode of the
interannual variability in atmospheric circulation in the
extratropical regions of the Northern Hemisphere in winter.
The impact of the AO on the predictability of mid-high

latitude circulation in December was analysed using a full set
of hindcasts generated form the Beijing Climate Center
Atmospheric General Circulation Model version 2.2
(BCC_AGCM2.2). The results showed that there is a
relationship between the predictability of the model on the
Eurasian mid-high latitude circulation and the phase of AO,
with the highest predictability in negative AO phase and lowest
predictability in normal AO phase. Moreover, the difference of
predictability exists in different lead times.

To explain the origins of the potential predictable sources of
the high forecast skill of the negative AO phase in the
BCC_AGCM2.2 model, the possible causes of these conditions
were diagnosed.We found that the differences of predictability on
the Eurasian mid-high latitude circulation also exist in different
Arctic sea ice anomalies. When Arctic sea ice decreases, the AO
response is likely to be in a negative phase. The model also
performs well in reproducing the response of Arctic sea ice on the
AO. Sudden stratospheric warming is another potential source of

FIGURE 10 | The composite of the 500 hPa geopotential height in (A) observation and (B) model, which are defined as the mean of years with the positive AO
minus that with the negative AO. Light, middle, and dark shading indicate the 90, 95, and 99% confidence levels based on a Student’s t-test, respectively.

FIGURE 11 | Blocking high indexes of the Ural Mountains, Lake Baikal, and the Sea of Okhotsk.
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higher predictability on the Eurasian mid-high latitude
circulation in negative AO phase. The ACC at 0-days and 10-
days lead time in SSW events was higher than the average of other
years, and strong SSW events tend to form a negative AO phase
distribution in the Eurasian mid-high latitudes. In addition, the
model captures the blocking over the mid-high latitudes well,
which may be related to the relatively long duration of the
blocking. Further, changes in the AO will affect the blocking
circulations over the mid-high latitudes, which explains the high
predictability of the model under negative AO phases from the
aspect of the internal atmospheric dynamics.

Although BCC_AGCM2.2 has relatively high predictability of
mid-high latitude circulation in December in negative AO phase,
the predictability is still much lower in other conditions and other
months. Apart from the AO, other factors such as Madde–Julian
Oscillation (MJO) and the sea surface temperature over the North
Atlantic Ocean and Indian Ocean are also important for the
predictability of Eurasian mid-high latitude circulation [44, 45];
meanwhile, the predictability of models are different; these would
be worthwhile to address in further works.
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