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ABSTRACT

Using hindcasts of the Beijing Climate Center Climate Syshdodel, the relationships between interannual varigbilit
(IAV) and intraseasonal variability (ISV) of the Asian—wes Pacific summer monsoon are diagnosed. Predictions show
reasonable skill with respect to some basic charactesisfithe ISV and IAV of the western North Pacific summer monsoon
(WNPSM) and the Indian summer monsoon (ISM). However, thieslibetween the seasonally averaged ISV (SAISV) and
seasonal mean of ISM are overestimated by the model. Thisietefy may be partially attributable to the overestimated
frequency of long breaks and underestimated frequencyngféative spells of ISV in normal ISM years, although the niode
is capable of capturing the impact of ISV on the seasonal rbgdts shift in the probability of phases.

Furthermore, the interannual relationships of seasonanm8AISV, and seasonally averaged long-wave variability
(SALWYV; i.e., the part with periods longer than the intrasm@al scale) of the WNPSM and ISM with SST and low-level
circulation are examined. The observed seasonal mean\San8 SALWYV show similar correlation patterns with SST and
atmospheric circulation, but with different details. Ha@e the model presents these correlation distributiorts unreal-
istically small differences among different scales, argbinewhat overestimates the teleconnection between momsab
tropical central-eastern Pacific SST for the ISM, but unstémates it for the WNPSM, the latter of which is partiallyated
to the too-rapid decrease in the impact of El Nifo—Soutl@saillation with forecast time in the model.

Key words: interannual variability, intraseasonal variability, stern North Pacific summer monsoon, Indian summer mon-
soon
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1. Introduction 2008; Xue et al., 2010; Liu et al., 2014), and relationships

Because of its complex variability and significant ecot]etween monsoon and other climate systems (€.g., Yang et
b Y 9 al., 2008; Drbohlav and Krishnamurthy, 2010; Rajeevan et

homic and social impacts, pre<_j|ct|on of monsoon has Iorfllg., 2012). Thus, assessing the skills and diagnosing tfie de
been an important yet challenging task. As an important aD< . cies of d ical dicti )

: . ynamical monsoon prediction are important for
proach, dynamical prediction of monsoon has drawn muéh

. . . ... Improving monsoon prediction and model development.
attention from both academic and operational communities. . .
As the strongest monsoon system in the world, the Asian—

However, monsoon prediction with climate models suffers e ) o
o . " . “Western Pacific summer monsoon is marked by significant
from many limitations, such as initial condition errors,-im

perfect model physics, incomplete forecast methods amOn[%lultiscale variability. In particular, its interannualrigbil-
others. Therefore, monsoon prediction by state-of-thehar ! yq(IAV) and intraseasonal variability (1SV), known by tne

. - : important impacts on many prominent climate and weather
mate models still shows an inability to capture the C“mato'henomena both inside and outside the monsoon region. have
logical mean state (e.g., Lee etal., 2010; Liet al., 201@dti b glon,

. ) received much research interest (e.g., Wang et al., 2008;
al., 2013), spatial and temporal variability (e.g., Wanglet Xavier et al., 2008; Zhou et al., 2009; Yoo et al., 2010). Al-
though with respective mechanisms and representatioas, th
* Corresponding author: LIU Xiangwen IAV and the ISV of monsoon are connected with each other

Email: xwliu@cma.gov.cn and with other climate systems. The predictability of 1AV

© Institute of Atmospheric Physics/Chinese Academy of Sciences, and Science Press and Springer-Verlag Berlin Heidelberg 2014



1052 REFORECASTED RELATIONSHIPS BETWEEN MONSOON INTERANNUALNMD INTRASEASONAL VARIABILITY VOLUME 31

of tropical monsoon is supposed to be originated from e section 6.
ternal forcing, such as SST, soil moisture, and snow cover
(Charney and Shgkla, 1981), while the I_SV of monsoon oé—_ Model, data and methods
ten serves as an important but less predictable internal com
ponent (e.g., Goswami, 1998; Kang and Shukla, 2006; SuhasThe model used in this study is an updated version of the
et al.,, 2012). However, it has also been hypothesized tigaijing Climate Center (BCC) Climate System Model ver-
the 1AV of monsoon is determined by the shift in the probsion 1.1 (BCCCSM1.1; Wu et al., 2013) with a moderate at-
ability density function of ISV toward either active or bkea mospheric resolution [BCCSM1.1(m)]. The atmospheric
phases, in which external boundary forcing may act as an eesmponent in BCGCSM1.1(m) is the BCC Atmospheric
sential modulating factor (Palmer, 1994; Ferranti et 897, General Model version 2 with a T106 horizontal resolution
Sperber et al., 2000; Goswami and Ajaya Mohan, 2001). &md 26 hybrid sigma/pressure layers in the vertical dioacti
this scenario, significant correlation between seasonahméWu et al., 2010). The oceanic componentis the Geophysical
monsoon and ISV has been found for the South Asian suFiuid Dynamics Laboratory (GFDL) Modular Ocean Model
mer monsoon (e.g., Lawrence and Webster, 2001; Walisewetsion 4 with a tripolar grid in the horizontal directiondan
al., 2004; Goswami et al., 2006; Qi et al., 2008; Fujinami €0 levels in the vertical direction, and the sea ice compbnen
al., 2011), and the relationship between the ISV of summierthe GFDL Sea Ice Simulator. The land model is the BCC
monsoon and El Nilo—Southern Oscillation (ENSO) has aléamosphere and Vegetation Interaction Model version 1.0.
been revealed (Teng and Wang, 2003; Kim et al., 2008; Qe different components are coupled without any flux cor-
et al., 2008). At present, it is still worth further explogin rection. The BCOCSM1.1(m) and the BCASML1.1 are two
whether the ISV of monsoon is not entirely internal variabibf the climate system models joining phase five of the Cou-
ity, but instead partially related to external components. pled Model Intercomparison Project (CMIP5). The reason-
Also, as revealed by previous studies on the South Asiahle performance of BCCSM1.1(m) in climate simulation
summer monsoon, the 1AV of the seasonal mean consiate projection has been revealed by a fair number of studies
of two independent parts: a large-scale seasonally pensististed on the website http://cmip.linl.gov/cmip5/pulalions/
mean component, and an average of the ISV; and the pmadel?exp=BCC-CSM1.1-m.
dictability of the seasonal mean monsoon depends on the rel- Some experiments aimed at boreal summer climate pre-
ative magnitudes of seasonal averages of the persistent cdintion are implemented using BCCSM1.1(m). The hind-
ponent and the intraseasonal component (Krishnamurthy aagts are initiated from 1 March of each year from 1991 to
Shukla, 2000, 2007, 2008). In this context, both observa010 and end with a 7-month integration. The atmospheric
tions and model simulations have proved the presence ahdial conditions are obtained from the winds, air temper-
large-scale seasonally persistent structure that idbat#ble ature, and surface pressure of the National Centers for En-
to external forcing and largely determines the IAV of seasorvironmental Prediction (NCEP) Reanalysis with four-times
mean monsoon, while the nature of ISV is less dependelatily output, and oceanic initial conditions are from tha se
on the IAV of monsoon (Achuthavarier and Krishnamurthyemperature of the NCEP Global Oceanic Data Assimilation
2010). System. These reanalysis data are used to initialize theimod
Although the connection and interaction between the 1AWy a nudging strategy, which operates from late 1980 to the
and ISV of monsoon is still a controversial issue, a reasomeginning of a certain retrospective forecast. Each hisidca
able reproduction of the relationship between 1AV and ISwicludes 15 members, produced by a combination of lagged
by climate models is indispensable for the skillful seasonaverage forecasting on atmospheric and oceanic initiats, a
prediction of monsoon. Thus, in this study, we explore thengular vector perturbing on initials of SST at the end of
relationships between the IAV and ISV of the Asian—westefebruary in the hindcast year.
Pacific monsoon by comparisons between observations andThe observations used for model verification include var-
model hindcasts, and between the western North Pacific suous variables from the NCEP Reanalysis 2 (Kanamitsu et
mer monsoon (WNPSM) and the Indian summer monsoah, 2002), the Optimum Interpolation SST (Reynolds et
(ISM). The following questions are addressed: are there s@., 2002), and the daily mean outgoing longwave radia-
nificant relationships between the IAV and ISV of monsoation (OLR; Liebmann and Smith, 1996) from the National
over this monsoon region? In what way and to what degr@eeanic and Atmospheric Administration (NOAA), and the
are the IAV and the ISV of monsoon connected with externglobal monthly precipitation from the Climate Prediction
forcing and background circulation? What are the diffeemncCenter Merged Analysis (Xie and Arkin, 1997).
in the above features between the WNPSM and ISM? How The IAV of monsoon for a particular year refers to the
well can models reproduce the observed features? difference of the June—July—August—September (JJAS) mean
In section 2, a brief overview of the model output, obsebetween the specific year and the climatology from 1991 to
vational data, and analysis methods is provided. In sextid®®010, and the ISV is computed based on the daily mean se-
3-5, we analyze the predictions of basic monsoon featurgss in that year with a subtraction of daily climatology and
the relationship between the ISV and IAV of monsoon, aral subsequent filtering on the intraseasonal component, un-
the links with external forcing and atmospheric circulatio less otherwise indicated. For the model output, the length
respectively. A summary and further discussion are presentf the daily anomaly series (daily means minus daily clima-
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tologies) in each year is only 214 days (from 1 March to 38redictions and observations for interannual variatiohs o
September), which is unfavorable for using a Lanczos bantJAS mean 850-hPa zonal wind and precipitation. Signif-
pass filter to extract the intraseasonal part. Thus, a Fouiigant skills for the forecast of low-level winds are mainly
harmonic analysis is performed on the time series and toeind over most of the tropical western North Pacific and
leading three harmonics (period70 days) are first deductedEast Asia, covering the majority of areas along the western
as part of long-wave variability, followed by a 5-day rungin edge of the WPSH. The model seems to perform better in pre-
average on the residue to get the part of the ISV. Then, the dézting the WNPSM and East Asian summer monsoon than
sults from June to September are chosen for the ISV in borda South Asian summer monsoon, at least for atmospheric
summer. The same process is also used to extract obsemwiezllation. In contrast, except for some sparse regioas ne
ISV in each year from 1991 to 2010. the equator, the prediction of rainfall shows little skiitew

To focus on the variability of the WNPSM and ISM,most areas (Fig. 2b), consistent with previous results show
two dynamical monsoon indices are used in our analig that the forecasting of precipitation often exhibitsadper
ses. The WNPSM index (WNPSMI) and the ISM inderrror growth and shorter time in approaching the upper limit
(ISMI) are defined as the differences in area-averaged 88®predictability than circulation (e.g., Xie et al., 2012y et
hPa zonal wind between {615°N, 100—13CE) and (20— al., 2014).
3C°N, 110-140E), and between (515N, 40°—8C°E) and As important measures of monsoon variability, the inten-
(20°=30°N, 7°—9C°E), respectively (Wang et al., 2001). Allsities of the ISV and IAV of 850-hPa zonal wind, given by
the summer means, ISV and long-wave variability of eatheir respective standard deviations, are further exgl(fay.
monsoon index are calculated with the methods mentiong8d The model reasonably reproduces the observed features
above. of the distribution of ISV intensity with maximums over the

Additionally, we compute the direct correlations betweeextratropical North Pacific and areas from the Bay of Bengal
predictions and observations using ensemble-averagéed var the Philippine Sea, as well as the distribution of AV mte
ables to better depict the performance of ensemble predictisity with a magnitude center over the tropical western North
However, to objectively assess the model’s ability, for eonfPacific induced by ENSO. Nevertheless, compared to ob-
parisons of any feature between the predictions and obserservations, obviously stronger ISV intensity over mostpta
tions, computations are first performed for individual menand a more extensive and too-far-east center of magnitede ar
bers before averages are made. found. Meanwhile, the IAV shows a larger central intensity

(a) Model Clim (JJAS 1991-2010)

3. Predictions of basic monsoon features 40°N
30°N
Figure 1 shows the climatologies of JJAS mean precip- 5.y

itation and 850-hPa winds for prediction, observationsl an goy
model biases. The model captures the major low-level fea- ¢-
tures of the distribution of the Asian—western Pacific summe 10°s

monsoon. It also captures the overall locations and magni- 5 o goor  90°E  120°F  150°E  180° Z
tude of major rainfall and winds in many places. However, (b) Obs Clim (JIAS 1991-2010) g
apparent systematic biases of the model are also foundfwhic 400N 1 ——cgmmmr—— — 1
include a dry bias over most of the Bay of Bengal, a wet 30°n : 0.5
bias over the west coast of the Indo-China Peninsula, and izo°N 0.2

cyclonic wind bias over the northwestern Pacific associatec 10°N ;
with a wet bias over the central zone of the wind bias and 0° {a}
dry biases over the South China Sea and the western edge ( 10°S |2 .
the Western Pacific Subtropical High (WPSH). With overall 30°E  60°E  90°E  120°E  150°E  180°
weaker magnitude, these biases also appear in the NCEP ClI (c) Model — Obs Bias (JJAS 1991-2010)
mate Forecast System (e.g., Yang et al., 2008; Drbohlav an40°N - : -
Krishnamurthy, 2010), and also some multi-model ensembles30°N pe=ts
of the DEMETER and ENSEMBLES EU projects (e.g., Lee 20N 77&
etal., 2010; Rajeevan et al., 2012), suggesting some commo '*N &
deficiencies of state-of-the-art climate models. Besidigs, L0°s NNk s
nificant convergence wind bias over the central tropicatNor L
Indian Ocean and divergence wind bias over the easterntrop ~ 30°E  60°E 90°E  120°E  150°E  180°
ical South Indian Ocean, along with wet and dry bias, respec-
tively, existin BCCCSM1.1(m). Fig. 1.20-year means of precipitation (shading; units: mmd
Despite the obvious systematic biases, a reasonable pr@nd 850-hPa winds (vectors; units: mfor (a) hindcasts, (b)
diction skill of the model for monsoon variability is stilke ~ ©bservations, and (c) biases (predictions minus obsensjti
pected. Figure 2 shows the temporal correlations betweeAveraged from June to September.
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(a) JJAS U850 Corr: Model & Obs (a) Model ISV STD (JJAS 1991-2010)
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Fig. 2. Spatial distributions of temporal correlations between ;g.q | 3
predictions and observations for summer-averaged (ah®z0- T H2.5
zonal wind and (b) precipitation from 1991 to 2010. The shad- 30°E 60°E  90°E  120°E  150°E 180 1
ing levels above 0.44 and 0.56 represent the statisticalifisig (d) Obs IAV STD (JJAS 1991-2010) 5
cance of correlation above the 95% and 99% confidence levels, 40°N '
respectively, and the same hereafter. 30°N 1 Ml
20°N 4 o5
10°N o

with a farther southeastward shift toward the dateline twer 0° 4
western Pacific in the model. In addition, because the ISVio°s A
and 1AV of monsoon may be governed by a common spa-
tial mode of variability (Ferranti et al., 1997; Sperber bt a
2000; Goswami and Ajaya Mohan, 2001), the observed fearig 3. Ensemble mean standard deviation (units: ) f in-
tures given in Figs. 3b and d both show high intensity overiraseasonal variability in summer (top two rows) and imera
the Bay of Bengal, the South China Sea, and the Philippin@wual variability of summer mean (bottom two rows) for 850-
Sea, even though this is not well captured by the model fothPa zonal wind from 1991 to 2010. Panels (a) and (c) are for
the false shifts of variability centers in Figs. 3a and c. the model, and (b) and (d) are for observations.

Next, we discuss some basic characteristics of ISV be-
fore exploring the relationships among different time asal analyses for regionally averaged OLR over the WNPSM re-
A similar-to-observed vertical structure (Figs. 4a andij a gion (10-25N, 110—-14CE) and the ISM region (7%
northward propagation (Figs. 4e and f) are found for the IS32.5N, 60°—9C°E) (figures not shown). This feature is un-
of the WNPSM in the model, albeit with a somewhat smalléavorable for the seasonally accumulated quantity of ISV
range of the vorticity center and a faster propagation spesgomaly to contribute to the seasonal mean in the model since
than in observations. For the ISV of the ISM, the model cap-narrow band may be periodic and its accumulation should
tures a slightly faster northward propagation (Figs. 4gtand show little residue in the whole season.
and a more northward center of vertical vorticity (Figs. 4c
and d) compared to obseryations..Further_mo.re.:, the brogﬂ- Relationship between the ISV and IAV of
band spectrum of ISV and its resulting aperiodicity is one of
the important characteristics in generating a hon-triges- monsoon

sonal mean ISV anomaly, which partially acts as a bridge to |n this section, the relationship between the ISV and 1AV
connect the ISV and IAV of monsoon (Goswami and Xaviepf the Asian—western Pacific summer monsoon is explored
2005; Goswami et al., 2006). Thus, the spectral features,gh a focus on the intensity, seasonally averaged anomaly,
the ISV of the WNPSM and ISM are specifically examined iﬂfequency of occurrence of positive (negative) phase, eed f
Fig. 5. Narrower-than-observed spectral bands are captuggiency of consecutive break or active spells of ISV.

by the model for both the WNPSM and ISM. In particular, Figures 6a and b show the interannual correlations be-
the predicted ISV does not show a significant period of negjeen the intensity of ISV and the summer mean for 850-hPa
50 days, which is the spectral peak found in observationgnal wind in the model and observations. The intensity of
Besides, similar results can be derived by power spectigl/ in boreal summer shows a significant positive corretatio

30°E 60°E 90°E  120°E 150°E  180°



SEPTEMBER 2014

with the summer mean over the tropical western Pacific (Figopical central Pacific (Fig. 6a).
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Fig. 4. (a—d) Meridional—vertical structure of intraseasonaltieity (units: 106 s~1) along
110-140E/60°—9CE for the WNPSM/ISM. (e—h) Latitude—lag correlations ofrasteasonal
OLR (10°-25’N, 110-140E)/(7.5-22.5N, 60°—90°E) with 850-hPa zonal wind (contours)
and OLR (shaded) along 116140E/60°—9CE for the WNPSM/ISM. Predictions by the
model and observations are shown in the left and right colymaspectively. The dashed lines
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in (a—d) represent the position of the maximum convectioriare

6b), which is attributed to their sensitivity to ENSO vaiilab

The interannual correlations between seasonally aver-
ity (Teng and Wang, 2003; Lin and Li, 2008). To a certain exaged ISV anomaly (SAISV) and the JJAS mean of 850-
tent, the prediction captures this relationship, but withae hPa zonal wind are further shown in Figs. 6¢ and d. Obser-
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eastward range of significant correlation distributed dkier vations present significant positive correlation over nafst
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o (a) BCC—CSM1.1(m) WNPSMI ISV, 50 (b) Obs , WNPSMI ISV,
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Fig. 5. Power spectra of the intraseasonal variability of (a, b) VBNP and (c, d) ISMI for
model (left column) and observations (right column). Theegrand red lines denote red noise
spectrums and 95% confidence bounds, respectively.

Asia and the western Pacific, especially the tropical westny of the other items of the WNPSMI and ISMI. Compared
ern Pacific, where areas with correlation coefficients abotgobservations, the model underestimates the conneation b
0.9 extend from the South China Sea to the east of the dateeen the summer mean and the intensity of ISV for both
line (Fig. 6d). In contrast, relatively weaker correlatip- the WNPSMI and ISMI. Also, significant positive correla-
pears over the area from the tropical western South Inditions between the summer mean and the SAISV are found for
Ocean across Somalia to the southern Arabian Sea and In@mabove two dynamical monsoon indices in both prediction
(Fig. 6d), corresponding to an insignificant correlation bend observation, and a stronger-than-observed connestion
tween the SAISV and summer mean for the OLR over tlespecially captured by the model for the ISMI, as already par
Bay of Bengal and southern Indo-China Peninsula (figure rtélly revealed in Fig. 6.
shown). This feature partially supports the result aboat th A narrower-than-observed spectral band of ISV (Fig. 5)
South Asian summer monsoon that the ISV anomaly itselhd an exaggerated relationship between the SAISV and
may have little linear link with the summer mean (e.g., Gummer mean of the ISM (Fig. 6 and Table 1) coexist in
et al., 2008; Achuthavarier and Krishnamurthy, 2010). Thhe model. To explore this feature, the frequencies of ISV
model, however, evidently overestimates the relationbkip anomalies in different monsoon years for the ISMI, as well
tween the SAISV and summer mean over the tropical centes for the WNPSMI, are examined (Fig. 7). The strong,
Pacific, and near Somalia and the southern Arabian Sea (Mgak and normal monsoon years for a specific observed
6¢). monsoon index are distinguished by a standardized anomaly
Table 1 further examines the interannual variation a@ff the JJAS mean index above 0.8, bele®.8, and between
the summer mean, intensity of ISV, and the SAISV for the0.8 and 0.8, respectively. According to these criteria, there
WNPSMI and ISMI. Measured by the correlations betweare 5, 5, and 10 (4, 4, and 12) strong, weak and normal
predictions and observations, prominent prediction skite years for the observed WNPSMI (ISMI) from 1991 to 2010.
found only for the summer mean and SAISV of the WNPSMBoth the ensemble average and individual members of pre-
with a correlation coefficient of about 0.7, but little skiir  dictions show a similar proportion of frequency of certain

Table 1.Interannual correlations between predictions and obensafor some relevant items of western North Pacific surmmamnsoon
index (WNPSMI) and Indian summer monsoon index (ISMI), andelations between two of the items for model and obseswmati Values
in bold font exceed the confidence level of 99%.

Model & Obs ISV Std & JJAS mean SAISV & JJAS mean
JJAS mean ISV Std SAISV Model Obs Model Obs
NPSMI 0.69 0.36 0.71 —0.06 0.33 0.91 0.92

ISMI -0.17 0.30 0.27 0.09 0.33 0.88 0.75
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han, 2001).

Although the model exhibits a reasonable prediction skill
in the link between 1AV and the frequency of ISV phases,
it may not be necessary to support a reliable contribution of
ISV to the summer mean monsoon. The very-long-duration
active or break phases of ISV can act as a common semi-
nal factor for generating anomalous seasons (Joseph et al.,
2009; Krishnan et al., 2009; Joseph et al., 2010) and arerrath
important for the non-triviality of SAISV in a whole sum-
mer. Thus, the frequency of long break (active) spells aad th
strong/normal/weak monsoon years co-occurring with long
break (active) spells are further explored in Table 2. The
long break (active) spells here are identified as breakv@cti
phases of ISV with consecutive standardized anomalies be-
low —1.0 (above 1.0) and a duration of at least 10 days for
the WNPSMI or ISMI. Statistics for the predictions are based
on all ensemble members. As seen from columns b and d in
Table 2, about 50% of the long break (active) spells occur in
weak (strong) monsoon years and the sum of long break (ac-
tive) spells during weak (strong) and normal monsoon years
stands at around 90%, as indicated by both the model pre-
diction and observations. Further, columns a and c in Table
2 show that a considerable proportion of normal and weak
(strong) monsoon years is associated with long break @ctiv
spells. For the more frequent occurrence and higher consis-
tency between forecasts and observations for normal mon-
soon years compared to weak and strong monsoon years, the
overestimated frequency of long breaks and underestimated
frequency of long active spells in normal ISM years favor the
non-triviality of SAISV in those years and further contribu
to the summer mean, which may be part of the reason why a
stronger-than-observed relationship between the SAISV an
IAV of the ISM is captured by the model.

Link with external forcing and circulation

The links of the WNPSMI and ISMI on various forms
[i.e., summer mean, SAISV, and seasonally averaged long-
wave variability (SALWV)] with summer mean SST, low-
level winds and precipitation are further explored.

monsoon years in general; however, only about 40%, 40% The correlations between JJAS mean SST and the sum-
and 60% (25%, 25% and 67%) of strong, weak and NGfrer mean, SAISV, and SALWV of the WNPSMI for the
mal WPNSM (ISM) years in observations are consistentlysqel and observations are given in Figs. 8a—f. Also, the
captured by the model. Here, the statistics of ISV and IA%nnections between the WNPSMI of different forms and
anomalies for each one of the 15 members are individualyans mean circulation are shown in Figs. 9a—f. It is ob-
computed before showing the general ensemble features. igrved that a stronger-than-normal summer mean WNPSMI
ure 7 indicates that, in both the model and observations, {associated with a positive SST anomaly over the equétoria
phase of ISV is often characterized by a shift towards moggntral Pacific and a negative SST anomaly over the northeast
frequent active (break) events in the strong (weak) SUMM&rAystralia, eastern Indonesian Islands, and region fioen t
monsoon years, and a smaller change in the normal m@Rstern Bay of Bengal to the Philippine Sea (Fig. 8b). It not
soon years. This feature suggests that the frequency @acly corresponds to a belt of westerly wind anomaly across
and break cycles of ISV is distinguishable between a strofigs Maritime Continent and the tropical western Pacific sur-
and weak monsoon year, which supports the hypothesis thginded by anomalies of cyclonic wind convergence over its
the 1AV of seasonal mean monsoon may partially result frogyth sides in the two hemispheres, but also is coupled with
the shifts in the probability of the phase of the ISV (€.9more precipitation over the tropical western Pacific and les
Palmer, 1994; Sperber et al., 2000; Goswami and Ajaya Mgrecipitation over a cross-equatorial sloping belt fronsAu
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Fig. 7. Frequencies of intraseasonal anomalies of (a—f) WNPSM[@All ISMI in strong (upper row), weak (middle row) and
normal (bottom row) monsoon years for (a—c; g—i) the modd|(@hr; j—I) observations.

Table 2. The frequencies (units: %) of long break/active spells (ILBSS) and anomalous summer monsoon years co-occurring with
LBS/LAS. Monsoon years are classified into weak, normal drahg ones according to the magnitude of standardized aiesrat the
summer-mean WNPSMI and ISMI.

(a) Certain monsoon years (b) LBS occurring in (c) Certaimsoon years (d) LAS occurring in
with LBS/sum of these certain monsoon with LAS/sum of these ertain monsoon
monsoon years years/sum of LBS monsoon years years/sum®f LA

Model Obs Model Obs Model Obs Model Obs
Weak WNPSM 85.2 60.0 57.5 50.0 8.2 20.0 3.9 9.1
Normal WNPSM 30.0 40.0 39.7 50.0 30.6 40.0 50.0 45.5
Strong WNPSM 5.8 0.0 2.8 0.0 59.4 60.0 46.1 45.4
Weak SASM 59.7 50.0 53.1 57.1 4.8 0.0 5.5 0.0
Normal SASM 215 16.7 42.7 28.6 19.9 33.3 54.2 57.1
Strong SASM 7.0 25.0 4.2 14.3 42.1 75 40.3 42.9

tralia across Indonesia to India (Fig. 9b). Similar to thelfin persistence of wind anomalies through an atmospheric ther-
ings by Wang et al. (2000), the above features may be supal response. Although sharing a similar correlation patte
ported by air—sea interaction processes, in which thegtinen as above, the SAISV and SALWV of the WNPSMI are corre-
ening westerly wind (weakening easterly trade) over thé edsted with SST with different priorities, in which the formie
(west) of the Philippine Sea encourages the cooling (warmelated more to the SST over the region from the Bay of Ben-
ing) SST by enhanced (suppressed) evaporation and entrgai-to the Philippine Sea and less to the SST over the equato-
ment cooling over respective regions. The distribution®TS rial central Pacific, while the latter often shows a very &ami
anomalies over the tropical western Pacific in turn favoes tlikonnection with SST to that of the summer-mean WNPSMI
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Temporal correlations between WNPSMI/ISMI and JJAS mean SST

(a) Model ~ WNPSMI(JJAS mean) & SST (b) Obs WNPSMI(JJAS mean) & SST
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Fig. 8. Patterns of correlations between summer-mean SST and WINESBM for the model (left column) and
observations (right column). The monsoon index is examinyeithe summer mean (a, b; g, h), seasonal average
of intraseasonal variability (c, d; i, j), and seasonal agerof long-wave variability (e, f; k, ), respectively. The
shading levels above 0.44 and 0.56 (bele@44 and—0.56) represent the statistical significance of correlation
above the 95% and 99% confidence levels, respectively.

(Figs. 8d, f). In association, a significant response featfir model (Fig. 9a). These features are almost equivalently re-

low-level winds is confined to the west of the dateline for theroduced by the results for the SAISV and SALWV of the

SAISV, while it extends into the tropical central Pacific fofWNPSMI, indicating that the seasonal contributions of mon-

the SALWV (Figs. 9d and f). soon variability with different scales tend to show a common
The summer-mean WNPSMI in the model almost shovisk with external forcing and circulation rather than aesel

no significant connections with SST except over some veliye connection (Figs. 8c, e, 9c and e).

small and sparse regions in the tropical Indian Ocean and The links of predicted and observed summer mean,

western Pacific (Fig. 8a). Meanwhile, a regional cycloniBAISV and SALWV of the ISMI with JJAS mean SST are

wind response over the western Pacific is captured by theesented in Figs. 8g-I, and with JJAS mean 850-hPa winds
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Regressions of JUAS mean UVP on WNPSMI/ISMI
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Fig. 9. Patterns of regressions (vectors) of summer-mean 850-lriRis wwn WNPSMI/ISMI and correlations
(shading) between summer-mean precipitation and WNPSMIl'ifor the model (left column) and observa-
tions (right column). The monsoon index is examined by thereer mean (a, b; g, h), seasonal average of
intraseasonal variability (c, d; i, j), and seasonal averaigong-wave variability (e, f; k, I), respectively. The
shading and vectors represent the statistical significahcerrelation above the 95% confidence level.

and precipitation in Figs. 9g—I. The summer mean of ISMilthough overtaken by an obvious decline since the 1980s in
shows a negative but insignificant correlation with the SSTontrast to before that time (e.g., Kumar et al., 1999; Wdng e
over the tropical central and eastern Pacific and the trbpied, 2001; Kripalani et al., 2003). Similar to the resultstfte
western North Indian Ocean (Fig. 8h), in association with\NPSMI, the SAISV and SALWYV of the ISMI are also cor-
significant correlation with zonal wind over most of the Ararelated with SST with similar patterns but different detail
bian Sea (Fig. 9h). These observational features esdgntisth particular, over the tropical eastern Pacific, the SAISV i
indicate a degree of teleconnection between ENSO and ISigre apparently and negatively correlated with SST and low-
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level zonal wind than the SALWV and summer mean (Figég retrospective forecasts initialized at the end of Fabyu
8j and 9j), implying a strong link between ENSO and the 1Sy the BCCCSM1.1(m).
of the ISM. The model exhibits reasonable skill in its predictions of

For the ISM in the model, however, the summer meaalimatologies and the IAV of monsoon, in spite of some
SAISV and SALWYV are all significantly related to SST anépparent systematic biases, and it performs better with re-
circulation over the tropical central and eastern Pacifidc aspect to the IAV of the WNPSM than that of the ISM. In
the differences among them are small (Figs. 8g, i, k, 9g,terms of the standard deviations of the ISV and IAV of sum-
and k). Additionally, the negative correlations with SST imer monsoon, the model also reasonably reproduces the ob-
the tropical eastern Pacific and western Indian Ocean, as veelrved features of spatial distribution, but with largeipam
as the horseshoe patterns of positive correlation in the-weside and a farther eastward position of the central strength
ern Pacific and part of the tropical eastern Indian Ocean doe both. Besides, narrower-than-observed spectral biomds
similar to the La Nifla SST anomaly distribution. To somthe WNPSM and ISM on the intraseasonal scale are found in
extent, these features indicate an overestimation of the lithe model since the predicted spectral variances are mainly
between the ISM and ENSO. limited to the bands with periods of less than 50 days.

Given the critical role of ENSO in seasonal climate fore- The model shows positive interannual correlation be-
casts, we assess the prediction skills for ENSO and its itaeen the summer mean and intensity of ISV over the west-
pact on monsoon circulation. If the interannual departuresn Pacific, but with a more eastward shift of significant
of Nifio3.4 SST above 0°® or below—0.5°C in each month correlation compared to observation. Also, the predigion
from March to September in the 20 years are chosen as siggtiow a stronger-than-observed connection between the sum-
icant anomalies of ENSO, 64 and 68 anomalous months aner mean and SAISV over the tropical central Pacific and
observed and predicted, respectively, and 41 of them are copar Somalia and the southern Arabian Sea. The statistics on
sistently captured by both the model and observations. Tihe frequencies of ISV anomalies in strong, weak, and normal
correlation between prediction and observation in alléast  WNPSM and ISM years indicate that the seasonal anomalies
months is 0.78, suggesting a reasonable skill for ENSO foi&-summer monsoon are to a certain extent determined by the
casting. However, the observed connections between mehifts in probability of ISV towards either an active or bkea
soon and SST in the Nifio region are limitedly reproduced Iphase. Although the model can basically reproduce this fea-
the model as presented in Figs. 8 and 9. Due to the small difre, it still overestimates the frequency of long breakd an
ferences among the multiscale responses of monsoon to trepderestimates the frequency of long active spells in nbrma
ical SST and circulation in the model, we further examine thadian monsoon years, which may partially contribute to the
impact of ENSO on seasonal mean circulation. Figures 10stronger-than-observed relationship between the SAISV an
d show the simultaneous relationships between the Nifio3gasonal mean of the ISM.

SST index and the 850-hPa winds and precipitation for both Furthermore, the interannual links of the seasonal mean,
predictions and observations in summer and spring. AISBAISV and SALWYV of the WNPSMI and ISMI with summer
the correlations between the Nifio3.4 SST index and trbpicaean SST, low-level winds and precipitation have been ex-
SST are shown in Figs. 10e—h. In summer, when ENSO isptored. Observations reveal that, the seasonal mean, SAISV
a developing or decaying stage, significant large-scale-atnand SALWV of summer monsoon all show similar correla-
spheric responses are mainly observed over the subtroptaa patterns with summer SST but with different detailst Fo
South Pacific and the tropical region from the eastern Indigtmee WNPSMI, both seasonal mean and SALWYV are signif-
Ocean to the eastern Pacific (Fig. 10b), associated with-anigantly and positively correlated with SST over the equato-
phase SST anomaly over the eastern Pacific and a horseshakcentral Pacific but negatively correlated with SST over
pattern response over the western Pacific (Fig. 10f). Hottre northeast of Australia, eastern Indonesian Islandd, an
ever, the model evidently underestimates the responsegetfions from the eastern Bay of Bengal to the Philippine
winds and precipitation over most of the tropical Pacific artBea. The correlation between SAISV and SST is concen-
the tropical eastern Indian Ocean (Fig. 10a), in assodiatitsated more in the region from the Bay of Bengal to the Philip-
with narrower-than-observed significant correlation ofTSSpine Sea and less in the equatorial central Pacific. However,
over the central-eastern Pacific (Fig. 10e). Compared to tiize predicted seasonal mean, SAISV, and SALWV of the
in summer, the model basically reproduces the connectioMNPSMI present highly similar links with SST, and the cor-
between the Nifilo3.4 index and tropical SST and circulatioalations are insignificant except over some small and spars
in spring (Figs. 10c, d, g, and h). Therefore, the too-rapidgions in the tropical Indian Ocean and the western Pacific.
decrease in the impact of ENSO with forecast time should beis supposed that the excessive decline of the impact of
partially responsible for the apparent underestimatiothef ENSO with forecast time should partially account for the ap-
relationship of the WNPSM with SST and circulation. parent underestimation of the relationship of the WNPSM
with SST and circulation. For the ISMI, the observed sea-
sonal mean and SALWYV show similar but insignificant cor-
relations with the SST over most tropical areas, while $igni

In this study, we have explored the relationship betwedérant correlation between SAISV and tropical eastern Racifi
the IAV and ISV of the Asian—western Pacific monsoon u$ST is found. Nevertheless, not only stronger-than-oleskerv

6. Summary and discussion
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Fig. 10.(a—d) Patterns of regressions (vectors) of seasonal mé&ahB&winds on Nifio3.4 SST index and cor-
relations (shading) between precipitation and Nifio3.7F 8flex for the (a, ¢) model and (b, d) observations.
The features for the summer (June to September) and spriagcfMo May) are given in (a, b) and (c, d),

respectively. Panels (e—h) are the same as (a—d), but artlydf@orrelations between SST and Nif03.4 index.

relationships with SST over the tropical eastern Pacifit, bu In addition, it should be noted that the ensemble predic-
also very small differences among these correlation 8istri tion of the WNPSM exhibits more skill than that of the ISM,
tions for the seasonal mean, SAISV and SALWYV of the ISMds demonstrated in section 3, which is also found in predic-
are captured by the model, implying an overestimated liions of the Asian summer monsoon by the NCEP Climate
between the ISM and ENSO. The features of low-level circkorecast System (e.g., Jiang et al., 2013). Two factors may
lation and precipitation also match the above results. account for this feature. First, compared to the ISM, the
The BCCCSM1.1(m) shows reasonable but limited skiWNPSM is more highly correlated with ENSO and large-
in capturing the observed relationships between the ISV asehle circulation on the interannual scale (e.g., Wang.et al
IAV of summer monsoon. However, this may gradually im2000; Xie et al., 2009), which can be relatively better cap-
prove with a decrease in the lead time of prediction givdared by the ensemble prediction of models. Secondly, the in
that the current hindcasts initialized at the end of Felyruaierannual variability of the ISM is affected not only by ENSO
most likely suffer from a spring predictability barrier. 3% but also by local SST (e.g., the Indian Ocean dipole) and ther
more experiments and evaluations on this subject shouldrbal conditions over the surrounding lands such as the Tibeta
implemented in future work. Meanwhile, our analyses haWateau, leading to more complex and less skillful predicti
revealed some shortcomings of the model in forecasting thiethe ISM. Further studies on this issue are undoubtedly nec
relationships between the ISV and IAV of monsoon and haessary.
preliminarily explored the possible causes, suggestiag th
we should pay attention to further improving the model's Acknowledgements. The authors thank the three anonymous
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