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Abstract

The effects of solar variability on regional climate time series were examined using a sequence of physical connections between total
solar irradiance (TSI) modulated by galactic cosmic rays (GCRs), and ocean and atmospheric patterns that affect precipitation and
streamflow. The solar energy reaching the Earth’s surface and its oceans is thought to be controlled through an interaction between
TSI and GCRs, which are theorized to ionize the atmosphere and increase cloud formation and its resultant albedo. High (low)
GCR flux may promote cloudiness (clear skies) and higher (lower) albedo at the same time that TSI is lowest (highest) in the solar cycle
which in turn creates cooler (warmer) ocean temperature anomalies. These anomalies have been shown to affect atmospheric flow pat-
terns and ultimately affect precipitation over the Midwestern United States. This investigation identified a relation among TSI and geo-
magnetic index aa (GI-AA), and streamflow in the Mississippi River Basin for the period 1878–2004. The GI-AA was used as a proxy for
GCRs. The lag time between the solar signal and streamflow in the Mississippi River at St. Louis, Missouri is approximately 34 years.
The current drought (1999–2007) in the Mississippi River Basin appears to be caused by a period of lower solar activity that occurred
between 1963 and 1977. There appears to be a solar ‘‘fingerprint’’ that can be detected in climatic time series in other regions of the world,
with each series having a unique lag time between the solar signal and the hydroclimatic response. A progression of increasing lag times
can be spatially linked to the ocean conveyor belt, which may transport the solar signal over a time span of several decades. The lag times
for any one region vary slightly and may be linked to the fluctuations in the velocity of the ocean conveyor belt.
Published by Elsevier Ltd. on behalf of COSPAR.
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1. Introduction

Climate prediction is still in its infancy compared with
weather prediction which has made substantial advances
in the last decade (Mass and Kuo, 1998). Weather occurs
on a time scale of hours to days, which allows for quick
and continuous verification of forecast models and subse-
quent improvement. Climate prediction moves at a slower
pace and occurs over a broad spectrum of time and space
making predictions more difficult to verify and more diffi-
cult to improve. Verification comes either at an expense
of months to years or historic data must be used to hind-
cast. Hindcasting often involves the use of statistical rela-

tions that may or may not relate to physical processes.
Weather prediction skills have improved with improving
data collection, better understanding of all physical pro-
cesses involved, and improved computing power. As during
the development of weather prediction, climate prediction
currently (2007) is most accurate in the shortest terms,
weeks to months, and to a certain extent, to seasons.
Beyond the annual cycle of the seasons, climate prediction
currently is at a level similar to weather forecasting decades
ago, which may be no better than simple persistence.

Important advancements have been made, for example,
in understanding the processes of the El Nino/La Nina
phenomena and the effects of this tropical variation on
regional climates (Latif et al., 1994). Other relations
between ocean temperatures and persistent atmospheric
features have been developed and are improving seasonal
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forecasts of climate (McCabe and Dettinger, 1999). Work
also has been done on multidecadal drought frequency in
the United States using the Pacific Decadal Oscillation
(PDO) and the Atlantic Multidecadal Oscillation (AMO)
(McCabe et al., 2004). However, long-term (multiyear) pre-
dictions of climate are suffering from the same shortcom-
ings that weather predictions once endured, insufficient
data, unknown physical processes, and insufficient models.
This paper will discuss the physical processes that may be
the linkage between solar variability and climate, which
could be used to improve predictions.

Speculation of continental drift preceded its proof by
more than half a century. The basic processes were known
or speculated for considerable time before a key discovery
(magnetic structure of sea-floor spreading) finally provided
proof (Vine and Matthews, 1963) of a mechanism that led
to a better understanding of a complex process. A similar
situation may exist for climate prediction. This paper
focuses on physical processes that are still considered con-
troversial but may be playing a larger roll than previously
suspected.

Some of these physical processes have an extraterrestrial
origin (solar) but have been shown to have a statistically
significant effect on a regional climatic scale (Perry,
2006). The solar effect on climate has been the most prob-
lematic issue for centuries. For example, significant correla-
tions between sunspots and elevations of Lake Victoria in
Africa (Brooks, 1923) went out of phase and vanished
entirely when longer time series became available. This fail-
ure may well be a function of the chosen lag time between
the solar forcing function and climatic response which is usu-
ally not greater than a few years. Nearly, all solar/climate
correlations have suffered from lack of physical connec-
tions and have proven to be inaccurate when put to the test
of prediction. Arguments against solar forcing of climate

are: (1) insufficient changes in solar brightness; (2) correla-
tion breakdowns and sign changes; (3) timing problems
between cause (solar changes) and effect (climate varia-
tions); and (4) the lack of solar/terrestrial theories to
account for any postulated long-term changes (Hoyt and
Shatten, 1997).

This paper examines the combined effect of the modula-
tion of galactic cosmic rays (GCRs), and their potential
effect on cloud formation, changes in total solar irradiance
(TSI) flux, changes in oceanic temperatures, the ocean con-
veyor belt system, and the effect of ocean temperatures on
persistent atmospheric patterns that dictate regional cli-
matic time series. In this paper, geomagnetic index aa
(GI-AA) is used as a proxy for GCR flux. The combination
of these factors into a viable climatic predictor is demon-
strated by examining a streamflow time series of a sensitive
region (to atmospheric patterns) of North America, the
Mississippi River Basin, as well as climatic time series of
other regions in the world.

The Mississippi River Basin upstream from St. Louis,
Missouri, includes both the upper Mississippi River and
the Missouri River drainages (Fig. 1). This area also
includes a large part of the Nation’s grain-producing acre-
age. The Rocky Mountains form an effective moisture
barrier to the west. The major source of moisture is the
Gulf of Mexico which lies to the south and east. Large
amounts of precipitation occur in the Mississippi River
Basin only when near-surface wind patterns bring mois-
ture-laden air from the Gulf of Mexico. For this to occur,
upper-level winds must be from the southwest over the
central part of North America. Dry conditions result in
the basin when upper-level winds are from the northwest.
This single-moisture-source feature of the Mississippi
River Basin makes it a good area to test a solar/climate
connection.

Fig. 1. General location map. (While major ocean currents have been simplified here, they are updated in Fig. 11.)
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2. Solar/climate connections

Several mechanisms recently have been postulated for
solar activity/climate responses. Roldugin and Tinsley
(2004) show atmospheric transmission variations of several
percent in nominally clear air are found to accompany
solar wind events that affect the flow of vertical current
density in the global electric circuit. Also, changes in
ultraviolet radiation on the order of 10–20% over the solar
cycle show a connection with 11-year oscillations in geopo-
tential height variations through absorption of energy by
stratospheric ozone (Shindell et al., 1999). Recent experi-
ments by Svensmark et al. (2007) demonstrate that the pro-
duction of new aerosol particles is proportional to the
negative ion density under experimental conditions simi-
lar to those found in the lower troposphere over oceans.
This study shows that cosmic rays have a catalytic effect
on the nucleation of cloud droplets. GCR flux variations
and their potential to affect the amount of albedo from
cloud cover may have an important influence on the
amount of energy that reaching the Earth’s surface and
lower troposphere.

3. Galactic cosmic rays and clouds

Galactic cosmic rays (GCRs) are known to be the prin-
cipal agents of ionization in the atmosphere above 1 km
(Palle et al., 2004). This has led to the suggestion that cloud
formation may be affected by GCRs through an enhanced
production of charged aerosols that may grow to become
cloud condensation nuclei. Because the cosmic ray flux
on Earth is strongly modulated by solar activity, in the
sense that increased solar activity leads to a reduction in
cosmic ray flux, if cosmic rays do affect cloudiness, they
could provide a link through which solar activity affects cli-
mate (Palle et al., 2004).

An earlier study by Svensmark and Friis-Christensen
(1997) suggested that total cloud cover over the mid-lati-
tude oceans was correlated with cosmic ray flux during
the period 1984–91. However, a study by Kernthaler
et al. (1999) led to criticism of their methods and conclu-
sions when correlations weakened after 1991. In a later
study of low clouds and GCRs, Palle et al. (2004) noted
a correlation of R = 0.75 between detrended global low-
cloud data and GCRs during the period 1983–2001. The
degree of correlation between GCRs and low clouds varied
according to latitude, with Palle and Butler (2000) finding
stronger correlations in the mid-latitude and equatorial
belts and weaker correlations in the polar regions. The
results of these and other studies (Sun and Bradley, 2002)
show mixed results and point out some problems with actu-
ally quantifying low- and mid- to high-level clouds. How-
ever, strong evidence that GCRs do have an effect on
cloudiness remains, and therefore, the albedo of certain
areas of the globe could be modified by GCRs resulting
in changes in the amounts of solar energy being absorbed
by the oceans.

4. Modulation of galactic cosmic rays

The relations among the GCR flux, magnetic properties
of the earth, and solar cycles are well established (Van
Allen, 1993). Prior to 1936, however, GCR flux data were
not available, therefore it was necessary to use other solar-
activity-related parameters as GCR proxies, such as sun-
spot number or the GI-AA as defined by Mayaud (1972).
The GI-AA has been determined from magnetograph read-
ings in the northern and southern hemispheres since 1868.
This record has been extended back to 1844 using magnetic
measurements in Helsinki, Finland (Nevanlinna, 2004).
Others have used the GI-AA as a proxy for GCR flux in
climate studies (Stuiver and Quay, 1980; Cliver et al.,
1998). In the graphs and correlations to follow, recon-
structed geomagnetic data 1844–1867 was used in the
graphical comparisons while observed data back to 1868
was used for statistical correlations.

As the solar cycle intensifies (stronger solar wind, stron-
ger interplanetary magnetic field (IMF), higher sunspot
number, and higher irradiance), variations of the Earth’s
magnetic field as represented by the GI-AA also increase.
At times of higher solar activity, less GCRs are able to
enter the solar system. Not only does the stronger solar
wind reduce GCR flux near Earth, it tends to increase
the value of the GI-AA. Using data from National Geo-
physical Data Center (2006a,b,c), there is a good inverse
relation between the GI-AA and GCRs measured at Huan-
cayo, Peru, where R = �0.75 (Fig. 2) and between sunspots
and GCRs where R = �0.79 (Fig. 3) The net result is that
as solar activity increases, GCR ionization of the Earth’s
atmosphere decreases. Assuming that the connection
between GCRs and low clouds is viable, increased solar
activity could result in fewer low-level clouds and a larger
amount of solar-irradiance energy reaching the Earth’s
surface.

The interaction of the IMF with the geomagnetic field is
complex. Because the Sun’s magnetic field exhibits an
approximate 22-year cycle (Hale, 1924), the connection
or opposition of the magnetic lines of these two bodies
results in a different rate of GCR flux during one

R=-0.75

1,600

1,620

1,640

1,660

1,680

1,700

1,720

1,740

1,760

1,780

10 15 20 25 30 35 40
Geomagnetic Index AA

C
os

m
ic

R
ay

 F
lu

x,
 H

ua
nc

ay
o,

 P
er

u,
co

un
ts

 p
er

 h
ou

r/
10

0

Fig. 2. Observed annual averages of geomagnetic index aa and galactic
cosmic ray flux at Huancayo, Peru, 1953–2003. Data are from National
Geophysical Data Center (2006a,b).
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approximate 11-year solar-activity cycle and the next. In
addition, the time of year can be important as the Earth
crosses the plane of the Sun’s magnetic equator. Here,
the oppositely directed open field lines run parallel to each
other and are separated by a thin current sheet known as
the ‘‘interplanetary current sheet’’ or ‘‘heliospheric current
sheet’’. This sheet is not a perfect plane, but instead undu-
lations spiral out from the Sun and past the Earth, chang-
ing the IMF polarity multiple times during the year
(Rosenberg and Coleman, 1969). However, generally every
other solar cycle has relatively more GCRs reaching the
Earth’s atmosphere as the radial intensity of GCRs varies
on an approximate 22-year cycle (Alania et al., 2005).

The relations among solar variables are not simple or
direct. The IMF follows a 22-year variation, whereas irra-
diance is on an 11-year cycle. The sunspot cycle is not in
perfect agreement with total solar irradiance nor is it in
perfect agreement with the GCR flux. In Fig. 4, TSI is cor-
related with the GI-AA, which is used as a proxy for GCR
flux in this paper. Solar processes are very complex and are
not fully understood as are the processes of GCR enhance-
ment of terrestrial clouds. For this paper, the assumption is
made that GI-AA varies inversely with GCR flux and con-
sequentially low-level cloudiness. This assumption allows
the use of the approximate 160-year time series of geomag-

netic and solar-activity variations to provide information
on GCR flux.

5. Total solar irradiance

Total solar irradiance (TSI) has been measured in space
by several spacecraft since 1978 (Willson, 1997). TSI and
the solar activity-cycle are closely related, but like the
GCR flux and GI-AA, the connection is not in perfect step
with the solar cycle. Sunspot blocking and ephemeral
active regions (areas of more intensive spectral irradiance)
cause the TSI flux to vary from the sunspot number cycle.
However, data on sunspot properties extend back to the
early 18th century and can be used to estimate TSI back
to the Maunder Minimum (Lean et al., 1995; Lean, 2000;
Wang et al., 2005). This modeled TSI data set can be used
with the geomagnetic measurements as a proxy for GCR
flux during the same time for comparison with climatic
time series.

TSI variations (0.1% over an 11-year period) have been
thought to be too small to have an effect on global atmo-
spheric temperatures (Foukal, 2003) and that most of the
rise in global temperatures is caused by anthropogenic
causes. However, the 0.1% variation translates into over
1 watt per square meter at the Earth’s surface. Although
small, this variation may be large enough to create sea-sur-
face temperature anomalies, especially near the equator
where the incident radiation is perpendicular to the surface.
In fact, significant correlations exist between TSI and aver-
age ocean-temperature data (White et al., 1998).

6. TSI and GCR interaction

Examination of the relation between annual TSI and
annual GI-AA used as a proxy for GCRs during the last
160 years (Fig. 4) shows some correlation (R = 0.57). More
importantly, the interaction between the two processes may
give insight to the total amount of energy reaching the
Earth’s surface at strategic locations. If GCRs can modu-
late the amount of low clouds and, therefore, the relative
albedo at locations where incoming solar irradiance can
best be absorbed by the Earth’s oceans, this could be a
method of amplifying the small TSI signal into a climate-
affecting process. As GCR flux increases (decreases), less
(more) energy may be allowed to reach the Earth’s surface
because of an increase (decrease) in albedo. This decrease
(increase) in the energy reaching the surface could create
cooler (warmer) ocean temperature anomalies, which could
affect climate.

7. Ocean temperatures and regional climatic time series

A mechanism for converting a small TSI signal into a
regional climate effect was presented by Perry (2006) for
which streamflow data from the Mississippi River at St.
Louis (US Geological Survey, 1956, 2006) were used as a
measure of the climate of the upper Midwestern United
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Fig. 3. Observed annual averages of sunspot number and galactic cosmic
ray flux at Huancayo, Peru, 1953–2003. Data are from National
Geophysical Data Center (2006a,c).
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States (Fig. 1). This basin is unique in that it receives most
of its moisture from the Gulf of Mexico but only when
atmospheric wind patterns are favorable. The effects of
more or less solar energy is tracked through a six-step
physically linked process where streamflow is a product
of regional rainfall, which is physically linked to regional
low-level atmospheric vorticity, which in turn is well corre-
lated with jetstream-level vorticity over the North Pacific
Ocean. The jetstream vorticity is linked physically with
sea-surface temperatures (SSTs) beneath the same region
of the ocean, which compare well with tropical Pacific
Ocean temperatures lagged 3 years, which although ampli-
tudes are not consistent, the phasing between the TSI and
SSTs is consistent. The data used in Perry (2006) covered
the approximate period from 1950 through 2000. Even
though the individual correlations between intermediate
mechanisms varied, the correlation between modeled TSI
lagged 3 years and streamflow for the period 1950–2000
was R = 0.60 (Fig. 5). Correlations were computed from
the mid-year value (June) of the 36-month moving averages
for both solar irradiance and streamflow.

However, when the relation is examined prior to 1950,
(the streamflow data for the Mississippi River at St. Louis,
Missouri, extends back to 1862) the fairly high correlation
between TSI and streamflow from 1950 to 2000 becomes
much lower. When GI-AA is compared with the Missis-
sippi River flow between 1950 and 2000 and from 1863
to 2000 the same disparity occurs. Correlations of other
lag times between TSI and GI-AA were tested, and an
interesting feature was noted. In Fig. 6 the R-squared val-
ues between TSI and GI-AA and Mississippi River flow
showed some power at 10, 22, and 44 years, but by far
the strongest correlations were at a lag time of 34 years
for GI-AA and 35 years for TSI (Fig. 6). A graphical com-
parison of GI-AA with Mississippi River flow (36-month
moving averages) demonstrates this relation (Fig. 7). This
lag time was unexpected, and its validity questioned. How-
ever, others have noted a similar length of lagged correla-
tions within the ocean system. Latif (2001) developed a
model that predicted the winter North Atlantic Oscillation
(NAO) using the tropical Pacific SST anomalies averaged

over the NINO3 area (Fig. 1) lagged 35 years. He attrib-
uted this lag time to be a feature of an atmospheric bridge
between the Pacific and Atlantic Oceans. Ray and Wilson
(2003) found lag times of 10, 35, and 13.5 years in salt
anomalies leaving the Red Sea and Southern Oscillation
Index anomalies.

The relation between GI-AA and 1902–2003 Mississippi
River flow (Fig. 7) has a correlation coefficient of R = 0.56.
The visual correlation between GI-AA and Mississippi
River flow shows some interesting features. The amplitudes
and the apparent trend in the streamflow data are mirrored
in the amplitudes and trend of the GI-AA. The great
drought of the 1930s spanned nearly 17 years between
the high-flow years of 1927 and 1944. The time between
the peaks in the GI-AA was also 17 years, between 1892
and 1909. The wet decade of the 1940s spanned the years
1944–1952 and corresponded to an 8-year period of rela-
tively high GI-AA with peaks 8 years apart, from 1909 to
1917. More recently, streamflow peaks in 1986 and 1994,
8 years apart, corresponded to GI-AA peaks in 1952 and
1960. Currently, 2007, the Mississippi River Basin is in
an extended period of drought (1999–2007), which can be
traced to a time of low solar activity that occurred during
a 14-year period between peaks in GI-AA that occurred
from 1963 to 1977.
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There are a few cases where peaks in the GI-AA were
not a graphical match with peaks in the Mississippi River
flow. Most notable is the wet period around 1882. The
GI-AA shows the period bounded by two relatively weak
peaks. Also, there could be a decrease in the lag time dur-
ing the period 1950 to about 1980 by a few years.

The relation between Mississippi River flow and TSI for
the period 1863 through 2003 is shown in Fig. 8. The lag
time is 34 years, and the correlation between the data sets
is R = 0.51 for the period 1902–2003. An interesting note
is that where the GI-AA did not have a graphical match
with the Mississippi River flow, for example around
1882, the TSI matches very well. Also, there is a tendency
for the lag time to increase a year or two after 1970. This
is consistent with the GI-AA data. Other highs and lows
in TSI correspond to wet and dry years in the Mississippi
River Basin. Neither the GI-AA nor the TSI gives a perfect
match with streamflow, but they may be acting together in
complex manner.

8. GI-AA and TSI combination

Care should be taken when trying to extrapolate varia-
tions of TSI and GI-AA data into future flows of the Mis-

sissippi River. This paper suggests a connection between
streamflow and TSI and GI-AA variations. The graphs
and correlations show that the relations are not consistent
and the lag time is not static. However, the visual correla-
tion is remarkable, and a solar signature is definitely
reflected in the Mississippi River flow.

The irradiance (TSI) and geomagnetic data (GI-AA)
were scaled and combined according to the equation

Combination ¼ 10þ 20; 000 � ððTSI

� 1365:918Þ=1365:918Þ þ ðGI-AAÞ: ð1Þ

This equation resulted in a value in which GI-AA approx-
imately had twice the contribution to the combined value
than the TSI. Comparisons of the combination data set
and Mississippi River flow are shown in Fig. 9. The corre-
lation with 1902–2003 Mississippi River flow (R = 0.60)
was better than either of the individual components
(Fig. 9A). When a 3-year slowing of the lag time is applied
in 1977 (Fig. 9B), the correlation was even better
(R = 0.66).

The apparent lag time between the solar signal and the
climate response of the Mississippi River is over three dec-
ades. Also, the comparisons of solar data with the Missis-
sippi River flow data show patterns that at times are a
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couple of years ahead (circa 1962) or a couple of years
behind (circa 2000) the 34-year lag. A possible cause of these
time discrepancies could be changes in the velocity of the
medium that is carrying the solar signal. That medium
may well be the world’s ocean conveyor belt system.

9. Ocean conveyor belt system

The ocean conveyor system is a vast interconnection of
near-surface and deeper ocean currents that are thought to
be driven by a thermohaline circulation (Broecker, 1991).
Velocities within the conveyor are variable with highest
velocities in the North Atlantic Ocean (Gulf Stream) and
slowest in the Pacific Ocean. Vast amounts of water move
through the conveyor, and its circulation traditionally is
thought to take approximately a millennium for one round
trip. The pump for the conveyor has been shown to be in
the North Atlantic where warm salty ocean water gives
up its heat to the atmosphere, sinks and flows south at
depth and becomes the North Atlantic deep water
(NADW). Approaching Antarctica, it turns east becoming
the Circumpolar Current. Once in the Pacific Ocean, the
circulation takes it across the Equator where it rises dif-
fusely in the North Pacific (Broecker, 1991). Here, the
ocean surface water interacts with the atmosphere to affect
climate over North America.

Somewhere along this circulation, most likely flowing
from the western tropical Pacific Ocean to the Indian
Ocean in the area of the Indonesian flowthrough area
(Fig. 1), the ocean could absorb varying amounts of energy
from the sun. Variations in clouds, solar radiation, winds,
and surface currents create ocean temperature and salinity
anomalies that can be traced along various parts of the
conveyor (Favorite and McLain, 1973; Ray and Wilson,
2003; Belkin, 2004). The total lifetime of these anomalies
are unknown; however, there appears to be a memory of
almost 3.5 decades between solar variations and North
Pacific SSTs that can affect the Mississippi River flow. If
the conveyor’s velocity increases or decreases from various
internal factors, the lag time between solar signal and Mis-
sissippi River flow also could vary. This changing lag time
is evident in comparing TSI, GI-AA, and their combina-
tion data with Mississippi River flows. All three data sets
show increasing lag times in the last two decades, which
suggests a slowing of the ocean conveyor that supplies
water that is diffusely rising in the North Pacific. There also
is evidence that the ocean conveyor belt is also slowing in
the Atlantic (Bryden et al., 2005).

Additionally, various properties of the ocean conveyor
belt are still unknown (Wilson, 2001). The westward flow
of warm water from the Indian Ocean around the Cape
of Good Hope by the Agulhas Current is known to be
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interrupted by the much colder, eastward flowing Benguela
Current (Fig. 1). This interaction could have an effect of
shunting some of the ocean temperature anomalies back
eastward into the ocean current that ultimately rises in
the North Pacific, thereby reducing the distance between
energy input and subsequent energy release in the North
Pacific. One property of the conveyor system is known; it
is not a rigid or continuous system. If an adjustment for
changing ocean conveyor belt velocity can be assumed,
the fit between the GI-AA and TSI combination improves
substantially (Fig. 9B).

10. Solar fingerprint in climatic time series

Solar activity and climatic time series correlations have
been plagued by phase changes and relations that come
and go. Nearly, all these types of analyses compare a solar
variable directly with a climatic measurement on a direct
cause-and-effect (0 lag time) basis. However, as seen with
the GCR, GI-AA, and TSI analyses in this paper, the lag
time with Mississippi River flow was shown to be approx-
imately 34 years. If the ocean conveyor belt is carrying the
solar signal, different locations on the globe should have
different lag times.

Seven climatic time series from around the globe were
compared with the solar time series to test this hypothesis.
Fig. 10A–K presents these climatic time series that appear
to have different lag times with the solar data (A, TSI/GI-
AA combination; I, GCRs; J, GI-AA; and K, TSI).
Because the solar signal and the climatic responses do
not follow a pure sine wave but instead have similar ampli-
tudes in the same change in time, a characteristic ‘‘finger-
print’’ can be seen when the data are stacked. Most
notable is the 17-year period between solar peaks occurring
in 1892 and 1909 and then only 8 years to the next peak
(1917). Much like the location of the Fraunhofer absorp-
tion lines of hydrogen in stellar spectrographs can provide
information on the speed at which a star is moving toward
or away from the Earth (Huggins, 1868), these fingerprints
may provide information on the lag time between when
solar energy is added to the conveyor belt and when it is
released to the atmosphere at various regions to produce
rainfall and runoff.

An all India rainfall index (Fig. 10B; methodology
developed by Sontakke et al., 1992) is a measure of mon-
soon strength where higher numbers correspond to greater
monsoon rainfall. Data are available for 1813–1998. This
time series shows a 0-year lag time with increased solar
energy coinciding with higher monsoon rainfall. This fea-
ture also has been noted by Hiremath and Mandi (2004).
Streamflow for the Vaal River in southeast Africa
(Fig. 10C; Alexander, 2005) suggests a 17-year lag time.
Bahia Blanca, Argentina, rainfall, (Fig. 10D; Global His-
torical Climatology Network, 2006) shows a 25-year lag
time. Northeast Brazil rainfall (Fig. 10E; National Oceanic
& Atmospheric Administration, 2006) also shows a 25-year
lag time. Detrended North Pacific SSTs from 20� to 50�

latitude (Fig. 10F; Scripps Institute of Oceanography
Library, 2002) show a 32-year lag time, whereas Mississippi
River flow (Fig. 10G; US Geological Survey (2006)) shows
a 34-year lag time. There is an interesting connection
between the India rainfall index peaks in the early 1800s
and the historic flood stages on the Mississippi River in
1844 and 1857, 1858, and 1862. There is also a data set
from the Labrador Sea (Fig. 1) which is the principal com-
ponent analysis of sea ice (Fig. 10H, Deser et al., 2002),
whose fingerprint fits into a 70-year lag time. If this lag
time is correct, the ocean conveyor belt may supply increas-
ingly warmer water to the Arctic for the next several
decades.

When these lag times are plotted on the ocean conveyor
belt (Fig. 11), there seems to be a consistent progression of
lag times if some of the warm current east of Africa is
incorporated into the Circumpolar Current in the southern
hemisphere (Fig. 11). Other climatic time series worldwide
need to be examined in light of this varying lag-time fea-
ture. The result could be a better understanding of the cli-
mate system as well as the properties of the ocean conveyor
system.

11. Summary and conclusions

A physical connection between total solar irradiance
(TSI) and regional climate of central North America repre-
sented by Mississippi River flow at St. Louis, Missouri, has
been demonstrated for the period 1950 through 2000. The
connection displayed an apparent 3-year lag time between
the solar signal and the streamflow response. However, the
favorable correlation did not persist when streamflow data
back to 1862 were included. The entire period of stream-
flow data had a much better correlation with the solar data
when a lag time of 34 years was considered and galactic
cosmic ray (GCR) and Geomagnetic index aa (GI-AA)
data were included with the TSI. GI-AA is inversely related
to GCR flux.

The physical processes associated with this connection
between solar activity and streamflow are diagramed in
Fig. 12. The total amount of solar energy reaching the
Earth’s surface may be controlled through an interaction
between TSI and GCRs, where high (low) GCR flux pro-
motes cloudiness (clear skies) and higher (lower) albedo
at the same time that TSI is lowest (highest) in the solar
cycle. This combined effect then may have an effect on
the amount of energy that could be absorbed by Earth,
and specifically, its oceans. If this energy is absorbed at a
strategic location within the ocean conveyor belt system,
the temperature anomalies generated could be transported
to locations where regional climate could be affected. The
temperature of the North Pacific Ocean has shown a robust
effect on upper-level pressure patterns above, which in turn
affects low-level pressure patterns and the amount of pre-
cipitation in the Mississippi River basin. The current
drought (1999–2006) in the Mississippi River basin appears
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to be caused by a period of lower solar activity that
occurred between 1963 and 1977.

There appears to be a solar ‘‘fingerprint’’ that can be
seen in climatic time series in other regions of the world,
with each series having a unique lag time between the solar
signal and the hydroclimatic response. The Indian Mon-
soon also follows the TSI/GI-AA interaction closely with
greater rainfall over India coinciding with greater solar
energy input into the Indonesian flowthrough area. A pro-

gression of increasing lag times can be spatially linked to
the ocean conveyor belt, which transports the solar signal
over a time span of several decades. This delay may be
the reason that many solar/climate correlations break
down when additional data become available. Because
the solar cycles can vary from 8 to 12 years the normally
selected 0-year lag time may be an incorrect choice. These
solar/climate studies may be vindicated if longer lag times
are incorporated.

Fig. 10. Lag times between solar forcing from (A) combination of geomagnetic index aa and total solar irradiance, (I) galactic cosmic rays, (J)
geomagnetic index aa, and (K) total solar irradiance, and climatic time series (B) all India Rainfall Index (Sontakke et al., 1992), (C) Vaal River flow in
Southeast Africa (Alexander, 2005), (D) Bahia Blanca, Argentina, rainfall, (Global Historical Climatology Network (GHCN), 2006), (E), northeast Brazil
rainfall (NOAA, 2006), (F) detrended North Pacific Sea-Surface Temperatures 20–50� latitude (Scripps Institute of Oceanography Library, 2002), (G)
Mississippi River flow at St. Louis, Missouri, (US Geological Survey, 2006), and (H) Labrador Sea ice principle component analysis (Deser et al., 2002).
Three- and 5-year moving averages applied as indicated on the graph.
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There also may be a connection between slightly vary-
ing lag times for any one region and the strength or veloc-
ity of the ocean conveyor belt system. Velocities within
the ocean conveyor belt are thought to be dependent
upon temperature and salinity patterns in the world’s
oceans. In the North Atlantic Ocean the thermo-haline
pump is known to modulate the relative velocity of the
conveyor system in the North Atlantic with high (low)

salinity and cold (warm) sea-surface temperatures increas-
ing (decreasing) conveyor velocities. If the velocities
within the conveyor vary, the lag time between solar input
and atmospheric response could vary. The TSI–GCR/
streamflow relation shows an increasing time lag between
solar data and Mississippi River flow at St. Louis, Mis-
souri, since 1975, which suggests a slowing of the ocean
conveyor system.

Fig. 11. Ocean conveyor belt and estimated lag times between solar signal and various regional climate time series.
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Fig. 12. Schematic diagram of energy flow from variable solar energy input to variable climate output.

362 C.A. Perry / Advances in Space Research 40 (2007) 353–364



Author's personal copy

Temperature anomalies carried by the ocean conveyor
belt system may be manifested in regional climatic time ser-
ies worldwide. The lag time between the solar activity vari-
ations (input) and regional climate variations (output)
appears to be a function of the travel time between the
source of the ocean temperature anomalies (possibly the
Indonesian flowthrough area) and the oceanic region that
affects the atmospheric patterns that in turn control the cli-
mate for that particular region.
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