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ABSTRACT

A set of numerical experiments designed to analyze the acéarcing in spring show that the combined forcing of
cold (warm) El Nifio (La Nifia) phases in the Nifio4 regiord&®a surface temperature anomalies (SSTA) in the westerly
drifts region would result in abnormally enhanced NorthEzsd Vortex (NECV) activities in early summer. In springet
central equatorial Pacific El Nifio phase and westerly &8{TA forcing would lead to the retreat of non-adiabatic vegave
inducing elliptic low-frequency anomalies of tropical fliows. This would enhance the anomalous cyclone—anticgelon
cyclone—anticyclone low-frequency wave train that praag from the tropics to the extratropics and further to titemgh
latitudes, constituting a major physical mechanism thatrdautes to the early summer circulation anomalies in therepics
and in the North Pacific mid-high latitudes. The central ¢gial Pacific La Nifia forcing in the spring would, on the one
hand, induce teleconnection anomalies of high pressure fhe Sea of Okhotsk to the Sea of Japan in early summer, and
on the other hand indirectly trigger a positive low-freqeyeast Asia—Pacific teleconnection (EAP) wave train in tveelr
troposphere.

Key words: atmospheric model, westerly drifts, Nifio4 SSTA, lowefuency variation, circulation pattern, cool summer,
Northeast China

Citation: Lian, Y., B. Zhao, B. Z. Shen, S. F. Li, and G. Liu, 2014: Nuial experiments on the impact of spring
North Pacific SSTA on NPO and unusually cool summers in Nagh€hina.Adv. Atmos. Sci31(6), 1305-1315, doi:
10.1007/s00376-014-3247-8.

1. Introduction nonlinear response to the local forcing, such as a heatsourc
u . . " ... or terrain, but also a result of the nonlinear interactioes b
The concept of the “local circulation pattern” was first in: . )
) tween fluctuations and local sources (Lu and Huang, 1998;
troduced in the 1980s and 1990s to represent weather sys(t]ErJ\szom)
that r_epea_tedly appear in a particular region in a sustaine In Northeast China, the influential local circulation pat-
quasi-stationary manner as a result of a remote response to .
I . : efns are the northeast cold vortex (NECV) and the Asia
low-frequency oscillation, and to elucidate the formingame blockina hiah. The flow patterns change depending on
anism of each stage of the circulation pattern (Legras a gexing high. P 9 P 9

. i : . : he presence of internal or external tropical climate syiste
e e e et 2012 Lin t o, 2013). L e al (2009 -
P P b YD&aled that the North Pacific Oscillation (NPO) region’sneg

does notneed the support of SSTA forcing anomalies, thougt?i]ve 500-hPa height phase in the downstream of Northeast

the frequency and stability of a circulation pattern hasdo t%\sia in the winter results in enhanced cold vortex actiwity i

pletermined by the .natu.r_e of boundary forcing, including tq e summer across Northeast China. The enhanced cold vor-
intensity and sustainability. A study conducted by Bueh and, activity also produces a climatic effect (He et al., 2006

Ji (1999) showed that tropical SSTA may tum a seeming Yu et al.,, 2012; Shen et al. 2012). Lian et al. (2010) stud-

chaotic tropical atmosphere into a circulation patterayite ied typical northeast cold vortex cases in early summer, and

ing in partial confinement. Xu et al. (2001) and Xu and Gat%und that the sustained upstream Ural blocking enhances

(2002) pointed out that blocking is not only an atmOSpherhCortheast cold vortex activity due to the combined effects

of downstream Rossby wave energy dispersion and transient
* Corresponding author: ZHAO Bin eddy forcing, resulting in precipitation anomalies acrbes
Email: zhaob@cma.gov.cn northeastern region (Shen et al., 2011). Numerical experi-
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ments have shown that the North Pacific mid-latitude SSTAata Set (ICOADS) and a climatological dataset containing
in the summer of 1993 could have played a major role 2 monthly time samples. The monthly mean SSTA forcing
shaping the abnormal southerly position of North Pacific suis used to define the annual climatic cycle. The North Pa-
tropical highs in June and July (Gong et al., 2006). The reific SSTA variation is defined at a scale 6f2 The tests are
sults, obtained from an improved high spectral model, indhitiated from 1 March with NCAR analysis data. The time
cated that the spatial distribution pattern of El Nifio'slga step is 1200 s, and the horizontal resolution is chosen as T42
external thermal forcing created a desirable atmospheric €128x 64 grid points for the globe). A long-term integration
culation background for the frequent occurrence of Nogheaf 50 years is carried out and the last 45 years are seleated fo
Asian blocking in the summer (Cao et al., 2006). analysis.

Lian and An (1998) suggested that El Nifio warming We (Lian et al., 2013) have pointed out that North Pa-
events have different OLR (outgoing Longwave Radiatiomjfic SST in spring and 500-hPa height SVD1 is about 61%
meridional low-frequency oscillations close to 2EQ de- of covariance square. The left field is the westerly driftsrov
pending on whether they originate from the central equatderth Pacific SST (36-46°N, 150E-150W) and the spa-
rial or the eastern Pacific. In recent years, researchees htal feature vector is+”. The Niflo3.4 spatial feature vector
become increasingly interested in understanding the atni®~—". Matching with the right field 500-hPa height SVD1,
spheric response to the central equatorial Pacific SSTA fona the southern part of NBRQ25°-45°N, 140E-150W), the
ing (Ashok et al., 2007; Ratnam et al., 2012; Zhou and Xiapatial feature vector is mainly-" and the northern part of
2012). Lian et al. (2013) performed a diagnosis which found(50°-65’N, 140E-150W) is “4". Therefore, it shows
that the unusually cool summers of 1964 and 1993 in Norttivat when the basic mode represents the warm (cold) phase
east China were supported by an opposite phase configu8&TA in the North Pacific and La Nina (El Nino) in Nifo3.4,
tion of the North Pacific polar vortex, NPO, and North Pacifithe 500-hPa height over the North Pacific presents a negative
SSTA in the spring. Though noticeably differing in type the(positive) phase NPQ In this paper, we study in detail the
were equally able to trigger the occurrence of an unusuadifects of spring NPQ and cool early summer circulation in
cool summer in Northeast China. Meanwhile, the northeadtertheast China by westerly drifts and Nifio4 SSTA forcing.
ern region’s early summer temperature has a significant pos- Based on the observed results, six numerical sensitivity
itive correlation with the region’s summer temperature asexperiments are designed to analyze the impacts of differen
whole (Li et al., 2012). combinations of westerly drifts and Nifio4 SSTA on northern

In this paper, based on numerical experiments using themispheric atmospheric circulations, especially thegsp
CMA3.1 model and experiments on the North Pacific wedte impacts on east/west blocking highs and NECV anoma-
erly drifts and Nifio4 SSTA forcing, we investigate majarci lies in Asia that could induce the occurrence of unusually
culation patterns’ responses to SSTA forcing in an attemptd¢ool summers in Northeast China. The sensitivity experi-
verify the diagnostic conclusion drawn by Lian et al. (2Q13jnents are designed as follows:

We also explore the physical mechanism that allows the low- (1) Experimental regions: region | is a westerly drift re-
frequency variation, a response of Niflo4 SSTA to the tralpiagion that tilts eastwards (2050°N, 170°E-130W); and re-
atmospheric warming or cooling in the spring, to propagaggon Il is a Nifio4 region (9N-5°S, 160E-150W) designed
to the extratropical region, and its possible impact on ihe dto show the effect of central equatorial Pacific SSTA for¢ing
ferent blocking patterns that could lead to an unusuallyf coo (2) Region configurations: region I, Nifio4, and region |
early summer in Northeast China. + Nifio4 (see the seven configurations in Table 1).

Table 1.Numerical experiments and associated abbreviations.

2. Data and method

The definition of 500-hPa NPO (2565°N, 14C0E-
150°'W) and NPQ index can be found in the literature (Lian €ontrol SST unchanged for 50 years
et al., 2013), while NECV is defined in the area {36C°N, Experiment 1: SUM+2 Nifo4 _SST increased byC2and west-
115-145E) where a closed cyclonic circulation at 500 hPa erly drift SSTs decreased by @ from

S . March to May for 50 years
forms and maintains for more than 3 days (Liu et al., Zooskxperiment 2 SUM-2 Nifiod SST de)::reasedyby:and westerly

Experiment Definition

Following the definition of the Okhotsk and Ural blocking drift SSTs increased by’Z from March

highs in East Asia by Liu et al. (2012) (termed the “east” and to May for 50 years

“west” blockings, respectively, in this paper), the welster gxperiment 3: N+2  Nifio4 SST increased C2from March

drift index is defined as the normalized area-weighted SSTA to May for 50 years

in the domain (30-46°N, 15FCE-150W) (Lian et al., 2013). Experiment 4. N-2 Nifio4 SST decreased B From March
In this study, CAM3.1, a 26-level model with a mixed to May for 50 years

Westerly drift SSTs increased BZZrom
March to May for 50 years

eriment 6: X-2 Westerly drift SSTs decreased bg fom

March to May for 50 years

vertical coordinate system developed by National Center f&XPeriment 5: X+2
Atmospheric Research (NCAR), is applied. Based on Hadleélx
Center monthly global SST, the standard SST data are taker’
from the International Comprehensive Ocean-Atmosphere
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3. The contribution of spring SSTA forcing to erly drift SSTA to the mode of NPO. Figure 2 presents the
NPO phase patterns 500-hPa height anomalies from experiments 3 and 4 and the

) " ) control with the presence of El Nifio/La Nifia SSTA forcing
Figure 1a shows that when Nifio4 SSTA increases™®y/ 2, the Nifio4 region. Similarly, the 500-hPa height anomaly

and westerly drift SSTA decrease by, it represents a typ- fie|ds show two completely different wave train responses

ical positive NPO phase as a response to atmospheric Cirglim the North Pacific to the North Pole: the 500-hPa height
lations, where the 500-hPa height anomalies above the Alegy, naly field has an opposite dipole response in the spring
tian Islands aligns with those above the subtropics in &worty g« L vyg« 1 v Ag g result, the scope of the95%
south -, +" pattern, constituting a planetary-scale distufzofigence level not only covers most parts of the mid-high

bance wave train crossing the North Pacific, with a neqat'}éﬁitudes, but also symmetrically covers the entire trabic

value center up te-120 gpm. A positive value center in theéynq syptropical Pacific regions (shaded areas in Figs. 2a and

south stretches from the subtropics to the equator anda‘lurtla)_a typical positive or negative NPO phase, suggestirg tha
to the southern hemisphere. On the contrary, when Nifigdx

’ ' iNo4 SSTA may result in an NPO teleconnection, which
SSTA decreases by’€ and westerly drift SSTA increases,grees with the previous diagnosis of the positive NPO phase
by 2°C, a typical negative NPO phase is the response of af;

A ‘ _€orresponding to the coupled SVD1 mode of El Nifio (61%
mospheric circulations. Consequently, the 500-hPa heigfitne total sum of square covariance) (Lian et al., 2013 Pr

anomalies become a strong planetary disturbance wave tiaif) ;s studies have shown that most PNA-like teleconnestion

crossing the North Pacific in & north-south,"~" manner 55564 in the winter (Van and Rogers, 1981: Van and Mad-
from the Aleutians to the subtropics, with a positive valugen, 1981). However, the experiments performed in the cur-

center up to 60 gpm (Fig. 1b). _ rent study show that a strong spring El Nifio SSTA phase in
The combination of Nifio4 and westerly drift SSTA showg, o Nifo4 region results in a+, —, +" wave train from the

that the North Pacific atmospheric circulations have a §ignjorth pacific to the Bering Strait, and further to northwerste

icant positive or negative mode as a response. Here, we ada, suggesting that the warm central equatorial Pacific
discuss the respective contribution made by Nifio4 and-weglstp forcing in the spring produces a PNA-like teleconnec-
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Fig. 1.500-hPa height anomalies of Experiment (1 and 2) and thealp(d) Experiment 1, (b) Experiment 2.
The shaded areas are the one that have passed the 95% canfalehawith the thin solid lines for the 500-hPa
positive geopotential anomalies and the thin dashed lioetheé 500-hPa negative geopotential anomalies in
geopotential meter.
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Fig. 2. 500-hPa height anomalies of Experiment (1 and 2) and thealp(a) Experiment 3, (b) Experiment 4.
The shaded areas are the one that have passed the 95% canfalehavith the thin solid lines for the 500-hPa
positive geopotential anomalies and the thin dashed lioethe 500-hPa negative geopotential anomalies in
geopotential meter.
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tion as a response to atmospheric circulations. anomaly becomes larger when the modal anomaly is added

The results derived from experiments 3 and 4 and the cdo-the Niflo4 SSTA forcing anomaly, with a result closer to
trol are quite similar to those from experiments 1 and 2,ialbéhe combined anomalies, suggesting a major contribution of
with a 10-gpm difference (Figs. 2a, b and Figs. 1a, b), whi¢tifio4 to a positive NPO phase. Cold westerly drift SSTA
fully agrees with the fact that El Nifio’s (La Nifia's) pasé contributes to an enhanced positive NPO phase. Meanwhile,
(negative) NPO phase in the Nifio4 region is the most siijis only Nifio4 SSTA, rather than westerly drift SSTA, that
nificant forcing source contributing to a positive or negati contributes to a negative NPO phase.
NPO phase.

Figure 3 shows the 500-hPa height anomalies of ex- ) )
periment 6 and the control, where a planetary-scale neda- Impact of spring SSTA forcing on early
tive anomaly belt stretches from Balkhash Lake to the Sea summer atmospheric circulation anomalies
of Okhotsk and further to the Aleutians, with a negative in Northeast Asia
anomaly center located in the south of the Aleutians, sup- ) ) )
ported by a value center ef25 gpm. The whole of Northeast  AS reported above, the impact of the combined forcing
Asia and the Aleutians show significant anomalie®%%). ©f Nifio4 and westerly drift SSTA on NPO phases has been
There is a weak positive anomaly region above the migP@lyzed. In this section, we investigate the role played by
latitudes and the subtropics, with a north-south " wave non-adiabatic NPO, arising from the joint effects _of_ sea sur
train above the North Pacific and the Aleutians, suggestind@g€ temperature and atmosphere (Chou, 1986), in inducing a
typical positive NPO phase. The significant positive anmaqetreatm_g wave that could lead tq early summer b.Iocklng ab-
region (=95%) stretches from eastern Siberia to the northefR"malities across Northeast Asia, and the physical peoces
part of the Sea of Okhotsk and further to Alaska, constigutithat would trigger an unusually cool early summer in North-
a north—south 4, —” dipole circulation pattern together with €St China.
the negative anomalies in the south of the Aleutians. In tlzf
west stands a typical Northeast Asian blocking made up of
the Sea of Okhotsk high and NECV. Unfortunately, the pat- . )
tern, as such, only appears in the spring rather than in early Figure 4 presents the 500-hPa height anomalies of ex-
summer. In addition, the 500-hPa height anomalies of expBffiment 1 and the control. In March, it shows a negative
iment 5 and the control, in which westerly drifts are given agomaly center stretching from Northeast Asia to the Aleu-

increase of temperature by, failed to show the negativeians, with a central value of up to 80 gpm. There is a neg-
NPO phase (figure omitted). ative anomaly center that covers some areas in the central

The simulation results of Nifio4 SSTA forcing is con@nd southern part of North America. Meanwhile, significant

sistent with the atmospheric results from the combinati§fiomalies cover most parts of the region. There is an ex-
of Nifio4 and westerly drift SSTA forcing, except that thdensive positive anomaly corridor distributed from the tEas

positive NPO phase forced out by EI Nifio has a North psiberian Sea in the north of the Aleutians to Alaska and fur-
cific anomaly center that is smaller in magnitude compar&e€r to northwestern Canada, with significant anomalies cov
with the combined anomalies, and that the circulation p&[ing most parts of the region, conducive for Polar ridge ac-
tern derived from La Nifio has an anomaly magnitude thilYities. A weak height anomaly region can be seen over the
is equivalent to the one from the combined anomalies. Cdi§ntral subtropical and tropical Pacific in the south of the

SSTA contributes to westerly drift forcing. The magnitude dg¥leutians, although an impressive part of the region passed
the >95% confidence level (Fig. 4a). April-May shows a

peak anomaly that runs north—south in-a,“—, +” man-

ner, forcing out the westbound retreat of the negative ahoma
center above the Aleutians by someé 8Blongitude (Figs. 4b

and c). In May, the largest negative anomaly reactesl 20

gpm above the Aleutians, with a further expanded domain of
>95% confidence (Figs. 4c and a). In June, the north—south
“+, =" anomaly wave train is sustained over a vast region
from the North Pole to the North Pacific high latitudes, albei
with a noticeably weakened strength. Whereas, the negative
value region remains able to stretch westwards to Northeast
Asia and even to central Asia, with a negative anomaly of up
to —40 gpm across Northeast Asia (Fig. 4d).

Fig. 3.500-hPa height anomalies of Experiment 6 and the con- _NEXpe”ment 1 shows that the combined for.cmg of warm
trol. The shaded areas are the one that have passed the gsbijiod and cold westerly drifts would have a lasting impatt o

confidence level, with the thin solid lines for the 500-hPa-po the presence of a positive NPO phase, and that the significant
itive geopotential anomalies and the thin dashed linesHer t Westbound retreat of negative Aleutian anomalies in the pos

500-hPa negative geopotential anomalies in geopotenasmm  tive NPO phase would encourage early summer NECV activ-

Combined forcing of warm Niio4 and cold westerly
drifts encourages NECV activities in early summer
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Fig. 4. 500-hPa height anomalies of Experiment 1 and the contrdWi@agh, (b) April, (c) May, and (d) June.
The shaded areas are the one that have passed the 95% canfalehavith the thin solid lines for the 500-hPa
positive geopotential anomalies, and the thin dashed forethe 500-hPa negative geopotential anomalies in
geopotential meter.

ities in Northeast Asia, which is quite similar to the phydic negative NPO phase. Meanwhile, the stationary wave of pos-
process that staged an NECYV circulation pattern in the eaitiye anomalies in the negative NPO phase makes a signifi-
summer of 1993 across Northeast Asia that led to an unusant contribution to the early summer positive anomalies of
ally cool summer in Northeast China (Lian et al., 2013). the Sea of Okhotsk, bearing some similarity to the eastern
~ _ blocking that prevailed across Northeast Asia in the summer
4.2. Cold Nifio4 SSTA and warm westerly drifts encour-4f 1964, where a severe unusually cool summer was reported
age positive Okhotsk high anomalies in Northeast China (Lian et al., 2013).

Figure 5 shows the 500-hPa height anomalies of exper- " . ~ ]
iment 2 and the control. It indicates that during the pé-3- Nifio4 La Nifia and EI Nifio encourage high anoma-
riod of March—May, the 500-hPa height field responds to the  1€S in the south of Okhotsk and low anomalies in the
broad symmetric negative anomaly belt, with the equator as ~ northeast
the axis, in the subtropical regions of both the northern and Figure 6 shows the 500-hPa height anomalies of June
southern hemispheres, with the largest negative anomalyfram experiments 3 and 4 featured with La Nifia SSTA and
< —20 gpm in May. The significant anomalies95%) ba- El Nifio SSTA forcing in the Nifio4 region. Two completely
sically envelope the entire region, suggesting southerty adifferent responses can be seen at 500 hPa in early summer.
easterly subtropical high activities (Figs. 5a—c). In Apri Under the thermal forcing of El Nifio{2°C), significant
May, the positive anomaly center stretches into a planetaparly summer negative anomalies appear as a response over
scale belt from the Sea of Okhotsk to the west coast of tttee mid-high latitudes, from the central Pacific subtropacs
United States, with the central value in the south of the St Aleutians, Alaska, and further to the North Atlantic in
of Okhotsk of up to 80 gpm. Significant anomalies96%) the north, in a %, —, +” wave train pattern, with the lat-
cover the entire region, supporting a stable and sustaiegd nter two (—, +) being stronger, suggesting that El Nifio en-
ative NPO phase (Figs. 5b and c). In June, the negative NEQurages low-pressure activities in East Asia, the Alegtia
anomaly center becomes noticeably weakened, althoughagd the central and northern parts of the United States, with
mains over a region from the Sea of Okhotsk to the Seatbk >95% confidence level covering the entire region. Ad-
Japan £95%), constituting a “low in the west and high inditionally, there is a weak positive anomaly region abowe th
the east” dipole circulation pattern together with thetireddy ~ Ural Mountains, albeit at a poor confidence level. It produce
weak negative anomalies that flank Lake Baikal in the wesha “high in the west and low in the east” pattern similar to

Experiment 2 produces a combined forcing of cold Nifioéhe circulation pattern that prevailed in the summer of 1964
and warm westerly drifts that encourage the formation ofvehere an unusually severe cool summer occurred in North-
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Fig. 5. 500-hPa height anomalies of Experiment 2 and the contrdMéagh, (b) April, (c) May, and (d) June.
The shaded areas are the one that have passed the 95% canfalehavith the thin solid lines for the 500-hPa
positive geopotential anomalies and the thin dashed lioetheé 500-hPa negative geopotential anomalies in
geopotential meter.
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Fig. 6. 500-hPa height anomalies of Experiments (3 and 4) and thieatan June, (a) Experiment 3, (b) Ex-
periment 4. The shaded areas are the one that have passés¥ihtmafidence level, with the thin solid lines
for the 500-hPa positive geopotential anomalies and tmedi#shed lines for the 500-hPa negative geopotential
anomalies in geopotential meter.

east China (Fig. 6a; Lian etal., 2013). The thermal forcihgo The results from experiments 3 and 4 (Figs. 6a and b) are
cold Niflo4 SSTA (La Nifia-2°C) results in a significant pos-very similar to those from experiments 1 and 2 (Figs. 4d and
itive anomaly in the south of the Sea of Okhotsk, includingd), suggesting that El Nifio or La Nifia forcing in the Néfio
Northeast China, suggesting that cold Nifio4 SSTA is desiegion plays a dominant role in shaping the major North Pa-
able for the maintenance and development of southerly easfic SSTA phases.

ern blocking. Meanwhile, there is a relatively weak negativ ) ) ]
anomaly region in the west of Lake Baikal. There is also%4: Weak impact of cold/warm westerly drift forcing on
relatively strong positive anomaly belt from the East Sier East Asian blocking

Sea to Alaska. The positive anomaly belt from the Northeast Figure 7 shows the 500-hPa height anomalies of Experi-
Pacific to the central and eastern parts of the United Statesient 6 and the control with a decreased (BZRwesterly

as strong as the one in the south of the Sea of Okhotsk, wittrift SSTA from March to May. The results show that a
>95% confidence level covering the entire region (Fig. 6b)planetary-scale 500-hPa positive anomaly belt stretaloes f
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Fig. 7. 500-hPa height anomalies of Experiment 6 and the contrdWi@agh, (b) April, (c) May, and (d) June.
The shaded areas are the one that have passed the 95% canfalehavith the thin solid lines for the 500-hPa
positive geopotential anomalies and the thin dashed lioetheé 500-hPa negative geopotential anomalies in
geopotential meter.

eastern Siberia to Alaska throughout March—May with a cohlifio4 SSTA forcing {2°C or —2°C) from March to June,
fidence level up tg=95%. Meanwhile, there is a planetaryand explain the possible physical mechanisms that produce
scale negative anomaly belt in East Asia from the Sea the numerical experiment results described in the previous
Japan to the Aleutians, constituting-&,“—” wave train from two sections through the effect of energy dispersion. In do-
the polar region to Northeast Asia and further to the Aleing so we hope to facilitate a comparison of the results with
tians, supported by 95% confidence. In addition, there is arthose from other major national and international numérica
unstable negative anomaly region above the North Americaxperiment studies.
continent (Figs. 7a—c). In June, the 500-hPa height anomaly o . o
field, despite a %, —” wave train remaining over the polar5-1- EII|pt|c extratropmrill low-frequency variation pattern
region and the Pacific Ocean, becomes noticeably weakened induced by EI Nfio makes the “C-A-C-A" low-
and shrinks eastwards, compared with the strongest*” frequency wave train more significant
wave train appearing in May from the polar region to North- Figure 8 shows the evolution of 850-hPa flow fields from
east Asia and further to the Aleutians, suggesting thatdlte cexperiment 3 and the control from March to June. In March,
westerly drift forcing in the spring would have an impact oit is under the influence of strong cold surges sweeping over
NECV anomalies that would be strong in May but weak i€hina’s eastern coasts and the west Pacific warm pool around
early summer. In early summer, it only has an effect on tltlee Philippines (see Fig. 8a, in which strong northwesterly
“+, —" wave train from the polar region to the North Pacificflow anomalies can be seen spreading from the west of Lake
The 500-hPa height anomalies of Experiment 5 and the cdaikal to China’s east coast and further to the central Racifi
trol, with a westerly drift SSTA increased by@ from March before forming a closed anticyclonic flow anomaly field in
to May, show that there is neither a stationary anomaly wathee north of the Philippines, as shown in the north of thelblac
train nor the support a£95% confidence (figure omitted). box). The 850-hPa Nifio4 flow anomaly field in the central
tropical equator sits in a symmetric parabolic low-frequen

) ] o variation pattern with the equator as the axis (see the squar

5. Physical mechanism underpinning the area in Fig. 8a that tracks the flow anomaly variations in
Niflo4 forcing and low-frequency atmo- other months). With an SSTA increased BYC2in April, a

spheric response literally closed cyclonic low-frequency circulation parth ap-
pears in the north of the central equatorial Pacific Nifio4 re

In this section we analyze the 850-hPa tropical and extrgfiyn . Meanwhile, the subtropical area afRguickly forms
ropical low-frequency variation pattern induced by sugtdi 5 c|osed anticyclonic circulation pattern, which enharibes
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Fig. 8. 850-hPa flow anomalies of Experiment 3 and the control fromndi&o June, (a) March, (b) April, (c)
May, and (d) June. The shaded areas are the one that have fas&5% confidence level, with the thin solid
lines for the 850-hPa flow lines.

cyclonic circulation that has been sustained above the-Aletrong influence of non-adiabatic and regional divergence
tians since March (compare Figs. 8a and b). In May, a signffews stemming from the mid-latitudes, the tropical region
icant cyclonic flow pattern appears in the northern part ef thvould see a parabolic low-frequency variation pattern .(Fig
central equatorial Pacific Niflo4 region, with an enhanaed a8a). When the warm tropical SSTA disturbance exceeds the
ticyclonic flow pattern in the northwest of the subtropics. Ainfluence of non-adiabatic and regional divergence flows in
a result, the cyclonic flows above the Aleutians prevail ovépril-May, there would be a full elliptical low-frequency<
the North Pacific mid-high latitudes, with their westboued r clonic circulation variation pattern over the central anestv
treating center joining the cyclonic flows in the west of Lakpart of the tropical Pacific. This, under the effect of energy
Baikal. The evolution leaves no intact anticyclonic ciesul dispersion, would reinforce the southwest—northeast C—A—
tion above the Sea of Okhotsk. In the spring NPO sits inG-A low-frequency variation wave train that travels frora th
positive phase, overseeing the northeast—southwestrymesedropics to the subtropics, and further to the mid-highletés
of cyclone (C) and anti-cyclonic (A) over the North Pacific(Fig. 8d). This explains the physical mechanism that allows
The 850-hPa flow anomaly field of Experiment 3 and the cothie warm spring Nifio4 SSTA forcing to encourage the pres-
trol in June shows that an intact elliptical low-frequengy c ence of positive NPO anomalies, which would in turn signif-
clonic circulation pattern appears above the tropical ncemantly weaken the Okhotsk blocking high (east blocking) in
east of the Philippines (the black box in Fig. 8d). Mearearly summer.
while, the northeast bound subtropical anticyclone moves . ) N
northwards by 5 of latitude and eastwards by 36f longi- 5.2. LaNifia F:ontnbutes to a positive low-frequency EAP
tude (compare Figs. 8c and d), before traveling through the ~ Wave train
powerful Aleutian low-frequency cycle and the Arctic an- Figure 9 shows the 850-hPa flow anomalies of experiment
ticyclone in northern Alaska, forming a “C—A—C-A’" low- 4 and the control from March to June. It indicates a symmet-
frequency wave train (Fig. 8d). In addition, the westbounit parabolic low-frequency variation pattern, with theuag
expansion of the Aleutian low-frequency cyclone “C” resulttor as the axis, during that period (the square area in Fig.
in another cyclonic circulation center (“C") over Northeas9a), without sending waves to the extratropical high ldtis
Asia, encouraging NECV activities. Both the easterly araf the Northern Hemisphere. This constitutes a substantive
westerly flow anomalies in the southern and northern flanégference from the elliptic pattern derived from experithe
of each wave train center reach th®5% confidence level 3, in which the La Nifla phase in the Nifio4 region shows a
(Fig. 8). parabola, dual-curve and straight trajectory without izap
The evolution of 850-hPa flow anomalies in Experimemton-adiabatic heating (Xu and Gao, 2002). In June, a “C—
3 and the control from March to June show that, under the-C—A—C” wave train forms along Asian east coasts, travel-
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Fig. 9. 850-hPa flow anomalies of Experiment 4 and the control fromndkl@o June (a) March, (b) April, (c)
May, and (d) June. The shaded areas are the one that have fas&5% confidence level, with the thin solid
lines for the 850-hPa flow lines.

ing across the western Pacific warm pool, China’s east coastmmencement of an unusually cool summer in Northeast
Japan’s Honshu Island, the Aleutians, and America, beco@hina (Lian et al., 2013).

ing a typical positive EAP phase, which is obviously associ- The results of experiment 1 and the control, featuring a
ated with the indirect thermal forcing of the western Pacifiwarm Nifio4 and cold westerly drifts, show that this combina
warm pool in the Nifio4 region with an SSTA decreased hipn would lead to a significant westbound retreat of the non-
2°C (Nitta, 1987; Huang and Li, 1987). The westerly anddiabatic positive NPO phase, rendering a significant eontr
easterly anomalies above the western Pacific warm pool dandion to the enhanced early summer NECV activities at 500
the subtropical region register a confidence leveb@5% hPa. This is similar to the major configurations of the North
(Fig. 9d). Pacific SSTA pattern and NECV circulation pattern that pre-
vailed in Northeast Asia in the early summer of 1993, and that
. . encouraged the occurrence of an unusually cool early sum-
6. Summary and discussion mer in Northeast China (Lian et al., 2013). Experiment 2,

The combined results from the numerical sensitivity exiesigned with a combination of cold Nifio4 and warm west-
periments (1-4) conducted in this study provide further e\grly drifts, shows that the non-adiabatic positive NPO phas
dence that two different modal forcing of El Nifio (La Niiapnomaly center, jointly formed by SSTA and the atmosphere
and cold (warm) westerly drifts in the Nifio4 region wouldn the spring, would allow the stationary wave to make a sig-
have a positive (negative) NPO phase as an atmosphericl’]‘iéicant contribution to the positive anomalies in the regio
sponse over the North Pacific in spring. Hereon, SST forcifi@m the Sea of Okhotsk to the Sea of Japan. This bears a re
over the Nifio4 region presents a major contribution to tigemblance to the major North Pacific SSTA configurations in
NPO positive (negative) phase modal the westerly drift SSThe spring of 1964, and to the eastern blocking that also pre-
forcing shows obviously asymmetry in response to mid-higt@iled over Northeast Asia in the summer of that same year
latitude circulation, and only cold SST forcing contriteite  (Lian et al., 2013).
strengthening the NPO positive phase modal; while the NPO Experiments 3 and 4 and the control produced a range of
negative phase modal only depends on the Nifio4 region sgsults that are very similar to those derived from the com-
regardless of the westerly drift. The Nifio4 region SST fordination of experiments 1 and 2, suggesting that El Nifio/La
ing in the North Pacific is far more important than SSTA dNifia forcing in the Nifio4 region may play a dominant role
the westerly drift from the perspective of ocean forcings thin shaping the major North Pacific SSTA modes, although the
provides further evidence of a sea—air coupled mode over tAgact on the Ural High anomalies in early summer would be
North Pacific in the spring. It also confirms that these twigsignificant. The circulation pattern forced out by La Blif
major coupled modes can serve as precursor signals for W@uld have a magnitude that matches the combined phase
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anomalies. Meanwhile, experiments 5 and 6 and the contamlomalies. Another major mechanism that may also have
produced a result showing that only cold westerly drift foran impact on the occurrence of unusually cool summers in
ings would have a significant impact. The anomaly woulortheast China, or the Ural blocking, may involve forcings
become larger in magnitude, if the mode anomaly is addddrived from other oceans, which requires further investig
to the Nifio4 SSTA forcing anomaly, making it closer to théon in a separate paper.
combined anomalies.
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