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Abstract

Several studies have indicated that Sun appears to control the terrestrial climate on several timescales that range from less than a decade to several thousands of years. Here we discuss various techniques used to reconstruct past solar activity and present a critical review of the existing theories that attempt to correlate past solar & climatic variabilities with special reference to the phenomenon of South Asian Monsoon. We also outline existing problems that need attention to further elucidate the Sun-climate connection.      
1.1. Introduction

The subject of relative contributions of the natural and anthropogenic causes to the presently experienced Global Warming (IPCC AR4 2007) is hotly debated. This has given a renewed impetus to the research on the effect of solar variability on the climate on various time scales; numerous studies elucidating various causal mechanisms have appeared in the literature during the past couple of decades. Here we attempt to review the existing hypotheses and discuss solar variability and its effect on the earth’s climate. Solar energy governs the earth’s climate, although the latter is further modulated by internal processes such as oscillations in ocean-atmosphere system, volcanic eruptions, atmospheric content of greenhouse gases, cloud cover, ice and vegetation extent etc. The solar energy being received by earth in turn varies because of changes in sun-earth geometry (Milankovitch Cycles) and the variation in the incoming solar irradiance at various wavelengths due to changes in the solar activity itself. The Milankovitch Cycles have nothing to do with solar variability (processes taking place inside the sun) and affect the earth’s climate due to changes in the earth’s eccentricity, obliquity and precession (although only the change in eccentricity affects the solar energy reaching the earth while the other two just redistribute heat among different latitudes). Eddy (1976) was the first to suggest that long-term changes in solar activity can affect climate (colder climate during periods of lower solar activity), which was further reinforced by Reid (1987), who found a remarkable similarity between the globally averaged sea surface temperature (SST) and solar activity. But in spite of two decades of intense research, many questions that deal with the exact nature of the processes taking place inside the Sun that causes variability in its energy output and how this slight variation in energy output leads to large changes in earth’s climate remain unanswered (Beer et al. 2000; Bard and Frank 2006). 

1.2. Variable Sun

 Sun is variable and this became evident to European Astronomers in early seventeenth century through the changing sunspot numbers of which they kept a reasonably good record using the then newly invented telescope. Although the incident solar radiation or the solar energy reaching earth (~1367 W/m2) was thought to be unvarying (hence called “solar constant”) as it was not possible to determine the slight fluctuations in it due to the presence of the atmosphere. But since 1978, radiometers are being sent in space (satellites), which revealed that “solar constant” was not a constant but varied with root mean square amplitude of 0.1% as shown in Fig. 1.1 (Willson 1997; Willson and Mordvinov 2003, Fröhlich and Lean 2004; Bard and Frank 2006); this has been revised to 0.08% (IPCC AR4 2007). Therefore a more precise quantity - “Total Solar Irradiance” (TSI) – was formulated, which is defined as the value of the integrated solar energy flux over the entire electromagnetic spectrum through an area of 1 m2 oriented towards the Sun arriving at the top of the terrestrial atmosphere at a distance of 1 Astronomical Unit from the sun.
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Fig. 1.1. TSI from satellite borne radiometers; as the raw data is processed by applying different correction factors that may yield different scenarios (grey bars exhibit long term trends) – the top panel exhibits a slight increasing trend (Willson and Mordvinov, 2003) while the bottom one stays uniform (Fröhlich and Lean, 2004); Max 21, 22 and 23 depict maxima in solar irradiance in the respective solar cycles (Figure from Bard and Frank, 2006)
Sun is composed of many layers that include the core, radiation zone, convection zone, photosphere, chromosphere and the corona. Several processes taking place in these layers have been proposed to cause variability in the solar output on timescales ranging from minutes to billions of years (e.g., Beer et al. 2000):

· Nuclear Fusion in Sun’s Core (conversion of hydrogen to helium) is the source of the sun’s energy (luminosity) and it has been estimated that about 4 billon years ago, solar output was 75% of what is observed today and it will be 35% more than today after another 4 billion years (Newman and Rood 1977; Gough 1977). But the rate of change on billion year time scale is exceedingly small (10-4 Wm-2 kyr-1); this has negligible effect on climate change on human/historical time scales.

· Changes in Convective Pattern – In the Radiation zone, energy is transferred by interaction with the surrounding atoms and is considered very stable on a million year time scales. But the energy transport through the Convection Zone is considered to be a significant source of variability on a 100 kyr timescale (Hoyt and Schatten 1993; Nesme-Ribes et al. 1994). 

· Changes in Photospheric Features -  TSI variability is a composite of various temporal and spatial changes occurring on the photosphere that include features such as changes in its temperature (Kuhn and Libbrecht 1991; Gray and Livingston 1997), and changes in the amount and distribution of magnetic flux on the solar surface (Foukal and Lean 1988; Lean et al. 1998). The thermal and magnetic perturbations originating at the bottom of the convection zone is manifested on the photosphere in the form of sunspots and associated faculae etc. During higher solar activity, the number of sunspots increases. But the sun, on an average, is brighter during the higher sunspot numbers as the brightening due to the faculae and the network outweighs the darkening due to enhanced sunspots (Lean et al. 1997). Changes in photospheric features have yielded variability on timescales ranging from minutes to decades (longer periodicities couldn’t be ascertained as space borne radiometer data is available only for the past few decades). 

Another source of TSI variability has been attributed to the changes in solar diameter (Sofia and Fox 1994; Sofia and Li 2001), although recent studies have shown that solar diameter changes are a few kilometre per year during a solar cycle contributing only 0.001% to the TSI variability (Dziembowski et al., 2001). Low frequency, millennial scale fluctuations have also been proposed (Beer et al., 2000) that may affect the climate change on longer timescales. 
The Sun exhibits periodicities at various timescales; the most obvious being the 11-year Schwabe Cycle (first noted in 1843 AD by an amateur solar astronomer H. Schwabe based on the changing number of sunspots), which is related to the 22-year Hale Cycle (described by George Hale in early twentieth century) in which the magnetic polarity of the sun reverses and then returns back to the original state and 33-year Bruckner Cycle. As instrumental data is available only for past three decades, longer cycles are hard to recognize; based on sunspot numbers and other proxy records (e.g., cosmogenic radionuclides), 88-year Gleissberg Cycle, 208-year Suess Cycle, ~2300-year Hallstatt Cycle (Mayewski et al. 1997) and even a 100,000-yr cycle (Sharma 2002) along with the following periods of  low solar activity have been documented (Beer at al. 2000): Oort minimum (980-1120 AD), Wolf minimum (1282-1342 AD), Spörer minimum (1416-1534 AD), Maunder minimum (1645-1715 AD) and Dalton minimum (1790-1820 AD) during the past millennium.
1.3. Solar Spectral Variability

Solar irradiance is composed of various wavelengths (corresponding to black body radiation at 5770 K) and the variability in energy distribution among these wavelengths contributes to the solar spectral variability as shown in Fig. 1.2. TSI variability is mainly limited to wavelengths below 500 nm and is considerably more for the shorter wavelength, i.e. in ultraviolet than the visible region. The spectral irradiance in UV region is continuously being monitored by space from 1991 onwards (Woods et al. 1996). In the UV region, solar cycle irradiance changes of ~20% near 140 nm, 8% near 200 nm and 3% near 250 nm have been observed (Lean et al. 1997) whereas the TSI variability during a solar cycle is ~0.08% (IPCC 2007) which equals a radiative climate forcing of 0.22 Wm-2 (Lean and Rind 1999). Spectral variability in the case of wavelengths larger than 400 nm (visible and infrared) is not well known due to the lack of long term measurements and is theoretically estimated (Solanki and Unruh 1998). Recently, space borne instruments have also measured variability in visible and infrared region and results confirm that variability occurs at all wavelengths (Harder et al. 2005; Lean et al. 2005) primarily in response to varying sunspot number and faculae. The short wave part of the spectrum (<400 nm) contributes only 7% of the total irradiance (Beer et al. 2000) but can be an important parameter affecting the climate if there is a mechanism that is exceptionally sensitive to even minor variations in it. But the IPCC AR4 (2007) clearly states that these observations are too limited temporally to make any definite statement about the total irradiance variability during a solar cycle.

[image: image1.emf]Fig. 1.2. The solar irradiance reaching the top of the atmosphere as a function of wavelength, the dotted line represents the irradiance reaching the earth’s surface (0 km) after absorption by ozone and other atmospheric gases in the in the UV and Near IR region respectively; also shown is TSI variability in different spectral bands (Spectral variability) and the horizontal dashed line depicts variability (Total variability) in the solar irradiance along the 11-year solar cycle (right hand side scale; figure from Lean 2000)
1.4. Records of Past Solar Activity

Sun may exhibit much higher variability and cyclicity than what is observed by the instrumental or telescopic record. It is necessary to reconstruct a long term record (on millennial timescale) for which cosmogenic radionuclides (e.g. 14C, 10Be etc.) are employed as proxies for solar activity. These radionuclides are produced in the atmosphere by interaction with the galactic cosmic rays (GCR, composed of protons, alpha particles, electrons, gamma rays and other atomic nuclei), the influx of which in the earth’s atmosphere is modulated by the solar wind and the associated magnetic field. During higher solar activity, the deflection due to the solar magnetic field is more; hence less galactic cosmic rays reach the earth’s atmosphere, resulting in the lower production of cosmogenic nuclides. This has been inferred by comparing the precisely assigned ages of tree rings by counting the rings with that estimated by 14C dating. The limitations in such an approach include ignoring the (i) strength and direction of the geomagnetic field that influences the production rate of cosmogenic radionuclides, and (ii) changes in transport and storage of these nuclides in various earth reservoirs caused by changing climate (explained below).

1.4.1. 14C Record

Radiocarbon (14C) is produced in the atmosphere by the interaction of cosmic ray produced neutrons with nitrogen nuclei via (n,p) reaction:

14N7 + 1n0 → 14C6 + 1H1                                             (1.1)
This radiocarbon atom is oxidized to 14CO2 rapidly and is taken up by plants and trees via photosynthesis. The 14C decays by β emission to stable 14N with a half-life of ~5730 years. To reconstruct the past 14C activity, materials such as annual growth rings of trees, annual bands of corals and varve sediments have been used (Chakraborty et al. 1994; Chiu et al. 2007). Past concentration of the radiocarbon (14C) can be obtained if the calendar and 14C activity of the sample are known, and is denoted by Δ14C (‰). It indicates the departure from modern pre-industrial, pre-nuclear atmospheric 14C concentration (by convention, 14C activity of 1850 wood) after correction for mass dependent fractionation and can be calculated as follows (Stuiver and Polach 1977):

Δ14C = [(eλ1t1/eλctc)-1]1000 (‰)                                  (1.2)
Where, λ1 is the decay constant for the correct 14C half-life (5730 years, Godwin 1962)

 t1 is calendar age (obtained by U-Th dating of corals, dendrochronology etc.)

 λc is the decay constant for the conventional 14C half-life (5568 years, Libby 1955)

 tc is the reservoir age corrected radiocarbon age based on conventional half-life

1.4.1.1. Geomagnetic Influence on 14C production

Another factor affecting the 14C production in a non-linear way, apart from the solar wind and the associated magnetic field, is the earth’s magnetic field (as it deflects away the incoming galactic cosmic rays) as shown in Fig. 1.3. It has been shown that there is a long-term change (2000-3000 year time scale) in 14C production due to the changing geomagnetic field intensity, which has been approximated and the corrected 14C activity obtained, which is called as the “residual Δ14C value (Stuiver and Quay 1980). It has been recently proposed that variability in geomagnetic field intensity on centennial time scale can also contribute significantly to the 14C production rate (Snowball and Sandgren 2002; St-Onge et al. 2003). But as evident from Fig. 1.3, short-term variability in geomagnetic field intensity is very little (depicted by arrows), hence will not affect the 14C production much, although low temporal resolution of the paleointensity data and the differences between various reconstructions remain a major source of uncertainty (Muscheler et al. 2007). 

[image: image2.emf]
Fig. 1.3. Normalised 14C production rate as a function of solar modulation and geomagnetic field intensity (Masarik and Beer, 1999) that is normalised with respect to the present value; arrows represent range of variability in geomagnetic field intensity for the past 1000 years (figure from Muscheler et al. 2007)

1.4.1.2. Effect of climatic variations on transport and storage of 14C

14C, produced in the atmosphere, is distributed between various reservoirs such as biosphere, ocean’s mixed layer and the deep ocean. If the production of deep ocean water reduces, then the activity of 14C in the atmosphere increases. For example, during the last glacial period, the atmospheric 14C increased by 100‰ due to reduced oceanic (thermohaline) circulation (Bard 1998). Thus variation in oceanic ventilation (and global carbon cycle) with changing climate is the largest single source of uncertainty to the 14C content of the atmosphere (Siegenthaler et al. 1980). Also, the annual 14C production rate is much smaller than the 14C content in the global carbon reservoir due to which short-term variations in 14C production gets diminished. Therefore to use 14C as a proxy for past solar activity, the redistribution of 14C in different carbon reservoirs needs to be accounted for by using global carbon cycle models (Muscheler et al. 2007).
To overcome these limitations, recently attempts have been made to reconstruct solar activity changes for the past 32,000 years using cosmogenic in-situ 14C in ice of Greenland (Lal et al. 2005). The advantage is that at such high latitudes the effect of geomagnetic field fluctuation can be neglected to a first order. More importantly, climatic variations that affects the distribution of 14C between different reservoirs (such as atmosphere, surface and deep-ocean etc.) is insignificant as in the case of polar ice, the 14C is produced in-situ by nuclear interactions of fast neutrons with oxygen nuclei.

1.4.2. 10Be Record

10Be is produced in the atmosphere due to cosmic ray induced spallation of nitrogen and oxygen atoms by high-energy particles (Lal and Peters 1967). 10Be can also be produced in the exposed rocks and soils by in-situ production. It decays by β emission to 10B with a half-life of 1.51 Myr (Hoffman et al. 1987).  10Be sticks to aerosols and is scavenged via precipitation. Consequently, the residence time of 10Be is very short (1 week to 2 years; McHargue and Damon 1991) that prevents its homogenization in the atmosphere and is deposited at the latitude at which it is produced that may lead the local atmospheric circulation patterns to dominantly affect its distribution. 10Be record reconstructed from the polar ice may under-estimate the solar activity as poles are strongly shielded from the solar wind and the associated magnetic field that would lead to higher production rate of 10Be compared to global production. Modelling results by Field et al. 2006 have shown that solar induced production variation at the poles should be ~20% more than the globally averaged value. Varying precipitation may also add to the uncertainty of the 10Be reconstruction (Wagner et al. 2001). Here the advantage lies with 14C, which has a relatively longer residence time (~5 years) in the atmosphere that leads to its global homogenization. Due to lack of proper understanding of the global transport and deposition of the 10Be, a simple assumption is made that the concentration of 10Be in the ice cores represent the production rate of 10Be in the atmosphere (Muscheler et al. 2007). The concentration of 10Be in marine sediments also depends on the (sedimentation) rate at which 10Be atoms are removed from the sea surface to the bottom sediments. In spite of this limitation, a globally stacked record of 10Be concentration from marine sediments has been reconstructed that yields relative variations in 10Be production rate for the past 200,000 years (Frank et al. 1997). Based on this record, Sharma (2002) has shown that solar activity exhibits a cycle of 100,000-year that is strongly correlated to the 100 ka glacial-interglacial cycle and proposed that solar activity is controlling the climatic variations on a 100,000-year timescale. 

Muscheler et al. (2007) compared the solar modulation function reconstructed from a stacked 10Be record (using data from several ice cores from Greenland and Antarctica) with that from the 14C record (Fig 1.4), and found a reasonably good agreement. This implies that averaging of 10Be data from various records from polar ice can provide good estimates for the global production rates of 10Be. Although there are dissimilarities as well; the most pronounced being that solar modulation function based on 10Be shows higher short term variability than that based on the 14C record. It could be due to local effects in transport and deposition of 10Be.

[image: image3.emf] 

Fig. 1.4. Solar modulation function based on 10Be (grey line) vs. 14C (black line); normalized and obtained after low-pass filtering (cut of frequency of 1/20 yr-1); Figure taken from Muscheler et al., 2007
Solanki et al. (2004) reported that the current level of solar activity (during the past 70 years) has been higher than what was experienced during the past 8000 years. But after taking into account the the 14C record corrected for fossil fuel burning, Muscheler et al. (2007) has shown that the mean value of solar activity of the last 55 years has been reached or exceeded several times in the past 1000 years. This means that the current value is certainly high but such episodes were not uncommon in the past.

1.5. Sun and Terrestrial Climate Variations - Causal Mechanisms

Earth receives ~1367 Wm-2 of solar irradiance that gets distributed over the planet and thus the top of the atmosphere receives ~342 Wm-2 (one-fourth of 1367 Wm-2, i.e., the area the earth projects normal to the sun divided by the total surface area of the earth). After accounting for the earth’s albedo (~30%), it further reduces to ~239 Wm-2. The effect of variability in this irradiance reaching earth’s surface has been estimated using several techniques (Mendoza 2005). For example, Lean et al. (1995) explored the linear correlation between the TSI and the northern hemisphere temperature anomalies since 1610 AD. They observed a high correlation between them but found that only one-third of the warming observed since 1970 can be explained by solar forcing, which is further supported by Solanki and Krivova (2003). The total radiometrically observed TSI variation is 0.08% (IPCC AR4 2007; corresponds to a change in radiative forcing of ~0.24 Wm-2) but it is estimated (by studying sun-like stars) that TSI might be lower by 0.25% during the Maunder minimum than at present corresponding to a change in radiative forcing of ~0.5-0.7 Wm-2 respectively (Lean et al. 1995; Hoyt and Schatten 1993; Solanki and Fligge 1999). However, according to the latest IPCC AR4 report (2007), the total increase in TSI from Maunder minimum to the minimum of the present solar cycle is only 0.04%, corresponding to an increase in radiative forcing of 0.1 Wm-2. This estimate is based on flux transport simulations of total magnetic flux evolution from the Maunder minimum to the present (Wang et al. 2005a). It is further argued that the earlier reconstruction quoting higher values of increase in radiative forcing (up to 0.7 Wm-2) were founded on assumed changes in TSI during solar cycle minima based on brightness fluctuation in sun-like stars, which are not considered valid anymore. Lean et al. (2005) also agreed that the decrease in irradiance during the Maunder minimum was overestimated by earlier studies. Increase in the mean irradiance since the Maunder minimum to the present cycle mean, although, is 0.08% (double of the Maunder minimum to the present minimum value) as the amplitude of the 11-year solar cycle has increased since Maunder minimum. In spite of such a low variability in TSI, its apparent ability to affect the climate indicates that some indirect mechanisms with positive feedback are involved, some of which are discussed below. 

The first involves the heating of the earth’s stratosphere by the increased absorption of solar ultraviolet (UV) radiation by ozone during periods of enhanced solar activity (Haigh 1994). As discussed earlier, solar irradiance varies much more in the UV spectral band (up to a maximum of 15%) during a solar cycle as compared to the TSI that varies only by ~0.08% (IPCC AR4 2007). Several workers have noted that changes in UV radiation during the solar cycle causes changes in the stratospheric ozone production (Fioletov et al. 2002; Geller and Smyshlyaev 2002; Hood 2003), temperature and circulation (Ramaswamy et al. 2001; Haigh 2003; Crooks and Gray 2005), and Quasi-Biennial Oscillation of zonal winds (McCormack 2003; Salby and Callaghan 2004). In fact, Gray (2005) has reported with enhanced statistical confidence that stratospheric ozone concentration, temperature and wind circulation have signals of the 11-yr solar cycle. During the maximum of a solar cycle the stratospheric ozone production increases by 2-3% along with temperature increase in the upper stratosphere (a rise of 1°C has been reported at 50km). This heating is transferred to the troposphere as shown by the theoretical models (Schneider 2005), mostly through the action of large scale atmospheric waves. It further affects the tropospheric circulation e.g., increased Hadley circulation reported during enhanced solar activity (Haigh 1994) and thus affects the distribution of atmospheric moisture. 
The second mechanism, which has generated considerable interest as well as criticism, is that during periods of higher solar activity, the flux of galactic cosmic rays to the earth is reduced, generating less cloud condensation nuclei, resulting in less cloudiness (Svensmark and Friis-Christensen 1997; Svensmark 1998) resulting in lower albedo. Svensmark and Friis-Christensen (1997) have reported a reasonably good correlation coefficient (0.93) between the 12 months running means of the total cloud cover (data obtained from the International Satellite Cloud Climatology Project) and cosmic ray intensity measured at Climax Neutron Monitor Station, Colorado. The reduction in cloud cover is significant [a decrease of 3% from 1987 (solar minimum) to ~1990 (increasing solar activity)], which would result in global warming corresponding to 1-1.5 Wm-2 (Rossow and Cairns 1995). But lately this hypothesis has come under fire (Laut 2003; Damon and Laut 2004) as the above mentioned correlation disappears on a period of several decades (Bard and Frank 2006). Questions were raised about the type of the cloud affected by this phenomenon – high or low altitude clouds - because high altitude clouds tend to warm the climate as they trap the outgoing radiation whereas low-altitude clouds cool the earth as they reflect the solar irradiance. During high solar activity, when less cloud condensation nuclei are produced, the reduction in high altitude clouds will tend to cool the climate – opposite to what proposed earlier. In response, Marsh and Svensmark (2000) revised the hypothesis that it is limited only to low-altitude clouds as they exhibit better correlations with solar variation between 1983 and 1995 (Fig. 1.5). 

[image: image4.emf]
Fig. 1.5. Correlation between low-altitude clouds (blue line), TSI (dotted line) and cosmic rays (red broken line); note that the solar irradiance scale is reversed – during periods of lower solar activity, there is more of cosmic rays and low-altitude clouds (figure from Carslaw et al. 2002)

This correlation between low-altitude clouds and solar activity is further criticized: why does the variation in solar activity  not produce cloud condensation nuclei in the upper parts of the atmosphere and affecting only the lowest part where already sufficient cloud condensation nuclei are present (Bard and Frank 2006). It has also been reported that even the correlation between low-altitude clouds and solar activity breaks down once the cloud cover data beyond 1995 is considered (Laut 2003). Kristjánsson et al. (2004) also observed a correlation between globally averaged low-latitude cloud and solar activity, though not statistically significant.  Pallé (2001) concludes that the observed correlation is an artifact of the satellite observing perspective and possibly the spatial distribution patterns of the high-altitude clouds are changing, rather than the areal extent of clouds. Therefore even if a correlation exists, it doesn’t suggest any direct relationship between solar activity and clouds as high latitude clouds are getting redistributed in response to changing atmospheric circulation due to changing UV radiation and TSI – the first mechanism discussed above. Despite the criticism, this theory attracts considerable research as it provides a very elegant way by which the weak solar signal gets amplified and affects the climate system; probably a longer time series of solar as well cloud data and improved signal to noise ratio, especially in cloud data, can help test this hypothesis (Carslaw et al. 2002).

Another proposed mechanism involves coupling between the ionosphere and the troposphere (Crowley 1983). Ionosphere is the region in the atmosphere (at the altitude of ~80 to 250 km) where the atoms absorb the incoming solar energy in the UV band and produce ions and free electrons. The varying solar activity also varies the ionospheric charge, which is intimately coupled with tropospheric thunderstorms. Variations in ionospheric electric field could affect the electric charge on the clouds, which in turn could play an important role in coalescence of droplets and condensation of water vapour (Markson and Muir 1980). Another line of study indicates that variations in solar wind disturbances (dynamic pressure) may cause changes in climate via global electric circuit and thermal regime changes of stratosphere at polar and mid-latitudes (Makarova et al. 2000; Makarova and Shirochkov 2004). Makarova and Shirochkov (2002) noted enhanced stratospheric temperature at the North and South poles during periods of enhanced solar wind dynamic pressure (while the opposite effect was observed at Vostok, located at a distance of 1500 km from the South Pole). Makarova and Shirochkov (2004) conclude that solar wind energy has a direct affect on the earth’s stratosphere and exhibits periods of 10-12 years (related to solar flare production) and 30-40 years (similar to that exhibited by TSI) that needs to be taken into account in modeling efforts to understand earth’s climate variability.

A related mechanism has been proposed that tries to correlate the earth’s magnetic field and climate via changes in cloud cover (e.g., Courtillot et al. 2007). About 100 yr long periods of increase in geomagnetic field intensity by 15-30%, called as “Archeomagnetic Jerks” have also been reported extending back to 4000 yr BP that show very good correlation with cool episodes in northern hemisphere (Gallet et al., 2005). Such jerks could temporarily alter the geometry of the earth’s magnetic field (dipole tilts to lower latitudes) causing cosmic rays to interact with more humid troposphere generating more intense cloud condensation (Feynman and Ruzmaikin 1999; Gallet at al. 2005; Courtillot et al. 2007) and hence higher albedo leading to cooling events.  

1.6. Solar Influence on Monsoon

An earlier study by Mehta and Lau (1997) didn’t find any consistent relationship at the 11-year time scale between the Indian summer monsoon - Southwest (SW) monsoon - and solar activity. However recent studies analyzing instrumental rainfall time series have shown that there exists a significant positive correlation with the sunspot activity during 1871-2000, and  FFT and wavelet analyses of the southwest monsoon rainfall series show periods that match with those exhibited by sunspot numbers (Hiremath and Mandi 2004; Bhattacharya and Narasimha 2005). There have been several paleoclimatic studies using different proxies from different regions that exhibit periodicities similar to those of solar activity (Table 1.1).

Table 1.1.  A select list of paleoclimatic studies that indicate that sun plays a major role in governing the variations as observed in Asian monsoon on decadal to millennial timescales 
	S. No.
	Reference
	Proxies, Material & Area of study
	Span        (Year BP)
	Average Resolution 
	Solar Periodicities (years)

	1.
	Castagnoli et al., 1990
	CaCO3 in core from Ionian Sea
	0 to ~1820
	~3.87 yr per sample 
	~200 

	2.
	Von Rad et al., 1999
	Thickness of varve sediments off the Karachi coast
	0 to ~5000 
	~7 yr per sample
	~250, 125, 95, 56, 45, 39, 29-31, 14 

	3.
	Hong et al., 2000
	δ18O in peat cellulose, NE China
	0 to ~6000
	~20 yr per sample
	*86, 93, 101, 110, 127, 132, 140, 155, 207, 245, 311, 590, 820, 1046

	4.
	Hong et al., 2001
	δ13C in peat cellulose, NE China
	0 to ~6000 
	~20 yr per sample
	*70, 80, 90, 107, 110, 123, 134, 141, 162, 198, 205, 249, 278, 324, 389, 467, 584, 834, 1060 

	5.
	Neff et al., 2001
	δ18O of stalagmite, Oman
	~ 6100 to 9600 
	~4.1 yr per sample
	~1018, 226, 28, 10.7, 9 

	6.
	Agnihotri et al., 2002
	Org. carbon, N and Al content in a sediment core off Gujarat coast
	0 to ~1200 
	~20 yr per sample
	~200, 105, 60 

	7.
	Leuschner and Sirocko, 2003
	Wind and upwelling indices in a sediment core, Oman margin
	~5000 to 135,000
	150-500 yr per sample
	1100, 1450, 1750, 2300

	8.
	Fleitmann et al., 2003
	δ18O of  stalagmite, Oman
	~400 to 10,300 
	~4.5 yr per sample
	~220, 140, 90, 18, 11

	9.
	Staubwasser et al., 2002
	δ18O of  G. ruber in a marine sediment core off Pakistan
	0 to ~10,000 
	~17 yr per sample
	~220 

	10.
	Wang et al., 2005 b
	δ18O of  stalagmite, Southern China 
	0 to ~9000
	~5 yr per sample
	~512, 206, 148, 24, 22-17, 15-16 

	11.
	Ji et al., 2005
	Iron oxide content in a lacustrine core, Tibet
	0 to ~17,500
	~38 yr per sample
	~293, 200, 163, 123 

	12.
	Tiwari et al., 2005
	δ18O of 3 planktic foraminiferal species in a sediment core off Mangalore coast, India
	~450 to 1200
	~50 yr per sample
	~200

	13. 
	Gupta et al., 2005
	%G. bulloides in sediment core off Oman Margin
	~0-11,000
	~30 yr per sample
	~1550, 152, 137, 114, 101, 89, 93, 79

	14.
	Thamban et al., 2007
	Elemental conc. & magnetic susceptibility in core from eastern Arabian Sea OMZ 
	~350-10,000
	~18 yr per sample
	2200, 1350, 950, ~700, 470, 320, 220, 156, 126, 113, 104, 100, 92  

	15.
	Yadava & Ramesh, 2007
	δ13C & δ18O in speleothem from Karnataka, India 
	0-330
	~1yr per sample
	~132, 21, 18, 2.4


* Significance level not specified, many of these peaks likely to be spurious
The presence of similar periodicities in two phenomena does not necessarily mean that they are related in general. However, in the case of Sun-monsoon association several common decadal to millennial periodicities do occur (reported by many workers in diverse proxies and regions), which implies a consistent relationship between the two on various time scales. The changes in solar radiative heating in the troposphere are considered too weak to affect the monsoon system but indirect mechanisms have been proposed that may amplify these changes. For example, Kodera (2004) proposes a stratospheric origin using modern meteorological datasets. It relates to the mechanism discussed earlier wherein variation of solar UV irradiance creates circulation change in stratosphere that finally gets transmitted to troposphere. During the boreal summer, convective activity builds over the Indian Ocean sector at two places – one over land (in the Northern Hemisphere) and another over the ocean in the Southern Hemisphere  that can get excited through external forcing (Chandrasekar and Kitoh 1998). Stratospheric perturbations modulate the equatorial convective activity, which may manifest itself as a north-south seesaw of convective activity in the Indian sector; causing higher precipitation during higher solar activity (Kodera 2004).

1.7. Conclusion

It has been shown that Sun exerts control over climate through direct (radiative forcing of the troposphere) that gets amplified via several indirect mechanisms as discussed earlier. Climate models have shown that variations in TSI can explain the pre-industrial increase in temperature (i.e. 0.3oC surface warming from 1650 to 1790) but it accounts for only 0.25oC of the 0.6oC warming experienced from 1900 to 1990 (Lean and Rind 1999; Mendoza 2005). It signifies that other forcings (most probably anthropogenic emission of greenhouse gases) are responsible for the rapid increase in surface temperature observed during the 20th century. As far as monsoonal circulation (a major part of the global climate) is concerned, solar variability seems to play a significant role in governing it on decadal to centennial time scales via direct and indirect radiative forcing (Kodera 2004). 

More focused modeling efforts are needed to fine tune our understanding of the sun-climate relationship particularly in finding the exact link. Level of scientific understanding quoted IPCC AR4 (2007) for solar forcing on climate is “low” (i.e., chances of being correct are only 2 out of 10). Several hypotheses could benefit from longer data sets e.g., to comprehend the correlation between solar activity and cloud cover (Bard and Frank 2006). The foremost aim is to understand the total solar variability on different time scales: what is the total amplitude of TSI variation on a long term and is it sufficient to explain the observed climatic changes? For this more accurate and precise reconstruction of the past variations in cosmogenic nuclide concentrations must be carried out. How do different spectral bands of the TSI behave with varying solar activity? One area that needs urgent attention is the various internal amplification mechanisms, which might significantly alter the climate, even when total variability in TSI is not much as discussed in section 1.5. 
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