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Abstract

The relationship between subseasonal and interannual variability of the Asian
Summer Monsoon has been investigated through analysis of the dominant modes of
variability in the 40-year NCEP/NCAR Reanalysis, with complementary satellite and
surface based precipitation data. The hypothesis that the characteristics of monsoon
subseasonal variability (i.e. weather regimes) are modulated on interannual times-
cales in a systematic and therefore predictable manner has been tested. The null hy-
pothesis is that predictability of the seasonal mean monsoon behaviour requires only
that the effects of the slowly varying components of the climate system be correctly
simulated.

An interannual mode of monsoon variability has been identified which is closely
related to the observed seasonal mean all-India Rainfall (AIR). A counterpart of this
mode has also been identified at subseasonal timescales which projects strongly on to
the daily AIR, confirming that a common mode of monsoon variability exists on sea-
sonal and subseasonal timescales.

It has been shown that the temporal behaviour of this subseasonal mode, as de-
scribed by the probability distribution function (PDF) of the principal component
timeseries, does not show any evidence of bimodality, the shape of the PDF being
Gaussian. Further, it has been shown that the mean of the PDF is systematically and
significantly perturbed towards negative (positive) values in weak (strong) monsoon
years as categorized in terms of the seasonal mean AIR. This translation in the mean
of the PDF, rather than a change in shape of the PDF suggests that anomalous mon-
soons are not associated with changes in weather regimes. Further analysis has con-
firmed that low frequency modulation of the basic state is primarily responsible for
these shifts in the subseasonal PDFs, supporting the null hypothesis that predictabil-
ity of the seasonal mean monsoon requires only that the effects of the slowly varying
components of the climate system be correctly simulated. Thus model improvements
to reduce systematic errors in the mean simulation and the response to low frequency
boundary forcing may improve the prospects for dynamical seasonal prediction.

However, the results have also shown that only a subset of the subseasonal
modes are systematically perturbed either by ENSO or in weak vs. strong monsoon
years, suggesting that predictability is likely to be limited by the chaotic, internal
variability of the monsoon system.

Keywords: Asian Monsoon, Seasonal Predictability, Interannual Variability



1. Introduction

Summer monsoon rainfall is the life-blood of the agrarian societies of
subtropical Asia. A late monsoon or a weak monsoon can have disastrous
consequences for productivity of the crops upon which hundreds of millions of people
rely for sustenance (Swaminathran 1987, Kiladis and Sinha 1991). Conversely, a
strong monsoon can cause flood conditions that also result in the loss of thousands of
lives (Swaminathran 1987). Since the days of Sir Gilbert Walker, predictability of
the Indian monsoon has been a goal of the forecasting community. While statistical
forecasts of gross measures of summer monsoon variability have been moderately
successful (Krishna Kumar et al. 1995), particularly during periods of strong
boundary forcing (e.g., EI Nifio/Southern Oscillation, ENSO), dynamical seasonal
prediction of the Indian summer monsoon, and the Asian summer monsoon in
general, has met with much less success (Brankovic and Palmer 1999). However, the
benefits of dynamical seasonal prediction could be substantial since ensembles of
forecasts can potentially yield information on (1) the probability of strong or weak
monsoon, and (2) the regionality of the anomalous rainfall and circulation which
statistical methods cannot “foreshadow.” It is important therefore that we identify
and understand the factors that may be limiting our current level of predictability.

Two possible explanations for this lack of predictability have been postulated.
The first is that model errors in the mean monsoon simulation are still substantial
enough that the signal being sought is smaller than the systematic bias. Also, as
Sperber and Palmer (1996) have shown, the known teleconnection between all-India
rainfall (AIR) and tropical sea surface temperature (SST), indicative of a link
between the monsoon and ENSO, is not faithfully captured by GCMs, again possibly
related to errors in the model’s basic state. If, as Charney and Shukla (1981) have
suggested, it is the low frequency boundary forcing (e.g., SST) that predisposes the
monsoon system towards a dry or wet state, then there is a clear need to improve
model simulations before any conclusive statements can be made about the
dynamical seasonal predictability of the Asian summer monsoon (ASM).

The second possible explanation involves the role of intraseasonal variability
and the suggestion that this introduces a chaotic element into the prediction of
seasonal mean anomalies. During the established phase of the monsoon the
circulation often undergoes significant variations with a pronounced northward
excursion of the monsoon trough which brings the monsoon into an inactive (break)
phase over India. The change in the precipitation distribution over India and
southeast Asia between active and break phases of the monsoon is substantial (e.g.,
Webster et al. 1998), and it is therefore quite possible that intraseasonal variability
could have a significant influence on the seasonal mean rainfall. Krishnamurti and



Bhalme (1976), Sikka (1980), and Gadgil and Asha (1992) presented observational
evidence that years of below-normal rainfall over central India are characterized by
prolonged breaks in Indian monsoon rainfall. Alternatively, years of near-normal or
above-normal rainfall tend to be characterized by fewer breaks of shorter duration.
Further support for this idea came from early modelling studies which suggested
that the dominant modes of interannual and intraseasonal variability had a common
structure associated with the latitudinal shift in the tropical convergence zone (TCZ)
from its position over the equatorial Indian Ocean northwards over the Indian
subcontinent (e.g., Fennessy and Shukla 1994; Ferranti et al. 1997). This similarity
led Palmer (1994) to propose a paradigm in which intraseasonal variability is
essentially chaotic, with the interannual variability being governed by the frequency
of occurrence of the active (continental) versus the break (oceanic) regimes. Using
the Lorenz (1963) model, Palmer (1994) showed that the probability of being in one
regime of phase space or another is no longer equally probable in the presence of
external forcing. Similarly, using a more complex model of monsoon intraseasonal
variability, Webster et al. (1998) found the probability distribution function (PDF) of
intraseasonal variability changed shape and became bimodal in the presence of El
Nifo-like forcing. These studies suggest that the influence of the boundary forcing
(e.g., SST) is to bias the system towards more active or break regimes. If it is the case
that the intraseasonal variability, even if inherently chaotic, can be influenced by
the boundary forcing, then there is potential for predictability on the seasonal to
interannual timescale, but in a probabilistic, not deterministic sense.

The purpose of this paper is to investigate intraseasonal (30-70 days) and
higher frequency (5-30 days) variability and its relationship to interannual
variability during the ASM. The hypothesis that the characteristics of monsoon
subseasonal variability (i.e., the weather regimes) are modulated on interannual
timescales in a systematic and therefore predictable manner will be tested. The null
hypothesis is then that predictability of monsoon interannual variability requires
only that the effects of the slowly varying components of the climate system be
correctly simulated.

Annamalai et al. (1999) made a preliminary study of the relationship between
interannual and intraseasonal variability using 17 years (1979-1995) of European
Centre for Medium-Range Weather Forecasts (ECMWF) and National Centers for
Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR)
reanalyses. They showed that, unlike the results from earlier model studies, there
was not a common dominant mode which described monsoon variability on
interannual and intraseasonal timescales. Also, their results suggested some
influence of the boundary forcing, in this case ENSO, on the intraseasonal behaviour



of the monsoon. However, the sample size, encompassing only 2-3 El Nifio/La Nifa
events, limited the statistical significance of the results. With the availability of the
extended 40-year NCEP/NCAR reanalysis it is now possible to conduct a more
extensive and statistically significant investigation into the relationship between
monsoon subseasonal and interannual variability from which conclusions can be
drawn regarding the prospects for dynamical seasonal prediction of the ASM.

2. The Data

The NCEP/NCAR Reanalysis is a joint project between NCEP and NCAR to
produce a multi-decadal record of global atmospheric analyses with a data assimila-
tion system that is unchanged (Kalnay et al. 1996). The data assimilation and fore-
cast model are based on the global system that was implemented operationally at
NCEP in January 1995. The model is run at a horizontal resolution of T62 and with
28 vertical levels. Moist convection is represented by a simplified form of the
Arakawa-Schubert parametrization scheme (Pan and Wu 1994) and clouds are diag-
nosed from model variables using a scheme based on Slingo (1987). The NCEP model
uses a 3-layer soil scheme based on that of Pan and Mahrt (1987) in which the tem-
perature of the bottom layer is set to the annual mean climatological value.

Data were assimilated using a spectral statistical interpolation/3-D variational
analysis method which requires no nonlinear normal mode initialization. Monthly
mean upper air data on standard pressure surfaces have been supplied, already
gridded on to a 2.5° latitude/longitude grid. Surface and 24 hour forecast fields (e.g.,
precipitation) are given on the equivalent T62 Gaussian grid. The spin-up of the
hydrological cycle is small in the NCEP/NCAR reanalysis (e.g. Mo and Higgins 1996;
Stendel and Arpe 1997).

For validating the subseasonal variations of rainfall from the reanalysis we
compare with the Climate Prediction Center Merged Analysis of Precipitation
(CMAP). This data set uses essentially the same algorithm and data sources as the
monthly CMAP dataset described by Xie and Arkin (1997). The version we use is
based on a blend of gauge data with satellite products, including GPI (GOES Precip-
itation Index based on geostationary infrared data), MSU (Microwave Sounding
Unit), OPI (Outgoing longwave radiation-based Precipitation Index), SSM/I (Special
Sensor Microwave/lmager) scattering and SSM/I emission. A detailed description of
the pentad CMAP data set is in preparation (Pingping Xie, personal communication
1999).



3. Climatology and Interannual Variability

a) 850hPa wind and precipitation

One of the most dramatic elements of the summer monsoon is the development
of the lower tropospheric Somali Jet in response to the land/sea gradient of large-
scale heating. During the onset of the monsoon, in late May/early June, the gradient
iIs mainly due to the land/sea temperature contrast associated with solar heating. As
the monsoon develops, latent heating associated with convection plays an increas-
ingly important role in the maintenance and evolution of the monsoon. The seasonal
mean (June-September) 1958-97 climatologies of the 850hPa flow and rainfall are
given in Figs. 1a and 1b. Orographic rainfall along the west coast of India is appar-
ent, with a rainshadow effect to the east occurring due to the western Ghats. The
monsoon trough exerts its primary influence on the rainfall over northeast India and
the Bay of Bengal. Over China the monsoon flow is manifested as southerlies, and
the TCZ extends into the western Pacific. These 40-year climatologies correspond
closely to the 1979-95 climatologies presented in Annamalai et al. (1999). We find
that compared to the Xie and Arkin (1996) observed rainfall the NCEP/NCAR pre-
cipitation is overestimated over China and the western tropical Indian Ocean, while
it is underestimated over the western Pacific and near the equator in the central/
eastern Indian Ocean. These shortcomings in the forecast rainfall have also been
noted by Stendel and Arpe (1997) and Trenberth and Guillemot (1998). Thus, the
NCEP/NCAR climatologies and their systematic errors of the ASM 850hPa flow and
rainfall are robust for the 40-year record compared to the period 1979-95 when satel-
lite data were incorporated into the reanalysis.

Interannual variations of the summer monsoon system have been linked to
ENSO boundary forcing (see Webster et al. 1998 for a review). The seasonal mean
(June-September) standardized NINO3 SST anomalies for 1958-97 are given in Fig.
2a. During this period 10 El Nifio and 10 La Nifia events are in evidence based upon
threshold cutoffs of +/-0.5 standard deviations. In the summer of 1997 the strongest
NINO3 SST anomalies occurred as the 1997/98 EIl Nifio event approached its mature
phase. Analogously, the most negative NINO3 departure occurred during the devel-
opment of the 1988/89 La Nifia event.

Two popular measures of monsoon variability are also given in Fig. 2. The AIR,
constructed from a weighted average of 306 stations spread over the whole of the
Indian subcontinent (Parthasarathy et al. 1994), is given in Fig. 2b. As discussed in
Annamalai et al. (1999), when available in situ rainfall measurements should be
used due to uncertainties in satellite derived rainfall estimates. It has long been
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Figure 1: NCEP/NCAR reanalysis climatologies (1958-97) of the seasonal
mean (June-September) (a) 850hPa wind (ms™?), (b) rainfall (mm day™).
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Figure 2: Seasonal mean (June-September) indexes of (a) NINO3 sea surface temp-
erature, (b) all-India rainfall, and (c) dynamical monsoon index. The indexes have
been standardized by removal of the time mean and then dividing by the standard
deviation of the interannual variability. Also plotted on each panel are the -0.5 and
0.5 standard deviation thresholds used for determining years of extreme variability.



known that Indian monsoon rainfall is related to Southern Oscillation (Walker and
Bliss 1932), and ENSO in general. For the period of analysis the correlation between
AIR and NINO3 SST is -0.46 consistent with the tendency for below (above) normal
rainfall during El Nifio (La Nifia). A notable exception occurred during the summer
1997, when the strongest El Nifio conditions in the record were manifested in the
tropical Pacific Ocean, but the AIR was near normal. This clearly indicates the com-
plexity of the summer monsoon system in that the SST variability in the tropical
Pacific is but one of many possible modulators of summer monsoon variability.

The dynamical monsoon index (DMI), is a measure of the monsoon strength in
terms of the zonal wind shear between 850hPa and 200hPa for the region 40°E-
110°E, 5°N-20°N (Webster and Yang 1992). As seen in Fig. 2c, the DMI is character-
ized by strong interannual variations, as well as an interdecadal trend of decreasing
wind shear. The DMI is a measure of the large-scale monsoon circulation, and hence
does not necessarily correspond to the regional rainfall variations represented by
AIR (Ju and Slingo 1995). For example, in 1983 and 1985 the strength of the mon-
soon implied by the DMI is opposite to that implied by the AIR, and this is reflected
in the correlation of 0.56 between DMI and AIR. More importantly, Annamalai et al.
(1999) demonstrated that DMI and AIR represent very different aspects of the spa-
tio-temporal variability of the ASM.

Annamalai et al. (1999) noted that measures of weak/strong monsoon based on
indices from reanalysis (e.g., DMI) are problematic. Instead they proposed that
whenever possible the consistently measured AIR should be used to define weak/
strong monsoon years over India. Associated with the interannual variations of AIR is
a characteristic wind pattern at 850hPa. The wind anomalies in Fig. 3a have been
constructed from the difference of the composites based on years of above normal
versus below normal AIR using the +/-0.5 standard deviations thresholds given in
Fig. 2b. This composite difference is nearly identical to the composite for 1979-95
(Annamalai et al. 1999), when the reanalysis is believed to be more reliable due to
the incorporation of satellite data in the assimilation, thus indicating the robustness
of this pattern of anomalies throughout the 40-year reanalysis. The composite differ-
ence of rainfall from the reanalysis is shown in Fig. 3b. The enhanced rainfall over
India is consistent with the presence of cyclonic anomalies over the subcontinent,
while the below normal rainfall to the south and west of India corresponds nicely to
the anticyclonic anomalies. Additionally, negative rainfall anomalies and anticy-
clonic circulation is located in the foothills of the Himalayas near 90°E, 30°N. This
interannual signal in the reanalysis precipitation has been confirmed since this pat-



| L ) L | L ' ) |
—> T 7> 7 7>
SEEEAN BN IR T I I R D T

e
S~/

20N = — — 277 A f -

S, 7
= =sswad il

:;%;;?/1%Rs\;: Q <

v
"
Y N
1)
/

40N

) o

NN v v v v e v

EQIS<S<$=<=Z =zt « v

d = = = e e e m s N s e e e e el — N
NN e ey > - L W e e — NN

20ST——+—— T T T T T —— T T T
60E 80E 100E 120E

40S I | | | I I
20E 40E 60E 80E 100E 120E 140E 160E

Figure 3: Difference of seasonal mean (June-September) composites of (a) 850hPa wind
and (b) rainfall (mm day™!) based on strong-weak years of all-India rainfall in Fig. 2b
using 0.5 and -0.5 standard deviation thresholds to define extreme years.



tern agrees well with that obtained for the period 1979-95 (Annamalai et al. 1999,
their Fig. 9e) from compositing the observed rainfall estimates of Xie and Arkin
(1996). Additionally, these results are consistent with the finding of Sikka (1980)
with respect to years of “good” and “bad” monsoon rainfall where “The differences
are most marked in the region of the monsoon trough (20-25°N), viz., the anomalous
winds [at 700hPa] are markedly cyclonic in the case of [the] good monsoon compos-
ite.”

b) Dominant modes of interannual variability

For investigating the relationship between subseasonal and interannual vari-
ability we concentrate on the 850hPa flow over the region 60°E-120°E, 20°S-40°N,
the same region analyzed by Annamalai et al. (1999). The domain was not extended
further east to exclude contaminating the analysis by the direct effects of ENSO. The
850hPa flow is an excellent candidate for investigating the interannual (and subsea-
sonal) variability of the ASM since it captures aspects of both the large-scale and
regional-scale flow.

The first empirical orthogonal function (EOF-1) and principal component (PC-1)
of the seasonal mean (June-September) wind anomalies (relative to the 40-year cli-
matology) are presented in Figs. 4a and 4b respectively. EOF-1 is dominated by
near-equatorial easterly anomalies, while the westerly anomalies further north
(10°N-20°N) and southerlies over China correspond to stronger than usual monsoon
circulation during the early portion of the record when PC-1 is positive (Fig. 4b).
During the latter portion of the record PC-1 is dominated by negative values, indi-
cating a reversal of the anomalous flow.

The composite difference of rainfall from the reanalysis for strong-weak years
based upon +/-0.5 standard deviation cutoffs of PC-1 is shown in Fig 4c. There is a
north/south dipole of rainfall anomalies in which enhanced precipitation over the
continental latitudes of the ASM is associated with a stronger monsoon flow, while
further south near 5°N there is below normal precipitation. Also seen in the rainfall
composite difference is the strong signal over Africa that is consistent with the dec-
adal modulation of Sahel and Sudan rainfall (Rowell et al. 1995). This suggests that
the trend in PC-1 may be physically realistic.

The trend of weakening westerly anomalies from 10°N-20°N is consistent with
the trend of weaker DMI seen in Fig. 2c. To further explore the possibility that the
trends in PC-1 and the DMI are real, and potentially linked to the boundary forcing,
we have performed an EOF analysis of seasonal mean (June-September) observed
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SST and reanalyzed ground temperature anomalies over land for the monsoon
domain. As seen in Fig. 5a, the leading mode explains ~30% of the total interannual
variability, having positive loadings over the vast majority of the domain, with PC-1
(Fig. 5b) being dominated by a warming of approximately 0.5°K over the period
1958-97. Closer scrutiny indicates that the spatial loadings over land, especially east
of 80°E, are smaller than those over the near-equatorial Indian Ocean. This indi-
cates a reduction in the land/sea temperature contrast during the latter portion of
the record, consistent with the weaker DMI and weaker westerlies from 10°N-20°N
and the weaker monsoon southerlies over China. The DMI and PC-1 of the surface
temperature have a correlation of -0.41, significant at the 5% level. It will be of inter-
est to evaluate the robustness of the trends in the low-level flow and the DMI using
the 40-year European Centre for Medium-Range Weather Forecasts Reanalysis,
when it becomes available.

Since the dominant mode of interannual variability in the 40-year record is in-
fluenced by decadal and longer trends in monsoon strength, no direct counterpart to
the dominant interannual modes from the 1979-95 period as documented in Annama-
lai et al. (1999) has been found, although EOFs 2 and 3 contain elements of these
modes. However, examination of the higher order modes revealed that EOF-4 (Fig.
4d) has a very similar pattern to that obtained by compositing on AIR (Fig. 3a), par-
ticularly in the vicinity of India. Similarly, the composite difference of rainfall (Fig. 4f)
associated with PC-4 (Fig. 4e) corresponds closely to that based on AIR (Fig. 3b). Im-
portantly, the principal component time series of EOF-4 (Fig. 4e) has a correlation of
0.60 (significant at 1% level) with respect to the observed AIR (Fig. 2b). Thus, the sim-
ilarity of the spatial patterns of EOF-4 and its associated rainfall anomalies (Figs. 4d,
f) with that of the composites based on AIR (Fig. 3), plus the high temporal correlation
of PC-4 with observed AIR provides confirmatory evidence that the EOF analysis has
extracted a physically realistic mode of summer monsoon variability.

4. Subseasonal variability

a) Dominant modes

EOF analysis of the daily 850hPa flow for JJAS 1958-97 is performed for the
same domain used for the study of interannual variability (60°E-120°E, 20°S-40°N).
Prior to the EOF analysis we remove at each gridpoint the climatological daily
means based upon the 40 summers of data. The first four EOF's are shown in Fig. 6.
EOF-1 (Fig. 6a), explaining 13% of the total variance, is dominated by intraseasonal
timescales with the dominant power occurring between 40-60 days, and a secondary

-11-
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peak near 17 days (Fig. 7a). The spatial pattern of this mode is consistent with the
boreal summer 30-60 day mode that Goswami et al. (1998) identified in NCEP/
NCAR surface winds for 1987-96 based on composite analysis. EOF-2 and EOF-4
have similar spatial structures relative to EOF-1, and they are also dominated by
timescales of 230 days (Figs. 7b and 7d). Further scrutiny reveals that together these
3 modes represent various stages in the life cycle of northward propagating intrasea-
sonal variations of the TCZ, describing one aspect of the active and break cycle of the
ASM. The rainfall anomalies associated with these modes are given in Figs. 8a, b,
and d. These are composite differences of precipitation for +/-1 standard deviation
thresholds of the respective PC’s. For these 3 modes, the tendency is for enhanced
rainfall to occur in conjunction with the westerly anomalies and the cyclonic flow evi-
dent to their north, while south of the westerlies the rainfall tends to be below nor-
mal thus reflecting a north/south dipole of convection. These three modes
characterize the preferred locations of the TCZ, over the land during the active
phase (EOF-2 and EOF-1). During the active phase the extension of the convective
zone from India into the western Pacific is consistent with the intraseasonal cloudi-
ness variations analyzed by Yasunari (1979) and the NOAA satellite imagery pre-
sented in Sikka and Gadgil (1980). Where the EOF-1 related rainfall perturbations
are strongest, in the eastern tropical Indian Ocean, the South China Sea and the
western Pacific, is the location of the main axis of convection and the maximum vari-
ance of boreal summer OLR on timescales of 25-70 days given by Vincent et al.
(1998). EOF-4 (Fig. 6d) is characteristic of break conditions of the monsoon, with the
enhanced precipitation being located in the foothills of the Himalayas (Fig. 8d),
while further south over India and southeast Asia below normal rainfall is present,
consistent with the break conditions characterized by Ramanadham et al. (1973).
The composite rainfall anomalies (from the reanalysis) associated with these
modes of variability, shown in Fig. 8, can be validated against composites obtained
from the pentad Climate Prediction Center Merged Analysis of Precipitation (CMAP,
Xie and Arkin 1999, in preparation) for the period 1979-95 (Fig. 9). This validation is
possible since the modes presented in Fig. 6 are very robust, being virtually identical
to those obtained from a separate EOF analysis of daily data for JJAS 1979-95 (not
shown). Relative to the CMAP composites, the reanalysis composites capture well
the band of enhanced rainfall associated with the TCZ and its northward propaga-
tion defined by EOF-1, EOF-2 and EOF-4. However, for modes 1 and 2 the rainfall
anomalies in the equatorial Indian Ocean in the CMAP data are not properly repre-
sented by the reanalysis. As noted by Annamalai et al. (1999), and seen in Fig. 1b,
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Figure 6: Results of an EOF analysis of NCEP/NCAR daily 850hPa wind anomalies for
June-September 1958-97. Prior to the analysis the climatological daily means have been
removed. (a) EOF-1, (b) EOF-2, (c) EOF-3, (d) EOF-4.
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Analysis of Precipitation (CMAP) rainfall (mm day™) based on strong-weak pentads of the
principal components time series of EOF's 1-4 obtained from an EOF analysis of NCEP/NCAR
daily 850hPa wind anomalies for June-September 1979-95. The daily principal component
time series were standardized and then pentad averaged with extreme pentads defined

using 1.0 and -1.0 standard deviation thresholds. The EOF’s (and PC’s) obtained from the
analysis of June-September 1979-95 are virtually identical to those given in Fig. 6 for June-
September 1958-97. Thus we employ this subset of observationally based rainfall composites
as validation of the NCEP/NCAR rainfall presented in Fig. 8.
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the reanalysis rainfall is problematic in the equatorial Indian Ocean. Even given
this shortcoming over the equatorial Indian Ocean, the reanalysis captures realisti-
cally the northward propagation of the TCZ associated with active/break cycles of
the ASM on intraseasonal timescales.

A main tenet of the hypothesis that perturbations to subseasonal variability con-
trol the interannual variability is that the patterns of subseasonal and interannual
variability should correspond (Palmer 1994). We have found that the third mode of
subseasonal variability (EOF-3, Fig. 6¢) exhibits the anticyclonic/cyclonic/anticyclonic
pattern in the vicinity of India that characterizes the interannual wind anomalies
(Fig. 3a and Fig. 4d), although the oceanic anticyclone is located directly south of In-
dia in the daily analysis. Time series analysis of the PC-3 time series indicates this
mode of variability to be dominated by periods of 7-40 days (Fig. 7c), the timescales
that are considered important for active/break periods of rainfall over India. As seen
in Fig. 8c, the composite rainfall difference indicates enhanced rainfall in the vicinity
of the Indian subcontinent when cyclonic anomalies prevail over this region. Similar-
ly, enhanced rainfall occurs in the vicinity of the Maritime continent where the flow
also has a cyclonic tendency. Where the flow is anticyclonic (south of India and near
the South China Sea) negative rainfall anomalies occur in the composite rainfall dif-
ference pattern. This quadrupole pattern of rainfall anomalies is manifested as a
southeastward tilt of enhanced rainfall, extending from India into the equatorial
western Pacific. This southeastward tilt is readily apparent in the CMAP validation
data (Fig. 9c¢), indicating that the reanalysis does not properly capture the enhanced
rainfall in the vicinity of Malaysia. Even so, the reanalysis rainfall composite differ-
ence captures the main elements of the well documented pattern associated with ac-
tive (wet) versus break (dry) phases of the summer monsoon over India (Ramamurthy
1969). The patterns of rainfall and 850hPa wind anomalies are consistent with the
composites presented by Webster et al. (1998) that were generated with respect to the
active and break periods of Indian monsoon. Additionally, these convective anomalies
are consistent with an analysis of cloudiness by Murakami (1976) and the one-point
correlations of precipitation with extended Indian monsoon rainfall (Goswami et al.
1999). Also, the southeastward tilt of enhanced rainfall corresponds to the "axes of
minimum OLR" and maximum variance of OLR on 6-25 day timescales given by Vin-
cent et al. (1998). The northward propagation of this convective quadrupole was cap-
tured in the extended EOF analysis of OLR by Lau and Chan (1986, their Fig. 9), and
the importance of this mode of variability for the Indian monsoon region was under-
scored by Wang and Rui (1990, their Fig. 6) who presented an excellent example of
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the northward propagation of this quadrupole pattern of convective anomalies from
late in the summer monsoon season of 1984 using OLR.

Analysis of the daily data has revealed the presence of two main types of convec-
tive phenomenologies over the ASM region. The first, described by EOF's 1, 2, and 4,
characterizes the low-frequency (intraseasonal) northward propagations of the TCZ.
This is a large-scale phenomenon that is zonally oriented, describing the north/south
dipole of the continental and oceanic convective regimes. The convective anomalies
are most pronounced over the South China Sea and the west Pacific, with a weaker
signal over the Bay of Bengal and India. The second regime is described by EOF-3.
The main centers of action consist of a quadrupole pattern in the 850hPa winds, with
anticyclonic flow to the south of the India and cyclonic flow over the bulk of the sub-
continent. East of 95°E the anomalies are reversed, thus there is a pronounced south-
eastward tilt to the rainfall anomalies, with the dominant impact being located over
India and the Bay of Bengal. A benefit of the long record of NCEP/NCAR reanalysis
is the isolation of these two regimes of subseasonal variability. As cited above, various
authors have detected the southeastward tilt of convection (e.g., Murakami 1976),
while others found the TCZ to be more zonal (e.g., Yasunari 1979), leading Gadgil and
Asha (1992) to speculate that this “may be due to difference(s) in the quality of the
data over the two periods,” which is not the case based on our analysis.

Importantly, the subseasonal wind and rainfall anomalies associated with EOF-
3 Figs. 6¢, 8c, 9c) exhibit nearly identical patterns as found on interannual timescales
(Fig. 3, and Figs. 4d-f). This result suggests the viability of a link between subseasonal
and interannual variability, and supports the hypothesis of Palmer (1994) and Fen-
nessy and Shukla (1994) that there is a common mode of variability for the Indian
summer monsoon.

b) The relationship between Subseasonal and Interannual Variability

Closure of the link between subseasonal and interannual variability is estab-
lished by demonstrating that a subseasonal mode projects on to the interannual vari-
ability, or by establishing that a mode is influenced by interannual variations of the
boundary forcing. In the case of AIR, the afore-mentioned results suggest that EOF-
3/PC-3 is a mode through which the subseasonal and interannual variations are re-
lated. It is therefore of interest to establish the importance of this mode for high fre-
guency variations of AIR. As seen in Fig. 10, 1987, a period studied intensively by the
Monsoon Numerical Experimentation Group (MONEG; WCRP 1992, 1993), is an il-
lustrative example of the importance of PC-3 for variations of daily AIR, particularly
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during the months of June and July. As seen in Table 1, the correlation of these two
time series is 0.59, significant at the 5% level (assuming 10 degrees of freedom or
greater during the 122 day season). Table 1 clearly indicates that on subseasonal ti-
mescales the variations of AIR correspond most closely to the changes of the PC-3
time series. With few exceptions (1973, 1985, 1988 and 1990), the correlations of the
other PCs’ with the daily AIR are typically much smaller (or even negative). Our re-
sults unequivocally establish that subseasonal mode-3 is the principal modulator of
the short-term variations of Indian summer monsoon rainfall.

It should be noted that 1987 was a year of below normal AIR, and this is clearly
reflected in the bias of the PC and the AIR departures towards negative values during
this summer (Fig. 10). The seasonal average of the daily principal component time se-
ries is an integrated measure of the influence of the subseasonal mode on the total
seasonal anomaly. Calculating the seasonal average of PC-3 for each summer 1958-
97 (PC-3, Table 2), and correlating with observed seasonal mean anomalies of AIR
(Fig. 2b) results in a correlation of 0.67 (significant at the 1% level), thus directly link-
ing the interannual variations of observed AIR to the projection of subseasonal mode-
3 onto interannual timescales. For PC-1, PC-2, and PC-4 the correlations with AIR
are much weaker, 0.23, -0.13, and 0.04 respectively, indicating that the projection of
these subseasonal modes on to interannual variations of Indian monsoon rainfall is
tenuous at best.

We can further illustrate the link between subseasonal and interannual times-
cales by examining the probability distribution functions (PDF’s) of the principal com-
ponent time series. In Fig. 11 we show the standardized PDF's of the daily PC’s using
all years of data (thick solid line), and for years of above normal AIR (thick long-
dashed line) and below normal AIR (thin short-dashed line) as determined from Fig.
2b. As suggested by the negative bias of PC-3 in 1987 (Fig. 10), the probability distri-
bution function of PC-3 (Fig. 11c) is systematically perturbed towards negative values
during years of below normal AIR, whereas it is perturbed towards positive values
during years of above normal AIR. The changes in the means of the PDF's are signif-
icant at the 2.5% level (see the Appendix for a discussion of the t-test as employed
herein). However, the forcing that causes the shift in the mean of the PDF has yet to
be isolated. Thus, at the present time, probabilistic seasonal forecasts of Indian mon-
soon using this mode of variability are not possible. The PDF’s of PC-1, PC-2 and PC-
4 do not exhibit any systematic perturbations with respect to years of above-normal
or below-normal AIR. This is consistent with their weak projection on to the daily
variations of AIR (Table 1) and the poor correlations of the seasonal means of these
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Table 1: Correlations of observed all-Indiarainfall for each summer (June-September) with
the principal component timeseries associated with the EOF patternsin Fig. 6. Prior to
calculating the correlations a 5-day running mean was applied to the data.

Year PC-1 PC-2 PC-3 PC-4
1971 0.30 -0.13 0.70 0.60
1972 0.09 0.03 0.79 0.29
1973 0.35 0.26 0.36 0.45
1974 -0.18 0.24 0.52 0.02
1975 -0.22 0.02 0.69 0.26
1976 -0.23 -0.11 0.54 0.28
1977 -0.04 0.26 0.65 0.30
1978 0.06 0.14 0.54 0.03
1979 0.46 0.45 0.64 0.28
1980 -0.20 0.36 0.65 0.11
1981 -0.21 -0.06 0.42 0.22
1982 -0.01 -0.11 0.69 0.60
1983 -0.08 -0.27 0.64 0.54
1984 0.01 -0.23 0.44 0.05
1985 -0.45 -0.25 0.30 0.39
1986 0.12 0.39 0.64 0.57
1987 0.41 0.05 0.59 0.37
1988 0.20 0.51 0.16 0.19
1989 -0.12 0.01 0.64 0.59
1990 0.19 0.37 0.24 0.02
1991 -0.12 0.20 0.54 0.19
1992 0.36 0.29 0.66 0.19
1993 0.02 0.11 0.59 0.03
1994 0.28 0.48 0.64 0.02
1995 0.27 0.15 0.69 0.46
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Table 2 Seasonal means (June-September) of the principal components of the daily
850hPa wind for 1958-97. The associated EOF patternsare presented in Fig. 6.

Year PC-1 | PC-2 | PC-3 | PC-4 | Year PC-1 | PC-2 | PC-3 | PC-4
1958 1.4 7.2 103 15| 1978 10.0 | 18.6 0.1 -1.4
1959 4.7 -8.8 | 21.0 -1.3 | 1979 -12.9 4.5 -8.5 -6.8
1960 5.4 -1.6| 11.0 -3.5| 1980 -29 | 127 5.6 | -11.3
1961 385 | -344| 2438 6.4 | 1981 -3.7 | 14.2 -8.4 6.5
1962 152 | -19.2| 121 -3.5| 1982 10.3 -0.2 -8.4 -5.0
1963 178 | -29.5| 12.7 0.4 | 1983 -12.5 -4 117 -2.3
1964 -5.5 -46 | 104 -0.9 | 1984 -6.5| 17.2 -8.3 7.5
1965 5.2 -5.9 -8.0 -1.2 | 1985 16| 145| -19.6 2.6
1966 -99 | -17.3 -2.7 -6.0 | 1986 2.7 149 -115 3.3
1967 17.9 -9.2 0.2 -4.3 | 1987 -15.4 -7.2 | -10.5 2.2
1968 8.4 5.5 -1.7 1.2 | 1988 -17.3 -9.6 7.1 -8.4
1969 -0.9 -3.9 -0.8 -4.9 | 1989 -7.9 6.6 -2.8 -4.1
1970 -2.3 4.0 5.2 -2.7 | 1990 6.5 14.2 -9.6 5.7
1971 -8.2 5.0 01| 10.8| 1991 3.3 -1.2 -7.9 7.9
1972 0.9 -4.2 | -13.1 -1.3 | 1992 -10.7 | 14.2 -7.9 -3.9
1973 -55| 11.8 7.7 7.3 | 1993 -3.2 -1.1 -0.6 -0.5
1974 -6.4 3.2 24| 136 | 1994 25.1 -9.7 2.3 2.1
1975 -10.2 | 129 2.7 3.9 | 1995 -13.6 0.0 3.2 | -14.2
1976 -2.8 2.3 -5.1 -0.1 | 1996 -22.5 9.7 -0.8 6.1
1977 1.0 3.3 -3.1 -3.9 | 1997 10.4 | -21.8 -6.5 6.7
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Figure 11: Probability distribution functions (PDF'’s) of the principal component time series of
EOF's 1-4 given in Fig. 6. Each of the principal component time series were standardized prior
to calculating the PDF. The solid line is the PDF based on all year of data. The thick dashed
line is the PDF for years when the observed all-India rainfall was above normal (=0.5 standard
deviation in Fig. 2b), and the thin short dashed line is the PDF for years when the observed
all-India rainfall was below normal (<-0.5 standard deviation in Fig. 2b).
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PC'’s (Table 2) to interannual variations of AIR as noted in Table 1. That subseasonal
PC-1 is not perturbed with respect to interannual variations of AIR is consistent with
the result of Annamalai et al. (1999) in their analysis of NCEP/NCAR and European
Centre for Medium-Range Weather Forecasts (ECMWF) Reanalyses for 1979-95.
They concluded “On the regional scale of AIR, there does not appear to be such a re-
lationship, at least in terms of the dominant mode of intraseasonal variability.”

Our findings, and those of Annamalai et al. (1999), are not consistent with the
result of Goswami et al. (1998), who analyzed 10 years of NCEP/NCAR reanalyzed
surface winds. They concluded “the composite structure of the 30-60 day mode is
strikingly similar to the dominant mode of interannual variability of the seasonal
mean winds indicating a strong link between the intraseasonal oscillations and the
seasonal mean.” The interannual variability of the seasonal mean winds was the com-
posite difference of strong versus weak years of AIR (their Fig. 17), which more closely
resembles our composite difference (Fig. 3a) and our subseasonal EOF-3 (Fig. 6¢) than
it does their 30-60 day mode (which corresponds to our EOF-1, Fig. 6a). They used un-
filtered daily relative vorticity over two regions, 70-100°E, 12-22°N and 70-100°E,
5°S-10°N, and assumed incorrectly that these variations were representative of the
two preferred locations of the TCZ associated with the 30-60 day mode. By using un-
filtered data they included all modes and timescales of subseasonal variability, with
the afore-mentioned locations corresponding closely to the cyclonic/anticyclonic cou-
plet near India in EOF-3 (Fig. 6¢). Additionally, they computed the residence time of
the TCZ based on the number of days that the positive (cyclonic) relative vorticity over
70-100°E, 12-22°N exceeded a critical value. They found that for 1987 (1988) a shorter
(longer) residence time was associated with below (above) normal seasonal mean de-
parture of AIR. In Table 2 the seasonal mean values of the PC'’s are a proxy for resi-
dence time. For the PC’s, positive (negative) departures indicate that the preferred
location for convection is over (south of) the Indian subcontinent (Fig. 8). From Table
2 we see that in both 1987 and 1988 PC-1 is negative, thus the 30-60 day mode could
not have been responsible for the changes in the wind and rainfall over India. The
same is the case for PC-2 and PC-4, the latter of which is incorrectly phased to give
the proper interannual signal over India. Only PC-3 has the correct phasing to give
the below-normal (above-normal) rainfall over India in 1987 (1988). Goswami et al.
(1998) then state “For the rest of the ten-year period, the relationship (between resi-
dence time and AIR) is not very strong.” Their relationship is weak because, as dem-
onstrated above, only 1 of the first 4 modes is systematically perturbed by AIR. PC’s
1, 2 and 4 vary randomly with respect to AIR (Fig. 11) and since these modes were
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included in their estimated residence time, the relation to AIR is necessarily weak.
The preponderance of evidence presented in Sections 4a-b indicates that it is the vari-
ations of EOF-3/PC-3 that consistently exert the most systematic control over the sub-
seasonal and interannual variations of 850hPa circulation and rainfall over India
during most years. Further details regarding the interactions of the various modes,
and their influence on seasonal mean rainfall will be presented in Section 5.

If a link between the variations of the PC’s and the boundary forcing were estab-
lished, then there would be the prospect for seasonal predictability in a probabilistic
sense. With the implementation of the Tropical Ocean Global Atmosphere Tropical
Atmosphere Ocean (TOGA TAO) array our ability to forecast ENSO has improved
(McPhaden 1999). Hence, it is prudent to investigate if ENSO influences the domi-
nant modes of ASM variability. Figure 12 shows the standardized PDF's for all years,
and for El Nifio and La Nifia years when the standardized NINO3 anomalies exceed
the +/-0.5 standard deviation thresholds (Fig. 2a). PC-2 is systematically perturbed
under the influence of the ENSO boundary forcing. During El Nifio years, the mean
of PC-2 is biased towards negative loadings, corresponding to anticyclonic circulation
and drier conditions in the vicinity of northern India, the Bay of Bengal, and south-
east of China (Fig. 6b). Conversely, these regions are pre-disposed towards cyclonic
conditions and are wetter during La Nifa years. Significance testing indicates that
the mean of the La Nifia PDF is greater than the mean of the El Nifilo PDF at better
than the 2.5% significance level. Thus, for EOF-2/PC-2 there is the potential for pre-
dictability in a probabilistic sense if a priori information regarding the future state of
ENSO is available. The result that ENSO perturbs EOF-2/PC-2, while AIR is system-
atically controlled by EOF-3/PC-3 is consistent with the lack of a unique relationship
between NINO3 SST and AIR (Figs. 2a-b), their correlation being -0.46.

It is interesting that only one of the modes that contributes to the northward
propagation of the TCZ is affected by the ENSO boundary forcing. This does not pre-
clude the possibility of northward propagation. In fact the summer of 1987 was char-
acterized by strong northward propagations along the monsoon trough (Annamalai
et al. 1999). As seen in Table 2, the seasonal mean of PC-2 is biased negative, the
seasonal mean being -7.11. This is consistent with the probabilistic influence of the
boundary forcing based on the PDF's for El Nifio versus La Nifia years (Fig. 12b).
However, as discussed above, the other dominant modes analyzed do not exhibit sys-
tematic perturbations related to ENSO boundary forcing. Of course it is the interac-
tions of the different modes of variability that is important in determining the
overall performance of the ASM. A random bias to one of the other chaotic subsea-
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Figure 12: As Fig. 11 but for stratification based upon the NINO3 SST index given in Fig. 2a.
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sonal modes during a given ENSO event might either exacerbate or counteract the
systematic perturbation of EOF-2. 1987 is an excellent example of constructive inter-
ference of the dominant modes. As expected PC-3 is also biased towards negative
values (Table 2), consistent with the afore-mentioned AIR PDF partitioning (Fig.
11c). However, PC-1 is also strongly negative (Table 2). The result of our partitioning
by the boundary forcing in Fig. 12a indicated that this mode was unaffected by
NINO3 SST. Rather EOF-1/PC-1 is chaotic with respect to the ENSO boundary forc-
ing. Thus, by chance occurrence this mode was biased negatively during this year,
and given its relationship to rainfall (Figs. 8a and 9a) a negative bias is consistent
with below normal AIR (and below normal rainfall across the continental ASM
region). This suggests that the expected below normal AIR associated with EOF-3/
PC-3, and the boundary forcing influence of EOF-2/PC-2 has been exacerbated
through the chance occurrence that EOF-1/PC-1 was also biased negatively during
this year, thus resulting in one of the most intense weak AIR years on record. This
underscores the probabilistic nature of these relationships, and emphasizes the role
that internal dynamics plays in determining the behaviour of the monsoon system
(Goswami 1994). This, coupled with the small percentage variance explained by
EOF-2 is indicative of the complexity of the monsoon system, and the difficulty that
arises in its seasonal prediction.

In Fig. 5 we noted an interdecadal signal in the land-sea temperature contrast.
As seen in Fig. 13c, PC-3 is systematically perturbed towards negative values during
years of weaker land-sea temperature contrast (positive values of SST/tg in Fig. 5b),
whereas it is perturbed towards positive values during years of stronger land-sea
temperature contrast (negative values of PC-1 in Fig 5b). These changes in the
means of the PDF’s are significant at the 5% level (single-sided t-test). Thus, during
the early portion of the record when the land-sea temperature contrast was
enhanced and the DMI was stronger (Fig. 2c), the PDF of PC-3 is biased towards pos-
itive values (Fig. 13c), consistent with enhanced rainfall in the vicinity of India. Con-
versely, during the latter portion of the record when the land-sea temperature
contrast is weaker and the DMI is weaker, the PDF of PC-3 is biased towards nega-
tive values consistent with below normal rainfall in the vicinity of India. The
changes in the PDF’s of PC-1 and PC-4 (Figs. 13a and 13d) are consistent with the
stronger (weaker) DMI being associated with stronger (weaker) land-sea tempera-
ture contrast, although the differences in the means are not statistically significant,
even for a one-tailed t-test at the 5% significance level. The perturbation to PC-3
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indicates that the Indian Ocean SST plays an important role for interdecadal varia-
tions of the ASM.

With respect to the DMI (Fig. 2c¢), the means of the PDF's 1-3 (Fig. 14a-c) are
biased towards positive (negative) loadings for years of enhanced (weakened) verti-
cal windshear. However, the differences in means are not significant at the 2.5%, or
the 5% level for a one-sided t-test. Even so, the biases to these PDF's are consistent
with that expected due to the interdecadal variability of the DMI.

The results presented indicate that the summer monsoon is not dominated by a
single mode of variability. Moreover, the partitioning of the PDF’s of the PC’s indi-
cate that only a subset of the modes are systematically perturbed, and in the case of
ENSO forcing only PC-2 is influenced. These two factors conspire to complicate the
prospect for dynamical seasonal predictability of the ASM.

Importantly, this observationally based study clearly indicates that the PDF'’s
are generally Gaussian in shape, and that the perturbations are realized as changes
in the means of the distributions. However, results from simple models indicated
that systematic changes in the shape of the PDF of the subseasonal mode were man-
ifested as bimodality (Palmer 1994, Webster et al. 1998). This indicates that these
models are failing to capture processes and interactions that are important for ASM
variability. If it is also the case that NWP/general circulation models have similar
shortcomings, then improvements of model formulation will increase the prospect for
seasonal forecasting.

¢) The Role of the Basic State

While the power spectra of the modes presented in Fig. 6 are dominated by sub-
seasonal timescales (Fig. 7), the variations are nevertheless superimposed upon
interannual/decadal variations associated with the slowly varying boundary condi-
tions due to a changing basic state, since the data employed have not been filtered
(other than to remove the climatological daily values). A question of interest is: Are
the basic spatial and temporal characteristics of the modes presented in Fig. 6 fun-
damentally affected by variations of timescales longer than one season? To investi-
gate this question we have recalculated EOF's for the same data used in Fig. 6, but
prior to the analysis we have highpass filtered the data with a 90-point Lanczos fil-
ter that has half-power at 100 days. Thus, we retain all variations that are statisti-
cally significant at the 5% level relative to a rednoise background (Fig. 7).

The resulting EOF patterns using the filtered data are given in Fig. 15. Relative
to the unfiltered data in Fig. 6, EOF-1 and EOF-4 are modified little, and the correla-
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tions of the unfiltered and the filtered PC time series are 0.93 and 0.94 respectively
for the 40 summers of daily data. This indicates that for the unfiltered and filtered
data the spatial/temporal characteristics of these modes are in large part nearly
identical, indicating these to be normal modes of the summer monsoon system. Sub-
stantial modifications occur to EOF-2, the mode that showed a statistically signifi-
cant link to the phase of ENSO. For the filtered version of EOF-2, absent are the
“closed” cyclonic flows over the Bay of Bengal, and over China and the South China
Sea. The primary change to EOF-3 is a shift of the anticyclonic anomalies towards
the southern Bay of Bengal. For PC-2 and PC-3 the correlations of unfiltered and fil-
tered time series are somewhat lower relative to the modes that were unchanged,
being 0.75 and 0.73 respectively, indicating that the basic state is modifying the spa-
tio-temporal variability of these modes.

The influence of the basic state on the PC's is clearly demonstrated in Fig. 16.
Here we show the PC's of the filtered and unfiltered data for June-September 1987,
an El Nifo year with weak AIR and weak DMI (Fig. 2). During this year the high-
frequency temporal variations of the filtered and unfiltered data are nearly identi-
cal, especially for PC-1 and PC-4. However, as discussed in Section 4b, PC’s 1-3 from
the unfiltered data are negatively biased as seen in Table 2. Filtering the data has
resulted in removal of the low-frequency basic state variations that give rise to the
substantial offsets of the unfiltered data (Table 2). Alternatively, the filtered data
have much smaller offsets, as seen in Table 3.

The changes to the temporal variations of the filtered data are evident in their
PDF's. The most important change that occurs with the use of filtered data is the
absence of statistically significant changes to the PDF's with respect to ENSO, ASM
SST and ground temperature, and AIR. For example, the PDF's of the filtered data
partitioned according to ENSO are given in Fig. 17. The PDF's are still approxi-
mately Gaussian, but no evidence of a systematic perturbation by the boundary forc-
ing is evident because the bias due to the low-frequency basic state has been
removed. This bias is responsible for the perturbations of the PDF’s seen in Figs. 11-
14. This indicates that the slowly varying component of the climate system is respon-
sible for the perturbations in the means of the PDF's described in Section 4c. Thus,
an accurate forecast of the basic state is a prerequisite for probabilistic forecasts of
the subseasonal modes. The importance of the basic state is investigated further in
the next section, in which we evaluate the projection of the subseasonal modes on to
the interannual variations of the low-level flow and rainfall.
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Figure 15: Results of an EOF analysis of NCEP/NCAR daily 850hPa wind anomalies for
June-September 1958-97. Prior to the analysis the climatological daily means have been
removed and the data were subjected to a 90-point Lanczos highpass filter to isolate time-
scales less than 100 days. (a) EOF-1, (b) EOF-2, (c) EOF-3, (d) EOF-4. The percent vari-
ance explained by each mode is also given.
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Table 3: Seasonal means (June-September) of the principal components of the highpass
filtered daily 850hPa wind for 1958-97. The associated EOF patternsare presented in Fig.

15.
Year PC-1 | PC-2 | PC-3 | PC-4 | Year PC-1 | PC-2 | PC-3 | PC-4
1958 2.9 -2.6 0.5 -0.4 1978 -1.7 1.2 11 -0.7
1959 0.2 -1.0 11 -2.4 1979 -3.4 1.8 0.9 -14
1960 -09| -08| -13| -1.2| 1980 0.0 1.3 08| -04
1961 -1.1 -2.0 2.1 2.7 1981 3.1 2.1 -0.3 -1.8
1962 34 -3.1 2.5 0.1 1982 14 3.0 -2.3 1.3
1963 4.1 -2.3 -0.2 -04 1983 0.1 -0.6 1.3 -1.3
1964 -0.2 -04 1.2 0.6 1984 -1.1 0.3 11 -0.8
1965 19 -0.9 -0.6 15 1985 15 -2.9 -1.5 15
1966 21| -05 0.0 0.8 | 1986 -1.9 0.2 07| -0.8
1967 -1.1 -0.5 -0.5 0.0 1987 2.5 3.2 -1.1 11
1968 0.8 0.8 -0.6 -14 1988 0.1 0.1 34 -1.6
1969 1.8 06| -09 0.6 | 1989 25| 22 3.1 1.9
1970 0.9 0.5 -0.5 0.3 1990 -1.0 -0.6 -1.7 -1.0
1971 11 -11 11 0.3 1991 0.7 2.0 -3.4 0.7
1972 -1.9 11 -2.3 -0.8 1992 -3.0 0.3 -1.6 0.1
1973 -14 0.9 -04 19 1993 -1.2 0.9 -0.7 1.7
1974 -1.8 -2.5 0.4 -0.3 1994 0.4 2.1 -2.4 0.8
1975 01| -04 08| -1.7| 1995 -0.3 04| -09 0.6
1976 0.4 0.0 0.2 -0.3 1996 -0.8 0.9 0.4 0.1
1977 0.8 1.6 -1.0 0.1 1997 -11 -0.7 11 -0.6
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Figure 17: As Fig. 11 but for stratification of the principal components of the highpass filtered data
based upon the NINO3 SST index given in Fig. 2a.
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5. Reconstruction of the Interannual Variability from the Subseasonal modes

Figures 11-14 indicate that a very limited number of modes are perturbed sys-
tematically on timescales where demonstrated forecast prospects exist (i.e., ENSO).
As discussed in the section 4b, the seasonal means of the principal components give
the contribution of that mode to the total seasonal anomaly. These seasonal mean
PC values, multiplied by their respective EOF patterns, and then summed over n
patterns yield a reconstructed seasonal anomaly, which can be compared to the total
seasonal anomaly (calculated using monthly data relative to the 40-year climatol-
ogy). In this manner we can investigate how well the dominant modes of subseasonal
variability relate to the interannual variability. Importantly, we can also examine
the role of the basic state by comparing the reconstructions of the unfiltered and fil-
tered data.

To reconstruct the precipitation anomalies, the daily PC's have been linearly
regressed against daily anomalies of reanalysis precipitation. The regressed fields
multiplied by the seasonal mean PC values are summed to yield a reconstructed sea-
sonal anomaly. The reconstructions are validated against the total seasonal anomaly
(calculated using monthly data relative to the 40-year climatology), and when possi-
ble also against the observationally based rainfall estimates of Xie and Arkin (1996).

During 1987, a weaker than normal Somali jet persisted throughout much of
summer (Krishnamurti et al. (1989). This is confirmed in Fig. 18 which shows the
total and reconstructed 850hPa anomalies for 1987. The basic structure of the total
anomalies (Fig. 18a) is captured in the reconstruction using EOF's 1-4 (Fig. 18b).
The easterly anomalies from 5°N-15°N, the cyclonic anomalies south of the Indian
subcontinent, and the anticyclonic circulation over northern India and over the
South China Sea are captured reasonably well. However, the reconstruction fails to
reproduce many of the details of the total anomaly, particularly north of 30°N and
south of the equator where the magnitudes of the wind vectors are greatly underesti-
mated. This indicates that in order to capture the details of the flow a larger number
of EOF’s would be required in the reconstruction. The reconstruction using EOF's 1-
4 of the filtered data is presented in Fig. 18c. Consistent with the small seasonal
mean values of the filtered PC's (Table 3), a factor of 10 difference in the length of a
unit vector is required to show the reconstructed anomalies. Moreover, the recon-
struction using the filtered data does not even qualitatively agree with the total
anomaly field. This indicates the dominant role that the low-frequency basic state
plays in setting up the large-scale and regional-scale circulations.
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Figure 18: The seasonal mean (June-September) 850hPa wind anomaly (ms™) for 1987
with respect to the base period 1958-97 (a) the total, (b) reconstructed based on the prod-
uct of the unfiltered EOF’s in Fig. 6 and the seasonal mean PC values in Table 2, (c)
reconstructed based on the product of the filtered EOF’s in Fig. 15 and the seasonal
mean PC values in Table 3. Note: the small magnitude of the reconstructed anomalies
from the filtered data in (c) requires a unit vector of 0.5ms™*, whereas the total and
unfiltered reconstructions in (a) and (b) have unit vectors of 5ms™.
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Figure 19: The seasonal mean (June-September) precipitation anomaly (mm day‘l) for
1987 with respect to the base period 1958-97 (a) the total from NCEP/NCAR reanalysis,
(b) reconstructed based on linear regressions of the daily unfiltered PC'’s of the EOF’s in
Fig. 6 and daily precipitation anomalies. The reconstruction presented is the product of
the linear regressions and the seasonal mean PC values in Table 2, (¢) reconstruction
based on linear regressions of the daily filtered PC'’s of the EOF's in Fig. 15 and daily
precipitation anomalies. The reconstruction presented is the product of the linear re-
gressions and the seasonal mean PC values in Table 3, (d) the total from the observed
dataset of Xie and Arkin (1996). Note: the observed anomalies are calculated with re-
spect to the base period 1979-95. For (a), (b) and (d) contours are plotted at 0, +/- 1, 2,

4, 8,... mm day™L. For (c) contours are plotted at 0, +/- 0.2, 0.4, 0.8, 1.6,... mm day™*. In
all cases shading is used to indicate positive anomalies.

-39-



The total and observed rainfall anomalies for 1987, shown in Figs. 19a and 19d,
are in good agreement, with below normal rainfall over India and most of the Bay of
Bengal. Enhanced rainfall is strongest over the northeastern Bay of Bengal and
Burma and in a narrow band in the equatorial Indian Ocean. The reconstructed
rainfall anomalies in Fig. 19b are qualitatively consistent with the observations and
the total forecast field in representing the deficit rainfall, but it fails to produce the
enhanced rainfall near Burma. This inconsistency is not surprising since the recon-
structed flow fails to capture the onshore westerly flow in this region (Fig. 18b). This
is further evidence that the interannual variability of the ASM is not dominated by a
few modes of variability, and that higher order modes are necessary to capture
regional-scale features. Concomitant with the incorrect reconstruction of the filtered
winds (Fig. 18c) the rainfall reconstruction based on the filtered anomalies is incor-
rectly simulated (Fig. 19c), including magnitudes that are about a factor of five
smaller than the unfiltered reconstruction. As seen in Fig. 16, the filtered and unfil-
tered principal components have nearly identical amplitudes, and their regressions
against the rainfall yield similar linear fits (not shown). However, from comparing
Tables 3 and 2, the seasonal means of the filtered principal components are much
smaller than those from the unfiltered data because the low-frequency component
has been removed. With the smaller seasonal mean values, the filtered data do not
project as strongly on to the interannual variability, thus the reduced magnitude of
the filtered reconstructions relative to the unfiltered reconstructions. Additionally,
the relative loadings of the filtered PC’s (Table 3) are not consistent with the unfil-
tered PC’s (Table 2) thus resulting in the incorrect representation of the wind and
rainfall anomalies in the filtered reconstructions. The basic state is so important
that its’ removal precludes even a qualitative representation of the total anomalies.

MONEG spent much time evaluating the 1988 ASM, which occurred during
strong La Nifia conditions. In particular, the monsoon over India was modulated pri-
marily through perturbations along the monsoon trough (Fig. 20a). This proves to be
a curious year since even though this was the strongest La Nifa in the 40-year
record (Fig. 2a), the seasonal mean of PC-2 is negative, contrary to the systematic
perturbation of its PDF in Fig. 12b, which indicates PC-2 to be biased towards posi-
tive values under La Nifia conditions. This exemplifies the nature of probabilistic
relationships, which sometimes do not manifest as expected. The reconstruction
using EOF's 1-4 (Fig. 20b) gives rise to the basic easterly anomalies seen in the total
(Fig. 20a), but it fails dramatically over China. Inclusion of higher order subseasonal
modes that are associated with variations of the Mei-Yu front lead to an improved
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Figure 20: As Fig. 18 for 1988.

-41-



a) Total b) EOF's1-4
40N - ! Q\;\‘g 0 L : 0'
T

20N

|
EQ'/;Z?EET>

40N

05T+
60E 80E 100E 120E

.d) Xie-Arkin

c) Filtered EOF's 1-4
0

40N Kb e— *
) =
0
L
20N
0.2 “"O 0.2
b
D2 7
EQT
. <
0
205 - ——
60E 80E 100E 60E 80E 100E 120E

Figure 21: As Fig. 19 for 1988.
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reconstruction of the wind anomalies over China (not shown). The precipitation com-
posites of these higher order modes are similar to the modes of high cloud discussed
in Kang et al. (1999). As for 1987, the magnitudes of the wind vectors are too weak
outside of the core region of the ASM, and the reconstruction using the filtered data
(Fig. 20c) is inconsistent with respect to the total anomaly.

The total forecast and observed rainfall anomalies for 1988, shown in Figs. 21a
and 21d, are in qualitative agreement. The reanalysis fails to capture the positive
anomalies off the west coast of India, and the anomalies over much of the Bay of
Bengal and the eastern equatorial Indian Ocean are underestimated. This reduces
the prospect for reconstruction, and indeed as seen in Fig. 21b these inconsistencies
are manifest in the unfiltered reconstruction. Additionally, shortcomings in the
reconstructed wind (Fig. 20b), such as the poor penetration of the monsoon trough
into northwestern India, contribute to the poor representation of the reconstructed
rainfall over the Indian subcontinent. While the rainfall reconstruction using the fil-
tered data (Fig. 21c) appears more favorable, albeit with unduly small rainfall rates,
inspection of Fig. 20c indicates that the qualitatively correct rainfall representation
Is obtained for the wrong reason since the reconstructed wind using the filtered data
IS incorrect.

1994 is an interesting year since it has a strong AIR signal, but the ENSO
boundary forcing and DMI were very weak (Fig. 2). Compared with 1988 (Fig. 20),
another year of enhanced AIR, the anomalous flow is radically different (Fig. 22),
underscoring the wide variety of flow regimes under which regional rainfall can be
significantly affected. EOF’s 1-4 capture the large-scale features of the total anoma-
lies (Fig. 21b), but again the absence of higher order modes precludes the representa-
tion of regional-scale features. The filtered reconstruction is incorrect (Fig. 22c).

In 1994 the reanalysis gives a very good representation of the observed rainfall
anomalies, as seen in Figs. 23a and 23d respectively. The problematic regions
include the eastern equatorial Indian ocean, the southern South China Sea and east
of southern India where the reanalysis generates positive rainfall anomalies. Quali-
tatively, the reconstructed rainfall in Fig. 23b is in good agreement with the total
anomalies. However, the reconstructed rainfall anomalies are underestimated over
Burma, Thailand and Laos where the reconstructed winds poorly represent the con-
vergence of the northeasterlies and westerlies near 20°N. Additionally, relative to
the total anomalies, the reconstructed rainfall is overestimated along the west coast
of India near 15°N (though not with respect to the observed anomalies), as the total
low-level flow is more divergent relative to the reconstructed flow. What agreement
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Figure 22: As Fig. 18 for 1994.
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there is between the filtered rainfall reconstruction (Fig. 23c) and the observed
anomalies (Fig. 23d) is fortuitous given the incorrect reconstruction of the filtered
winds in Fig. 22c.

The reconstructions of the seasonal mean (June-September) 850hPa wind
anomalies using the first four modes of unfiltered subseasonal variability have been
successful in capturing the gross characteristics of the total seasonal anomaly. Simi-
larly, the associated reconstructions of the rainfall anomalies are quite good consid-
ering the circuitous route through which they were produced, and the assumption
that the rainfall anomalies are linearly related to the wind anomalies. Reconstruc-
tions of other years (not shown) have been equally successful. The differences
between the observed and reconstructed rainfall anomalies highlight locations
where the wind reconstructions failed to capture regional features in the flow. This
indicates that the ASM is not dominated by a few modes of variability, and that
improvement of the reconstructions may be possible through inclusion of a larger
number of modes. For example, inclusion of higher order subseasonal modes that are
associated with variations of the Mei-Yu front lead to an improved reconstruction of
the anomalies over China (not shown). Comparison with reconstructions based on
the highpass filtered data demonstrates that it is the low-frequency variations of the
basic state that must be forecast.

6. Discussion and Conclusions

We have used the NCEP/NCAR reanalysis to investigate the dominant modes of
subseasonal variability of the Asian summer monsoon, and we have evaluated their
projection onto interannual variations of the monsoon system. First and foremost we
have identified a common mode of variability that dominates the subseasonal (EOF-
3/PC-3) and the interannual variations (EOF-4/PC-4) of 850hPa circulation and rain-
fall over India. The results indicate that the monsoon system over India is biased
towards more active (break) periods during years of above (below) normal AIR. If the
underlying forcing of the interannual variations of this mode can be isolated, and be
shown to be predictable, then the prospect for probabilistic forecasting of Indian
summer monsoon using dynamical methods will improve. Furthermore, the back-
ground state upon which the interannual variations of this mode are set is related to
interdecadal variations in the Indian Ocean SST and the land-sea temperature con-
trast. Unfortunately, the poor observational network in the Indian Ocean provides
little if any information on its subsurface structure from which to ascertain the root
cause of the interdecadal variability.
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In the case of the TCZ, one of the 3 modes of subseasonal variability that influ-
ences its northward propagation (EOF-2/PC-2) is systematically perturbed by
ENSO. Since ENSO forecasting has reached a mature state, having moved into the
realm of operational forecasting rather than experimental forecasting, this provides
the basis for long-range forecasting of at least one aspect of summer monsoon. These
results support the Palmer (1994) hypothesis that perturbations to otherwise chaotic
phenomena can result in discernible influences on interannual timescales (although
the impact is not on the leading mode, and the perturbations are not manifest as
bimodality as had been suggested by simple models).

Furthermore, the analysis of highpass filtered data indicates that the afore-
mentioned systematic pertubations require that only the slowly varying components
of the climate system be forecast in order to obtain potential predictability of the
Asian summer monsoon system, consistent with the earlier suggestion of Charney
and Shukla (1981). This result is further supported by the reconstructions of the sea-
sonal mean anomalies of 850hPa circulation and rainfall based on the contributions
of the dominant subseasonal modes.

Even given the potential for predictability using the systematically forced
modes, long-lead forecasting of the Asian summer monsoon will remain challenging
for many reasons including: (1) The ENSO boundary forcing, for which there is long-
range predictability of up to one-year in advance, only systematically perturbs EOF-
2/PC-2. Therefore, random biases to the other subseasonal modes can either exacer-
bate or counteract the systematic influence caused by the ENSO boundary forcing.
(2) ENSO is not a perennial occurrence, thus for the majority of years no a priori pre-
disposition of the EOF-2/PC-2 will be forthcoming. (3) The first and fourth modes
appear to be normal modes of the ASM since their spatial and temporal evolutions
were largely unaffected by the highpass filtering. This suggests that low frequency
basic state forcings are absent which might perturb these modes into preferred
regimes. Thus, they introduce a substantial element of uncertainty into any long-
lead forecast. (4) While the reconstructions were successful at capturing the basic
structures of the 850hPa flow and the rainfall using the first four modes of subsea-
sonal variability, the reconstructions were problematic in that they did not capture
many of the regional-scale features of the seasonal mean anomalies, particularly
over eastern Asia. Additionally, the reconstructed large-scale anomalies were poorly
represented north of 30°N and south of the equator. Thus, a larger number of modes
are necessary to improve the reconstructions since the Asian summer monsoon sys-
tem is not dominated by a few modes of variability. This puts a more substantial
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onus on any forecast system since the model must be able to represent a large num-
ber of modes of variability with fidelity. If numerical weather prediction models are
not able to simulate such a suite of modes this would suggest that the present limita-
tions on seasonal predictability of ASM are imposed by our limited understanding of
the complex processes that govern the ocean-atmosphere-land system rather than by
nature itself.
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Appendix
t-test and estimation of the number of degrees of freedom

The t-test statistic was used to assess differences in the means of the probabil-
ity distribution functions (PDF’s). Calculation of the t-statistic requires estimates of
the number of degrees of freedom for each PDF. For each summer (June-September,
n=122 days) we calculate the lag 1 autocorrelation of the principal component, R1,
and then conservatively estimate the number of degrees of freedom, n’, as

n"~n(l-R1)/(1+R1)

in order to take into account serial correlation (Quenouille 1952, Wilks 1995). The
sum of the number of degrees of freedom for the years over which the PDF's are cal-
culated is then employed in assessing the statistical significance of the difference of
the means of the PDF’s. Our null and alternative hypotheses are:

Hp: meanl = mean2; H;: meanl # mean2

Given that we have no a priori knowledge of the possible perturbations to the
PDF's for the extreme years, significance testing is performed at the 5% significance
level using a two-tailed test. We may reject the null hypothesis at the 5% signifi-
cance level if meanl-mean2 > t-statistic, and conclude at the 2.5% significance level
that meanl > mean2. Alternatively, we may reject Hg at the 5% significance level if
meanl-mean2 < -1*t-statistic, and conclude at the 2.5% significance level that
meanl < mean2 (Robbins and Van Ryzin 1975).
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