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and (ii) variation in the incoming solar irradiance at vari-

caused by changes in the solar emission. Instrumental ous wavelengths due to changes .in the solar activity itself,
observation of the sun gives us some idea about de-S thought to affect the earth’s climate on decadatite
cadal variability in the solar radiation. On longer lennial timescalé<. This has gained much credence lately
timescales, we look to palaeoclimate proxies to learn and is the subject of this article. Eddyas the first to
about solar variability. In this review we discuss vari- suggest that long-term changes in solar activity can affect
ous palaeo-records and what we have learnt from climate with colder climate during periods of lower solar
them. In addition, we outline important questions that activity. This was further reinforced by Ré&javho found
need to be addressed. a remarkable similarity between the globally averaged sea

A significant part of the earth’s climate variability is

surface temperature (SST) and the solar activity.
Keywords: Insolation, palaeoclimate, solar variability,
southwest monsoon, total solar irradiation.

Solar variability
THE sun is the sole source of energy for the earth’s cli-
matic processes. Any departure from the balance betweehe top of the earth’s atmospheezeives solar energy
the energy received from the sun and thatated back to of about 1367 Wnt and before the dawn of the satellite
space is bound to change the climate of the &arffhe era it was thought to be a constant (hence known as the
earth’s climate is known to exhibit variability at different'solar constant’) as it was difficult to detect small variations
timescales ranging from annual to millennial. Various it due to the presence of the atmosphere. But since
causes that govern climatic variability at different time41978, radiometers are being sent into space (satellites).
scales have been identified, which can be mainly group&this revealed that the ‘solar constant’ is not a constant,
into internal and external causes. Internal causes involgat varies with an rms amplituflef 0.1%, as shown in
(i) oscillations in ocean—atmosphere system (e.g. thermpigure 1. Hence a more unique quantity, viatal Slar
haline circulation changes that re-distribute heat betwee@rradiance (TSI) has been evolved, which is defined as
the tropics and polar regions), (ii) volcanic eruptionshe value of the integrated solar energy flux over the en-
(aerosols and other fine particles injected intoatmeos- tire electromagnetic spectrum through an area of 1 sq. m
phere that prevent solar radiation from reaching the earthiented towards the sun arriving at the top of the terres-
surface), (iii) changes in atmospheric concentration efial atmosphere at the distance of 1 AU (astronomical
greenhouse gases (such as,CH,, NO,, CFCs, Qthat unit, the mean distance between the sun and the®&arth
absorb the outgoing long-wave radiation), (iv) water vapownother commonly used term is ‘insolation’ ¢eming
and low altitude clouds that form an important feedbacgolar Radiatiof that describes the solar energy reaching
mechanism (more the warmth, more the water vapouwhe earth’s surface and depends on the specific latitude,
which in turn absorbs more of the outgoing radiationkeason and angle of incidence. Various processes have
and (v) ice cover and vegetation extent (that control then proposed to explain the observed changes in TSI. These
albedo, i.e. the ratio of the reflected to the incident radigaclude changes in solar diaméfetransport through the
tion and act as another feedback mechanism). The extersalar convective and radiative zohdemperature of the
causes include (i) variations in the incoming solar radiatigsolar photospheté& and amount and distribution of mag-
due to changes in the sun—earth geometry (the so-called Métic flux on the solar surfate'* The last of these, i.e.
lankovitch cycles involving changes in the eccentricity oferturbation in magnetic flux is assumed to cause TSI
the earth’s orbit, its obliquity and precession of the perizariability in most of the@cent reconstructiofs
helion; it should be noted that only the change in eccentric-The magnetic field manifests itself on the solar surface
ity affects the solar energy reaching the earth, while the the form of sunspots and associated active region faculae
other two just redistribute heat among different latitudesjnd bright networ¥. Sunspots are regions with lower

temperature than the surrounding regions, and hence appear
*For correspondence. (e-mail: manish@ncaor.org) darker. The relatively colder nature of the sunspots is not
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Figure 1. Composite of daily average value of total solar irradiance from different-satellite borne radi-
ometer measurements. HE i(Hey—Fieden cavity radiometer) on NIMBUS 7, ACRIM | and |l ¢dve
Cavity Radiometer) on SMM (8lar Maximum_Mssion) and UARS _(Pper_Atmosphere Bsearch 8tel-

lite) respectively, and VIRGO_(@tfiability of Irradiance and @vity Oscillation Experiment) on the
SOHO (S¢ar and_Heliospheric_Mservatory). The broad dark line depicts the two-year low-pass filter-

inAl5

ing
HO & ¢o, average, is brighter during the higher sunspot numbers as
o VIS R brightening due to the faculae and the network outweighs
£ T T, - SRt inadance 1 the darkening due to enhanced sunspots
13
i 3z
¢ l1o g Variability in solar spectrum
g lot =
£ 2 The solar flux reaching the top of the earth’s atmosphere
5 7001 is composed of many wavelengths that correspond to
3 0.001 blackbody radiation at 5770 K, with the maximum radia-
104 10° tion falling in the visible and longer wavelengths (Figure
WAVELENGTH (nm) 2). Also evident from Figure 2 is that most of the ultra-

i > Solar irradi hind the top of the at o violet (UV) energy and a considerable portion of the near
igure 2. Solar irradiance reaching the top of the atmosphere as . . .

function of wavelength. Dotted line represents irradiance reaching ttLE2 (mfrarEd) IS absorbed by ozong and other atmos.ph.erlc
earth’s surface after absorption by ozone in the UV region and gases. One conspicuous feature is that the TSI variability

atmospheric gases in the near IR region. Also shown is TSI variabilijg mainly limited to wavelengths below 500 nm and is
in different spectral bands. The horizontal dashed line depicts variabi

ity (right-hand side scale) in the solar irradiance along the 11-year soé\PHSIderably more _for ShQYFer Wavglengths, I.€.1n _UV
cycle'®. than that observed in the visible region. In the UV region,

solar cycle irradiance changes of ~20% near 140 nm, 8%
near 200 nm and 3% near 250 nm have been obgérved
well understood, but it is believed that the strong magvhereas TSI variability during a solar cycle is ~0*148
netic field inhibits convection underneath them. The sun- The short wave part of the spectrum (<400 nm) contri-
spots are confined to 38 and 33S solar latitudes. They butes only 7% of the total irradiaficbut can be an important
form in the higher latitudes and migrate towards the solparameter affecting the climate if there is a mechanism
equator as their size expands (can grow up to ~80,000 kimat is exceptionally sensitive to even minor variations in it.
in diameter). The number of sunspots is not constant but
varies with a 11-yr ‘solar cycle’ (also known as Schwabgolar periodicities
cycle) that is related to the 22-yr hale cycle of the rever-
sal of the Sun’s magnetic field. During higher solar activFhe sun is a dynamic star and changes on timescales
ity, the number of sunspots increases. But the sun, on gamging from minutes to billion of ye&tsThe most well-
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known cycle is the 11-year solar cycle that was first notedtie earth’s magnetic field also deflects away the incom-
in 1843 by an amateur solar astronomer, H. Schwabe baseg galactic cosmic rays, which will affect the cosmo-
on the changing number of sunspots. The related cyclegenic radionuclides (e.g. the dipolar part of the magnetic
the 22-year Hale cycle (first described by George Hale field of the earth has decreased by nearly 8% over the last
early twentieth century), in which the magnetic polarityt50 years).

of the sun reverses and then returns back to the original

state. Periodicities longer than this are harder to obserye o
due to limitation of the observational data. However, witk(?arbon_l4 as solar activity proxy

the help of proxy records (such as cosmogenic radig- . . .
nuclides, to be discussed later), even longer cycles Can%adlocarbon (C) is produced in the atmosphere by the

detected. The most important long cycles are the 88-'”%2?32%? tc))f ::r:)sra:c r?)r/-ep;r(gtijounged neutrons with nitro-
Gleissberg cycle and the 208-yr Suess cycle. Proxy ré? y ' P ‘
cords also indicate longer cycles such as ~2300-yr Hall- 14
statt cyclé’. Based on sunspot numbers and cosmogenic
nuclides, several periods of low solar activity have be
identified: Oort minimum Ap 980-1120), Wolf mini-
mum (@D 1282-1342), Sporer minimumdf 1416—-1534),
Maunder minimum Ap 1645-1715) and Dalton mini-

mum @ap 1790-1820)

N7 + lno — 14C6 + lHl

“his radiocarbon atom is oxidizedt€ O, rapidly and is

taken up by the plants and trees during photosynthesis.

The'“C decays byB-emission to stabl&N with a half-life

of ~5730 years. To reconstruct the pa¥ activity,

materials such as annual growth rings of trees, annual

bands of corals and varve (annual) sediments have been

Reconstructing past solar irradiance used?. Past**C activity is expressed a&**C that has
been corrected for decay corresponding to its age and the

Direct measurement of TSI is available for the past ~XBactionation**C atom experiences while being incorpo-

years and reconstructed TSI (based on sunspot numbekd. It is expressed in per mil (%o0) units with respect to

is available for only ~300 years. There are various evan international standard (NBS oxalic acid).

dences (e.g. based on the study of other sun-like stars)

that indicate that the solar activity might exhibit much A™C = [(Ry/Rs) — 1] x 10°%,

wider variations than that observed so far. Hence, it be-

comes necessary to reconstruct the past fluctuations in advereRy is **C/*°C ratio or activity in the standarBis

lar irradiance to fully comprehend the natural variability*C/*?C ratio or activity in the sample and given as:

in TSI on centennial to millennial timescales and to decipher

the complete range of inherent periodicities. The best pro-Rs, = Rys [1 — {2(25 +8"°C)/1000}],

xies to decipher past TSI variations are the cosmogenic

radionuclides (e.g*'C, '°Be, etc.) as their atmosphericwhereRsis the measuretfC/*°C ratio or activity.

production depends on the cosmic ray flux, which in turn 5C is the deviation in thE€C/*?C ratio of the sample

is modulated by solar activityCosmic rays are energeticwith respect to a suitable international standafel.g. V-

particles originating outside the earth and are mainBDB, in the case of carbonates) expressed in %o (for ex-

composed of protons (~90%), alpha particles, electronserimental procedures see Yadava and Rafflesh

gamma rays and other atomic nuclei. The net flux of Apart from the solar wind and the associated magnetic

cosmic rays reaching the earth is low, but the energy fi€ld effect, another factor affectifdC production is the

individual particles can be very high (averaging severalarth’s magnetic field, as it deflects away the incoming

billion electron volts). Hence cosmic rays interacgalactic cosmic rays. Studies have found that there is a

strongly with matter. They produce radionuclides in twéong-term change if’C production due to the changing

ways: by direct bombardment of target atoms or by segeomagnetic field intensity, which has been approxima-

ondary neutrons. These neutrons are produced by the iad and the correctedC activity obtained is called the

teraction of cosmic rays with atmospheric molecules artesidualA**C value?®. TheAC values thus reconstruc-

are further slowed to ‘thermal energies’ by repeated collied have been shown to exhibit good correlation with the

sions. These slow neutrons are able to effectively interaatailable sunspot record (considering the fact that the two

with stable atoms of the earth’s atmospRerds the are entirely different observations) with low#€ activity

cosmic rays approach the earth, they encounter solar witdring higher sunspot numbers, i.e. enhanced solar acti-

and the associated magnetic field, which deflects thewity®® (Figure 3).

away from the earth. During higher solar activity, deflec- It is clearly indicated tha&**C can act as a good proxy

tion due to the solar magnetic field is more; hence legx the past solar activity and reliable records extending

galactic cosmic rays reach the earth’s atmosphere, resultimark to ~35,000 yeamP have been constructéd®®

in lower production of cosmogenic nuclides. MoreoverRecently,attempts have been made to reconstruct solar
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activity changes for the past 32,000 years using cosmo-The concentration dfBe in marine sediments depends
genicin situ“C in ice of Greenlarfd. The advantage is not only on the cosmic ray flux but also on the (sedimen-
that at such high latitudes, the effect of geomagnetic fietdtion) rate at which®Be atoms are removed from the sea
fluctuation is negligible. More importantly, climatic surface to the bottom sediments. In spite of this limita-
variations which affect the distribution 6fC between tion, a globally stacked record ¥Be concentration from
different reservoirs (such as atmosphere, surface antdhrine sediments has been reconstructed, that yields rela-
deep-ocean, etc.) are insignificant as in the case of potawe variations in*°Be production rate for the past
ice the'*C is producedn situ by nuclear interactions of 200,000 yearS. Based on this record, Sharthenas

fast neutrons with oxygen nuclei. In contra8t, produced shown that solar activity exhibits a cycle of 100,000-years
in the atmosphere is distributed between various resehat is strongly correlated to the 100 ka glacial-interglacial
voirs such as the biosphere, mixed layer of the ocean aeytle, and proposed that solar activity controls the cli-
the deep ocean. If the production of deep-ocean watmatic variations on a 100,000 yr timescale.

reduces, then the concentration*t® in the atmosphere
will increase. For example, during the last glacial perio
the atmospheria'“C increased by 100%. due to reduce
oceanic (thermohaline) circulatith

3Effect of solar variability on terrestrial systems

Solar variability in different spectral bands affects the
various interlinked systems operating on earth. Though
Beryllium-10 as solar activity proxy the total observed TSI variatidiisising the satellite-borne
radiometer is 0.1%, it has been estimated (using the study
The radioactive nuclidé’Be is produced in the atmos- of sun-like stars) that TSI might be lower by 0.25% dur-
phere due to cosmic ray induced spallation of nitrogeng the Maunder minimumap 1645-1715) than at pre-
and oxygen atom$’Be can also be produced in the exposent’® Leanet al*’ further proposed that a decrease of
sed rocks and soil kip situ production. It decaysby - 0.25% in TSI might lower the global equilibrium tem-
emission t0'°B with a half-life of 1.51 Myr.°Be sticks perature by 0.2—0°€. Even a decline of 0.15% in TSI
to aerosols and is scavenged by precipitation. Congseight affect the earth’s climate by various feedback
quently, the residence time HBe is short (1 week to 2 processes as different spectral bands (e.g. UV region)
years) that prevents its homogenization in the atmosphe@nstituting the TSI interact differently with terrestrial
and is deposited at the latitude at which it is produced. Bystems. Mainly, three different mechanisms have been
the polar regions, atmosphetf8e is deposited in the ice invoked involving the indirect effect of TSI variations on
and snow directly and is used as a proxy for solar acthe earth’s atmosphere. The first involves the heating of
vity. Beeret al®? have made a comparison between ththe earth’s stratosphere by increased absorption of solar
1%Be record from the Greenland ice sheet and the northddlV radiation by ozone during periods of enhanced solar
hemisphere temperature record and found good correlati@ctivity*>*°. Solar irradiance varies much more in the UV
during periods of lowef’Be concentration, i.e. higher spectral band (up to 20%) during a solar cycle compared
solar activity, the temperatures were higher (Figure 4)to the TSI (~0.1%). The positive feedback is that more
the UV, more the ozone production and more the heating.
This heating is transferred to the troposphere as shown by
the theoretical model$ It further affects atmospheric

5 circulation, e.g. increased tropospheric Hadley titan
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Figure 3. Comparison betweeA'C record (obtained from tree rings)
and sunspot numbers (average of sunspot numbers over each 1Figure 4. Comparison between the northern hemisphere temperature
solar cycle). Note that the sunspot number axis is reversed with valuesord®*®® and'°Be concentration in Dye 3 ice core from Greenfind
increasing downwards Note that'®Be concentration scale is reversed.
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reported during enhanced solar actititgffects the dis- which is dependent on cosmic ray fluxes modulated by
tribution of atmospheric moisture. solar activity. They found good correlation between the
The second mechanism is that during periods of higheronsoon and solar activity proxies and suggested that
solar activity, the flux of galactic cosmic rays to the earthariation in solar radiation exhibits a prominent control
is reduced, generating less cloud condensation nuclei, amger the monsoon system on centennial to decadal time-
resulting in less cloudine®¥s Friis-Christensen and scales. Similarly, Fleitmanet al>® analysed Holocene
Svensmarfé have reported good correlation between thstalagmites from Oman and compar@dO data with
12 months running means of the total cloud cover (da@RIP ice core3®0 and'“C record from tree rings. They
obtained from the International Satellite Cloud Climatologproposed that early Holocene monsoon circulation was
Project) and cosmic ray intensity measured Am&x controlled by glacial boundary conditions such as north-
Neutron Monitor Station, Colorado, which comes out tavard heat transport in the Atlantic and the thermohaline
be 0.93. Reduction in cloud cover is significant [a decirculation. After 8 ka, as the thermohaline circulation
crease of 3% from 1987 (solar minimum) to ~1990 (instabilized, the monsoon circulation responded more di-
creasing solar activity)], which would result in globalrectly to solar forcing. One major limitation in thiecwe
warmingd' corresponding to 1-1.5 Wra two studies is that Oman is a desert region and does not
An alternative mechanism has been proposed that ireceive much monsoon predtion. Agnihotriet al>!
volves coupling between the ionosphere and tropobtained a core from the eastern Arabian &éthe Gu-
spheré”. lonosphere is the region in the atmosphere (irat coast (2502G) and analysed it for three palaeatic
the altitude of ~80—250 km) where the atoms absorb tipeoxies (organic carbon, nitrogen and aluminum content
incoming solar energy in the UV band and produce iortd marine sediments) for the past 1200 years and com-
and free electrons. The varying solar activity also varies wighared it with TSI records (Figure 5). They found nearly
the ionospheric charge, which is intimately coupled witkimilar trends for these proxies and TSI variations. Lower
tropospheric thunderstorms. Variations in ionospheri€Sl was accompanied by lower productivity, indicating
electric field will thus affect the electric charge on theveakened SW monsoon. Spectral analyses of the TSI,
clouds, which in turn plays an important role in coalespalaeoclimatic proxies and Indian summer monsoon rain-
cence of droplets and condensation of water vapour fall yielded similar periodicities, which led them to propose
Another positive feedback occurs in the way that mordat solar forcing controls the monsoonal precipitation on
the condensation, more will be the latent heat release tmatilti-decadal timescales. Sarkar al®? have analysed
will further heat up the troposphere and cause enhanoexygen isotope ratios (viz*-?0) of planktonic foramini-
evaporation. fera (Globigerinoides sacculiferand Globorotalia
menardi) in the same core (2502G) as shown in Figure 5
(last panel). Precipitation alters the sea surface salinity in
Sun—monsoon connection the way tha®*®0 of foraminifera decreases with increas-
ing precipitation (discussed in detail in the next section).
Attempts to correlate solar irradiance with monsoon rainfall As evident from Figure 5, the productivity proxies (viz.
revealed no consistent relationship at the 11-yr tim&, and N content) governed by the SW monsoon wind
scalé®. On the other hand, the relation between instristrength exhibit good matching with the TSI variations.
mental records of the Indian monsoon ralh&énd sunspot However, the correlation is lost when the SW monsoon
activity was investigated by Hiremath and MaYidivho  precipitation (runeff) proxies (viz.6'®0 and Al content)
concluded that (i) the southwest (SW) monsoon rainfadire compared with the TSI. Recently Waatcal.>® have
variabilities had significant positive correlations with thecarried out high-resolution oxygen isotope analysis (at
sunspot activity during 1871-2000, and (ii) FFT an®&-yr intervals) on a stalagmite from southern China and
wavelet analyses of the SW monsoon rainfall variabilitfound that solar variability played a significant role in
show the periods 2.7, 16 and 22 yrs respectively, whigoverning the Asian monsoon at decadal to centennial
are similar to the periods found in sunspot occurrent¢emescale, similar to the earlier conclusion based on varve
data. Recently, Blattacharya and NarasimWaave stud- sediments off the Karachi codbt Control of solar
ied the available meteorological Indian rainfall data witlrradiance on the millennial scale changes in monsoon
four solar variability indices and reported that both areas been reported by Higginsen al®, after studying
highly correlated at decadal to bi-decadal timescalesiarine sediment cores from the Oman and Pakistan
There have been various palaeoclimatic studies as watargins, which reinforces earlier study by Staubwassiser
indicating that the sun plays a major role in governing trad.*®. Ji et al®’ have studied iron oxide content in a
variations as observed in the Asian monsoon on decad&diment core from a lake on the Tibetan Plateau, Central
to millennial timescales. For example, Neffal.*? stud- Asia. They found a periodicity of 200 years corresponding
ied speleothem samples from Oman for the period 9-6 kathe Suess solar cycle. Table 1 summarizes the results
and compared them with tiA¢“C record from tree rings, on palaeomonsoon—sun connection.
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Figure 5. TSl vs Gy N, Al (Agnihotri et al*) and&'®0 of planktonic foraminifer&lobigerinoides sacculifefdepicted
by circle, last panel) an@loborotalia menardii(depicted by triangle, last panel; data from Sakaal*?).

Table 1. Details of earlier palaeoclimatic studies regarding sun—monsoon connection

Average Solar periodicities
Reference Proxies, materials and study area SpaBgyrs resolution (yrs)
Castagnolet al5® CaCQ in core from lonian Sea 0 to ~1820 ~3.87 yrs per sample ~200
Von Radet al®* Thickness of varve sediments off the 0 to ~5000 ~7 yrs per sample ~250, 125, 95, 56, 45,
Karachi coast 39, 29-31, 14
Honget al®® 5'%0 in peat cellulose, NE China 0 to ~6000 ~20 yrs per sample *86, 93, 101, 110, 127,

132, 140, 155, 207,
245, 311, 590, 820,
1046
Honget al®° 5"3C in peat cellulose, NE China 0 to ~6000 ~20 yrs per sample *70, 80, 90, 107, 110,
123, 134, 141, 162,
198, 205, 249, 278,
324, 389, 467, 584,

834, 1060
Neff et al*® 5'%0 of stalagmite, Oman ~ 6100 to 9600 ~4.1 yrs per sample ~1018, 226, 28,10.7, 9
Agnihotri et al®* Organic carbon, N and Al content in a 0 200 ~20 yrs per sample ~200, 105, 60
sediment core off Gujarat coast
Leuschner and SirocRb Wind and upwelling indices in a sediment ~5000 to 135,000 150-500 yrs per sample 1100, 1450, 1750,
core, Oman margin 2300
Fleitmannet al>° 5'%0 of stalagmite, Oman ~400 to 10,300 ~4.5 yrs per sample ~220, 140, 90, 18, 11
Staubwasseet al.>® 5'%0 of Globigerinoides rubein a marine 0 to ~10,000 ~17 yrs per sample ~220
sediment core off Pakistan
Wanget al*? 5'%0 of stalagmite, Southern China 0 to ~9000 ~5 yrs per sample ~512, 206, 148, 24,
22-17, 15-16
Jietal® Iron oxide content in a lacustrine core, Tibet 0to~17,500 ~38 yrs per sample ~293, 200, 163, 123
Tiwari et al®? 5'%0 of three planktonic foraminiferal ~450 to 1200 ~50 yrs per sample ~200
species in a sediment core off Mangalore
coast, India
Guptaet al®® Percentagé. bulloidesin sediment core off ~0to 11,000 ~30 yrs per sample ~1550, 152, 137, 114,
Oman Margin 101, 89, 93, 79

*Significance level not specified, many of these peaks could be spurious.
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An example from eastern Arabian Sea handpicked and analysed using GEO 20-20 mass spectro-
meter (Europa Scientific, UK). The external precision on
The major limitation of these studies was that none &°0 measurement was better tha®1%o (1o standard
them was from southwestern India (the Western Ghatsleviation), as determined by the three daily measurements
the most suitable region for studying past fluctuations iof an internal calcitic standard (standard error is 0.02%o).
South Asian monsoon, as it receives abundant ptatgm  All isotopic values were reported with respect to V-PDB.
during the SW monsoon months (up to 4000 mmfyr) Further experimental details can be found elsewhere
Moreover, many of these studies relied on the SW moss. ruberandGs. sacculifeare surface-dwelling species
soon wind strength reconstruction (e.g. those employimpgedominantly inhabiting the top 25 and 50 m respecti-
productivity records) and not the actual precipitation. Teely whereasGr. menardii is a deeper dwelling spe-
fill this lacuna, we have strategically chosen a sedimente$®®’ predominantly inhabiting 100-150 m. Thus an
core SK145-9 from the eastern Arabian $ffdahe Man- oxygen isotope signal arising due to any surface pro-
glore coast (Figure 5, 12K, 74.3E; water depth = cesses (e.g. salinity change) will be most pronounced in
400 m; dated length = 252 cfA)For this core, we obtai- the surface dwelling species, vi@s. ruberandGs. sac-
ned 11 radiocarbon dates spanning ~13,000 calendadifer and will be subdued in the deeper dwelling spe-
years (spanning 252 cm length) providing an averagges, i.e Gr. menardii The factors controlling the oxygen
sedimentation rate of 19 cmfL@ears, with an average isotopes in foraminiferal shells are the sea surfalisity
resolution of 50 yr/cm. The top 50 cm has been samplednd sea surface temperature (S8 For the past ~3 ka
at every centimetre and below 50 cm sampling was dotigere has been no salinity fluctuations due to the global
at every 2cm. The top 50 cm of this core (samplede-volume effect, as there were no significant global ice-
closely), covering a time span of approximately 280fnelting episodes affecting the sea |é%elioreover, SST
years, has been taken for further studies. Thus it offevariations in the tropics for the past 10 ka are sfhall
high time resolution and therefore will aid in understand—~0.5°C). The studied species are known to grow pre-
ing sub-centennial scale variabifity dominantly during the SW monsoon months and hence
All along the Western Ghats (that lies parallel to thare likely to record signals arising mainly due to SW
western Indian coast from ~20 to <NDlat.), intense monsoon fluctuatioff. In the eastern Arabian Sea, sea
orographic precipitation takes place that gets into tleurface salinity variation is mainly controlled by the
coastal Arabian Sea as surface nifhand reduces the variation in the supply of freshwater as surface otfn-
sea surface salinity considerably. Along the southwestefrom the adjacent Western Ghats during the SW mon-
Indian coast, salinity distribution becomes north-southoon. With the onset of SW monsoon winds, the upwell-
(Figure 6), with low salinities of up to 34 PSU pointinging intensifies but as it is mainly controlled by basin-wide
towards the freshwater influx, and away from the coasemote processes in the Arabian Sea and Bay of Ben-
salinity rapidly increasé&$ reaching up to 36 PSU. gal®" variation in the local upwelling intensity will
This reduction in salinity is recorded by the oxygemffect the interannual SST changes in a small‘Wway
isotopes of water that get incorporated in the calcitic shellhiese remote processes are the winds in the Bay of Ben-
of the foraminifera. For oxygen isotope analyses, 30—3fal and the equatorial Indian Ocean that force the upwell-
shells of the three species of planktonic foraminifera, viing in the eastern Arabian Sea through the propagation of
Globigerinoides ruberGs. sacculiferGr. menardiiwere Kelvin waves along the west coast of Indiawe there-
fore assume that the dominant factor controllingdi®
. - signals in the eastern Arabian Sea is the sea surface sali-
b SRS “TI! nity changes induced by the variation in the SW monsoon
- . | T precipitation. A reduction in sea surface salinity occurs
: - due to the influx of large amount of freshwater, depleted
L 37 in 180, as surface run-off into the coakeastern Arabian
salimie | O€8 during intense SW monsoon precipitation events. In
¥ (psty  the eastern Arabian Sea, for every per mil decline in sali-
' nity, the %0 value decreas€sby 0.33%.. Thus a depleted
180 signal indicates enhanced SW monsoon precipitation,
whereas an enricheédO signal points towards reduced
precipitation due to weaker SW monsoon.

Todin |.

HI'HI.

u lj'":l

LS ,

WL &L NE  E 0L S
Figure 6. Location of core SK145-9 along with salinity pattern (in T € solar connection
PSU) during the SW monsoon months. Salinity rapidly increases away
from the southwest coast of India (from Naval Research Laborator, 77
United States Navy websitevww7320.nrlssc.navy.itiglobal_ncom/ Bard et alj reconstructed TSI data for the past 1200
ara.htm). years, which has been used for the present study. They

e
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Figure 7. Comparison between TSI (thick line in the first panel depicts ten-point running averagg&f@nécord from
the core SK145-9 (Tiwasgt al®?).

based the TSI estimation on the common fluctuations of To further explore the sun—-monsoon connection, spec-
the*C and'°Be production rates obtained from tree ringsral analysis was performed that can possibly help in de-
and polar ice sheets. The TSI curve used in this stutigeating the factors forcing the monsoon. Figure 8 shows
assumes a 0.25% reduction in TSI during the Maund#re results of spectral analysis on the oxygen isotope time
minimunt® The TSI data are unequally spaced at 8—1€kries of the two species of foraminifera for the past
years interval, which is first splined for every 10-years2900 years using the REDFIT 3.6 progfAnThe 5*°0
and then a ten point running average is taken so that tine Gr. menardii exhibits a significant periodicity of
resolution of TSI data becomes comparable to that of Si15 yrs and inGs. ruberit shows a periodicity of
145-9. Figure 7 shows a comparison between the TSP30 yrs that is just below the 95% significance level.
record andd*®0 in all the three foraminiferal species. This implies that the SW monsoon follows a dominant
The core SK 145-9 does not extend beyand1550 quasi-periodicity of ~200 yrs, which is similar to that of
and TSI data available fromp 850 onwards only; hence the 200-yr Suess solar cy€leln the case o6s. saccu-
comparison can be made for only seven centuries. Afer, all the frequencies are suppressed and well below
evident from Figure 7, precipitation signals from all théhe 95% significance level (not show®s. sacculifere-
three species match reasonably well with TSI fluctuatiorsponds differently, possibly because of its vertical migra-
within the radiocarbon age uncertainties (~80 years). Etion in the water column.
act matching is not seen between the precipitation andEarlier, ~200, 113, ~77 and ~53 yr periodicities have
TSI signals, which could be due to the coarser resolutitieen observed in the TSI data obtained from sunspot
of the sedimentary record compared to that of the TSI. humbers and cosmogenic isotopfe§urthermore, power
general, during periods of lower TSI values, we get lowespectra of various proxies controlled by monsoon strength
precipitation, implying solar forcing on the SW mon4n a core raised from the northeastern Arabian®Sea
soon—precipitation on centennial timescale. During pershowed significant periodicities of ~200, ~110 and 56 yrs.
ods of reduced solar irradiance, viz. Oort, Wolf and recent high-resolution study on9800 yr-long speleo-
Spoérer minima, precipitation also reduces as indicated thiem from southern China has revealed prominent peri-
enhanced'®0 values. odicities of 558, 206, 159, 24, 22-17, 16-15 yrs in Asian
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ground signal. Dashed line denotes the 95% significance level calculated using the chi square test.

monsoor®. A 200-yr periodicity has also been reportediariability on different timescales: what is the total
by Jiet al®>” in a sediment core from a Tibetan lake. Mosamplitude of TSI variation on a long term and is it
of these periodicities match with those obtained\8iC  sufficient to explain the climatic changes? For this, more
(controlled by the solar activity), which reinforces theaccurate and precise reconstruction of the past variations
hypothesis that the intensity of the Asian monsoon is cosmogenic nuclide concentrations has to be carried
affected by variations in solar activity. Lower frequenciesut. How do different spectral bands of the TSI behave
are not observed in our study due to the average sampli¢h varying solar activity? One area that needs urgent
resolution, which is ~65 yrs. attention is the various internal amplification mecha-
Visual correlation between the TSI and the SW momisms, which might significantly alter the climate, even
soon precipitation along with the periodicities observedhen total variability in TSI is not much. Moreover, the
in oxygen isotope time series indicates that the SW moaffect of other forcing mechanisms (e.g. thermohaline
soon intensity is indeed governed by variations in TSI atirculation changes, volcanic and greenhouse gas forcing,
centennial timescale. albedo changes) has to be clearly delineated. Much work
remains to be done to elucidate the relationship between
sun and monsoon circulation, which forms a significant
part of the global climate. In future, emphasis should be
on relating the variability of the specific palaeoclimate

. . data used to a particular part of the solar spectrum.
varying degrees. Climate models have shown th ; : .

o : . : o though various studies have pointed towards decadal to
variations in TSI can explain the pre-industrial increase

. . o - multidecadal scale correlations, centennial to millennial
In temperature (i.. 0°& surface warming from 1650 to scale correlations still remain to be fully explored
1790), but it accounts for only 0.25 of the 0.8C y exp '

warming experienced from 1900 to 1998 It signifies Further, the exact linking mechanism is yet to be found

that other forcings (most probably anthropogenic emissi(%nd poses a challenge to the scientific community.

of greenhouse gases) are responsible for the rapid—— :

increase in surface temperature observed during the 20th Friis-Christensen, E. and Lassen, K., Length of the solar cycle: An
. . . indicator of solar activity closely associated with clim&eience

century. As far as monsoonal circulation (which forms a 1991,192 1189-1202

major _part of the global C_“m_a_te) IS cor_lcerned, _50|§U’2. Bond, G.et al, Persistent solar influence on North Atlantic cli-

variability seems to play a significant role in governing it  mate during the Holocen&cience 2001,294, 2130-2136.

on decadal to centennial timescales through direct an8@ Mende, W. and Stellmacher, R., Effect of the Earth orbit and solar

indirect radiative forcing by enhancing the land—sea variability on climate. InClimate of the 21st Century: Changes
and Risks(eds Lozan, J. L., Graf}l, H. and Hupfer, P.), Wissen-
temperature contrast.

. . . schaf flische, Hamburg, Germany, 2001, pp. 27-33.
Despite such advances, several questions remain UB:- Rind, D., The sun’s role in climate variatioSience 2002,296,

answered. The foremost is to understand the total solar 673-677.

Conclusion

Solar variability influences the climate of the earth, butt
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