
The Palaeobotanist 57(2008) : 515-528

0031-0174/2008    $2.00

© Birbal Sahni Institute of Palaeobotany, India

Experimental reconstruction of large-scale

summer monsoon drought over India and the

Tibetan Plateau using tree rings from

'High Asia'

EDWARD R. COOK* AND PAUL J. KRUSIC

Lamont-Doherty Earth Observatory Palisades, New York, 10964, USA.
Email:  drdendro@ldeo.columbia.edu

(Received 21 May, 2007; revised version accepted 30 October, 2008)

ABSTRACT

Cook ER & Krusic PJ 2008. Experimental reconstruction of large-scale summer monsoon drought over India and

the Tibetan Plateau using tree rings from ‘High Asia’. The Palaeobotanist 57(3): 515-528.

We investigate the use of a network of 194 tree-ring chronologies from the ‘High Asia’ region of the Himalaya,

Karakoram, Tien Shan, and Tibetan Plateau for the reconstruction of large-scale summer monsoon drought variability

over India and the Tibetan Plateau.  This experiment was carried out to see if the High Asia tree-ring network contains

large-scale information related to the north-south climate gradient over this region, which is known to be associated with

the development of the Indian summer monsoon.  The climate field chosen for experimental reconstruction was a 735-

point grid of self-calibrated Palmer Drought Severity Indics (PDSI) calculated from CRU TS 2.1 gridded temperature and

precipitation data.  This PDSI grid was reconstructed for the summer monsoon season from a subset of tree-ring

chronologies covering the period 1600-1989 using a reduced-space multivariate regression method, and both calibration

and verification tests indicate that the reconstructions contain significant hindcast skill in substantial sub-regions of the

grid, especially over India.  Principal components analysis carried out on the almost 400 years of data over the complete

grid indicates that the leading spatial mode or EOF of summer monsoon PDSI expresses a dominant north-south

alternation in drought and wetness between India and the Tibetan Plateau, a leading mode also present in the instrumental

data.  Wavelet analysis of the time series expression of this leading EOF also reveals a very stable 40-60 year pattern of

multidecadal variability in it.  This time scale of variability appears to be related to slowly changing tropical ocean sea

surface temperatures.  Together, these results validate the use of a geographically restricted set of tree-ring chronologies

over High Asia for the reconstruction of large-scale summer monsoon variability over India and the Tibetan Plateau.

Key-words—High Asia tree rings, India, Tibetan Plateau, Summer monsoon, Drought reconstruction, ENSO.
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INTRODUCTION

THE importance of the summer monsoon to India and its

agricultural economy cannot be overstated (Krishna

Kumar et al., 2004; Mall et al., 2006).  Yet, to this day it is not

as well understood as it should be, nor has there been great

progress in the long range prediction of Indian summer

monsoon rainfall (Munot & Krishna Kumar, 2007).  This has

been the case even though India has some of the longest

rainfall and temperature records on the Asian continent

(Hingane et al., 1985; Rupa Kumar et al., 1992; Sontakke et al.,

1993; Parthasarathy et al., 1995) for developing and testing

forecast models of Indian summer monsoon rainfall.  Even so,

a large variety of empirical associations have been identified

between various leading (i.e. pre-monsoon) climate variables

and the Asian monsoon, especially for forecasting all-India

summer monsoon rainfall (AISMR) (Parthasarathy et al., 1988;

Pant & Rupa Kumar, 1997; Sahai et al., 2003).  These empirical

associations with AISMR can be roughly assigned

geographically to links with the tropical Pacific El Niño/

Southern Oscillation (ENSO) region (Pant & Parthasarathy,

1981; Rasmusson & Carpenter, 1983; Parthasarathy & Pant,

1985), links with the Indian Ocean (Saji et al., 1999; Webster et

al., 1999; Clark et al., 2000; Gadgil et al., 2003), and links with

Asian land surface thermal conditions (Hahn & Shukla, 1976;

Yanai et al., 1992; Sankar-Rao et al., 1996).  See also Meehl

and Arblaster (2002) for a multivariate analysis of these three

coupled regions as they affect monsoon development over

the more general Asian monsoon system.

Many of the identified empirical associations used to

predict the AISMR have not proved to be stable through time

(Krishna Kumar et al., 1999a, b; Liu & Yanai, 2002), a problem

that has existed since the early days of Indian monsoon

forecasting (Savur, 1931).  This instability could be due to

transient associations or statistical artifacts.  It may also reflect

true ‘epochal changes’ in the association between the Indian

summer monsoon and large-scale processes like ENSO (Krishna

Kumar et al., 1999a) through a natural modulation of the linkage

caused by more slowly varying interdecadal variability in the

Pacific Ocean (Torrence & Webster, 1999; Krishnamurthy &

Goswami, 2000; Krishnan & Sugi, 2003).  There is even a

reasonable chance that the loss of predictive skill of certain

large-scale associations could be reflecting a true change

towards a new climate state caused by 20th Century global

warming (Krishna Kumar et al., 1999b).  Differentiating between

these various ‘causes’ of lost predictive skill is an important

scientific challenge that is hampered by the shortness of the

available climate data.

The possibility that Indian summer monsoon rainfall is

being modulated by interdecadal processes with return times

as long as 50-60 years (Krishnamurthy & Goswami, 2000) means

that even the long instrumental climate records from India are

not sufficient to study the long-term properties of such

variability.  For that reason, we must resort to paleoclimate

proxies of past monsoon variability to provide enough

realizations of such variability for study.  High-resolution

sediment records have been used successfully to investigate

monsoon variability over the past several centuries (Anderson

et al., 2002), but the annual time resolution and precise dating

control of tree-ring chronologies make them nearly ideal as

land-based archives of Indian summer monsoon variability if

they are located in monsoon-sensitive regions. This is a

problem for the core summer monsoon region of lowland India

south of the Himalaya.  Only a few tree-ring chronologies exist

there, mainly teak (Tectona grandis) (Yadav & Bhattacharyya,

1996; Wood, 1996; Borgaonkar et al., 2001; Sikder, 2003; Shah

& Bhattacharyya, 2005; Shah et al., 2007), but they are rarely

much longer than the instrumental climate records (the AISMR

series begins as early as 1844; Sontakke et al., 1993).  However,

in the ‘High Asia’ region of the Himalaya, Karakoram, Tien

Shan, and Tibetan Plateau, there is an abundant supply of

long annual tree-ring chronologies, many of which extend back

400 or more years into the past.  These chronologies have

been developed and used by many tree-ring scientists to

reconstruct relatively local temperature and precipitation

histories at various locations in India (Pant & Borgaonkar,

1984; Bhattacharyya et al., 1988; Hughes, 1992; Borgaonkar

et al., 1994, 1996; Yadav et al., 1997; Bhattacharyya & Yadav,

tyok;q izo.krk ls lacaf/kr mPp ,f'k;k o`{k&oy; ra= esa cM+s iSekus ij tkudkjh lfUufgr gS] tks fd Hkkjrh; xzh"e ekulwu ds fodkl ls lacn~/k ekuh tkrh
gSA izk;ksfxd iqulZajpuk gsrq pquk x;k tyok;q {ks= lh-vkj-;w-Vh-,l- 2.1 fxzM rkieku o vo{ksi.k vk/kkj rF; ls ifjdfYir Lo&va'k'kksf/kr ikej lw[kk
mxzrk v{kkad ¼ih-Mh-,l-vkbZ-½ dk ,d 735-fcanq fxzM FkkA ih-Mh-,l-vkbZ- fxzM o`{k&oy; dkykuqØe.kksa ds mileqPPk; ls xzh"e ekulwu _rq gsrq
y?kqd`r&LFkku cgqpj oØhxfr fof/k dk iz;ksx djrs gq, 1600-1989 dh vof/k rd iqulZajfpr fd;k x;k rFkk va'k'kks/ku o lR;kiu nksuksa ijh{k.k ladsr nsrs
gSa fd fo'ks"kr% Hkkjr esa fxzM ds etcwr mi&izns'kksa esa iqulZajpuk lkFkZd i'p<yku n{krk fufgr gSA lewps fxzM ij yxHkx 400 o"kksZa ds rF;ksa ds vk/kkj
ij fd, x, eq[; la?kVd fo'ys"k.k bafxr djrs gSa fd vxz.kh LFkkfud eksM vFkok xzh"e ekulwu ih-Mh-,l-vkbZ- dk bZ-vks-,Q- Hkkjr ,oa frCcrh iBkj ds
e/; lw[kk o ueh ¼vknzZrk½ esa izHkqRoh mRrj&nf{k.kh ifjorZu O;Dr djrk gS] midj.kh; vk/kkj rF; esa Hkh ,d vxz.kh eksM ¼izkoLFkk½ ekStwn gSA bl vxz.kh
bZ-vks-,Q- dh le; Jà[kyk vfHkO;fDr dk rajfxr fo'ys"k.k bl cgqn'kdh; ifjorZuh;rk dk ,d vR;ar LFkk;h 40-60 o"kZ iz:i mn~?kkfVr djrk gSA
ifjorZuh;rk dk ;g le; eku /khes cnyrs m".kdfVca/kh; egklkxjh leqnz i`"Bh; rkiekuksa ls lacaf/kr izrhr gksrk gSA blds lkFk] Hkkjr ,oa frCcrh iBkj esa
cMs+ iSekus ij xzh"e ekulwu ifjorZuh;rk dh iqulZajpuk gsrq mPp ,f'k;k esa o`{k&oy; dkykuqØe.kksa ds HkkSxksyh; :i ls izfrcaf/kr leqPp; ds iz;ksx ls
ifj.kke vfHkiq"V djrk gSA

eq[; 'kCn—mPp ,f'k;k o`{k oy;] Hkkjr] frCcrh iBkj] xzh"e ekulwu] lw[kk iqufuZekZ.k] bZ-,u-,l-vks-A
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1999; Chaudhary et al., 1999; Pant et al., 2000; Yadav & Park,

2000; Yadav & Singh, 2002; Bhattacharyya & Chaudhary, 2003;

Singh & Yadav, 2005; Singh et al., 2006; Shah et al., 2007),

Nepal (Bhattacharyya et al., 1992; Cook et al., 2003), Bhutan

(Buckley et al., 2005), Tibetan Plateau (Braeuning, 2001; Zhang

et al., 2003; Braeuning & Mantwill, 2004; Sheppard et al., 2004;

Gou et al., 2007), and Pakistan/west central Asia (Esper et al.,

1995; Esper et al., 2002, 2003).  This list of published results is

not intended to be complete.  Rather, it serves as a general

acknowledgement to the large amount of tree-ring research

that has been conducted in High Asia to date.

As indicated earlier, the link between Indian summer

monsoon rainfall, climate conditions over the Himalaya and

Tibetan Plateau, and the thermal contrast between the regions

north and south of the Himalaya is well established now (Fu &

Fletcher, 1985; Li & Yanai, 1996; Liu & Yanai, 2001, 2002; Meehl

& Arblaster, 2002; Bansod et al., 2003; Feng & Hu, 2005;

Kennett & Toumi, 2005).  Therefore, the existing network of

long tree-ring chronologies distributed over High Asia may

be useful for reconstructing long-term, large-scale,

hydroclimatic variability over India even in the absence of

any tree-ring chronologies from lowland India.  To date, no

attempt has been made to collectively use the High Asia tree-

ring network to reconstruct large-scale summer monsoon

variability over the region.  It is the purpose of this paper to

investigate that potential through the experiment described

below.

The Hydroclimate Metric

Prior to reconstructing summer monsoon variability over

the the Indian Subcontinent and bordering areas of South

Asia and the Tibetan Plateau, the decision was made to use

the Palmer Drought Severity Index (PDSI; Palmer, 1965) as the

metric of hydroclimatic variability to use.  This choice was

motivated by a number of factors.  First, it was necessary to

have a gridded climate field for reconstruction that covered

the complete region of interest in such a way that it would

hopefully contain information about the link between Indian

summer monsoon variability and climatic conditions over the

Tibetan Plateau.  The choice made here was to use the CRU

TS 2.1 interpolated data set of monthly temperature and

precipitation available for global land areas on a 0.5 degree

grid (New et al., 2002; Mitchell et al., 2004).  The monthly data

cover the period 1901-2002 everywhere, but in data sparse

areas and periods the values ‘relax’ towards climatology

making them less reliable.  This is a particular problem in

western China and the Tibetan Plateau, where very little climate

data exist prior to 1950.  In India south of the Himalaya, the

quality of the pre-1950 gridded climate data is likely to be

much better because the quantity of data available for gridding

is much higher.

While it would have been possible to attempt a

reconstruction of summer monsoon rainfall from the CRU TS

2.1 data directly from tree rings, the decision was made to base

the reconstructions on the Palmer Drought Severity Index

(PDSI; Palmer 1965), a well-known and widely used measure

of drought and wetness.  Previous efforts at reconstructing

large-scale PDSI from tree rings have been highly successful

(Cook et al., 1999, 2004; Zhang et al., 2004; Brewer et al., 2006;

Nicault et al., 2006), and there is little reason in principle to

expect it not to work here as well.  That being the case, the

original PDSI algorithm was not configured with the statistical

properties of monsoon climates in mind.  This could

conceivably cause problems in its calculation over the study

region here.  To reduce that possibility, the PDSIs were

calculated from the CRU TS 2.1 data using an improved ‘self-

calibrating’ algorithm described by Wells et al. (2004).  Dr

Gerard van der Schrier of the Royal Netherlands Meteorological

Institute performed these calculations and kindly supplied the

PDSI data for this study.  See van der Schrier et al. (2006) for

methodological details.  Doing so produced a 0.5 degree grid

of monthly self-calibrated PDSI over India and the Tibetan

Plateau that served as the basis for the calibration data set

used for our tree-ring reconstruction experiment.

The PDSI grid used here is shown in Fig. 1.  For

computational efficiency, the grid spacing was coarsened to

1.0 degree resolution, resulting in 735 grid points of coverage

over India and bordering areas of South Asia and the Tibetan

Plateau.  At this point, the decision was made to use June-

July-August (JJA) as the definition of the summer monsoon

season and seasonalize the PDSI accordingly.  September was

viewed as being too late to materially affect tree growth in the

High Asia region.

The High Asia Tree-Ring Network

The High Asia tree-ring network available for use here is

comprised of 194 annual tree-ring chronologies shown in Fig.

1.  It is based on collections made over the years by the Lamont

Tree-Ring Lab in Nepal, Bhutan, and China and on many kind

contributions from other tree-ring scientists active in the Asian

monsoon region as well (see the Introduction for a partial

review of that work).  Of the 194 chronologies, a subset of 65

series covering the common period 1600-1990 was selected as

candidate predictors of gridded June-August PDSI.  The

choice of 1600-1990 for calibration and reconstruction had the

unfortunate effect of deleting all of the available tree-ring

chronologies from northwest India (see Fig. 1).  However, the

overall lack of quality climate data prior to 1950 over the

Himalaya and Tibetan Plateau necessitated using an end date

that provided enough quality data for calibration purposes.

The 1600 date was also chosen to enable the development of

long enough reconstructions to look for multidecadal variability

in a statistically robust way.

Prior to use for reconstruction, the 65 retained tree-ring

series were prewhitened to remove positive autocorrelation or

persistence that is commonly described as ‘red noise’.  This

was accomplished using low-order autoregressive (AR)

models fitted by the minimum Akaike Information Criterion
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(AIC) method (Akaike, 1974), which objectively selects the

best order AR model that explains the observed persistence in

the series.  Doing so produced a set of serially random, or

‘white noise’, series, consistent with each fitted AR model,

which simplified the testing of statistical associations between

tree rings and and PDSI because no correction for loss of

degrees of freedom due to autocorrelation in the time series

was necessary.  Following the method described in Cook et al.

(1999), after prewhitening the tree-ring series were lagged on

themselves one year to produce two candidate predictors (t,

t+1) for each chronology.  This is generally necessary because

some tree species discretely encode climate information from

one year into the growth ring of the following year.

The Method Of PDSI Reconstruction

Reconstructing spatial patterns of PDSI from tree rings

can be done using a variety of statistical methods.  Cook et al.

(1999, 2004) pioneered the use of ‘point-by-point regression’

(PPR), which involves the sequential fitting of single point

reconstruction models over the grid.  This method works well

when there is a reasonable match between the spatial

distributions of PDSI and tree rings and the tree-ring network

is also reasonably dense.  As can be clearly seen in Fig. 1,

such is not the case here.  For this reason, only large-scale

patterns of drought will be reconstructed here, with an

emphasis on reconstructing some aspect of the gradient

between the high Tibetan Plateau and lowland India.  To

accomplish this, a simple, but powerful, method of reduced

space multivariate regression called ‘Orthogonal Spatial

Regression’ (OSR; Briffa et al., 1986; Cook et al., 1994) was

used.

Generically speaking, OSR begins by applying principal

components analysis (PCA) separately to the predictand field

of climate data and the predictor field of tree rings over a

specified calibration period.  The correlation matrix is typically

chosen in each case for this purpose.  Each field has its own

Fig. 1—Map of India and High Asia showing the 735 1° x 1° grid points of monsoon season (June-August) PDSI (+) and the 194 chronology tree-

ring network (s) used for reconstruction of the PDSI field.  The 44 tree-ring chronology subset (u) ultimately used in the reconstruction

models after screening is indicated as well.
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characteristic set of empirical orthogonal functions (EOFs)

that reflect orthogonal modes of spatial variability within each

data set.  These are sorted by their eigenvalues from highest

to lowest variance accounted for.  If there is a statistically

significant association between the EOFs of climate and tree

rings, this indicates that the trees contain spatial climate

information that may be reconstructed back in time.  In practice,

the tests of association between the climate and tree-ring EOFs

are accomplished through comparisons of their principal

components (PCs), which express the temporal importance of

each EOF in the data over the calibration period.  Once the

PCs of climate have been regressed on the PCs of tree rings, it

is a straightforward process to take the regression-weighted

climate estimates from tree rings in ‘EOF space’ and back-

transform them to ‘climate space’ to produce estimates of

climate for each year at each grid point.  See Briffa et al. (1986)

and Cook et al. (1994) for details.

EOF analysis was first applied to the 735 grid points of

monsoon season PDSI over the chosen 1950-1989 calibration

period, the period of highest data quality over the domain.

This was done after the PDSI grid point data were also

prewhitened with low-order AR models as done for the tree

rings. Given that the number of variables (m=735) is greater

than the number observations (n=40), there are only n-1 or 39

EOFs with positive eigenvalues.  Of those, the first eleven

EOFs with eigenvalues exceeding 1.0 were retained for

reconstruction.  Cumulatively, they explained 68.6% of the

total variance in the PDSI field (see Fig. 2).  On the tree-ring

side of OSR, traditionally only one set of tree-ring EOFs based

on all of the available data have been used to reconstruct each

of the retained climate EOFs (Briffa et al., 1986; Cook et al.,

1994).  While this has worked well in the past, experience in

reconstructing PDSI from tree rings using PPR indicates that

some level of predictor variable screening can improve the

results (Cook et al., 1999).  Consequently, each EOF of PDSI

was reconstructed using a varying subset of the 65 available

tree-ring chronologies (a total of 130 t and t+1 prewhitened

candidate variables), with each subset being based on those

tree-ring series that correlated best with each PDSI PC at the

80% significance level.  This somewhat liberal screening

criterion was a compromise between retaining enough

chronologies to capture the spatial details of the PDSI EOFs

and eliminating those chronologies that were not likely to have

any meaningful information about large-scale PDSI variability

over the region.  As it turned out, only 44 of the 65 candidate

tree-ring chronologies were used in varying numbers as actual

predictors of the eleven retained PDSI EOFs.  Those

chronologies are indicated by red diamonds in Fig. 1.  This

illustrates the relatively high level of ‘noise’ in the High Asia

network for this purpose, i.e. those chronologies not clearly

related (p<0.20) to large-scale summer monsoon drought

variability accounted for almost one-third of the total.

However, the chronologies used for reconstruction still cover

the geographic range of the complete High Asia tree-ring

network, which indicates that the large-scale summer monsoon

signal in the retained tree-ring network is spatially general.

Fig. 2 shows the OSR results based on what has been

described.  Note that the number of tree-ring variables used to

reconstruct each PDSI EOF varied considerably across the

eleven modes.  This illustrates the importance of pre-calibration

 †EOFs of PDSI predictands with eigenvalues greater than 1.0
¥Number of t or t+1 tree-ring variables (p<0.20) used as predictors
*Number of tree-ring PCs entered as predictors in minimum AIC model

Fig. 2—The OSR calibration results.  Eleven EOFs of PDSI with eigenvalues >1.0 were retained for reconstruction.  They cumulatively explained

68.6% of the total variance.  The number of tree-ring chronologies used to reconstruct each EOF ranges from 23 to 41 and the respective

explained variance (R2) of each model ranges from 35 to 73%.  The range in the number of chronologies used reflects the predictor

variables screening applied independently to each model.

  NUMBER†  EIGENVALUE   % VARIANCE   CUMULATIVE %   #TR p<0.20¥  NPC*    R2 

     1        5.687       14.582        14.582         40        7    0.725 

     2        3.936       10.092        24.674         25        7    0.651 

     3        3.509        8.997        33.671         27        5    0.693 

     4        2.856        7.323        40.995         27        5    0.581 

     5        2.391        6.131        47.125         41        7    0.683 

     6        1.780        4.563        51.689         29        4    0.582 

     7        1.669        4.279        55.968         26        6    0.695 

     8        1.411        3.618        59.586         23        4    0.579 

     9        1.254        3.215        62.800         35        7    0.723 

    10        1.170        3.000        65.800         30        1    0.349 

    11        1.086        2.784        68.584         29        6    0.589 
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Fig. 3—The calibration period R2 and RE statistics based on the reconstructions of eleven EOFs of PDSI over India and the Tibetan Plateau.  The

top maps show the spatial distribution of these statistics. Any RE<0 is regarded as indicated some hindcast skill in the reconstructions.  The

box plots show some distributional properties of the statistics shown in the maps.

screening because different mixtures of tree rings are sensitive

to different EOFs of summer monsoon PDSI.  The number of

tree-ring PCs used in each EOF model, determined by the

minimum AIC criterion, also varied somewhat.  However, all

but one EOF model required at least four tree-ring PCs to satisfy

the minimum AIC criterion.  This probably reflects both the

spatial complexity of the PDSI EOFs and the broad east-west,

crescent-like, spatial structure of the tree-ring network.  The

explained variance due to regression (R2) for each EOF was in

some ways surprisingly high (36-73% with 10 of 11 above

57%) given the clear mismatch between the climate and tree

ring fields.  While some of the R2 is undoubtedly due to over-

fitting (Rencher & Pun, 1980), it still suggests that the spatially

restricted High Asia tree-ring network contains significant

large-scale summer monsoon climate information over India

and the Tibetan Plateau for the reasons cited earlier.
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The PDSI Reconstructions

After the the PDSI EOFs were estimated using OSR, the

regression-weighted tree-ring PCs were extended back to 1600

and back-transformed into ‘climate space’ as a linear

combination of the eleven calibrated PDSI EOFs following the

procedure described in Briffa et al. (1986) and Cook et al.

(1994).  At this point, the 735 grid point reconstructions, still

based on prewhitened data, had the modeled instrumental data

persistence added back in to recover that aspect of PDSI

variability over the domain.  See Cook et al. (1999) for

procedural details.  Once this was done, the individual grid

point reconstructions were recalibrated against the

instrumental data over the 1950-89 period and verified over

the 1901-1949 period.  The latter was done with full realization

that the pre-1950 verification results might be difficult to interpret

in certain data-poor areas like the Tibetan Plateau.

Fig. 3 shows two recalibration maps for the full 735-point

grid, one for R2 and the other for the reduction of error (RE)

(Cook et al., 1999).  Ordinarily, RE=R2 in the calibration period.

In the case of OSR, this only applies to ‘EOF space’, not ‘climate

space’.  Hence, RE provides a somewhat different and generally

more rigorous indication of how the tree-rings used in OSR

Fig. 4—Maps showing the distribution of three verification statistics: the square of the Pearson correlation (VRSQ), the reduction of error (RE),

and the coefficient of efficiency (CE). VRSQ is the easiest test to pass, followed by RE and then CE.  The statistics are plotted wherever

VRSQ is significant (p<0.10, 1-tailed test). RE and CE are regarded as significant if either is positive.
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have done in the calibration period after back-transformation,

with RE=0 indicative of no meaningful model skill.  The

difference between R2 and RE is especially apparent in the

southern half of Pakistan and western India, where R2 is highly

significant, but RE near zero or strongly negative.  Beneath

the maps are box plots that provide some distributional

statistics of the R2 and RE statistics in the maps.  The median

R2 and RE are 0.37 and 0.23.  Each is indicative of a significant

amount of calibrated model skill over the domain.  In fact, the

lower hinge, or 25th quantile, of the RE distribution is slightly

above zero, which indicates that 75% of the grid point estimates

have some level of model skill.  These results again indicate

that the High Asia tree-ring network contains useful

information about the summer monsoon over India and the

Tibetan Plateau.  However, to feel more confident that this is

truly the case, some level of reconstruction verification in the

1901-49 pre-calibration period is desirable.

Fig. 5—The leading EOF of the tree-ring reconstructions of summer monsoon PDSI (top map) and its corresponding PC (bottom time series).  The

EOF loadings and PC scores are signed to indicate wetter (drier) conditions in India when positive (negative) and vice versa for the Tibetan

Plateau.
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Fig. 4 shows maps of three verification statistics for the

1901-49 period:  the square of the Pearson correlation (VRSQ),

the RE (as before), and the coefficient of efficiency (CE; Nash

& Sutcliffe, 1971).  The relative merits of each statistic as a

measure of model verification are discussed in Cook et al.

(1994, 1999).  The significance of VRSQ is testable in a

theoretical sense, while only positive values of RE and CE

indicate of some level of hindcast skill, with CE being the most

difficult to pass.  The values shown in each map correspond

to only those grid points where VRSQ was significant at the

90% level or better (1-tailed test).  These results are decidedly

weaker than the calibration R2 and RE statistics in Fig. 3.  This

result is not too surprising, but it is difficult to know how

much of the indicated decline in fidelity was caused by tree

rings or reduced instrumental data quality prior to 1950.

Certainly, the lack of verification over the Tibetan Plateau and

most of western China must be partly due to the diminished

quantity of instrumental data available for use in the CRU TS

2.1 interpolated estimates.  South of the Himalaya, where the

quantity of the pre-1950 climate data is much greater, the

generally positive VRSQ results for much of central India are

highly encouraging.  The RE and CE results are noticeably

and predictably weaker, but there is still some level of skill (RE

or CE>0) indicated at some grid points.  Thus, the

reconstructions of past summer monsoon drought over India

appear to contain some useful information based on

independent time period verification statistics.  For the Tibetan

Plateau, only the calibration period results can be realistically

used for guidance.

Large-scale PDSI variability

The generally positive PDSI reconstruction results

described above suggest that information about summer

monsoon drought variability over India and the Tibetan Plateau

can be examined back to 1600 now.  However, given the

encouraging, but somewhat modest, verification period results,

it is probably unwise to do this at the grid point level.  Also,

given the nature of this experiment in determining the degree

to which the High Asia tree rings contain large-scale monsoon

signals related to the gradient between the regions north and

south of the Himalaya, only this aspect will be investigated in

the reconstructions for now.

Fig. 6—The wavelet spectrum of the PCs of the leading EOF mode in Fig. 4.  The heavy black lines in the wavelet spectrum plot indicate intervals

and periods where band-limited variance is statistically significant (p<0.10).
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Fig. 7—Maps of correlations between the leading PC and Kaplan SSTs for three time periods:  the calibration period (1950-1989), the verification

period (1901-1949), and an independent period that precedes those periods used in the reconstruction phase of the study (1856-1900).

Note the evidence for a ca. 50 year oscillation in the significance of the correlations with SSTs between periods, primarily in the tropical

oceans.
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To this end, PCA was applied to the correlation matrix of

the 735 grid point PDSI reconstructions over the period 1600-

1989.  Fig. 5. shows the map of loadings for the leading EOF

and its PC time series.  The map reveals a remarkable north-

south alternation in drought variability over India and the

Tibetan Plateau, which accounts for 21.2% of the total variance

in the field.  This contrast is also present in the leading EOFs

of the instrumental and reconstructed PDSI data over the 1950-

89 calibration period (not shown); the latter map has a

coefficient of congruence (Richman, 1986; Cook et al., 1999)

of 0.75 with the former, a highly significant (p<0.01) result

based on monte carlo significance testing.  Interestingly, the

north-south alternation in the reconstructions is more stable

over time than that in the instrumental data over the 1901-1989

period.  After applying PCA to the instrumental and

reconstructed PDSIs for the 1901-49 verification period, the

leading EOFs for that period were compared to those in their

respective data sets based on the calibration period.  The

results were very informative.  The leading EOFs of the

reconstructions for the two time periods had a congruency of

0.90 with each other, a highly stable result that was not

preordained by the reconstruction method used.  In contrast,

the congruence between the leading EOFs of the instrumental

data was only 0.21 between time periods!  In fact, the highest

level of congruence found was 0.63 (0.60) between EOF#1

(EOF#2) of the calibration period and EOF#2 (EOF#1) of the

verification period.  The presence of this mixture of spatial

structure in the instrumental data is most likely due to

changing data quality between the periods.

The leading PC in Fig. 5 was subjected to wavelet analysis

(Torrence & Compo, 1998) to determine the degree to which

there have been persistent modes of band-limited variability

over time in this large-scale mode.  Fig. 6 shows the results

(calculated at http://atoc.colorado.edu/research/wavelets/).  It

reveals the presence of a reasonably stable multidecadal

oscillation (p<0.10) in the 40-60 year range over the past 400

years and a more episodic interannual pattern of variability at

around 8 years.  The multitaper spectrum (Mann & Lees, 1996)

of the same series (not shown) indicates similar, but more

sharply defined, results with significant (p<0.10) spectral peaks

of 56.8 and 7.6 years.  (See the wavelet ‘Frequently Asked

Questions’ (FAQ) website http://atoc.colorado.edu/research/

wavelets/faq.html#bias for why the global wavelet is not a

good estimator of the overall power spectrum.)  The 40-60

year variability indicated here is consistent with the 50-60 year

time scale of variability described by Krishnamurthy and

Goswami (2000) for the modulation of the Indian summer

monsoon by low-frequency ENSO variability.  Their analyses

were based on a maximum of 125 years of instrumental data

only.  Our results based on almost 400 years of data suggest

that this modulation is a long-term feature of the Asian

monsoon system.  The 7.6-year term also suggests a possible

link with the North Atlantic Oscillation (NAO) and Eurasian

snow cover through its affects the development of the summer

monsoon over India.  Interesting, neither the wavelet nor the

multitaper spectra contain much evidence for the 12-20 year

variability like that described by Torrence and Webster (1999)

in their variance and wavelet coherency analyses or the similar

time scale variability described by Krishnan and Sugi (2003).

This shorter-term interdecadal variability could conceivably

be present in one of the higher-order EOFs not examined here.

An oceanic cause of the multidecadal modulation

indicated in Fig. 6 is indicated by three maps showing

correlations between our leading PC and summer monsoon

season SSTs (Fig. 7).  These maps were produced using Geert

Jan van Oldenborgh’s KNMI Climate Explorer web program

(http://climexp.knmi.nl/) and are based on Kaplan et al. (1998)

SSTs.  What is striking about these maps is the presence of

significant correlations (p<0.10) in the tropical oceans in the

1950-1989 calibration period, an almost a complete loss of

significance in the 1901-1949 verification period, and a return

to broad-scale significance in the tropical oceans in the 1856-

1900 period.  This pattern of episodic correlation on an

approximate 50-year time scale is remarkably similar to the time

scale of band-limited variability indicated in the wavelet and

multitaper spectra.  It suggests that the findings of

Krishnamurthy and Goswami (2000) may be related to the

alteration of climate between India and the Tibetan Plateau

revealed here.  Our results also indicate that this variability is

not just related to ENSO and the Indian Ocean SSTs, but also

to SST variability in the Atlantic Ocean.  Torrence and Webster

(1999) also describe a conspicuous period of low variance in

both NINO3 sea surface temperatures (SSTs) in the tropical

Pacific and AISMR (Torrence & Webster, 1999; their Fig. 5)

during the period when the loss of correlation between our

leading PC and SSTs occurs.  So there may yet be a connection

between our results and those of Torrence and Webster (1999).

CONCLUSIONS

An experimental reconstruction of large-scale drought

over India and the Tibetan Plateau over the past 400 years

was carried out to see if a tree-ring network in a geographically

restricted area of High Asia could be used to reconstruct

summer monsoon PDSI over the region.  The results are highly

encouraging and suggest that the continued development of

the tree-ring network there is justified.  Indeed, one of the

greatest limitations revealed by our experiment is the limited

quality of the pre-1950 instrumental climate data north of the

Himalaya for model verification and EOF analyses, which

makes the value of tree-ring reconstructions there even greater.

Nonetheless, even with the somewhat limited ability to verify

the grid point reconstructions north of the Himalaya prior to

1950, there is reasonable evidence to support the validity of

our tree-ring reconstructions over the region at the broad

spatial scale evaluated here.
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The leading EOF of reconstructed PDSI, which is

probably the  most reliable mode, expresses a clear alternation

in wetness and dryness north and south of the Himalaya, and

its PC contains a stable 40-60 year mode of band-limited

multidecadal variability.  This finding is consistent with

previous results based on analyses of instrumental data over

the past 125 years (Krishnamurthy & Goswami, 2000) and

supports its longer-term existence as a modulator of the Indian

summer monsoon over the past 400 years.  Provisionally, the

source of this modulation appears to come from slowly

changing tropical ocean SSTs.

The current challenge is to extend this work to include

long tree-ring chronologies in the core region of the summer

monsoon in lowland India.  Doing so would enable a more

comprehensive reconstruction of monsoon variability there

at smaller spatial scales.  The current tree-ring network in

lowland India is not yet sufficient either in number or in length

for that purpose, but the results shown here indicate that a

concerted effort to develop such a network is likely to yield

great new insights into the properties and causes of summer

monsoon variability over India and surrounding regions.
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