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Indian monsoon variability in the Himalaya since AD 1800
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ABSTRACT. Threeice cores distributed across Dasuopu (DSP) glacier in the Himalaya
were recovered. The annual net accumulation (A,) record reconstructed from one of the
cores reflects major precipitation variability for the central Himalaya. This record agrees
well with precipitation records from Nepal and northeast India, while it does not compare
well with the all-India precipitation record. Singular spectrum analysis applied to the
200 year long Dasuopu accumulation (DSP A,,) record indicates significant variability on
interannual and inter-decadal time-scales. The record shows that the early 18th century was
dry, wet conditions prevailed during the period 1820—1930, and after 1930 A, decreased to
its present value. Distinct secular trends were not found in the record. For the period 1950—
94, the variability of DSP A, is found to correlate significantly with the thermal contrast
between the Tibetan Plateau and the Indian Ocean surface temperature. Additionally, a
significant relationship between DSP A, and solar activity is detected.

INTRODUCTION

Net accumulation history reconstructed from ice cores can be
used to detect the response of glaciers to climate change, and
to predict possible variations of glacier mass balance and
water resources. This kind of work is particularly important
on the Tibetan Plateau, where direct observations are rela-
tively scarce. In the past two decades, a series ofice cores have
been recovered across the Tibetan Plateau: Dunde ice core
from the Qilian mountain in northwest Tibet (Yao and
others, 1991, 1992), Guliya ice core from the Kunlun mountain
in west Tibet (Thompson and others, 1997; Yao and others,
1997; Yao,1999) and Dasuopu (DSP) ice cores from the Hima-
laya in southTibet (Thompson and others, 2000). Records in
all these ice cores have shown variability of climate over the
Tibetan Plateau.

Because of the great impact of the Indian monsoonrain-
fall on the south Asia economy, the monsoon has been
studied extensively, but over the past 100 years empirical
seasonal forecasts of the monsoon have been made with only
moderate success. Even recent modeling efforts have not been
successful (Webster and others, 1998). A long time series of
reliable data forlarge contiguous spatial domains is not avail-
able except for India and north Australia, which limits our
ability to determine rainfall patterns in the monsoon
regions. Previously published results suggest that variation
of the Indian monsoon is closely linked to the greater heat
capacity of the ocean relative to the surrounding land
masses (IFein and Stephens, 1987). Some studies show that
the Himalaya and the Tibetan Plateau play an important
role in the evolution of the boreal summer monsoon (Yanai
and others, 1992). However, while much work has been done
on monsoon and annual precipitation in India, there exists
only limited knowledge concerning precipitation variations
in the Himalaya.

Recently, Shrestha and others (2000) studied precipita-
tion records in Nepal and found the all-Nepal weighted
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average precipitation record agrees well with the precipita-
tion records from northern India, while it does not compare
well with the all-India weighted average precipitation
record. This suggests that the precipitation climatology of
the Himalaya region behaves differently from the southern
part of the subcontinent, and the all-India average precipi-
tation record does not provide a valid representation of the
entire subcontinent (Shrestha and others, 2000). Therefore,
research on precipitation in different areas is critical for
increased understanding of monsoon variability.

A study ofion concentrations in the DSP ice core revealed
that the Xixabangma area is sensitive to fluctuations in the
intensity of the south Asian monsoon (Thompson and others,
2000). In this paper, the annual accumulation (A,) from the
DSP ice core, which is a more direct measurement of mon-
soon variability than are ion concentrations, is recovered.
Based on this record, a monsoon precipitation series is devel-
oped to study interannual and inter-decadal variability over
the last 200 years in the central Himalaya. This record is
compared with precipitation records from India and Nepal.
Additionally, singular spectrum analysis (SSA) is applied to
the DSP A, record to examine interannual variability. Finally,
the possible relationships among DSP net accumulation,
temperature and solar activity are considered.

DATA AND METHODS

DSP glacier (28°23'N, 85°43' E), with an altitude of > 7000 m
a.s.l. and a total area of 21.67 kmz, is located on the northern
slope of the Himalaya. A combination of glaciological and
meteorological factors— glacier thickness >200m, flat top-
ography, high accumulation and low mean annual tempera-
ture—makes this glacier well suited to recovery of long-
term, high temporal-resolution ice-core records.

Generally, the climate of south Asia is dominated by a
monsoon circulation system. The summer monsoon domi-
nates the climate from May to September, and westerly circu-
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lation dominates from November to March. The influence of
these two circulation systems is not evenly distributed, and
the bulk of the annual precipitation received in the Himalaya
arrives during the summer monsoon season. At the DSP col,
the average annual 4, is ~1000mm w.e., as determined by
snow-pit and shallow-core studies and by the measurement of
a 12-stake accumulation network established during a recon-
naissance survey in July 1996 (Thompson and others, 2000).

Meteorological observations were made from 15 August
to 3 October 1997 at the summit of DSP glacier. These data,
although incomplete, show that the daily maximum tem-
perature was <0°C, and mean temperatures at noon for
September were lower than —4°C, which indicates that
there is little energy available for evaporation and melting.
No surface snow melting was observed. Under current
meteorological conditions the thickness of the layer accu-
mulating at the summit each year should correctly reflect
the original precipitation. Therefore the A, record recon-
structed from DSP ice cores is expected to provide a well-
dated and regionally representative precipitation history
with excellent temporal resolution.

In 1997, three ice cores were recovered from DSP glacier
using an electromechanical drill in dry holes. The first core
(Cy) was 159.9 m long and was drilled at 7000m a.s.l. down
the flowline from the top of the col, and two cores (C, and
Cs),149.2 and 1677 m long, respectively, were drilled to bed-
rock 100 m apart on the col at 7200 m a.s.l. Visible stratig-
raphy showed no hiatus features in any of the cores.

C, wasbrought (in a frozen state) to the Lanzhou Institute
of Glaciology and Geocryology (LIGG), C; was brought
(also frozen) to the Byrd Polar Research Center, Columbus,
OH, U.S.A., and C; was split between the two institutes. All
cores were analyzed over their entire lengths for oxygen iso-
topic ratio (6'*O), chemical composition and dust concentra-
tion. Most of the results presented here are from C,, which
was cut into 4110 samples for 60, CI', SO,*, NO;, Na™,
K", Mg”" and Ca’" analyses. Borehole temperatures were
—14°C at 10 m depth and —13°C at the ice—bedrock contact,
demonstrating that DSP glacier is frozen to its bed.

The high annual accumulation allows preservation of dis-
tinct seasonal cycles in 6" O and ions, which make it possible
to reconstruct an annual record for the upper part of the
cores. We established the time—depth relation for the cores
using the well-preserved seasonal fluctuations of 6O and
ions, which all show a maximum in the winter dry season.
We dated the core by counting annual peaks of 'O with
additional reference ion peaks. A clear annual record is
present in Cy to a depth of 93 m and an age of AD1800. The
annual-layer counting was verified at 42.2 and 35.5 m by the
location of a 1963 and 1953 beta radioactivity horizon pro-
duced by the 1962 and 1952 atmospheric thermonuclear tests.
Due to high accumulation, low temperature and strong sea-
sonality, these time estimates carry little uncertainty.

Although the annual-layer thickness can easily be meas-
ured throughout DSP ice cores by 6O and ions, the layers
do not directly represent the thickness originally deposited
at the glacier surface, because these layers are thinned and
stretched as new snow accumulates and the ice flows out-
ward from the center. From mass continuity, the vertical
velocity is proportional to the accumulation rate, and verti-
cal velocity can be approximated from the mean change in
layer thickness per year (Bolzan, 1985; Reeh, 1988). In this
way, we can recover the annual accumulation from DSP
ice core. Moreover, peaks of 'O and ions appear in the
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Fig. 1. Three-year running mean of DSP Ay, ( solid line) and
Nepal precipitation (dashed line) anomalies, 1950—95.

spring dry season, so accumulation recovered in the core
represents precipitation from spring to spring. This is the
most relevant way to define a year because most of the
annual precipitation on DSP falls during the summer mon-
soon season (June—August). Our accumulation record is
therefore essentially a monsoon season record.

COMPARISON BETWEEN DSP A, AND PRECIPI-
TATION VARIATIONS OVER NEPAL AND INDIA

A comparison between DSP A, fluctuation and precipitation
fluctuation over Nepal shows good agreement (Fig. 1) (R =
0.3; sig. =95%). The DSP A, record represents conditions at
a single location, and a dating error of just 1 year may affect
the statistical correlation; therefore, a 3 year running mean
was applied to both records, giving R = 0.47 (sig. =99%)).
We applied empirical orthogonal function (EOF)
analysis to DSP A, and the summer (June—September) pre-
cipitation for all-India and for separate Indian regions
(Sontakke and Singh, 1996) to identify the pattern of spatial
correlations. India was divided into six zones: northwest
India (NWTI), north central India (NCI), northeast India
(NEI), west peninsular India (WPI), east peninsular India
(EPI) and south peninsular India (SPI), following
Sontakke and Singh (1996). The first three eigenvalues com-
puted with the AD1850—-1995 data explain about 70%
(40.27%, 1771% and 12.92%, respectively) of the total
system variance. Their eigenvectors are shown inTable 1. In

Table 1. EOF results: eigenvectors and per cent explained

variance

EOFI EOF2 EOF3
NWI —0.44 -0.18 =0.01
NCI -0.16 -0.64 -0.14
NEI 0.19 -0.56 0.12
WPI -0.45 0.24 0.03
EPI -0.36 0.04 0.45
SPI -0.20 0.17 -0.83
All-Indian —0.51 -0.30 -0.09
DSP A, 0.33 -0.25 -0.26
% variance 40.3% 17.7% 12.9%
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Table 2. The relation coefficients among DSP A,, all-India
and regional Indian precipitation, 1850—1995 (italicized
numbers suggest the relation coefficient is significant at the
95% level)

NWI NCI  NEI WPI EPI  SPI All-Indian DSP A,

NWI 1

NCI 0.23 1

NEI =017 0.4 1

WPI 051 —-007 —0.29 1

EPI 031 012 -017 053 1

SPI 014 004 -022 031 000 1

All-Indian 085 050 -005 065 052 033 1
DSPA, 034 -003 030 -043 -0.33 —009 -037 1

the EOF1 associations, DSP A, and NEI precipitation are
positively correlated, and anticorrelated with all-Indian
and NWI, NCI, WPI, EPI and SPI rainfall, which reflects
the regional distribution of monsoon rainfall. The correla-
tion coefficient between DSP accumulation and all-Indian
and regional monsoon rainfall record for the period 1850—
1995 is shown inTable 2. This coincides with the result of EOF1.

In a recent study, Krishnamurthy and Shukla (2000)
identified large climatic variations in Indian monsoon pre-
cipitation by examining the daily-rainfall dataset prepared
from observations at 3700 stations. They concluded that the
intra-seasonal variability of rainfall during a monsoon
season is characterized by the occurrence of active and
break phases. During the active phase, the rainfall is above
normal over central India and below normal over northern
India (foothills of the Himalaya). This pattern is reversed
during the break phase. The cumulative curves of the
anomalies of the DSP A,, and NEI show a striking positive
relationship, while DSP A, vsWPI and all-Indian monsoon
rainfall anomalies show a striking inverse relationship
during AD1850-1995 (Fig. 2). Based on these associations,
we identified distinct climatic regimes in monsoon precipi-
tation, with a significant change around 1930. The period
1850-1930 is characterized by more wet years over the
Himalaya and NEI and by more dry years over WPI and
EPI, while the period 1930-95 is characterized by more
dry years over the Himalaya and NEI and by more wet

Sigma units
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Fig. 2. Cumulative curves of DSP Ay, (line 2), NEI ( line 5)
and WPI (line 1) precipitation, 1850—1995.
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years over WPI and EPI. Thus, precipitation over the high
mountains of the Himalaya as well as over the foothills has
varied inversely with central India monsoon rainfall on a
multi-decadal time-scale.

VARIABILITY OF DSP A, OVER PAST 200 YEARS

The reconstructed standardized yearly accumulation from
the DSP ice core is shown in Figure 3d. It demonstrates sig-
nificant interannual and inter-decadal variability, but no
obvious trend in the past 200 years is detected.

For identifying interannual and inter-decadal variability
in DSP A,, we performed SSA (Vautard and others,1992) on
the record. Mathematically, SSA is based on eigenvalue—
eigenvector decomposition of a time-series lag—covariance
matrix. We concentrate here on periods of 5 years and longer.
Use of a window=30 lag permits the study of periods of 5—
30years (Vautard and others, 1992). The results show that
EOF1I is a data-adaptive running mean. Eigenvalues 2—12
form five pairs. The first pair of EOFs (EOF2 and EOF3)
represents a 9.2 year oscillation, which explains 9% of the
total variance; the second pair of EOFs (EOF4 and EOF5)
represents a 6.7 year oscillation, which explains 7% of the
total variance; the third pair of EOFs (EOF6 and EOF7)
represents a 25.6 year oscillation, which explains 6% of the
total variance; the fourth pair of EOFs (EOF8 and EOF9)
represents a 5.3 year oscillation, which explains 4.6% of the
total variance; and the fifth pair of EOFs (EOFII and
EOFI12) represents an 11.3 year oscillation, which explains
3% of the total variance.
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Iig. 3. Reconstructed components from SSA of annual DSP
Ay anomalies, using a 30 year window: (a) reconstructed
inter-decadal oscillations ( standard deviations); (b) recon-
structed interannual oscillations (standard deviations); (¢)
reconstructed trend (standard deviations); (d) DSP A,
time series (mm ); (e) solar irradiance (W m ).
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Fig. 4. Comparison between DSP A, (dashed line) and
thermal contrast between Tibetan Plateau and Indian Ocean
(solid line ).

The trend, based on the use of EOF], explains roughly
9% of the total variance, and clearly exhibits the trend of
DSP A, in the past 200 years. Figure 3¢ shows the recon-
structed trend, together with the raw data. Irom 1800 to
1820, DSP A, ranged between 0.5 and 1.2 m w.e. and was fol-
lowed by a significant increase of 1.0—1.7 m which persisted
until 1880. Since 1880, A, has decreased gradually to its
present levels.

Reconstructed inter-decadal oscillations (light solid line
in Fig. 4a) are dominated by EOFs 6, 7, 11 and 12, together
explaining 9% of the total variance. The large variance
explained by this inter-decadal oscillation component is
clearly shown in Figure 3a. Interannual oscillations are
based on EOFs 2, 3, 4, 5, 8 and 9, together explaining
20.6% of the total variance. The amplitudes of both the
inter-decadal and interannual modes varied substantially
over the last 200 years, and were strongest during 1840-80.

CONNECTION TO TIBET TEMPERATURE AND
INDIAN OCEAN SURFACE TEMPERATURE

We have shown that the DSP A, record is connected with
Indian monsoon rainfall. Comparison between Tibetan
Plateau temperature (TPT; data from Liu, 2000) and
Indian Ocean temperature (IOT, which is the mean sea-
surface temperature (SST) in the region 5°S—15°N, 80—
100° E) shows that there are distinct increasing trends in
both TPTand IOT time series during 1954-95, while there
is no distinct trend in DSP A, since 1954. Table 3 gives the
correlation coefficients among them. Clearly DSP A, agrees
well with TPT in the period 1954-95 (r = 0.3, sig. = 95%)),
while it does not compare well with the IOT record. How-
ever, a strong anti-relationship between DSP A, and 10T
is evident on a longer time-scale during the period AD
18781995 (r = —0.3, sig. =95%). This result can be further
tested by the cumulative anomalies of DSP A, and 10T,
which show strong evidence of association between
increased A, and decreased IOT during 1884-1930; from
1930 onward, association between decreased A, and
increased IOT is evident.

Since the monsoon is essentially a thermally driven large-
scale circulation, it is logical to expect that variability of DSP
Ay should correspond with the thermal contrast between the
plateau and the Indian Ocean (Fig. 4). An index of this
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Table 3. The relation coefficients among DSP A, Tibetan
Plateau temperature (‘TPT), Indian Ocean temperature
(10T ) and thermal contrast between Tibetan Plateau and
Indian Ocean (TC)

DSP A, TPT 10T c
DSP A, 1
TPT 0.29 1
10T 0.02 0.77 1
TC 0.42 0.47 -020 1

thermal contrast (TC) is defined as the difference between
TPT and IOT anomalies. Table 3 also gives the correlation
coefficients between TPT, IOT and TC. Figure 4 shows the
relationship between DSP A, and TC. The correlation coeffi-
cient between them is 042 (Table 3), which is significant at
the 99% level. It shows that the combined T'C index that con-
tains TPT and IOT correlates more strongly with DSP A,
(R =042, sig. =99%) than does either TPT (R =0.3, sig. =
95%) or IOT (0.02). This suggests that we may be able to pre-
dict monsoon rainfall variability as a function of modeled
temperature variability.

CONNECTION TO SOLAR ACTIVITY

Many studies have shown that surface temperatures and solar
activity both increased during the past 400 years, with close
associations apparent in pre- and post-industrial epochs
(Lean and others, 1995; Reid, 1997). These results are sup-
ported by recent numerical modeling results (Haigh, 1996;
Balachandran and others, 1999; Shindell and others, 1999).
This being the case, we can suggest a physical mechanism
which satisfies the connection between DSP A, and solar
irradiance. The land and sea-surface temperature show
similar behavior, but because the thermal capacity of the
ocean is many times that of atmosphere over land, the SST
record, as well as the air temperature over the ocean, shows
a lag of several years relative to the land temperature (Friis-
Christensen and others, 1991). This may suggest that tempera-
ture over land, especially over the Tibetan Plateau, increases
as solar irradiance strengthens, while the SSTor atmospheric
temperature over the ocean lags for some years in response to
changes in solar irradiance. The same result is found in
Greenland, where §'*O lags A" C by about 40 years, probably
because of the thermal inertia of the mixed layer of the oceans
(Stuiver and others, 1997).

In Figure 4 we compare DSP A, and solar irradiance.
The comparison shows a weak negative correlation between
the two records, with a correlation coefficient of —0.2 at the
95% confidence level. In the last century, DSP A, decreased
415 mm, while solar irradiance increased about 22 W m %
The corresponding regression coefficient is about —190
20mm (W m ?) ', indicating that on average a 0.5Wm
change in solar irradiance at the top of the atmosphere is
associated with an 85 mm change in DSP A,,.

Detected oscillations at periods close to 9—12 years and
25 years in DSP A, are similar to those observed in the solar
irradiance time series (White and others, 1997). To isolate
decadal and inter-decadal signals in the DSP A, and solar
irradiance record, a band-pass filter was applied to both
records (Fig. 5a). The oscillation in the 1826 year band con-
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Fig. 5. (a) Reconstructed components of DSP accumulation
(dotted line, righthand scale) and solar irradiance (solid
line, lefthand scale) at 18-26 year periods. (b) Coherence
between the reconstructed components in (a) as irradiance
leads or lags.

tributes 2% of the DSP A, total variance and 1 % of the solar
irradiance variance. These fractions of variance for inter-
decadal signals are small because of the dominance of vari-
ance in the trend and the high frequencies (for the DSP A4,
record, the high-frequency oscillation at 2-5 years contrib-
utes over 40% of the total variance). Cross-regression is con-
ducted between these band-passed records of DSP A, and
solar irradiance, and the results show a maximum correla-
tion of —0.76 at a 4 year lag, with a 99% confidence level
(Fig. 5b). Decadal oscillations in both the DSP A, and solar
irradiance records show the same characteristics as inter-
decadal signals. Band-pass components at 9-13 years contri-
bute 3.5% of the DSP A,, total variance and 5.4 % of the solar
irradiance variance. Cross-regression between these two
band-passed records shows maximum correlation of —0.44 at
a 3 year lag, with 95% confidence level.

"Io examine secular signals, a low-pass filter ( >60 years) is
applied to the two records. The extracted signals are illustrated
in Figure 6. The low-pass components capture 9% of the DSP
A, variance and 83% of the solar irradiance variance. The
DSP A, low-pass time sequence displays fluctuations with
peaks near 1855 and 1920, with a trough near 1895, while the
solar irradiance low-pass time sequence displays fluctuations
with peaks near 1852, and troughs near 1820 and 1900. It
appears that there is a negative correlation between the DSP
A, and solar irradiance, with variation of solar irradiance
leading by 20-40years. The apparent relationship between
DSP A, and solar activity since 1800, if real, can be satisfactor-
ily explained by the difference in thermal capacities between
the ocean and the land in response to changing solar activity:.
This possibility deserves further research.
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Fig. 6. Reconstructed components of DSPaccumulation (line B,
righthand scale) and solar irradiance (line A, lefthand scale)
at > 60 year periods (note the scale for DSP Ay, is inverted).
The numbers along line A correspond lo those along line B.

SUMMARY AND CONCLUSIONS

A 200 year accumulation history record from DSP glacier is
successfully reconstructed. The record reflects the variability
of monsoon rainfall over the high Himalaya. Correlation
analysis indicates that the DSP A, record is in good agree-
ment with rainfall in Nepal and northeast India. There exists
a high correlation between the Tibet—Indian Ocean thermal
contrast and DSP A,, When the thermal contrast is strong,
Ay tends to be large, even though both the Tibetan Plateau
and the Indian Ocean become warmer and warmer in recent
decades, and when it is weak, A, tends to be small. This sug-
gests that we can predict monsoon-rainfall variability by
modeling temperature variability.

SSA was applied to decompose the DSP A, record into
trend and periodic oscillations. The first EOF component
shows that a wet period persisted in the Himalaya during
1820—1930, but no obvious secular trend is detected. DSP
Ayp’s secular variation bears some resemblace to solar activity.
Variation of accumulation lags solar irradiance, with average
lags ranging from 20 to 40 years as periods increase from dec-
adal to century scale.
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