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Identifying the pattern of natural climate variability is of immense importance to delineate the effects

of anthropogenic climate changes. Global and regional climates are suspected to vary, in unison or with

delays, with the Total Solar Irradiance (TSI) at decadal to centennial timescales. Here we show that the

Indian summer monsoon rainfall correlates well with the temporal derivative of TSI on multi-decadal

timescales. This linkage between the temporal derivative of TSI and the Indian summer monsoon is

tested and corroborated both for the instrumental period (1871–2006) and for the last �300 years

using a speleothem d18O record representing rainfall in southwestern India. Our analyses indicate that

anomalous dry periods of the Indian monsoon are mostly coincident with negative TSI derivative. This

study thus demonstrates the potential of ‘TSI derivative’ as an important indicator of natural monsoon

variability on an interdecadal timescale.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Monsoonal precipitation in the densely populated countries of
South Asia is a very important component of the global climate
system, and has large socio-economic impacts (Khandekar, 2010
and references therein). In anticipated response to global warm-
ing caused by anthropogenic activity, several inconsistencies have
been predicted to occur in precipitation patterns in both the All
India Summer Monsoon Rainfall (AISMR), and globally (Goswami
et al., 2006a; Ashfaq et al., 2009). Monsoon rainfall in south Asia is
precariously balanced on several boundary conditions ranging
from stratosphere to the depth of Indo-Pacific warm pools (e.g.,
Claud and Terray, 2007; Khandekar, 2009), so that even slight
deviations from the normal climatology may result in a significant
change in the distribution and amount of rainfall. Acknowledging
the concern that anthropogenic activity may impact on global
climate through changes in precipitation distribution, it is manda-
tory to understand the magnitude and pattern of natural variability
in Indian monsoonal precipitation on interdecadal and longer
timescales.

Numerous proxy based paleo-records from both the northern
and the southern hemispheres reveal that intrinsic solar variability
ll rights reserved.

tri),
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acts as a key player in governing decadal to millennial scale climate
variation (Verschuren et al., 2000; Bond et al., 2001; Neff et al., 2001;
Agnihotri et al., 2002, Burns et al., 2002; Agnihotri and Dutta, 2003;
Fleitmann et al., 2003; Hu et al., 2003; Higginson et al., 2004; Gupta
et al., 2005; Mangini et al., 2005; Mayewski et al., 2005; Y.J. Wang
et al., 2005; Sinha et al., 2007; Kurian et al., 2009). In addition, three
recent studies that deal with changes in annually resolved precipita-
tion or its direct manifestation (e.g., lake levels, stream flow of major
rivers) reinforce the idea of solar-controlled or solar-modulated
hydrologic changes (Bhattacharyya and Narasimha, 2005; Stager
et al., 2007; Mauas et al., 2008, 2010).

All these studies suggest that the relatively small changes in
solar energy output represented by Total Solar Irradiance (TSI)
control one or more drivers within the Earth’s climate system
(Shaviv, 2008) that result in the observed climate change (please
see Section 3 below for discussion on other plausible solar drivers
and physical mechanisms). The TSI, formerly known as the solar
constant, amounts to �1367 W m�2 and is the wavelength-inte-
grated energy of solar radiation received at the top of the Earth’s
atmosphere, within which perturbations occur in the amount and
distribution of magnetic fluxes associated with sunspot variability
and additional solar magnetic features (Fontenla et al., 1999; Trujillo
Bueno et al., 2004). The Sun is brighter when sunspot numbers are
high because brightening effect due to the faculae network out-
weighs the darkening effect of sunspots (Fontenla et al., 1999).
In-situ TSI data measured by radiometers installed on satellites are
available for the last �40 years, and has been used by several
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Fig. 1. Comparison of: (a) All India Summer Monsoon Rainfall since AD 1871

(Sontakke et al., 2008) with (b) annual mean sunspot numbers (source: http://

www.ncdc.noaa.gov/paleo/forcing.html), and (c) low-pass filtered TSI series from

Krivova et al., (2007) (full time series shown in Fig. 2).
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researchers to reconstruct the annual variability in TSI over the last
few centuries (Hoyt and Schatten, 1993; Lean et al., 2002; Krivova
et al., 2007; Y.M. Wang et al., 2005; Bard and Frank, 2006). Over one
11-year (Schwabe) cycle of sunspot activity, TSI varies by less than
1 W m�2 from its mean value, which is a very small contribution to
the net radiative forcing (Foukal et al., 2006; Gray et al., 2010).
However, Harder et al. (2009), analyzing the 2004–2007 data from
the Spectral Irradiance Monitor onboard the Solar Radiation and
Climate Experiment satellite, pointed out recently that the observed
solar irradiance variability is disproportionately larger in the UV
wavelength (200–400 nm), up to almost 10 times larger than the
extrapolation from the model of Lean (2000). This empirical result
adds another layer of complexity in the physical processes involved
in how the Earth’s climate system responds to incoming changes in
solar radiation. Nonetheless, evidences are now compelling that
intrinsic solar variability plays a significant role in influencing
Earth’s climate, not only on the decadal (�11-year) sunspot cycle
but also at longer (multi-decadal to centennial) timescales.

The TSI, though latitude independent, should properly be
convolved with the strong annual and seasonal signals that arise
from the progression of the Sun–Earth orbit. The outcome of such
convolution should yield a modulated representation of the
incoming seasonal solar radiation on decadal to centennial time-
scales (e.g., Soon, 2009). Soon (2009) has shown how TSI varia-
bility on multi-decadal to multi-centennial timescales may
connect tropical to extra-tropical regions, and thereby system-
atically modulate the equator-to-Arctic transport of heat and
moisture to influence the cryosphere and hydrology of the Arctic.
The Arctic-North Atlantic-originated modulation of the fresh-
water budgets on multi-decadal to multi-centennial time-
scales, via the Atlantic thermohaline circulation with delays,
ultimately in turn modulates tropical climate processes, including
ENSO and both the South and East Asian monsoon (Delworth
et al., 2007; Timmermann et al., 2007; Rajeevan and Sridhar,
2008; Wang et al., 2009). It is also clear that TSI-influenced
modulations of sea surface temperature and land–sea contrast
in the Indian and Western Pacific Oceans (van Loon et al., 2004)
can reinforce or act against the effects of long-distance telecon-
nection between the North Atlantic and the Indian and East Asian
monsoonal regions.

TSI changes are linked to sunspot number cycles, as part of
which that several climate records have been found to vary in
synchrony with sunspot number variability (Jagannathan and
Bhalme, 1973; Hiremath and Mandi, 2004; Bhattacharyya and
Narasimha, 2005; Stager et al., 2007; Claud et al., 2008; Mauas
et al., 2008, 2010). But the actual physical measure of energy
change in the solar output is the TSI. Therefore, the fundamental
question we are raising here: ‘can temporal variations in TSI on
their own explain Earth’s natural climate variability over the last
few decades?’ (see e.g., the pioneering study by Mehta and Lau,
1997). If annual time series of AISMR data (Sontakke et al., 2008)
are plotted against the corresponding TSI or sunspot number data
(Fig. 1), a linkage between extra-terrestrial forcing and Indian
monsoon variability is not conspicuously present. In order to
understand exactly how TSI variability is linked to terrestrial
climatic manifestation (e.g., AISMR), we use a new index of solar
irradiance herein to show that the Sun–climate connection is
deeply influenced by a steadily increasing or decreasing magni-
tude of TSI variations.

Using the annual reconstruction of TSI data of Krivova et al.
(2007), we calculated the temporal derivative of the TSI series for
the last �300 years. Then we compared the annual time series
data of AISMR (from 1871 to 2006) with the contemporaneous
temporal derivative of TSI to test our hypothesis. This temporal
derivative of TSI can be viewed as a measure of differential
addition or subtraction of solar energy to the climate system at
any given time, thus providing a useful measure for the study of
climatic responses to changes in the incoming solar radiation.

Observed covariance and cross-spectral analyses appear to
support our hypothesis, and thus prompted us to explore whether
the observed linkage existed also in the pre-instrumental era. For
this, we used the speleothem d18O record of regional monsoonal
rainfall in Karnataka state published by Yadava et al. (2004) and
compared it with our temporal derivative of TSI. Despite uncer-
tainties of chronology, and the possibility of a smeared signal
caused by the occasional mixing of inter-annual layers of carbo-
nate, a significant covariance exists, demonstrating usefulness of
the TSI derivative as an index for studying regional climate
change at least over the last �300 years. In addition, we also
find several historically recorded droughts coinciding with nega-
tive TSI derivative periods. In aggregate, our analyses show that
the temporal derivative of TSI provides a useful measure to assess
the solar influence on monsoonal rainfall variability on the multi-
decadal timescale over the last �300 years.
2. Data analyses and results

To test our hypothesis, we adopted the recent TSI reconstruc-
tion by Krivova et al. (2007) for the last three centuries (AD 1700–
2004). We focused on the instrumental period (AD 1871–2004).
This reconstruction represents variations of the surface distribu-
tion of the solar magnetic field, calculated from the historical
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record of the sunspot number and using physical models that
successfully reproduce three independent datasets, viz., TSI mea-
surements available by satellites since 1978, total photospheric
magnetic flux since 1974 and the open magnetic flux since 1868
empirically reconstructed using the geomagnetic aa-index. First,
monthly averaged TSI data were determined from the recon-
structed daily TSI series since January AD 1700. Four missing
monthly TSI values were linearly interpolated. The annual mean
TSI was then computed for each year since AD 1700 (Fig. 2). To
highlight the multi-decadal trend, we removed the TSI variability
shorter than �14 years by applying a low-pass (Fourier trans-
form) filter (shown as thick line in Fig. 2). Finally we determined
the ‘temporal derivative’ of TSI change as a time derivative of the
smoothed TSI data. When this derivative is positive (negative), TSI
is steadily rising (falling), and a zero value corresponds to the
occurrence of TSI maxima and minima.
Fig. 2. Temporal variations of Total Solar Irradiance (TSI) after Krivova et al.

(2007). The thin red line is annual average TSI computed from monthly TSI values

and the thick dark red line is the low-pass filtered TSI time series showing long

term variations (414 years). (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

Fig. 3. (a) All India Summer Monsoon Rainfall (green line) and Konkan-Goa rainfall (b

map of India showing the Konkan–Goa sub-division (shaded area), and (c) covariance of

TSI derivative (red line). (For interpretation of the references to color in this figure leg
2.1. Indian monsoon and TSI derivative

The majority of previous Sun–climate studies of this type have
used other solar indices, including the solar 10.7 cm radio flux,
the sunspot number index, the group sunspot number, and the
sunspot area. Bhattacharyya and Narasimha (2005) made the
important point that although rainfall data are cumulative or
integral measure of some physical processes, it is still useful to
compare rainfall with sunspot numbers, which is a discrete and
less continuous measure of solar activity. We would like to add
here, and as also pointed out by one of the referees, that TSI and
sunspot numbers are well correlated mainly because both quan-
tities depend on the magnetism that is related to the turbulent
convective activity originated from the bottom of the convective
zone in the Sun. But sunspot numbers as a metric or proxy of solar
magnetic activity ultimately failed when the number of sunspot
goes to zero or near-zero owing the lack of dynamic range from
such an index. Therefore, we have striven for a more direct study
of Sun–climate linkages using a physically less ambiguous solar
activity measures (compared to sunspot numbers), namely the
TSI and the temporal derivative of TSI.

To revisit the Sun–monsoon relationship we use AISMR data
(source: www.tropmet.res.in) to correlate with the temporal
derivative of TSI. Annual time series of AISMR data for the time
span of 1871–2006 is based on quality-controlled monthly rain-
fall records from the ubiquitous network of 316 raingauges
available for the period 1901–2005; which extends back to
1871 for a slightly reduced number of stations with 312 rain-
gauges (Sontakke et al., 2008). The AISMR time series (mean
values for June to September, or JJAS) is shown in Fig. 3a (green
curve). We have also used contemporaneous rainfall data from
the Konkan and Goa (KG) subdivisions, in addition to AISMR data.
KG region is a coastal sub-division of small area 34095 sq km (shown
as shaded portion in Fig. 3b), which receives heavy rainfall during
lue line) from AD 1871 to 2006 (June-September means), (b) rainfall sub-division

the 11-year running average of AISMR (green line) and KG (blue line) rainfalls with

end, the reader is referred to the web version of this article.)
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summer months (JJAS) with an average �240 cm year�1. The KG
rainfall time series is shown in Fig. 3a (blue curve). In addition to
being a significant contributor of total rainfall over India, previous
studies show that the KG rainfall time series exhibits maximum
covariance with external solar forcing on the 11-year sunspot cycle
timescale (see e.g., van Loon et al., 2004; Bhattacharyya and
Narasimha, 2005). Spearman’s rank order correlation between yearly
KG rainfall (JJAS average) and TSI derivative is though small
(r¼0.21), but statistically significant (po0.02, n¼134). However,
statistical significance of this correlation of yearly AISMR time series
with TSI derivative is lower than the 95% level (r¼0.14, p40.09,
n¼134). As emphasized throughout our paper, it is more important
to understand the physical mechanisms and processes behind a
plausible Sun–climate connection, rather than the correlation among
these variables (see especially Section 3). It follows that rainfall data
from KG sub-division are likely to be useful for testing our hypothesis
of solar influence on monsoonal rainfall on multi-decadal timescale.

Fig. 3c compares the 11-year running mean smoothed AISMR
and KG rainfall time series with contemporaneous TSI derivative
time series. The two time series show visual covariance. Both
rainfall time series are found to be coherent at a period of �22-year,
as revealed by spectral and cross-spectral analyses. The signifi-
cance of this coherence, which fall in the time window of Hale
cycle of Sun’s magnetic activity, is �80% and 490% for AISMR
and KG rainfall, respectively. To further test the temporal stability
of the spectral power in the rainfall time series and their spectral
coherence with TSI derivative, we have performed wavelet and
cross wavelet analyses (Grinsted et al., 2004; Matlab wavelet
routines obtained from www.pol.ac.uk/home/research/waveletco
herence). The results are shown in Fig. 4. The wavelet analyses
indicate that both AISMR and KG rainfall have significant varia-
bility in multi-decadal (16–30 year) band, as shown in Fig. 4a and
b, respectively. More persistent variability is seen for KG rainfall
(Fig. 4b). Both AISMR and KG rainfall time series are also coherent
with the TSI derivative, as shown in Fig. 4d and e, respectively,
coherencies are mostly maintained within the 20–24 year band.

From these analyses, we may infer that the temporal deriva-
tive of TSI does indeed exercise systematic and relevant control
on monsoonal precipitation variability in India on interdecadal
Fig. 4. Wavelet spectra of: (a) filtered AISMR, (b) filtered KG rainfall, and (c) TSI derivati

rainfall. Spectral powers or coherencies significant above 95% level are bound within s

(e) indicate the relative phase of the two time-series. Details of cross wavelet analyses a

in this figure legend, the reader is referred to the web version of this article.)
timescales. Presence of 22-year cycles is common in several proxy
monsoon records. Yadava and Ramesh (2007) reported a strong
�21 year period of possible solar origin in the Akalagavi spe-
leothem d18O and d13C data, which was particularly strong during
the relatively dry periods between AD 1850 and 1920.

2.2. TSI derivative–monsoon linkage beyond the instrumental era

To probe whether the observed TSI derivative–monsoonal
rainfall relationship existed prior to the instrumental era requires
the use of a reliable monsoonal proxy record of sufficient
temporal resolution. Speleothems (cave seep-water carbonate
deposits) have shown their potential to record precipitation at
close to annual resolution in the tropics. We chose to use d18O
data of an actively growing stalagmite from Akalagavi cave
(151100N, 741300E), located in the hills of the Western Ghats in
southwestern India (Yadava et al., 2004). The cave site is from the
Karnataka state of India, which is just south of the Konkan–Goa
region (Fig. 3b). d18O in the carbonate layers spans the last 331
years, and faithfully records local precipitation during the June–
September monsoon as being responsible for the major growth
period of speleothems in this region of tropical India.

Fig. 5a shows a comparison between the 4-year running
averages of d18O data (more negative d18O values reflecting
higher precipitation) and the contemporaneous TSI derivative.
A 4-year running average was used for the d18O data in order to
subdue the noise of inter-annual variability. The reconstructed
rainfall pattern from the cave carbonate broadly follows the TSI
derivative curve. Significantly drier periods at the Akalagavi site
(e.g., around AD 1876) are coincident or near-coincident with
periods of rapid TSI decrease (see Fig. 5a). However, small offsets
exist between some peaks and troughs in Fig. 5a, and it is espe-
cially notable that the reduction of d18O during �1960–1965 is
not as drastic as the pattern of the TSI derivative would suggest.
Nonetheless, the overall covariance between the solar and the
monsoonal indices in Fig. 5a may still be regarded as suggestive,
especially considering the uncertainties in the chronology of spe-
leothem d18O data, and also the possibility of occasional sampl-
ing imprecision from inter-annual layers of carbonate bands.
ve wavelet-coherence of TSI derivative with: (d) filtered AISMR, and (e) filtered KG

olid lines and shown in shades of yellow and red. The arrow directions in (d) and

re described in Grinsted et al. (2004). (For interpretation of the references to color
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Fig. 5. (a) Four-year running average of Akalagavi speleothem d18O (Yadava et al.,

2004) (blue line) and contemporaneous TSI derivative (red line). Higher precipita-

tions lead to more negative d18O values, while drought conditions lead to more

positive d18O values, indicated by the up and down arrows, respectively. (b) TSI

derivative (red line) compared with major drought events as recorded by proxy

records such as: Akalagavi speleothem d18O anomaly (green triangles), low tree-

ring growth years (blue triangles); instrumental low rainfall events (measured

rainfall o�2 standard deviation units, open black triangles); and historical major

famines in the Indian subcontinent with death toll exceeding 1 million (pink

triangles). The vertical gray bars indicate most prominent low TSI derivative

periods with coeval drought events supported by two or more instrumental,

historical and proxy climate data falling within a decade. Except for the AD 1715

event, most of the large negative TSI derivative periods were coincided with

severe droughts. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

1 Using hypergeometric distribution it can be shown that probability of

random coincidences of negative TSI gradients and drought events is o10%, thus

suggesting a statistically significant relationship between these events. We thank

one of the reviewers for computing this statistical test.
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Thus, we infer that the speleothem data provide corroborative
support for our hypothesis of a physical Sun–climate relation
between the temporal derivative of TSI and Indian summer
monsoon rainfall.

2.3. Concurrence of historical droughts and major famines with

steadily falling TSI as measured by negative TSI derivative

Economy and agricultural food production of several south
Asian nations is largely dependent on the vagaries of monsoon.
While anomalously high rainfall causes adverse impacts, drought
conditions with anomalously low rainfall are actually culpable for
large hunger related deaths and diseases. Though often overall
impacts of these dry periods are also man-made (mismanage-
ment of resources, wrong economic policies, etc.), it is important
to address the natural (e.g., external solar forcing) cause behind
these abrupt climate anomalies.

We have compiled the available records of historical drought
periods over the last �300 years and compared them with the TSI
derivative series. Major rainfall deficient years are best reflected
in the tree-ring data of Borgaonkar et al. (2010). Most of the
historical droughts can be corroborated by cross-checking against
the chronological list of major famines (with more than 1 million
deaths recorded) in the Indian subcontinent during the last three
centuries (source: http://en.wikipedia.org, Timeline of major fam-
ines in India during British rule). We have considered only those
famines that were caused by crop failures induced by severe
drought events. Anomalous rainfall years after 1871 have been
identified by examination of the instrumental rainfall record
(Sontakke et al., 2008), when measured rainfalls were o�2s
standard deviation units from the mean rainfall.

Compilation of the major drought periods, major historical
famines and their relationship with the TSI record are shown in
Fig. 5b. The plot demonstrates that most of the dry periods
(droughts or famines) occurred within a decade when TSI gradi-
ent was most negative. Of the twelve episodes of negative TSI
gradient present in the record, seven were accompanied by strong
drought events as supported by two or more independent
evidences. The gray bars in Fig. 5b mark the most prominent
low TSI derivative periods coinciding with coeval drought events
supported by two or more instrumental, historical and proxy
climate data within a decade. From Fig. 5b we can see, (i) out of
13 dry events recorded in the Akalagavi speleothem, 8 fall near
negative TSI gradients; (ii) out of 14 low tree-ring growth (dry)
years, at least 9 are coeval with negative TSI gradients; (iii) out
of 7 major famines recorded in Indian subcontinent history, a
majority (at least 4) tend to fall near negative TSI gradients;
and (iv) out of 6 major instrumental low rainfall years, 4 fall near
negative TSI gradients. Although we do not expect any exact
match of a global parameter like the TSI gradient with a regional
measure like historic dry and wet periods, the results presented in
Fig. 5b do indicate that the Indian monsoon system responded
when TSI was systematically decreasing. Because the TSI gradient
is represented by a smooth decadal (14-year filtered) record, a
point by point match with known, annually resolved events is not
possible. Nonetheless, concurrence of historical drought periods
with negative TSI derivative is evident in Fig. 5b.1 Our study in
Fig. 5b focused on coincidences of low rainfalls, droughts, and
famines conditions as such plights have stronger societal impacts.
Anomalous rainfall during periods of high positive TSI gradient
were less common, particularly for the pre-instrumental period
(earlier than 1871) inferred from the speleothem d18O data of
Yadava et al. (2004). Nonetheless we noticed that, four out of six
of the highest instrumental rainfall years occurred during or close
to high TSI gradient periods.

In an analogous study to this one, Lockwood et al. (2010) recently
showed that anomalous cold winters in the UK appear to be coeval
with low solar activity periods during the last �400 years. They
identified 8 coldest winters in Europe, relative to the average
Northern hemispheric temperature trend, the years AD 1684,
1695, 1716, 1740, 1795, 1814, 1879, and 1963. Among them, 4 years
out of 6 are covered by the time interval of our TSI derivative and
AISMR analyses and correspond (within 1–3 years) to negative TSI
derivative values, i.e., AD 1716, 1795, 1879, and 1963. This coin-
cidence of the negative TSI derivative and coldest European winters
is noteworthy given recent research on the modulation of the AISMR
by conditions in the North Atlantic (Goswami et al., 2006b; Rajeevan
and Sridhar, 2008; Wang et al., 2009; Yadav, 2009).
3. Discussion

There is an emerging consensus that intrinsic solar irradiance
and magnetic forcing affect Earth’s local and regional climate on
decadal to centennial timescales, through one or more internal
amplifiers (Gray et al., 2010). Meehl et al. (2009) recently
modeled the amplification of the perturbations of 11-year solar
cycles in the Pacific climate system. Meehl and colleagues mainly
show that although globally averaged solar forcing at the top of
the atmosphere of 0.2 W m�2 is too small to affect the climate
system, but that locally, through both cloud-free region in sub-
tropical Pacific and coupled air–sea mechanism that ultimately
creates even larger cloud-free region (figure 4 in Meehl et al.,
2008), the net solar flux at the surface can often has values at least

http://en.wikipedia.org
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a factor of 5–10 times larger than the top of the atmosphere
forcing. Several other researchers have also carefully evaluated
and highlighted the complex pathways and processes that may be
involved in physical Sun–climate relations (van Loon et al., 2004;
Perry, 2007; Miyahara et al., 2008; Usoskin and Kovaltsov, 2008;
Mendoza and Velasco, 2009; Courtillot et al., 2010; de Jager et al.,
2010; Harrison and Usoskin, 2010; Ogurtsov et al., 2011; Raspopov
et al., 2010; Usoskin et al., 2010; Yamaguchi et al., 2010). Potential
solar processes that may affect climate include biological and
chemical modulations of marine phytoplankton emissions of
dimethylsulphide (DMS), the sensitivity of meteorological and
climatic change to magnetic polarity cycles of the Sun, the
dependence of tropospheric temperature and condition on the
particular nature of both toroidal and poloidal magnetic field
components of the Sun, the modulation of tropospheric ionization,
surface-atmospheric electricity and cloud microphysics and cover
by incoming galactic cosmic rays.

In this study, however, we have shown that it is temporal
changes in TSI (i.e., our estimated TSI derivative) that is most
closely linked to the variability of Indian monsoonal rainfall and
related hydrologic manifestations. McGregor et al. (2010) recently
pointed out that, despite the lack of a statistically significant
association between solar forcing and the ENSO mean state,
a significant connection exists between solar irradiance and the
variance of ENSO variability. Hence, a meaningful study of Sun–
climate relation must involve not only careful consideration of the
solar forcing factors, but also the proper measures for the local
and regional climatic responses.

The computed linear correlations between temporal derivative
of TSI and AISMR (or KG rainfall) time series might not be as
emphatic as desired, because we have compared a net climate
manifestation (convolved over all the meteorological processes
and factors) with an underlying global solar forcing. Any observed
climatic pattern can be attributed to an external forcing that
affects internal climate co-drivers and amplifiers. Hence a direct
comparison of regional climate time series with contempora-
neous solar activity changes may not lead directly to the physics
of the underlying inter-linkages. Nonetheless, as discussed in
details below, our finding reinforces (i) the possibility of direct
solar forcing of the interdecadal rhythm of Earth’s climate system,
and (ii) sheds light on the actual physical mechanisms involved.

The inter-relationship between solar activity and Indian sum-
mer monsoon can be explained through the dynamical strato-
spheric modulation of upwelling in the equatorial troposphere,
corresponding to a north–south seesaw of convective activity
over the Indian Ocean sector (Kodera, 2004; Kodera and Shibata,
2006). For the differential addition or subtraction of solar energy
to the southern Indian Ocean would probably cause warm-pool
sea surface conditions and atmospheric convective activity to
vary in synchrony with the observed large-scale changes in the
summer monsoonal circulation and rainfall in the Indian sub-
continent. In addition to the stratospheric mechanism spelled out
by Kodera (2004), one may need to examine also the temporal
derivative of TSI as being the near-surface energy flux that drives
water vapor cycling and tropical circulation dynamics (van Loon
et al., 2004; Claud et al., 2008; Schneider et al., 2010). For
example, Lim et al. (2006) has established the key role that
specific humidity plays in amplifying the solar activity-induced
climatic oscillation over the tropical North Atlantic on decadal
timescale. van Loon et al. (2004) showed that it is indeed the net
solar radiation and latent heat flux that control the near-surface
energy budget in the relatively cloud-free part of the southern
Indian ocean (01 151S; 60–1001E) on decadal solar oscillation
timescale.

We speculate therefore, that the positive TSI derivative phase
corresponds to both enhanced surface evaporation and to an
overall net increase in convective velocity, this leads to the
enhanced southwest monsoonal circulation and increased AISMR
and KG rainfalls, as observed in Fig. 3c. Likewise, the phase of
negative TSI derivative corresponds to periods of less vigorous
atmospheric convection and near-surface southwest monsoonal
circulation and hence to drier periods for continental India. Our
speculation is consistent with the empirical analyses conducted
by van Loon et al. (2004) for changes on the decadal solar activity
timescale. Overall, we thus suspect that a full explanation for the
Sun–AISMR connection may require the recognition of more than
one dominant process. Similar conclusions have been drawn
by Narasimha and Bhattacharyya (2010) who report a complex
relationship between ENSO, monsoon rainfall, and sunspot num-
bers. In the 2–7 year band, they found that higher solar activity is
associated with a marginally lower ENSO index and rainfall. In the
8–16 year band, on the other hand, higher solar activity is
associated with a drastic reduction in the ENSO index and an
appreciable increase in the rainfall. The net effect of solar activity
on monsoon rainfall is therefore the result of the interaction and
superposition of several influences, which exercise their effects
over different timescales.

Claud et al. (2008) have recently studied the associations of
the 11-year solar cycle and AISMR using the sunspot number and
10.7 cm solar index as their primary measures of solar activity.
They determined empirically that two related processes can
provide a plausible connection between solar activity change
and AISMR on the decadal timescale: (1) with optimal warming
of the lower stratosphere over the months of July–August (solar
activity maximum), a reduction of convective activity that occurs
in the equatorial region is enhanced laterally in a way that leads
the strengthening of cross equatorial surface flow to the Arabian
sea in the west and to the Bay of Bengal in the east; and (2) the
higher solar activity also leads to a southward shift in the AISMR
monsoon low-pressure trough in June, and a northwest shift of
the Mascarene high-pressure system in the southern Indian ocean
during July–August, processes that are again associated with
enhanced cross equatorial flow and a stronger Somali Jet in the
western Indian Ocean, and which ultimately lead to stronger
southwesterly monsoon circulation.

Owing to the relatively lower heat capacity of land compared
to the ocean, during a positive TSI derivative phase the thermal
contrast between land and ocean is reinforced. The reinforced
thermal contrast further enhances the pressure differences
between land monsoon regions and the surrounding oceans,
and thus strengthens the monsoon circulation and associated
rainfall. Such a scenario of enhanced monsoonal rainfalls from
increasing solar irradiance has been simulated and discussed
recently in Liu et al. (2009). It seems likely that our establishment
of an empirical basis for this process will lead to its proper
incorporation in future climate modeling and simulation efforts.

Though the exact mechanism(s) involved in these complex
atmospheric and oceanic processes need to be further investi-
gated, our study indicates that temporal variations in TSI are
indeed well correlated with variability in precipitation from the
South Asia monsoon regime, at least over the last 300 years. In
addition, our analysis also indicates that the majority of anom-
alously dry periods of the Indian monsoon are nearly coincident
with the negative TSI derivative. More research is needed to
examine this relationship over suitable, longer-term climate-
proxy data series (e.g., Sinha et al., 2007; Agnihotri et al., 2008;
Cook et al., 2010), and to provide a physics-based reconstruction
of solar irradiance history (e.g., Fontenla et al., 1999; Harder et al.,
2009). A more comprehensive study of solar–AISMR relation must
also include the climatic change that occurred around 1400 AD
during the onset of Little Ice Age, which may reflect a southward
shift (abruptly) in the mean position of the summer monsoon
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trough (Kaspari et al., 2007). As well, attention must be paid to
the systematic increase in summer monsoon intensity that is
known to have occurred since about 1500 year BP (Anderson
et al., 2010). Compilation by Morrill et al. (2003) of a large
number of Holocene paleoclimate datasets suggests that that three
abrupt changes occurred in the Asian monsoon at �11.5 cal ka
(increased), �4.5–5.0 cal ka (decreased), and AD 1300 (decreased,
except in east-central China).

Finally, we admit that the new measure of temporal derivative
of TSI that we have elaborated here is definitely not a cure-all
answer to the study of Sun–climate relation. However, our study
stresses on the fact that the TSI derivative measure would be most
appropriate when used for examining modulations of hydrologic
and related teleconnective processes.2 Other promising measures
for analyzing temperature and atmospheric pressure ‘‘distur-
bances’’ have also been proposed by Le Mouël et al. (2008,
2009) and Courtillot et al. (2010). The utility of the TSI derivative
index will be strongly dependent on the location of the key
centers of meteorological-climatic action (e.g., Christoforou and
Hameed, 1997; Wang et al., 2003). For it is these action centers
that initiate and maintain local and regional climate phenomena
around the southern Indian Ocean and the nearby warm pools of
the western Pacific, and in turn nurture the East Asian and Indian
summer monsoons (Wang et al., 2003; Kodera, 2004; Higginson
et al., 2004; Terray et al., 2007; Claud et al., 2008; Clemens et al.,
2010; Gimeno et al., 2010).
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