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ABSTRACT

This study verifies the impact of improved ocean initial conditions on the Arctic Oscillation (AO) forecast

skill by assessing the one-month lead predictability of boreal winter AO using the Pusan National University

(PNU) coupled general circulationmodel (CGCM).Hindcast experiments were performed on two versions of

the model, one does not use assimilated ocean initial data (V1.0) and one does (V1.1), and the results were

comparatively analyzed. The forecast skill of V1.1 was superior to that of V1.0 in terms of the correlation

coefficient between the predicted and observed AO indices. In the regression analysis, V1.1 showed more

realistic spatial similarities than V1.0 did in predicted sea surface temperature and atmospheric circulation

fields. The authors suggest the relative importance of the contribution of the ocean initial condition to theAO

forecast skill was because the ocean data assimilation increased the predictability of the AO, to some extent,

through the improved interaction between tropical forcing induced by realistic sea surface temperature (SST)

and atmospheric circulation. In V1.1, as in the observation, the cold equatorial Pacific SST anomalies gen-

erated the weakened tropical convection and Hadley circulation over the Pacific, resulting in a decelerated

subtropical jet and accelerated polar front jet in the extratropics. The intensified polar front jet implies a

stronger stratospheric polar vortex relevant to the positive AO phase; hence, surface manifestations of the

reflected positive AO phase were then induced through the downward propagation of the stratospheric polar

vortex. The results suggest that properly assimilated initial ocean conditions might contribute to improve the

predictability of global oscillations, such as the AO, through large-scale tropical ocean–atmosphere

interaction.

1. Introduction

The Arctic Oscillation (AO), characterized by oscil-

lation of atmospheric pressure between the Arctic and

the midlatitudes, is one of the most dominant patterns

of hemispheric scale variability in the Northern Hemi-

sphere (Thompson andWallace 2000). Numerous studies

have revealed the impacts of theAOon the boreal winter

climate over the middle and high latitudes of North

America, Europe, and East Asia (e.g., Higgins et al. 2002;

Kolstad et al. 2010; Park et al. 2011; Tomassini et al.

2012). The strong polar vortex confines the cold air to

high latitudes closer to the Arctic and hinders the cold air

from moving southward (Thompson and Wallace 2000).

Thus, a mild winter across East Asia (Im and Ahn 2004;

Park et al. 2011), Europe (Tomassini et al. 2012), and the

eastern United States (Kolstad et al. 2010) is associated

with a strong vortex and a cold winter with a weak

polar vortex.

Many previous studies have insisted that the AO can

be affected by external forcing, such as sea surface

temperature (SST) (e.g., Hoerling et al. 2001; Kim and

Ahn 2012), solar flux (e.g., Ahn and Kim 2014), snow

cover (e.g., Cohen et al. 2007), sea ice (e.g., Rigor et al.

2002), and topography (e.g., Gong et al. 2004). Among

these, diagnosing the impact of SST on the AO and
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understanding these dynamic mechanisms have been

critical and long-standing issues in this regard. Hoerling

et al. (2001) suggested that equatorial SST forcing is

important to interannual variability and the warming

trend of the AO by analyzing the data obtained from

Tropical Ocean Global Atmosphere (WCRP 1985) and

Global Ocean Global Atmosphere experiments. Their

research showed that the changes of equatorial SSTs

alter tropical rainfall and latent heating, which in turn

drive changes in atmospheric circulation at higher lati-

tudes, in particular, in the AO. According to Kryjov and

Park (2007), the AO has a statistically strong connection

to the ENSO throughout the whole lower stratosphere

during solar minima. Li et al. (2006) explored the

hemispheric pattern response induced by the SST

anomaly in the tropical west and the east Pacific. They

argued that the tropical western Pacific heating en-

hanced the annular pattern through the poleward and

downstream propagation of transient eddy forcing en-

ergy; on the other hand, the eastern tropical Pacific

heating produced a Pacific–NorthAmerican (PNA)-like

pattern with equatorward and downstream energy dis-

semination. To clearly differentiate the dynamics of

these two warming impacts on the AO, Fletcher and

Kushner (2011) investigated the atmospheric response

to forced eastern tropical Pacific Ocean (TPO) and

tropical Indian Ocean (TIO) warming using an atmo-

spheric general circulation model (AGCM). They re-

vealed that the TPO (TIO) wave response strengthened

(weakened) the planetary stationary wave and thus at-

tenuated (reinforced) the stratospheric jet, resulting in

the negative (positive) AO. Lin et al. (2002) also dem-

onstrated the response of the AO to a forcing from the

tropics using a simple atmospheric model. Their study

showed that eddy-mean flow interactions associated

with a belt of tropical heating play an important role in

the formation of the AO. They also insisted that extra-

tropical forcing induced by tropical heating plays a

substantial role in generating the AO variability. Kim

andAhn (2012) demonstrated that the third mode of the

September–November mean SST over the North Pacific

is a unique mode in determining the AO, and this ocean

signal over the North Pacific may be a possible trigger

for theAO, which, in turn, influences the local climate in

the East Asia region. These investigations have em-

phasized the significant role of SST for theAO, although

the question regarding the dynamicalmechanism through

which the SST induces the AO remains unclear.

Most of these studies have tried to solve these prob-

lems through AGCM experiments with various bound-

ary conditions (e.g., Hoerling et al. 2001; Li et al. 2006;

Fletcher and Kushner 2011). However, fully identifying

this obscure relationship and mechanism might require

an examination using a coupled general circulation

model (CGCM) (e.g., Fletcher and Kushner 2011), in

which SST is evolving and interacting with atmosphere.

The forecast skill for the AO has been poor until now

(Cohen et al. 2002) because the initial state of the cha-

otic atmosphere provides little or no information on the

future state (Derome et al. 2005). The deterministic

forecast of the AO is limited beyond 10 days, and many

studies have tried to overcome this limitation (e.g.,

Kuroda 2008; Roff et al. 2011; Sun andAhn 2014). In this

respect, the AO forecast with a one-month lead time has

critical importance in spite of its relatively short lead

time, when considering the effect of the AO on boreal

winter climate. The main interest in this study is to ex-

amine the influence of a more realistic ocean initial

condition of a CGCM on the AO predictability by as-

sessing the one-month lead predictability of a boreal

winter [December–February (DJF)] AO using the Pu-

san National University (PNU) CGCM. The pre-

dictabilities of two versions of the PNU CGCM are

compared, one does not use assimilated ocean initial

data (V1.0) and one does (V1.1), and the differences

between the two are discussed.

2. Model, data, and method

a. Forecast system design

The atmospheric and oceanic components of the

PNU CGCM, a participant model of the Asia–Pacific

Economic Cooperation (APEC) Climate Center

Multi-Model Ensemble Climate Prediction (http://

www.apcc21.org/eng/html/hapcc030000.html), are the

18-vertical-layer NCAR Community Climate Model,

version 3 (CCM3 at spectral T42 horizontal resolution;

Hurrell et al. 1998), and the 40-vertical-layer GFDL

Modular OceanModel, version 3 (MOM3; Pacanowski

and Griffies 2000), respectively. The sea ice model for

the CGCM is the Elastic–Viscous–Plastic (EVP)model

(Sun and Ahn 2014). The horizontal resolution of the

component models is basically 2.81258 in latitude/

longitude, but the oceanic resolution in the meridional

direction is 0.78 at latitudes below 308; 1.48 at mid-

latitudes between 308 and 608; and 2.88 at latitudes

above 608 (Sun and Ahn 2014).

The two versions of the PNU CGCM, V1.0 and V1.1,

are basically the same, but V1.1 includes an ocean data

assimilation process when producing the initial ocean

conditions for the hindcast and prediction, whereas V1.0

does not. The atmospheric initial conditions were taken

from the NCEP–U.S. Department of Energy (DOE)

AMIP phase 2 (AMIP-II) reanalysis (R2) (Kanamitsu

et al. 2002). For generation of the initial states of the
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CGCM land surface variables, first of all, an atmo-

spheric spinup experiment was conducted by running

the AGCM for 10 years starting from an arbitrary state

(15 September 1978, in this study) under the given ob-

served monthly mean climatological SST from the

NOAA Optimum Interpolation Sea Surface Tempera-

ture version 2 data (Reynolds et al. 2002). The final state

of the atmosphere from the spinup experiment was then

taken as the initial condition of the 32-yr AMIP-type

experiment running from 1978 to 2011. The land surface

model output from this AMIP-type reproduction ex-

periment was used as the initial condition of the land

variables for the CGCM hindcasts.

To generate the oceanic initial conditions, the OGCM

was first spun up for 100 years for the quasi-equilibrium

upper ocean state by imposing monthly mean atmo-

spheric boundary conditions taken from the R2. The

restart file from the oceanic spinup experiment was used

as the initial condition for the oceanic reproduction

experiment from 1978 to 2011. The reproduced ocean

states for the period of 1979–2010 were then used as the

oceanic initial condition of PNUCGCMV1.0 hindcasts.

Conversely, V1.1 utilizes the reproduced ocean states as

the background field for the ocean data assimilation.

Here, the variationalmethod using a filter (VAF) (Huang

2000; Ahn et al. 2005) was applied to assimilate the Argo,

XBT, TAO, and gridded NCEP Global Ocean Data

Assimilation System (GODAS) temperature and salinity

to the background field obtained from the reproduction

simulation for generation of the initial coupled ocean

conditions forV1.1. TheGODAS,which already includes

ocean data assimilated in 3D covering 608S–608N, was

used in the assimilation because it is difficult to achieve

dynamically and thermodynamically balanced ocean

states with the sparse and irregular distribution of ocean

observations (Sun and Ahn 2014). As mentioned in Sun

and Ahn (2014), the purpose of these procedures in

generating the initial conditions of the land surface and

ocean variables is to provide sufficient memories to var-

iables that have longer memories than atmospheric var-

iables to minimize the shock that occurs during the initial

adjustment procedure.

To compare the ocean initial condition between the

two versions of the model, the mean state differences

and root-mean-square error (RMSE) of SST initial

conditions between the observation and two versions of

the model are illustrated in Fig. 1. As shown in Fig. 1a,

the SST initial condition of the V1.0 has a significant

warm bias over most of the ocean areas, except over

some areas in the Southern Hemisphere. However,

through the ocean data assimilation, a more realistic

SST initial state was produced by bias reduction

(Fig. 1b). Figures 1d–f also demonstrate a marked

reduction of RMSE in the SST initial condition of V1.1

compared to V1.0. Thus, the different predictions by

V1.0 and V1.1 are to be expected because of the sig-

nificant differences in SST initial states.

Thereafter, two suites of seasonal prediction experi-

ments, V1.0 and V1.1, were performed under two dif-

ferent oceanic initial conditions with the same

atmospheric and land surface initial conditions. One-

month lead hindcasts for December, January, and

February initiated from November, December, and

January of each year, respectively, were used to verify

the one-month predictability of the AO for the 30-yr

(1980–2009) boreal winter, which is recognized as the

AO-active season (Thompson and Wallace 2000).

Since each one-month lead hindcast initiated at each

boreal winter month has its own mean model climate,

the deviation from the mean of the corresponding run

was defined as the anomaly.

b. Data and methodology

R2 data were used as observations for comparison

with model hindcasts. The monthly mean precipitation

data were taken from the GPCP precipitation dataset

provided by the NOAA/OAR/ESRL Physical Sciences

Division (PSD) from their website (http://www.esrl.

noaa.gov/psd/) (Adler et al. 2003). The observed SST

data were obtained from the Hadley Centre Sea Ice and

Sea Surface Temperature dataset (HadISST) (Rayner

et al. 2003).

TheAOwas defined as the first mode of the combined

empirical orthogonal function (CEOF) for geopotential

height anomalies of each standard pressure level from

the troposphere to the lower stratosphere (1000–

10 hPa). The CEOF analysis is designed to empirically

infer the characteristics of the space–time variations of

the various field variables. This method is useful to in-

terpret the physical meaning between multivariate data

with reduced complexity in calculation (Sparnocchia

et al. 2003). Prior to computing CEOF, the geopotential

height field of each level was zonally averaged at every

latitudinal point. The correlation coefficient between

the leading principal component (PC) of CEOF and the

conventional AO index with SLP was as high as the

value of 0.56. Possible questions regarding the use of

CEOF in defining the AO index are discussed in section

4 in detail.

3. Results

This study presents the skill scores of one-month lead

prediction for the AO. The monthly forecast skill of

hindcasts with January initial conditions are shown as a

lead time in Table 1, as an example. The contingency
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table was categorized as below normal, normal, and

above normal according to a 0.53s threshold, and each

category contained approximately 30%, 40%, and 30%

of the total events, respectively. The skill shows the

highest values at a one-month lead time, after which the

predictabilities dropped as the lead month increased.

Since one-month lead hindcasts show better AO pre-

diction skill compared to other long-lead months, in this

study, we based the following analysis on the pre-

dictability of the one-month lead hindcast. The AO for

the DJF mean was analyzed by reconstructing one-

month lead data initiated from November, December,

and January. The first PC of CEOF was regarded as the

AO index (Fig. 2). The first mode of R2 was dominant,

which accounts for 89% of the total variance for the

boreal winter geopotential height. The first PC had a

significant correlation coefficient of 0.56 with the con-

ventional AO index with SLP, and both had a similar

interannual variation. This relatively strong coherence

between the first PC and the conventional AO index

provided justification for identifying them. Therefore,

the first PC could be regarded as the AO index. The AO

FIG. 1. (a)–(c)Mean state differences and (d)–(f) RMSE of SST initial states (8C) between the observation and two

versions of model.
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index used in this study can represent the variability of

the whole atmosphere better since the AO is not a

phenomenon confined at the surface only. The two

versions of the PNU CGCM reasonably replicated the

observed spatial feature of the AO characterized by a

vertically meridional dipole structure with a node cen-

tered near 558N, despite the weak strength of the dipoles

(Fig. 3). Compared to V1.0, V1.1 captured the vertical

location and strength of the dipole core and weak neg-

ative anomaly more realistically south of 308N. The

temporal correlation skill of the time variations for the

AObetween the two hindcasts and the observation were

significant at the 99% level of confidence (Fig. 4). V1.1

and V1.0 had correlation coefficients of 0.69 and 0.46

with R2, respectively, which implied that V1.1 produced

AO indices that were more similar with R2 than V1.0

did. The following skill score (Roff et al. 2011) was used

to quantify how well V1.1 forecasted the AO index

relative to V1.0:

skill score5

�
12

MSE
V1.1

MSE
V1.0

�
3 100, (1)

where MSE is the mean square error for the AO index

and the subscripts denote the model version. MSEV1.0

and MSEV1.1 are 1.04 and 0.59, respectively. As a result,

V1.1 yielded upwards of 43% reduced forecast error in

the AO index.

Since a salient difference between V1.0 and V1.1 was

ocean initial state over 608S–608N, the questions of how

much SST forecast skill was changed by improved ocean

initial conditions and whether the changed SST forecast

skill could contribute to the reduced forecast error in the

AO index became primary interests. Figure 5 shows the

spatial maps of the winter forecast skill for SST in terms

of the temporal correlation coefficient between the

models and the observation. The SST forecast skill

consisted of significant values at the 95% confidence

interval that covered most of the area for both of the

models, but V1.1 was more skillful than V1.0, as shown

in the figure. In addition, the prominent improvement of

SST forecast skill in Fig. 5c resulting from the pre-

scription of assimilated ocean initial conditions, statis-

tically significant at the 95% confidence level, was found

not only over the tropics but also the extratropics.

To elucidate the possible mechanism by which reli-

able SST impacts more skillful AO forecast, SST and

atmospheric variables, such as geopotential heights,

zonal wind, SLP, 2-m temperature, and precipitation

over the Northern Hemisphere were regressed onto the

time variation of the AO index. Figure 6 depicts the SST

patterns related to the AO for the observation and

models. As shown in Fig. 6a, negative (positive) anom-

alies over the equator and 608N (458N) in the Pacific

were found in R2. In the tropical Pacific, this negative

anomaly has been linked to the strong the Arctic

stratospheric vortex by only a few studies, although its

extratropical teleconnections are less well established

than those of positive SST anomalies (e.g., DeWeaver

and Nigam 2002; Garfinkel et al. 2012; Zubiaurre and

Calvo 2012). Also over the Atlantic in Fig. 6a, negative

and positive anomalies were found over the subtropics

and 458N, respectively. In the North Atlantic, the SST

regression map was dominated by a tripole pattern with

negative anomalies in the subtropics and south of

Greenland and a positive anomaly off the east coast of

the United States (Rodwell et al. 1999) that extended to

theUnitedKingdom. This pattern is the leadingmode of

SST over this region and may result in predictable oce-

anic influence on the North Atlantic Oscillation (NAO)

(Czaja and Frankignoul 2002). Such a relation is plau-

sible because the NAOmay be a regional manifestation

of theAO.As for the IndianOcean, there was almost no

distinct feature of SST connected with the AO. The only

negative anomalies were found in the southern central

Indian Ocean.

V1.0 showed an out-of-phase relation with the ob-

served negative anomalies in the tropical Pacific and did

not show the observed characteristics with the east–west

contrast over the Indian Ocean (Fig. 6b). In the North

Pacific, V1.0 showed a reasonable thermal contrast, but

it was distinguished from the observation in terms of the

distribution of the anomaly pair. In the North Atlantic,

V1.0 simulated a tripole mode similar to the observed

FIG. 2. The first PC time series of CEOF for geopotential

anomalies from the troposphere to the lower stratosphere (closed

circles) and the AO index based on the conventional EOF for SLP

poleward of 208N for wintertime (open circles).

TABLE 1. Skill scores of the AO index for the PNU CGCM as

forecast lead months (January initiated).

Lead 1 Lead 2 Lead 3 Lead 4

Hit rate 0.47 0.37 0.40 0.40

False alarm rate 0.27 0.32 0.30 0.30

Area under curve 0.60 0.53 0.55 0.55

Heidke skill score 0.17 0.03 0.09 0.13
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pattern. However, there were some deficiencies in sim-

ulating the subtropical center with the expanded posi-

tive anomaly.

In Fig. 6c, the tripole mode simulated by V1.1 re-

sembled the observed pattern reasonably in the North

Atlantic. However, the subtropical negative anomaly

was slightly larger than the observation. Over the Indian

Ocean, the SST signal related to the AO in V1.1 was not

similar to the observation. The prediction skill of the

Indian Ocean SST was rarely improved, even with V1.1,

as revealed in Fig. 5. In comparison with Fig. 6b, a no-

ticeable improvement of SST by V1.1 was found in the

equatorial Pacific. The SST anomalies had an in-phase

relation with the observation in this region, although the

amplitude of anomalies was overestimated. As for the

North Pacific, V1.1 well captured the observed feature,

despite some disagreement between the observed and

simulated patterns over the west coast of North Amer-

ica. The position of the positive core and the shape of the

widthwise-stretched negative anomaly in V1.1 were

more coincident with the observation than those shown

in V1.0. Therefore, in this study, the AO predictability

might be improved by the enhanced SST forecast skill

over the Pacific.

The precipitation regressed onto the AO index

revealed the diabatic heating (cooling) associated with

the AO (Fig. 7). In the tropics, strongly reduced con-

vection over the intertropical convergence zone (ITCZ)

and increased precipitation over the western Pacific and

the Indian Ocean, respectively, were dominant in the

observed precipitation. This weakened diabatic heating

over the central and eastern PacificOceanwas caused by

the cold SST anomaly in this region under the positive

AO phase (see in Fig. 6). Some discrepancy between the

observed data and those predicted by V1.0 was found in

not only SST but also precipitation, with the negative

anomaly over 1508E–1808 and the positive anomaly over

1808–1508W over the ITCZ. The deficiency was im-

proved in V1.1 as the negative and positive anomaly

enlarged and reduced, respectively. The simulated pre-

cipitation anomalies over the ITCZ were enhanced be-

cause of the impact of the ocean data assimilation,

although they were underestimated in comparison with

FIG. 3. Spatial structure of the first CEOFmode for geopotential height anomalies poleward of 208N during 1980–2009, referred to here as

the AO.

FIG. 4. Principal component time series of the first CEOF mode

for geopotential height anomalies poleward of 208N for observa-

tions (closed circles) and the two versions of the PNU CGCM

(open circles) during 1980–2009. The value at the top right of each

panel denotes the temporal correlation coefficient between the

observation and the model.
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the observation. The reduction of precipitation over the

eastern IndianOcean in V1.0 was also improved by V1.1

with a positive sign, as in the observation. In the North

Atlantic, the observed precipitation anomaly associated

with the AO had a tripole-like structure (i.e., negative

anomalies in the subtropical North Atlantic and positive

anomalies in the high-latitude North Atlantic Ocean

and the tropical western North Atlantic). This pattern

was similar to the well-known precipitation response to

the NAO (e.g., Mariotti and Arkin 2007), a regional

manifestation of theAO (Thompson andWallace 1998).

Both models properly simulated this tripole anomaly of

the observation in the area.

The role of SST inmodulating the AO is controversial

(Greatbatch 2000), although many studies suggest that

the role of the North Pacific in regulating extratropical

climate, especially the Pacific decadal oscillation

(PDO), may be related to the AO (e.g., Sun and Wang

2006). However, the relationship is dominant on the

decadal time scale, since each phase of the PDO persists

FIG. 5. Temporal correlation coefficients between (a) V1.0 and (b) V1.1 and the observa-

tions, and (c) the difference between (a) and (b) for boreal winter SST during 1980–2009.

Values exceeding 60.1 are denoted by shading. The dotted pattern indicates the values are

statistically significant over the 95% confidence level.
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for 2–3 decades. Kumar et al. (2013) demonstrated that

the PDO index does not have predictive usefulness for

atmospheric anomalies on seasonal prediction, because

the PDO has a rather longer time scale, and other

sources of variability, mainly faster-acting ones, easily

overshadow the PDO’s effect. Accordingly, the effects

of other sourcesmay bemore noticeable than the PDO’s

impact because this study investigates the AO forecast

and the role of the ocean at a one-month lead time.

Figures 6 and 7 present evidence for the differences in

AO-related SST and precipitation patterns resulting

from ocean data assimilation over the tropics. In addi-

tion, it is well known that tropical SST largely de-

termines precipitation on monthly or seasonal time

scales (e.g., Krishnamurthy and Shukla 2011) and that

tropical heating relative to the precipitation can drive

extratropical atmospheric circulation (e.g., Greatbatch

et al. 2003). The present study results therefore seem to

suggest that the improvement of tropical SST accounts

for the predictability source of one-month lead AO

forecast.

Figure 8 shows regression maps of Hadley circulation

by averaging meridional wind and vertical velocity be-

tween 1208E and 1008W over the Pacific. The Hadley

circulation is known to be sensitive to meridional SST

gradients in the tropics and can act as an atmospheric

‘‘bridge’’ to the midlatitudes (Marshall et al. 2001). The

southward retraction of the Hadley circulation with

descending motion in the equatorial regions and rising

motions over the subtropics in R2 was conspicuous. This

weakened Hadley circulation corresponded well to the

decrease of tropical convection (Fig. 7) because of the

cold SST anomalies at the upward branch of the Hadley

circulation (Fig. 6). It was also related with the weak-

ened meridional temperature gradients of SST over the

Pacific (as shown in Fig. 6). V1.0 did not represent this

cell in terms of the upward branch near 308N and

southward flow at 300hPa. However, the more im-

proved SST prediction skill of V1.1 enabled it to out-

perform V1.0 in representing the AO-regressed Hadley

circulation. The improvement wasmore clearly depicted

in the difference of vertical and meridional circulation

between V1.1 and V1.0 (Fig. 8d).

The sinking branch of the Hadley circulation interacts

with the midlatitude atmospheric variability over the

North Pacific (Brönnimann 2007). The jet stream, a

primary interest for study of the AO in the midlatitudes,

is found in the regressed 200-hPa zonal wind field on the

AO index (Fig. 9). In the upper troposphere, the sub-

tropical jet weakened over 308–458N, and the polar front

FIG. 6. SST (8C) regressed onto theAO index during the boreal winter for (top) observations,

(middle) V1.0, and (bottom) V1.1. The dotted pattern indicates the values are statistically

significant over the 95% confidence level.
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jet strengthened at about 608N (Fig. 9a). The subtropical

jet is formed through poleward transport of angular

momentum around the sinking branch of theHadley cell

(Held and Hou 1980; Lindzen and Hou 1988; Nakamura

et al. 2004), partly driven by thermal convection and

radiative heating in the tropics (Lee and Kim 2003).

Thus, Fig. 9a suggests the weakened Hadley cell at-

tracted the decelerated subtropical jet. The accelerated

polar front jet could be explained by the fact that wave-

activity dispersion with enhanced baroclinic eddy

growth to the subtropical jet leads to the formation of a

deep polar front jet (Nakamura et al. 2004). This is seen

in more detail with Fig. 10. The overall mechanism for

maintaining the subtropical and polar front jet stream is

the conservation of angular momentum and eddy forc-

ing, respectively. However, the structure of the jets also

appears to be influenced by thermal contrasts. The

strong vertical shear in the jets reflects a thermal wind

balance consistent with the strong meridional tempera-

ture gradients, and vice versa. As shown in Fig. 6, a

weakened subtropical jet and a strengthened polar front

jet were also caused by the thermal wind relationship

due to the meridional thermal contrasts in the North

Pacific. The patterns of 200-hPa zonal wind anomalies

derived by the two versions of the model were reason-

ably consistent with R2. However, compared with V1.0,

the zonal wind distributions simulated by V1.1 were

closer to R2 with respect to the positions of the weak-

ened subtropical jet core over the Pacific, the positive

core across the Middle East, and the poleward dis-

placement of the polar front jet boundary over western

North America. The pattern correlation coefficient on

the top right of the map confirms that improved SST

anomalies producedmore realistic subtropical and polar

front jets.

The decelerated subtropical jet and the accelerated

polar front jet were also supported by the regression

maps of the streamfunction and baroclinicity index onto

the AO reflecting the extratropical transient eddy forc-

ing (Fig. 10). The climatological zonal wind fields from

R2, V1.0, and V1.1 are also shown in Fig. 10. Following

Lindzen and Farrell (1980), the baroclinicity index is

defined as

s
BI
5

f

N

�
du

dz

�
3 0:3125, (2)

where f and N are the Coriolis parameter and static

stability, respectively, and du/dz is the change in the

zonal wind velocity with height. In Fig. 10a, the negative

anomalies of the baroclinicity index of R2 were appar-

ent in themidlatitudes below 458N, which delineated the

FIG. 7. As in Fig. 6, but for precipitation (mmday21). The dotted pattern indicates the values

are significant over the 95% confidence level.
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FIG. 8. Hadley circulation regressed onto theAO index during the boreal winter for (a) observations, (b)V1.1, (c)

V1.0, and (d) the difference between (b) and (c). Hadley circulation is represented by averaging meridional wind

and vertical velocity between 1208E and 1008W.
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weakened baroclinic eddies in the extratropical branch

of the Hadley circulation and decelerated subtropical

jet. On the other hand, the positive anomalies of the

baroclinicity index were shown over about 608N. These

strengthened baroclinic eddies over about 608N were

consistent with the accelerated polar front jet, since, in

the presence of a weak subtropical jet, baroclinic wave

growth established the polar front jet in the midlatitudes

(Lee and Kim 2003). For the streamfunction of R2

(Fig. 10b), the annular pattern with a positive signal over

508–608N and a negative signal over the North Pole were

remarkable. The anticyclonic streamfunction anomalies

over the North Pacific were located in the vicinity of the

subtropical jet. This structure hampered the mainte-

nance of the Pacific and Atlantic jets within 308–458N
and strengthened the westerlies near 508Nby interacting

with the mean flow. This indicates that the subtropical

jet weakened and the polar front jet accelerated in R2

regressed onto the AO. The simulated patterns derived

from V1.0 (Figs. 10c–d) and V1.1 (Figs. 10e–f) were, in

general, similar to the observed features of the stream-

function, climatological zonal wind, and baroclinicity

index. However, the boundary of the negative stream-

function anomalies extending northwest of the United

States and the positive anomaly located in the eastern

part of the North Pacific in V1.0 were northward shifted

in V1.1, resulting in a more annular anomalous pattern,

as in the observations. The reduced baroclinic eddy

band extending zonally over the Pacific was consider-

ably improved in V1.1.

The polar front jet is the outer edge of the polar

vortex; therefore, the intensified polar jet implies a

stronger polar vortex. The stratospheric polar vortex

impacts the surface weather, such as 2-m temperature

and SLP, anomalously during boreal winter (e.g.,

Thompson et al. 2002). The spatial structures of SLP and

2-m temperature associated with theAOwere examined

(Fig. 11). In R2, the north–south seesaw patterns of sea

level pressure emerged between the midlatitude with

anticyclonic anomalies and the polar region with a cy-

clonic anomaly. The two hindcasts and the R2 displayed

a similar SLP distribution, although the models over-

estimated the positive center located in the Pacific re-

gion. The pattern correlation coefficient in V1.0 was

just fractionally higher than that in V1.1. However,

the negative anomalies extending from the Arctic to

North America and the Eurasian continent were

overestimated by V1.0. V1.1 reduced this bias and led

to better simulation of the pattern. The surface tem-

perature over the Northern Hemisphere can be sub-

stantially affected by the AO (e.g., Wang et al. 2005).

The regression map for the 2-m temperature pattern

based on the index of the AO had considerably large

positive anomalies over Siberia and the United States

and negative anomalies over eastern Canada and

Greenland. The spatial correlation coefficient of V1.1

was considerably increased in comparison to that of

V1.0. Compared to V1.0 and V1.1, this enhancement

was caused by the improvement of thermal contrast be-

tween north and south Eurasia and the strong cold

anomalies over the northwestern part of North America.

Stratospheric and tropospheric annular mode varia-

tions are sometimes independent of each other, but

strong anomalies above the tropopause appear to favor

tropospheric anomalies of the same sign since the

stratospheric circulation is most variable during winter

(Baldwin and Dunkerton 2001). The variation of polar

vortex strength is well known as an indicator of the AO

and is shown in Fig. 12. The polar vortex strength was

defined as the area-averaged geopotential anomalies

over the polar cap, which encompassed the area north of

658N, as shown in Baldwin and Thompson (2009).

FIG. 9. Boreal winter 200-hPa zonal wind field (m s21; shading; contour interval of 1m s21) regressed onto the AO index for

(a) observations, (b) V1.0, and (c) V1.1. The value at the top right of (b) and (c) indicates the spatial correlation coefficient between the

observation and the model. Statistically significant values at the 95% confidence level are indicated by dotted pattern.
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FIG. 10. (right) Climatological 200-hPa zonal wind (contour interval of 10m s21) and regressed streamfunction

with significant values at 95% confidence level (shading; 106m2 s21, contour interval is 1.0), and (left) regressed

baroclinicity index on wintertime AO index at 200 hPa (shading; contour interval of 0.02).
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Cyclostationary EOF analysis (Kim and Wu 2000) for

the polar vortex strength was performed to verify the

evolution of the AO. The observed pattern exhibited

downward propagation of the upper-level atmosphere

to the troposphere over time. The positive anomaly

changed to a negative anomaly at the lower stratosphere

after about 30 days. V1.1 was able to follow this migra-

tion over time and also predicted the sign change of the

upper-level atmosphere. The AO signals at the low level

and surface climate, shown in Fig. 12, seemed to be

caused by this downward propagation of geopotential

height anomalies in the NH polar vortex (Thompson

et al. 2002).

Eventually, the diminution of the forecast error for

the AO index, shown in the skill score, was attributed to

the difference between ocean states. The improvement

of the SST prediction skill resulted from more suitable

ocean initial conditions, which in turn improved the

predictability of the AO. That is, under the positive AO

phase, the cold equatorial Pacific SST anomalies re-

duced the tropical convection over the Pacific, which

weakened the Hadley circulation and, in turn, altered

the upper-level circulation, such as the jet stream over

the midlatitudes, and induced a strong stratospheric

polar vortex. The surface manifestation was then re-

flected in the stratospheric polar vortex by propagating

downward to the troposphere. This suggests that the

external Rossby wave, which is weakly generated at

lower latitudes arising from weakened tropical heating,

tends to lead to the positive annular mode based on the

argument by Lorenz and Hartmann (2003). Further-

more, our possible dynamical pathway has a similar

relationship with recent findings from Hegyi and Deng

(2011) and Hegyi et al. (2014), who demonstrated that

equatorial Pacific SST-driven wave anomalies associ-

ated with the eddy momentum forcing and the eddy-

driven mean meridional circulation forcing result in

transient responses of the stratospheric polar vortex.

4. Discussion and summary

This study verified the impact of improved ocean

initial conditions on one-month lead AO predictability

by addressing forecast skill in terms of the basic spatial

structure and temporal variation of the AO and its im-

pact on atmospheric circulation using the PNU CGCM.

To achieve this, experiments from two versions of the

model, one does not use assimilated ocean initial data

(V1.0) and one does (V1.1), were comparatively ana-

lyzed. The first EOF mode of geopotential height at

17 vertical levels was defined as the AO, which had a

vertically meridional dipole pattern from the surface

to the lower stratosphere. The temporal correlation

coefficients of theAO index between the two versions of

the one-month lead hindcast and observations were

statistically meaningful at the 99% confidence level. As

for the oceanic and atmospheric circulations relevant to

theAO, the hindcast patterns exhibited good agreement

with the observations in many respects. In general, the

skill of the hindcast derived from V1.1 was better than

that fromV1.0 in terms of the circulation pattern related

to the AO and the basic spatial and temporal charac-

teristics of the AO. This may be understood in a similar

context as the investigation of Barsugli and Battisti

FIG. 11. As in Fig. 9, but for the SLP (contour; hPa) and 2-m temperature (shading; 8C).Only statistically significant values for SLP at the

95% confidence level are drawn with thick contours, and statistically significant values for the 2-m temperature (T2M) are denoted by the

dotted pattern. The value at the top right of (b) and (c) indicates the spatial correlation coefficient for the SLP between the observation

and the model and the spatial correlation coefficient for 2-m temperature is given in parentheses.
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(1998) that the improved consistency in V1.1 between

the atmosphere and SST may lead to reduced thermal

damping of atmospheric anomalies and thus greater

persistence of the AO, which would improve skill.

This model, which uses assimilated ocean initial con-

ditions, has a superior capability to predict global os-

cillations, in particular the AO with a one-month lead

time. Many studies have noted that the limit of de-

terministic forecast for the AO is the extended-range

forecast (e.g., Thompson et al. 2002; Baldwin et al. 2003;

Roff et al. 2011). In this respect, this study profitably

used the CGCM to fulfill the one-month forecast of the

AO. Second, the improved ocean initial condition pro-

duced more realistic global SSTs and reduced forecast

error in the AO index. The regression fields offered a

prospect of improving the AO prediction by prescribing

assimilated ocean initial conditions and supported a

possible mechanism. The possible mechanism could be

made more persuasive by a recent result from Hegyi

et al. (2014), who introduces a first step to understand

how the polar atmosphere responds to the emerging

tropical SST anomalies.

Although the leading PC of CEOF used in this study

had a high correlation with the conventional AO index

with SLP, its coefficient was only 0.56. Some readers

may question whether using the conventional EOF

based on SLPwouldmake identification of the impact of

assimilated ocean data easier. However, it is difficult to

explain the long-distance mechanism from the tropical

forcing to the arctic response if we confine theAO to the

surface phenomenon. Therefore, we would like to cap-

ture the general features of the AO appearing at vertical

levels, including the low-level stratosphere as well as

that at the surface, using CEOF. Moreover, the low-

level stratospheric response of the AO shown in Fig. 12

is quite possible since the equatorial Pacific SST can

modulate the stratospheric polar vortex (e.g., Hegyi

et al. 2014).

Our results imply that the AO variability may be

governed by the Pacific SST, in conjunction with other

possible mechanisms, such as the variations of solar

activity (e.g., Ahn and Kim 2014), snow cover (e.g.,

Cohen et al. 2007), and sea ice (e.g., Rigor et al. 2002).

The difference of regressed SST between V1.0, V1.1,

and observations revealed a considerable difference

between V1.1 and V1.0, predominantly over the

tropical Pacific. This might imply that the assimilated

initial ocean condition contributes to improving the

FIG. 12. Time–height development of the AO index during the 59 days from January to February.

Positive values correspond to weak polar vortex and negative values to strong polar vortex.
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predictability of AO through tropical ocean–atmosphere

interaction to some degree. However, since the winter

AO and/or NAO is significantly influenced by theArctic

or NorthAtlantic SST and sea ice (e.g., Deser et al. 2007;

Honda et al. 2009), the weak AO-related signal over the

tropical Pacific observed in the present study might in-

dicate that high-latitude oceans are still essential for the

winter AO’s forecast skill. Many recent studies have

shown the potential interaction between tropical SST

and the polar vortex (e.g., Hegyi et al. 2014; Hegyi and

Deng 2011; Taguchi and Hartmann 2006). Tropical

heating over theAtlantic and the IndianOceanmay also

contribute to the development of the annular mode, as

demonstrated in previous studies (e.g., Fletcher and

Kushner 2011; Hoerling et al. 2001; Li et al. 2006; Peng

et al. 2005). Nevertheless, the dynamics of this linkage

in the previous studies remain under investigation.

Further studies will be required to clearly elucidate the

dynamical mechanism by which SST influences the

AO. Moreover, since the tropical ocean–atmosphere

interaction could be induced by the extratropical ocean–

atmosphere interaction through the AO and PDO, the

possible impact of the ocean–atmosphere interaction

on the improvement of AO predictability needs to be

studied further.

Only one member of the atmospheric initial condition

is used in this study. The atmospheric ensemble experi-

ments would enhance the AO response to SST forcing by

eliminating the atmospheric internal variability, because

the signal can be better represented by the ensemble

mean as the size of the ensemble increases and the noise

is averaged out. However, in order to focus on the initial

ocean condition, the AO forecast skill in relation to

various atmospheric ensemble members that may be as-

sociated with the internal variability is not considered in

this study. Hegyi et al. (2014) also showed that the initial

state and the subsequent internal variation in the extra-

tropical atmosphere is at least as important as the type of

SST forcing in determining the transient response of the

stratospheric polar vortex. This means that the AO re-

sponse is sensitive to the initial state; thus, the ensemble

experiment may not guarantee the sole impact of ocean

data assimilation on the AO forecast in this study.

Nevertheless, a meaningful conclusion, whether the po-

tential source of AO predictability comes from intrinsic

atmosphere factors or SST forcing, might be reached

based on the ensemble experiments.

Recently, useful levels of seasonal forecast skill of the

surface North Atlantic Oscillation have been achieved

by Scaife et al. (2014). They used a CGCM that has a

high ocean resolution, a comprehensive representation

of the stratosphere, and an interactive sea ice physics. In

terms of the NAO as a regional manifestation of the

AO, their result encourages more productive challenges

to forecast the AO on a seasonal time scale. It also

suggests that a greatly improved prediction system could

allow for plans to produce a more predictable AO

forecast. Such an assessment with PNU CGCM fore-

casts is underway and we also expect more reliable

AO prediction through future improvements in fore-

cast techniques, such as the method for generating

the initial conditions and data assimilation using

PNU CGCM.
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