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� The purpose of this article is to find a physical linkage between solar activity and the summer monsoon rainfall.
� Hydrodynamical equations are used to derive an equation for the rate of precipitation.
� The equation for the rate of precipitation is similar to a forced harmonic oscillator.
� Forcing variables are cloud and rain water mixing ratios.
� Numerical solution captures very well the variability of Indian summer monsoon rainfall.
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There is strong statistical evidence that solar activity influences the Indian summer monsoon rainfall. To
search for a physical link between the two, we consider the coupled cloud hydrodynamic equations, and
derive an equation for the rate of precipitation that is similar to the equation of a forced harmonic oscil-
lator, with cloud and rain water mixing ratios as forcing variables. Those internal forcing variables are
parameterized in terms of the combined effect of external forcing as measured by sunspot and coronal
hole activities with several well known solar periods (9, 13 and 27 days; 1.3, 5, 11 and 22 years). The
equation is then numerically solved and the results show that the variability of the simulated rate of pre-
cipitation captures very well the actual variability of the Indian monsoon rainfall, yielding vital clues for a
physical understanding that has so far eluded analyses based on statistical correlations alone. We also
solved the precipitation equation by allowing for the effects of long-term variation of aerosols. We ten-
tatively conclude that the net effects of aerosols variation are small, when compared to the solar factors,
in terms of explaining the observed rainfall variability covering the full Indian monsoonal geographical
domains.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Indian agriculture and hence its thriving economy crucially
depend upon both occurrence and intensity of the summer mon-
soon rainfall. It is remarkable to note that the Indian peninsular
spans the range of subtropical latitudes more typical for desert
environments (see Wu et al., 2009 for an in-depth perspective from
atmospheric dynamics) than a motherland that sustains over 1
billion human population. Vagaries of floods and droughts related
to extreme opposite ends of monsoonal rainfalls have caused
immense loss of human lives, valuable cattle population and loss
of agricultural outputs valued in billions of dollars. That is why a
clear understanding of variability of Indian summer monsoon has
remained a high priority for scientific research and breakthroughs.
It is generally accepted that summer monsoon rainfall is driven
primarily by overall differential temperature gradient between the
mainland and the sea that are ultimately heated and modulated by
incoming sunlight. In fact, with century-long rainfall data recorded
by instrumental rain gauges, a rather convincing set of analyses
are suggesting that the varying sun’s activity indeed influences
the Indian monsoon rainfall (Bhalme and Mooley, 1980;
Ananthakrishnan and Parthasarathy, 1984; Reddy et al., 1989;
Kailas and Narasimha, 2000; Higginson et al., 2004; van Loon
et al., 2004; Kerr, 2005; Badruddin et al., 2006; Hiremath,
2006a,b; Kodera et al., 2007; Perry, 2007; Claud et al., 2008;
Hiremath, 2009a; Meehl et al., 2008; Meehl et al., 2009;
Agnihotri et al., 2011; van Loon et al., 2012 and references therein).
Our sun’s influence on the Indian monsoon rainfall, especially on
multidecadal to centennial timescales, can also be studied and
deduced from a variety of paleoclimatic records (Nigam et al.,
1995; Neff et al., 2001; Agnihotri et al., 2002; Agnihotri and
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Dutta, 2003; Higginson et al., 2004; Gupta et al., 2005; Tiwari et al.,
2005; Wang et al., 2005; Thamban et al., 2007; Agnihotri et al.,
2011). The general topic of solar forcing on Earth’s climate has
been recently reviewed by Gray et al. (2010); Soon and Legates
(2013); Soon et al. (2014) and references therein.

Although sun’s radiant energy is considered to be the main
cause for the genesis of monsoon winds and the seasonal (i.e.,
the wet monsoonal versus dry non-monsoonal seasons) reversal
of near-surface wind flows, that are sustained by the differential
heatings of land and ocean masses, presently it is not understood
how the sun’s energy outputs are linked with the Indian summer
monsoon rainfall changes from decade-to-decade nor even from
year-to-year. We interpret a plausible influence of the magnetic
sun on the summer monsoon rainfall as follows. Radiant energy
by sun received by the ocean and land masses, either locally within
the Indian ocean and subcontinent or remotely elsewhere, controls
the amount of atmospheric water vapor that is ultimately con-
nected to precipitation-and-cloud fields. If our proposed scenario
is reasonable (see the work of Lim et al. (2006) for a similar pro-
posal for the key role of atmospheric water vapor for the solar-
activity-induced decadal variability over tropical Atlantic), owing
to quasi-periodic solar activity, water vapor in the Earth’s atmo-
sphere might vary periodically in response to the different sun-
originated periodic activities. As a consequence, it is therefore
not too surprising to find hints of several quasi-periodic signals
from time-series analyses of Indian summer monsoon rainfall
records (Vines, 1986; Kailas and Narasimha, 2000; Hiremath and
Mandi, 2004; Ma et al., 2007; Hiremath, 2009a; Agnihotri et al.,
2011) and its proxies (Yadava and Ramesh, 2007; Ramesh et al.,
2010; Knudsen et al., 2012; Maitra et al., 2014) that correspond
to those natural periods from the sun’s activity.

It is equally clear there may be various non-solar factors of the
Indian monsoonal rainfall variability, both deterministic and sto-
chastic, that may contribute to the phenomenon we are attempting
to study. But we shall prescribe an underlying solar-Indian
monsoon relation through a parametric modeling of the physically
relevant solar activity and monsoonal rainfall quantities in order to
see how well we can emulate the measured Indian summer
monsoonal rainfall from 1871 through 2005. If the outcome is
negative, then one can suggest that the proposed hypothesis for
solar-monsoon rainfall correlation can be strongly rejected. In
contrast, if the simulation may turn out to be positive, then one
may at least diagnose and identify some of the relevant physical
quantities involved. We proffer such an avenue of parametric
modeling approach in order to reach the ultimate physical
understanding of any solar-monsoonal rainfall connection. It is
important to acknowledge that our proposed minimal parametric
modeling approach (as discussed in more details below) is partly
motivated by and is consistent with the findings of van Loon
et al. (2012) where those authors found that the net solar radiation
and latent heat flux indeed control the near-surface energy budget
in the relatively cloud-free part of the southern Indian ocean
(0–15�S; 60–100�E) on decadal solar oscillation timescale. Our
pursuit of solar-Indian monsoon relation should ultimately be
sought in terms of how solar activity may modulate the linkages
and interconnection among the southern Indian Ocean anticy-
clones, Indian Ocean Dipole and El-Nino-Southern Oscillation from
the perspective of coupled atmosphere–ocean dynamics as
sketched by previous studies (Gadgil et al., 2004; Kodera et al.,
2007; Claud et al., 2008; Agnihotri et al., 2011).

It is well known that sunspot activity is the most obvious man-
ifestation of the solar magnetic phenomena that in turn is related
to a host of other solar magnetic features and dynamic phenomena
including the solar faculae and plages, solar flares, coronal mass
ejections, etc. Recent observations from the satellites, especially
in the high energy X-ray and UV windows, brought the hitherto
less well known solar magnetic disturbing regions, viz., coronal
holes (Wang, 2009; Cranmer, 2009) as also one of the prominent
solar activity phenomena. The solar coronal hole (CH) is now iden-
tified as the source of fast solar wind that creates disturbances in
the Earth’s atmosphere (Soon et al., 2000; Sykora et al., 2000; Lei
et al., 2008; Choi et al., 2009; Shugai et al., 2009; Sojka et al.,
2009; Ram et al., 2010; Verbanac et al., 2011; Mannucci et al.,
2012; Hiremath and Hegde, 2013). During a particular solar activ-
ity cycle, activity of the coronal holes occur in advance and hence
there is a phase lag (Bravo and Stewart, 1997) for the occurrence of
sunspot activity. In terms of spatial domain, sunspot variability is
primary a phenomenon around middle to low solar latitudes while
the coronal hole activity is largely a phenomenon covering the
polar and mid-latitude regions of the sun. Thus we suspect that
the Earth probably receives the combined effect of sunspot and
coronal hole disturbances and hence the consideration of energy
outputs from the sun must include both these effects. It may be
pointed out that the physical motivation for including coronal hole
indices (area or other derived properties including sources of fast
solar winds) for a sun-climate study can be found in the earlier sta-
tistical correlation study (Soon et al., 2000).

The sun is a variable star whose activity and hence its energy
outputs vary on time scales of few minutes to months, years to
decades and perhaps even on century time scales. Recent observa-
tions of a persistent 5-min global oscillations – due to pressure gra-
dient variations in the interior of the sun – yielded rich dividends
on the internal dynamic, thermal and magnetic field structures of
the sun. Other manifestations of sun’s periodic oscillations are: 9,
13 and 27 days; 1.3, 5, 11 and 22 years. Although physics of
5-min oscillations of the sun is well understood (Hiremath,
2013), however, the physics for the rest of the longer period oscil-
lations is not understood completely (Hiremath, 2010).

Presently, there are indeed many studies focusing on the simu-
lations and predictions of Indian summer monsoon rainfall that
mainly concentrate on the local micro and macro physics as well
as several locally and remotely inter-connected circulation phe-
nomena of the coupled ocean–atmosphere. Such studies are con-
ducted using the most sophisticated general circulation models
(Kripalani et al., 2007; Preethi et al., 2010; Sabade et al., 2011;
Rajeevan et al., 2012; DelSole and Shukla, 2012; Gadgil and
Srinivasan, 2012; Krishnamurty and Shukla, 2012; Krishnan et al.,
2012) with a range of successes and unsatisfactory outcomes in
terms of a comprehensive understanding of all co-varying factors
for the Indian monsoon rainfall variations. Among the currently
unresolved issues is the lack of long-term trend in the measured
Indian summer monsoon rainfall when compared to some of the
simulated series as forced by increased atmospheric CO2

(Kripalani et al., 2007; Sabade et al., 2011). This is why we consider
our present approach is an important alternative avenue for scien-
tific research with the ultimate aim of learning more about both
the nature of solar magnetic variations and its associated physical
linkages to the underlying Indian monsoon rainfall variability.

In the present study, from the coupled cloud hydrodynamic
equations, we derive an equation of rate of precipitation that is
similar to equation of a forced harmonic oscillator with cloud
and rain water mixing ratios as the forcing variables. These forcing
variables in turn are parameterized in terms of combined effect of
external forcing due to sunspot and coronal hole activities with the
well known solar periodicities. Next the derived equation for the
rate of precipitation is numerically solved and compared with
the observed Indian summer monsoon rainfall activity. We find
that the solution of precipitation variability matches very well with
the observed Indian rainfall variability yielding insights regarding a
physical link between the Indian summer monsoon rainfall and the
sun’s activity. We also evaluated the effects of aerosol forcing on
simulated Indian monsoon rainfalls, although this effort needs
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further more detailed and in-depth handling in terms of the phys-
ical and chemical parameterization of the aerosols effects. This
manuscript is organized as follows. In Section 2, we derive equa-
tion for the rate of precipitation and present description of the
same in Section 2.1. The solutions and results are shown in Sec-
tion 3, further discussion and checking of our assumptions as well
as the research conclusions are presented in Section 4.

2. Derivation of the equation for the rate of precipitation

We propose a novel method for studying and examining sun-
Indian monsoon rainfall connection. Owing to the shortness of
available instrumental rainfall data, we shall restrict all our discus-
sion in variations and changes on interannual to decadal time-
scales. We begin by deriving a single ordinary differential
equation for describing the rate of precipitation from the following
set of coupled nonlinear equations for cloud-and-rain-related
hydrodynamics. Assuming that cloud is a structure that is mainly
distributed vertically along the z axis in the Cartesian geometry,
the nonlinear coupled hydrodynamic partial differential equations
(Srivastava, 1967; Rogers, 1979) that are relevant to Earth’s atmo-
sphere are considered. As the structure of summer monsoon clouds
is not yet completely understood (Johnson et al., 1987), the termi-
nology ‘‘cloud’’ used in this study simply means precipitating
clouds. For the present study relevant hydrodynamic equations are
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where P describes the rate of production of rain from the cloud by
spontaneous coalescence and by accretion, t is time variable, q is
density, V is the effective fall velocity, X is water vapor mixing ratio,
U is the vertical velocity, E1 is the term that describes cloud evapo-
ration or condensation, E2 is a term that describes the rate of evap-
oration of rain, E ¼ E1 þ E2; g is acceleration due to gravity, the
dimensionless temperature ratio, B ¼ ðT � T 0Þ=T 0 (with Tðz; tÞ is the
temperature of the cloud and T 0ðz; tÞ is the ambient temperature)
and, the terms R and W represent cloud water and rain water mix-
ing ratios, respectively. Basically these equations are representa-
tives of momentum equation for different parameters. In Eq. (1),
the third term on the right hand side of equation represents reduc-
tion in buoyancy due to weight of condensed water. Without this
term, this equation is momentum equation with buoyant parcel of
matter. Although different symbols (such as U;V , etc., that describe
physical terms in the above equations) differ with the physical
terms commonly used in meteorology, for the sake of our conve-
nience, we retain the terms as described in the previous studies
(Srivastava, 1967; Rogers, 1979). Subtracting Eq. (3) from (4) we
get,
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Differentiating the above equation with respect to time and rear-
ranging the terms, we get the following equation:
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Collecting all the P terms on one side and using Eqs. (1), (3) and (4),
we get
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Because the above partial differential equation is very complicated
and we are interested in the temporal variations that are longer
than the cloud’s life time (� few minutes to one hour), the following
assumptions are made: (i) E1 and E2 are independent of time that is
greater than the cloud’s life time, (ii) density of the cloud is constant
with respect to time and vertical z coordinate and, (iii) except for P
(which is assumed to vary as Pðz; tÞ ¼ PðtÞe�z, where z is a vertical
variable), the parameters R;U;V and W are independent of z but
are function of time. For the validity of assumption (i), although
the rates of formation of cloud water and rainfall change signifi-
cantly on short time scales of � minutes to hours, but we note that
our simulations are for time scales longer than a day which is also
greater than cloud’s life time. This is why we feel it is reasonable to
assume that these two parameters are independent on longer time
scales of days to months and years in our simulations.

The reasons regarding the validity of the assumption that den-
sity of the cloud is independent of time is given in Section 3.1
below. It seems also reasonable to assume the constancy of cloud’s
density structure with the altitude because the observational infer-
ence of density structure of clouds in monsoonal weather and cli-
mate regimes (Prabha et al., 2011) indeed shows relatively
constant variation as a function of altitude.

The assumption that the terms R, U, V, and W are independent of
altitude is not strictly correct when the cloud is actively develop-
ing. On the other hand, we presumed that first cloud develops
and reaches a steady state. Hence, our simulation is valid only
when the cloud system/entity reaches a steady state regime. More-
over, in the following section, from the numerical simulations we
find uniquely that unless the cloud thickness is of �1 km, the sim-
ulated rainfall does not matches the Indian monsoon rainfall very
well. Interestingly, it can be noted that the thickness (�1 km) of
the cloud used in the simulations is very small when compared
to the ambient atmospheric pressure scale height H (H ¼ kT

mg, where

k is Boltzman constant, T is temperature, m is mass of abundant
elements like nitrogen molecules and g is acceleration due to grav-
ity; in the lowest 100 kms of the Earth’s atmosphere, the scale
height of variations is �10 km; see also http://www.atmos.colo-
state.edu/�davet/AT606/Chapters/CH01.pdf, Section 1.3.4, page
13), hence, the assumption that the terms ‘‘R, U, V, and W’’ are inde-
pendent of altitude is reasonable.

With these adopted physical assumptions and by integrating on
both sides with respect to z, the partial differential equation above
can be converted into the following ordinary differential equation:
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¼ � V þ 2U

2z0
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P � ez0

2z2
0
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#
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where z0 is vertical thickness of the clouds.
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2.1. Description of the equation for the rate of precipitation

We would like to add that although it may appears that
Indian summer monsoon rainfall is being explained by just one
equation with two parameters (i.e., cloud and rain water mixing
ratios) linked to sunspot and coronal forcing, but when one
examines the equation closely, there are other equally important
physical variables such as acceleration due to gravity ‘g’ and
temperature structure (that is represented as the dimensionless
temperature ratio parameter, B, in the right hand side of Eq.
(7)) of the ambient atmosphere that ultimately constrain the
height of formation of clouds and hence rainfall. The importance
of g can be gauged from Section 3 that, as g is related to the
formation heights of cloud, if we change cloud height by a few
meters, for example, from the canonical cloud height (�2 km)
used in the simulations, the magnitude of simulated rainfall
changes substantially compared to the observed Indian monsoon
rainfall.

It is also to be noted that the single equation is derived from
different moment equations that describe the physics of cloud
and rainfall, so we argue that the true nature of our zero-order
modeling attempt is more multi-dimensional and multi-variable
constrained than it may first appear. The point here is that we
have approached this classical problem of Indian monsoonal rain-
fall variation with a fresh and novel new approach that has never
been performed nor attempted before, to the best of our
knowledge.

Eq. (7) is similar to the equation of a forced harmonic oscilla-
tor for the rate of precipitation with W and R of the cloud as forc-
ing variables. These forcing terms in the above equation are
assumed to be functions of solar activity (combined effects of
sunspot and coronal hole variabilities) that have sinusoidal varia-
tions of the forms W ¼W0

P
iðsinðxitÞ þ sinðxit þ hÞÞ and

R ¼ R0
P

iðsinðxitÞ þ sinðxit þ hÞÞ, respectively (where W0 and R0

are constant amplitudes, t is a time variable, xi ¼ 2p
Ti

are the
well-known frequencies (periods Ti) observed in solar activity
time series). In both W and R, the first forcing term is from sun-
spot activity while the second forcing term assumed to be from
coronal hole variation (with a phase difference of h in radians;
observations show that sunspot and coronal hole activity occur-
rence indices have an opposite phase, that means when the sun-
spot’s activity reaches maximum, coronal hole occurrence has a
minimum activity). We considered the solar forcing to consist
of periodicities ranging from daily, yearly to decadal-long time-
scales, viz., T1 = 9 days, T2 = 13 days, T3 = 27 days, T4 = 1.3 years,
T5 = 5 years, T6 = 11 years and T7 = 22 years are considered. Such
solar-activity periods have been reported and published in the lit-
erature (see Stenflo and Vogel, 1986; Pap et al., 1990; Hiremath,
2002; Krivova and Solanki, 2002; Nayar et al., 2002; Obridko
and Shelting, 2007; Temmer et al., 2007; Hiremath, 2009b;
Mendoza and Velasco-Herrera, 2011; Weng, 2012a; Katsavrias
et al., 2012 and references therein), so we refer detailed discus-
sions in those papers.

We wish to add that periods of the solar forcing are impor-
tant factors that completely determine the amplitude of the sim-
ulated rainfall activity. For example, as described in Section 3, if
those shorter solar periods are not taken into account in the
simulations, we ended up with wrong precipitation values that
are entirely different from the observed rainfall activity. We also
appreciate and understand the extreme range of mean rainfalls
among different affected monsoonal regions, but we recall that
our modeling effort is one of ‘‘global’’-scale (i.e., aggregated over
the full geographical extents of the Indian monsoon region)
study.
3. Solutions of the equation of rate of precipitation and results

3.1. Solutions without the effect of aerosols

One can notice that the equation for rate of precipitation (Eq. 7)
is mainly derived from macrophysical equations. In addition, for
the following two reasons and as a first approximation, we neglect
the details of microphysics of the clouds in this simulation. First of
all, we do not have reliable information of microphysical parame-
ters (such as density, natural or anthropogenic aerosols, etc.) and
their long term variations, especially on decade to century scales.
Secondly, time scales (�years) involved in our parameterized pro-
cesses are greater than the time scales of microphysics (�minutes-
to-hours). For example, if one perturbs the tropospheric density
structure, acoustic-gravity waves with periods �10 min (Pierce
and Coroniti, 1966) are created and may affect the cloud structure
and hence the formation of precipitation as well. Hence, by
neglecting clouds’ microphysics and further simplifying a complex
monsoon system, we assume that precipitation is created by evolv-
ing Eq. (7) and then we may probe further as to how the long-term
monsoonal rainfall variability could be modulated by solar activity
as an external forcing on the Earth’s coupled land-atmosphere–
ocean system.

Assuming that clouds are situated at an altitude of around
2 km (e.g., Manohar et al., 2001 showed that optimal altitudes
for cloud formation around Pune are about 1.75–1.9 km) and
starting from 1850 onwards, by giving different physical initial
conditions (see Fig. 1) and as an initial value problem, Eq. (7) is
numerically solved (the IDL routine, fifth-order Runge–Kutta–
Verner scheme is adopted) to get the rate of precipitation for each
day. These daily simulated precipitation values are then averaged
over months and the aggregate summer (June–September) mon-
soon rainfall for each year is ultimately computed. The different
initial conditions (in MKS units) for the rate of precipitation P,
cloud’s rain (R) and water (W) mixing ratios, acceleration due to
gravity g, the dimensionless temperature ratio B, thickness of
the cloud z0, effective fall (V) and vertical (U) velocities, cloud
evaporation or condensation (E1) and rate of evaporation (E2),
respectively, are presented in Table 1. In addition, goodness of
fit v2 (small value suggests that the fit is good) between the sim-
ulated and measured Indian summer monsoon rainfall is also
given in that table.

A small value of v2 suggests that the observed and simulated
rainfall are not different statistically. To be more specific, in order
that simulated results are as close to the observed results, the com-
puted v2 should be less than 162 (for the v2

0:05) and 175 (for the
v2

0:01), respectively. If one examines the last two columns of Table 1,
v2 values (of 321 and 201; when the effect of sunspot alone is con-
sidered) for both Parthasarathy and Sontakke data are higher than
v2

0:05 and v2
0:01 criteria. In this case, the null hypothesis has to be

rejected. Whereas when we consider the combined effect of both
the sunspot and the coronal hole activity, we get the v2 (�7 for
Parthasarathy’s data and �11 for Sontakke’s data) that are far less
than v2

0:05 and v2
0:01 values. Hence, for both the combined sunspot

and coronal activities, we accept (or cannot reject) the null hypoth-
esis (that observed and simulated values commensurate with each
other). Thus, it is reasonable to propose that when studying the co-
relationship between Indian monsoon rainfall and the solar activ-
ity in the future, one should not consider the sunspot activity alone
as adopted in previous studies (e.g., Hiremath and Mandi, 2004 and
references therein).

Different columns in Table 1 are: (i) first column-different phys-
ical parameters, (ii) second column-magnitudes (in SI units) of dif-
ferent initial conditions, (iii) third and fourth columns-v2 value for
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Fig. 1. Result on the left panel compares the computed (red curve) annual rate of precipitation variability to the smoothed observed (blue curve) yearly homogeneous Indian
summer monsoon rainfall (sum over all the four monsoonal rainy months of June-September) variability data (i.e., so-called ‘‘Parthasarathy’’ record obtained from the Indian
Institute of Tropical Meteorology; the website is maintained by Rupa Kumar and colleagues, see Hiremath and Mandi (2004) for details of the data set) for the 1871 to 2005
interval. The simulated precipitation presented on the right panel is the same as left panel but the observed (combined data of North West and Peninsular India) rainfall is
taken from Sontakke et al., 2008 (also obtained from the Indian Institute of Tropical Meteorology website). Error bar (¼ r=ðnÞ1=2, where r is standard deviation and n is
number of 4 monthly points of the June-September rainfall) of the observed rainfall is computed from the summer monsoon rainfall data and those error bars are not shown
on the figure in order to avoid the excessive crowding of data points and time series. The maximum values of the measurement error bars for two observational data sets are
48 mm and 53 mm, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Different initial parameters used for the numerical solutions for the rate of
precipitation equation.

Different initial parameters Values
(in SI units)

v2
spot v2

spotþch

Rate of precipitation (P) 10.0
Clouds rain (R) 0.5
Water mixing ratio (W) 6.5
Acceleration due to gravity

(at 2 km height)
�9.79

Dimensionless temperature ratio (B) �1.0 320.612a 6.955a

Thickness of the cloud (z0) 0.9 201.230b 11.418b

Effective fall velocity (V) 1.5
Vertical velocity (U) 1.2
Cloud evaporation (E1) �0.5
Rate of evaporation (E2) 2.0
Phase difference h (radians) 1.57

a Value of v2 for Parthasarathy’s Rainfall Data.
b Value of v2 for Sontakke’s Rainfall Data.
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both solutions including the solar effects with sunspot alone and
with the combined sunspot and coronal holes index.

In order to match with the real summer monsoon rainfall data
that starts from 1871 onwards, we find that simulated summer
monsoon rainfall best matches (and has best fit with minimum
value of v2) the real-world data if we adopt a time lag of 7 years.
This result is reasonable as the Earth climatic system’s response
is more likely a non-linear, rather than linear, function of solar
activity forcing (Weng, 2012b). Moreover, as various statistical
studies (Hiremath and Mandi, 2004) suggest that solar activity
leads (by �1.5 years) Indian monsoonal rainfall variability, it is
not surprising that such a simulated rainfall variability also yields
a similar time lag. Importantly, we find that both the amplitude
and annual-mean variability of the simulated rainfall time series
changes drastically if one changes any of the local cloud-related
parameters slightly (viz., the cloud and water vapor mixing ratios
W and R, acceleration due to gravity g and, altitude and thickness
of the clouds z0) through the external forcing parameterization
(due to phase difference h between the sunspot and coronal hole
activities).

In order to test the importance of forcing due to different
solar periods on the simulated precipitation, we used different
combination (starting with only two solar periods to the inclusion
of all seven periods) of the periods. It is found that, with the same
physical initial conditions, the simulated precipitation time series
can fully capture the variabilities (amplitude and temporal) of
the real rainfall data only if all the seven periods (9, 13 and 27 days;
1.3, 5, 11 and 22 years) are included. Another physical clue from
our sensitivity experiments is that the inclusions of the shorter
solar periods can be shown to be more important in emulating
the dynamical evolution of the observed Indian summer monsoon
rainfall than the longer ones.

It is relevant to note from Figs. 1–3 that, even with all the afore-
mentioned assumptions and approximations, the simulated
precipitation variability indeed matches the observed Indian
monsoon rainfall variability rather well. In Fig. 1, the left panel
illustrates, the simulated (red curve) and observed (blue curve)
homogeneous rainfall data (as compiled by Parthasarathy et al.
(1993)). The right panel of Fig. 1 shows the same simulated (red)
with the observed (blue) rainfall data as compiled by Sontakke
et al. (2008). Note that there is the overall similarity of the simu-
lated rainfall results with both the observed rainfall data sets,
although there is a slightly larger variance between our simulated
and Sontakke’s rainfall data. This variance is possibly due to less
rainfall area coverage in Sontakke’s data record (i.e., we have con-
sidered Sontakke’s combined data from Northwest India and Pen-
insular India) when compared to the larger area coverage in
Parthasarathy’s homogeneous rainfall data.

The results presented in Fig. 2 are essentially the same as Fig. 1
except that we added the simulated results of rainfall activity due
to effect of sunspot alone (green curve). This is to contrast with the
better results adopting both sunspot and coronal hole activity vari-
ations as the solar forcing parameter. Moreover, in Fig. 2, the mag-
nitude of simulated rainfall value, adopting only sunspot forcing
parameter, is �1400 mm and that is roughly two times the
observed average rainfall value of �800 mm (see the green curve
versus the blue curve in Fig. 2). On other hand, for the same initial
conditions, the magnitude of simulated value of rainfall (see Fig. 1
or in Fig. 2, simulated rainfall represented by the lower red curve
over plotted on the observed rainfall represented by the blue
curve) for the combined effect sunspot and coronal hole is almost
same as the average rainfall value of �800 mm. In addition, the
computed v2 value for both the combined effect of sunspot and
coronal hole activity is very low (Table 1, �7 for Parthasarathy’s
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Fig. 2. Similar results as in Fig. 1. But, the simulated annual precipitation series adopted using only the sunspot series (green curves) as the solar activity forcing variable is
also over plotted. This is to illustrate the superiority of the simulated rainfalls adopting both sunspot and coronal hole information (red curves). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Top panel: Same as Figs. 1 and 2, but both Parthasarathy’s and Sontakke’s data are over plotted on the simulated monsoon rainfall. The maximum values of the
measurement error bars, not shown on the figure in order to avoid excessive crowding of data points, for both data sets are 48 mm and 53 mm, respectively. Bottom panel:
Simulated and observed (both Parthasarathy and Sontakke) rainfall data from 1871 to 2005 plotted in percentage anomaly units also without the measurement error bars
shown.
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data and �11 for Sontakke’s data) that clearly tell the difference
between green and red lines from the blue (observed) line.

For the years, 1871–2005, these results can also be more conve-
niently compared and contrasted by studying Fig. 3. In this figure,
the top illustration represents simulated (red continuous line) ver-
sus two (blue continuous line for Parthasarathy data and blue
dashed line for the Sontakke’s data) observed rainfall variabilities.
The bottom illustration represents the percentage anomaly of the
simulated and both the observed rainfall data sets. From Fig. 3, it
is also interesting to note that the optimal/best simulation of
rainfall due to the combined solar activity index, without much
of a numerical tuning of the variables involved in the precipitation
equation, also simulated the extremes of rainfall activities causing
floods and droughts similar to the observational records. In other
words, the computed rainfall anomaly matches 90% (�10% to
+10% of the mean value) of the anomaly of the observed rainfall
data.

From all these results, we thus deduce that the most probable
linkages between the solar and monsoon rainfall variabilities are
through the solar activity modulation of the cloud water mixing



1 If B is strength of magnetic field structure of the plasma, then according to
agnetohydrodynamic phenomena, magnetic energy is defined as square of magni-

de of magnetic field, i.e., B2=8p ergs. This relationship is basically derived from the
rentzian Force (J � B) of the magnetized plasma, where J is the current density

arameter. Since sunspots have a strong (�103 Gauss) magnetic field strength, a

pical sunspot whose area (A) is �1010 � 1018 cm2, is likely to introduce magnetic

nergy B2A
8p

	 

� 1015 � 1023 ergs of energy to the solar system environment. For

xample, solar flare is believed to be generated from the conversion of this magnetic
nergy into thermal and radiative energies.
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(W) and rain water mixing (R) ratios that are in turn presumed to
co-vary with the two solar (sunspot and coronal hole) activity indi-
ces adopted.

Another important result from our study is that, while examin-
ing the relationship between the Indian monsoon rainfall and the
solar variability, one should not consider only the sunspot numbers
(as commonly assumed in almost all previous studies) as the exter-
nal forcing parameter. Instead, one should also take into account
the plausibly important effects of solar coronal hole activities
(see the original discussion in Soon et al., 2000) that are also an
important source of variability originated from our magnetic sun.
The significant difference of the simulated rainfalls that adopted
sunspot-only as the external solar driver when compared to the
better simulated rainfall variability using the combined sunspot
plus coronal hole activity index supports this interpretation (see
the contrasting results in Fig. 2).

3.2. Solutions with the effect of aerosols

There are many studies that specialized and focused on the
effect of aerosols on the Indian monsoon rainfall. In fact in one of
our previous study (Hiremath, 2006b) on the sun-Indian monsoon
relationship, some of variabilities of monsoon characteristics are
interpreted as effects of aerosols on the rain forming clouds due
to either intermittent source of sulfate aerosols from volcanic
eruptions or due to intrusion of interstellar dust particles (e.g.,
Love and Brownlee, 1993; Yada et al., 2000; Lal and Jull, 2002) in
the Earth’s atmosphere. Whereas previous studies (Ramanathan
et al., 2005; Meehl et al., 2008; Collier and Zhang, 2009; Gautam
et al., 2009; Bollasina et al., 2011; Lau and Kim, 2010; Gadgil and
Srinivasan, 2012; Sajani et al., 2012; Patil et al., 2013), focus mainly
on the effect of anthropogenic aerosols, are suggesting that: (i)
depending upon the physical conditions, precipitation either
decreases or increases; (ii) indirectly aerosol heat the cloud and
the ambient medium resulting in an increase of height of the pre-
cipitating clouds. These two proposed physical processes are now
considered and studied in our simulations.

Although the effect of aerosol is clearly important on in situ,
local and regional spatial scales, the key question is how much of
the original precipitation will be altered when considering over
the full spatial domain covered by the dynamic phenomenon of
Indian monsoon. In order to arrive at an upper limit estimate of
the total aerosol effects on Indian monsoonal rainfall change, we
adopt the following calculations. According to the IPCC Fourth
Assessment Report: Climate Change 2007 (Fig. 7.22, http://www.
ipcc.ch/publications_and_data/ar4/wg1/en/figure-7-22.html), it turns
out that, on average, precipitation of the Northern Hemisphere is
decreased by �0.2 mm/day or �6 mm/month when the total effect
of anthropogenic aerosols are included in the computer climate
model simulations. For the period from 1871 to 2005, if we con-
sider the measured monthly average of Indian summer monsoon
rainfall to be (�800 mm), then total percentage change for the
monthly average is ((6/800) � 100) �0.7–1%. This is indeed a small
relative percentage change induced by total anthropogenic aerosol
forcing.

Assuming that aerosol forcing affects the precipitation, the term
P in Eq. (7) is parameterized as P ¼ P0 þ P0. Here P0 is precipitation
without the effect of aerosols and P0 is precipitation due to aero-
sols. Further, from 1871 to 2005, we assumed time variation of P0

under the following four scenarios: (i) linearly increasing trend,
(ii) a non-linear increasing trend, (iii) linear decreasing trend
and, (iv) non-linear decreasing trend. In addition, we consider radi-
ative effects of aerosols to be indirectly contribute to heating the
clouds and surrounding ambient temperatures. Hence, in our sim-
ulations the dimensionless temperature quantity, B, in Eq. (7) is
considered to be of increasing (both the cases of linear and
nonlinear) trend. For all these six scenarios and situations, we
found that there is no substantial increase or decrease of overall
Indian monsoonal rainfall either in terms of magnitude or tempo-
ral variability.

We, therefore, tentatively and cautiously conclude that the
solar forcing effects are a far more important factor for the genesis
and sustenance of Indian summer monsoon rainfall variations
when compared to total aerosol effects as modeled by and shown
in Fig. 7.22 of the IPCC 2007 report. Future modeling works must
clearly study the combined effects of natural (for example sea
salts), cosmic (due to intrusion of dust particles in the atmosphere)
and anthropogenic aerosols and, influence of galactic cosmic rays
(Rawal et al., 2013 and references there in) in affecting simulated
rainfalls over individual spatial domains of the Indian monsoon
phenomenon.
4. Discussion and conclusion

It is important to examine whether observations (either from
ground or satellite data) show any association between the com-
bined solar activity index and the parameterized cloud and rain
water mixing ratios. As the cloud and rain water mixing ratios
depend directly on the ambient atmospheric precipitable water
vapor, a way for checking our original assumption is to look for
any association between variabilities of atmospheric precipitable
water vapor and the combined solar activity from past observa-
tions. In order to confirm or reject this reasoning, we used the
Smithsonian Astrophysical Observatory (SAO) data of precipitable
water vapor (Abbot et al., 1932; Abbot et al., 1942) (data is avail-
able at http://ftp.ngdc.noaa.gov/STP/SOLAR_DATA/SOLAR_IRRADI-
ANCE/abbot/) for the historical period from 1923 through 1936.
As the Indian monsoon rainfall activity may be related to Earth’s
global precipitation (Hiremath and Mandi, 2004), it is not unrea-
sonable to consider the SAO data of atmospheric precipitable
water. As the coronal hole data is not available during this period,
by considering the observed empirical fact that sunspot activity
lags the coronal hole activity by roughly 5 years (Bravo and
Stewart, 1997), sunspot data that were shifted by 5 years back
are considered as the proxy for historical coronal hole activity for
1923–1936 interval. That means for the present analysis, sunspot
activity is considered for the years 1923–1936. Where as the sun-
spot data from 1918 to 1931 are treated as the proxy for coronal
hole activity. As magnetic energy1 is directly proportional to the
square of number of sunspots, hence the summation of the square
of sunspot and coronal hole activity numbers is treated as the com-
bined solar activity.

The SAO’s atmospheric precipitable water is obtained from the
ratio of the intensity in three water–vapor absorption bands to the
continuum intensity. From the daily data of precipitable water,
monthly mean and its error (= rffiffiffi

N
p , where r is standard deviation

and N is number of data points during a month) are computed.
In this way the raw data are corrected for any of the diurnal/sea-
sonal changes, especially due to volcanic eruptions.

In Fig. 4, for a typical solar cycle 1923–1933, the monthly mean
of atmospheric precipitable water (lagged by 10 months), solar UV
irradiance, total solar irradiance (TSI) and combined solar activity
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data are presented. In Table 2, mean, standard deviation, correla-
tion (between precipitable water and the three solar activity indi-
ces) and its significance are presented. As the Indian monsoon
rainfall lags nearly by one year with solar activity (Hiremath and
Mandi, 2004, see Section 3 and Fig. 3), we get a maximum correla-
tion if the Earth’s atmospheric precipitable variability is also lagged
by nearly one year (10 months). It is to be noted that, similar to
Feulner, 2011 work, if we examine the relationship between SAO
precipitable water data without any time lag and with sunspot
data alone, we do not find any statistical correlations at all. How-
ever, given a 10 months lag of precipitable water vapor and the
combined solar activity (as defined above), we get very good and
significant correlations. A similar results to those presented in
Fig. 4 are further illustrated as scatter plots in Figs. 5 and 6. Results
of two (linear and exponential) least-square fits between precipita-
ble water and different solar activity indices are presented in
Tables 3 and 4, respectively. In both of these tables, the first
column represents different solar activity indices, the second-
to-seventh columns represent two coefficients of least-square fits
with their uncertainties and, the ratios of jdA=Aj and jdB=Bj, respec-
tively. Whereas the v2 values computed from different fits are pre-
sented in the last column. The results illustrated in Figs. 5 and 6
suggest that our combined sunspot and coronal hole activity index
of solar activity is correlated with the observed atmospheric pre-
cipitable water records over the test interval of 1923–1936.

We find that the explained variances for the correlations
between solar activity indices with the precipitable atmospheric
water vapor are indeed quite low. Furthermore, we have to accept
the important warnings from climatology literature that correla-
tion coefficients (see Legates and McCabe, 1999; Legates and
McCabe, 2013; Sabade et al., 2011) are bad evaluators of modeling
fits. Even a 100% correlation does not mean that there is a causal
and physical relationship between the two variables. Hence, in order
to delineate the effects of different solar indices on the precipitable
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1924 1926 1928 1930 1932 1934 1936
Year

-2

0

2

4

Pr
ec

ip
ita

bl
e 

w
at

er
 (c

m
)

Fig. 4. Correlations between the smoothed, annual-averaged atmospheric precip-
itable water (blue continuous curve) and three measures of solar activity variations
(red: the combined solar activity index, i.e, square of the sum of sunspot and
coronal hole data series; green and indigo colors: solar UV and total [wavelength-
integrated] solar irradiance [TSI] data, respectively, courtesy of Dr. J. Lean) for the
1923–1936 interval. The respective means and their standard deviations, correla-
tion coefficients and their significance (small values suggest that the statistical
correlations are not by chance) for the three solar activity time series are presented
in Table 2. The maximum value of the measurement error bar for yearly
atmospheric precipitable water is 3 cm. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
atmospheric water vapor, we evaluated another parameter, viz.,
whether estimated ratios of uncertainties in the ratios dA

A and dB
B

� �
of coefficients from the least square fit decreases substantially
from one model fit to another model fit. We found that indeed
the fit value substantially decreases from assuming a linear rela-
tionship to a non-linear relationship. That is, if we assume a linear
relationship, even the best fit (based on the minimum value of v2)
for both the sunspot and coronal hole data yields (see Table 3 last
row) 21% error in the ratio dA

A and 33% in the ratio dB
B for the linear

least square fit. Whereas, for non-linear (exponential) least-square
fit (see Table 4 last row), uncertainties in the same ratios are 4.8%
and 30%, respectively. Hence, in spite of low value of correlation
coefficient (although it is still statistically significant), based on
these improvements of uncertainties in the ratios of coefficients,
we conclude that there is a non-linear relationship between the
atmospheric water vapor precipitation and solar activity.

Our results are encouraging and unique in the sense that our
proposed combined sunspot and coronal hole activity index also
fare better (i.e., in different degrees of quantitative results) than
corresponding correlations adopting the total solar irradiance and
solar UV irradiance time series that were shared with us by Dr. J.
Lean (see Tables 3 and 4 for the correlation coefficients of the three
comparisons). Such a rare opportunity for checking, albeit impor-
tant measurement uncertainties and instrumental limitations
(see Hoyt, 1979), shows that our proposed use of the combined
solar activity index for the study of sun-climate variability at least
passes one independent, out of statistical samples, test.

Although beyond the scope of this study, let us digress and fur-
ther interpret these interesting observational results. As the UV
irradiance is attenuated at the stratospheric level (see e.g., Wang
et al., 2013 for the strong coupling and non-linear interaction
between the solar UV radiation and the highly reactive species like
hydroxyl radical, OH, and ozone, O3), it is obvious that the links
between atmospheric precipitable water and the UV irradiance
should be rather poorly correlated. Whereas the total irradiance,
that enhances the water vapor and hence atmospheric precipitable
water, reaches at the ground level and therefore the relationship
between the atmospheric precipitable water with other two
parameters (total irradiance and the combined solar activity) can
be more closely related. It is also crucial and interesting to note
from the results illustrated in Fig. 5 (i.e., TSI results at the upper
right of Fig. 5): an increase of 0.1% of solar total irradiance from
minimum activity to maximum activity increases the atmospheric
precipitable water substantially (�200%). In other words, changes
in the incoming solar radiation of �1 W m�2 on the Earth’s surface
from one activity minimum to maximum results in increase of
200% precipitable water in the Earth’s atmosphere. We suggest
that this is one of the important results that answers the long-
standing conundrum of any sun-climate relation (i.e., how the
sun with merely 0.1% variation of radiation energy can have strong
influences on the Earth’s climate in general and Indian monsoon
rainfall in particular). Thus, with a substantial increase of atmo-
spheric precipitable water from solar minimum to maximum, we
suggests that sun-climate and hence the solar activity and Indian
monsoon rainfall relationship must physically be a non-linear phe-
nomenon (see Weng, 2012a,b).

In order to substantiate this conjecture, for both the total irradi-
ance and combined solar activity data with the atmospheric pre-
cipitable water is subjected to non-linear least square fit. To start
with, polynomial fits of degree 2 and degree 3 are performed and
it is found that both the fits are not good. Then the precipitable
water with either total irradiance or combined solar activity data
are subjected to exponential least square fit yielding a best fit com-
pared to all the fits mentioned above. These results are illustrated
in Table 4. One can notice from the last column of Tables 3 and 4
that values of v2 for all the fits are almost same. However, among



Table 2
Association of precipitable water with various solar activity indices.

Activity indices Mean value Standard deviation Correlation coefficient Significance

Precipitable water 43.8092 cm 14.0777 cm
Ultraviolet emission 12.1670 W m�2 0.030 W m�2 0.0196 0.813
Irradiance 1365.82 W m�2 0.197 W m�2 0.2059 0.012
sunspot2+CH2 80.0846 15.397 0.2769 0.00065
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Fig. 5. Scatter plots illustrating monthly averaged atmospheric precipitable water versus solar UV irradiance, total (wavelength-integrated) solar irradiance and the
combined sunspot and solar coronal hole index, respectively. The red continuous line in each plot represents the least square fit with a law of the form Y ¼ Aþ BX (where Y is
precipitable water PW, X are the three dependent parameters listed above, A and B are constant coefficients that are determined from the least square fits). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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all the fits, percentage of uncertainty in both the ratios (jdA=Aj and
jdB=Bj) of coefficients A and B obtained from the exponential fit
(i.e., the results in the right panel of Fig. 6, atmospheric precipitable
water versus the combined solar activity) is a minimum. Consider-
ing this important fact, we conclude that non-linear least-square fit
is slightly better when compared to the linear least square fit con-
firming our reasoning that sun-climate, especially sun-monsoon,
relationship is a non-linear phenomenon.

We wish to add to the previously mentioned evidence of solar
influence on the atmospheric precipitable water vapor based on
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Fig. 6. Scatter plots illustrating monthly averaged atmospheric precipitable water versus total solar irradiance and the combined sunspot and solar coronal hole index,
respectively, assuming non-linear relations. This is in contrast to the linear least-square fits shown in Fig. 5. The red continuous line in each plot represents the non-linear
least square fit with a law of the form Y ¼ eðAþBXÞ (where Y is precipitable water PW, X is either TSI or combined solar activity index, A and B are constant coefficients that are
determined from the least square fits). Correlation coefficients are obtained by linearizing the exponential fits. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Table 3
Least-square fits between precipitable water and solar activity indices assuming linear relations.

Activity indices Coefficients obtained from linear fits v2

A dA jdA=Aj B dB jdB=Bj

Ultraviolet emission �842.45 812.14 0.964 72.45 66.74 0.921 49.655
Total irradiance �36262.81 13455.79 0.371 26.58 9.85 0.370 43.555
sunspot2+CH2 25.224 5.315 0.210 0.003 0.001 0.333 42.958

Table 4
Least-square fits between precipitable water and solar activity indices assuming nonlinear relations.

Activity indices Coefficients obtained from exponential fits v2

A dA jdA=Aj B dB jdB=Bj

Total Irradiance �1173.67 354.5 0.302 0.86 0.25 0.29 50.89
sunspot2+CH2 3.12 0.15 0.048 0.000099 0.00003 0.303 49.84
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the new statistical and wavelet analyses by Maitra et al. (2014).
Those authors find strong observational evidence of sun’s influence
on cloud liquid water content (LWC) and integrated water vapor
(IWV) retrieved from the radiosonde data collected over nine dif-
ferent stations in India for the 1977–2012 interval. Hence, these
observed results substantiate our hypotheses and simulations that
cloud and rain water mixing ratios are among the most apparent
physical linkages between the solar and Indian monsoon rainfall
variabilities.

With the observed empirical sun-atmospheric precipitable
water relationship, one should also expect a similar tendency in
monsoon rainfall variability. From the previous study (Hiremath
and Mandi, 2004; see Fig. 2), one can notice that there is a similar
increasing trend (� 20%) of monsoon rainfall activity from solar
minimum to maximum although the increase in rainfall is not
quantitatively as large of an increase as that of atmospheric precip-
itable water.

Although we have given some clues of sun-monsoon physical
relationship in the introduction of the paper, in light of results
from the derived precipitable equation and the strong empirical
sun-atmospheric precipitable water relationship, we further refine
the sun-monsoon causal relationship as follows. In general, main
ingredients of formation of rainfall from the precipitable cloud
are: (i) evaporation of water vapor from the Earth’s land and water
surfaces and oceans, (ii) microphysical quantities such as aerosols
and formation of the clouds and, (iii) charged particles attached to
seed particles in order to enhance the coalescence and condensa-
tion of water droplets leading to rainfall at a particular height of
the atmosphere (see e.g., Manohar et al., 2001). In fact all these
main and essential ingredients are inter-connected to the sun’s
time-varying activities. But we note that ingredient (i) seemed to
have more obvious role in our zero-order modeling effort. Our
interpretation and results are consistent with the findings by Lim
et al. (2006) for tropical Atlantic.

Moreover and importantly, the monsoonal winds and the
resulting rainfall are created and sustained by the temperature dif-
ference between the land and ocean masses that are heated by the
sun. Although sun’s total irradiance energy appears to be nearly
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constant, even a small increase (decrease) (�1 W m�2) at the
ground level of the Earth on decadal time scale either enhances
(decreases) the precipitation budget of the Earth. Hence, it is not
surprising that majority of the droughts in the world occurred dur-
ing the period of solar minimum when there is lesser amount of
solar radiant energy to evaporate water vapor from the ocean
and to maintain the strong circulation from the land-sea thermal
contrast. One recent example is the severe drought due to failure
of the Indian summer monsoon during 2009 and subsequent years.

To conclude this study, we have successfully simulated the his-
torical Indian summer monsoon rainfall from 1871 through 2005
adopting the combined solar magnetic activity index which
includes both the sunspot and coronal hole activity records. The
simulations of the interannual to decadal variations are found to
be sufficiently satisfactory and impressive enough to add weights
to the great difficulties in rejecting any solar-monsoonal statistical
correlation on such timescales. Our parametric modeling study
proffers a useful step towards the ultimate identification and diag-
nosis of the physically relevant solar and hydrological quantities
involved. Specifically, we suggest that the most probable linkages
between solar magnetic variable outputs and Indian monsoon rain-
fall variabilities are through the solar activity modulation of the
cloud water (W) and rain water mixing (R) ratios. Our simulations
also argue for the importance of including coronal hole variability
in any physical study of solar-Indian monsoon rainfall connection
since the sole representation of solar magnetic variability using
sunspot record alone is only a necessary but not a sufficient bound-
ary condition.
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