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Non-anthropogenic influences on global average temperature are divided into short-term transients
and slower evolution of trends in radiative forcing. Short-term variations include Schwabe cycle
solar irradiance oscillations with a period of c. 11 yrs, radiative shielding from large volcanic
eruptions, and variations in global average temperature correlated with the El Niño Southern
Oscillation (ENSO). The analysis described here examines deviations of total solar irradiance from
slower evolutionary trends, of large departures of stratospheric aerosol optical depth (AOD) from
a temporal average, and of a multivariate ENSO index (MEI) around a temporal average. These
are used for short-term projections of changes in global average temperature. Comparison with
estimates of global average temperature in the twentieth century show dips following two of the
three largest volcanic AOD excursions. Those are from the 1991 Pinatubo and 1963 Gunung Agung
eruptions. However, the 1983 maximum calendar year cooling following the 1982 El Chinchón
eruption overlapped with the 1983 largest positive ENSO associated calendar year global warming
in the twentieth century. These comparisons suggest subtracting transient effects from global
average temperature before using the result to calibrate a reduced complexity model of the impact
of slower evolution of radiative forcing.

1. Rationale

This is the third in a series of reports describing components of a revision an earlier form [1] of
the Climate Action Gaming Experiment (CAGE). One use of CAGE is to conduct controlled ex-
periments on how people respond to information about the physical and economic consequences of
different possible future evolutions of radiative forcing and atmospheric carbon dioxide concentra-
tions. From this point of view, Homo sapiens is one of many species that are part of an overall
biological feedback complex responding to climate change. While small scale controlled experiments
with other species look at different feedback mechanisms, like open air exposure of Zea mays field
corn to elevated CO2 levels, here Homo sapiens is also viewed as one component of the biospheric
response to climate change. It is for this reason that the topic of the present report is described
as non-anthropogenic influences. This is instead of using the term natural [2], to avoid an im-
plicit suggestion that the human part of the biospheric response is somehow outside the realm of a
comprehensive experimentally informed analysis of the feedback system.

A division of non-anthropogenic influences on global average temperature into slowly evolving
and more transient oscillations is motivated by differences in timescales. The Schwabe sunspot
cycle has an increase in radiative forcing for about 5.5 years, following by decrease for about the
next 5.5 years. The time between the maximum temporary increases in global average temperature
associated with the ENSO cycle averages between 3 to 5 years [3]. Increases in atmospheric optical
depth after large volcanic eruptions in the twentieth century have declined back to background
fluctuation levels after at most about 3 years. By way of contrast, the cosine fit to the Gleissberg
cycle [4] for slower evolution of solar irradiance discussed below has a period of 87.5 years. That is
comparable to the timescale for evolution of anthropogenic increases in radiative forcing, which had
about half a century growth rate timescale during an approximately exponential growth period.
For such comparatively slow changes, added thermal energy has had time to transport hundreds of
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meters deep into the ocean [5]. While that kind of approximately exponential growth in radiative
forcing continued, thermal energy transport into the deeper ocean limited surface temperature
increase that would have otherwise led to larger radiative losses and lower overall thermal energy
uptake.

Transient changes on timescales too short to allow for as much associated thermal energy ex-
change between the surface and deeper ocean can be expected to lead to compensating changes in
radiative energy transport that produce comparatively less change in overall thermal energy change
per unit change in radiative forcing. Thus, it is not appropriate to use a simple global heat balance
model of the form

(1.1) cthτ
′ = F − τ/β

for both short-term transients and evolution of radiative forcing on a multi-decadal timescale.
The approach to transients used here is similar to that of Foster and Rahmstorf [6], which

updated similar work by Lean and Rind [7]. Starting with Goddard Institute for Space Science
estimates of global average temperature [8], Foster and Rahmstorf give estimates of the ratios of
global average temperature impact to three different independent data streams. In each case, the
temperature impact lags by a different number of months behind the data stream numbers. Table 1
lists those lags and low (“2 σ”), middle, and high (“2 σ”) estimate of those ratios.

Table 1. Month Lags and Ratios for ◦C Impacts Transients

Type Lag (Months) Low Medium High

Total Solar Irradiance 1 0.009 0.084 0.157
Atmospheric Optical Depth 7 -1.43 -2.36 -3.31
Multivarite ENSO Index 4 0.050 0.080 0.109

A difference here from what was done by Foster and Rahmstorf is that analysis of such transients
here includes times that go back before 1950. As described in more detail in the Appendix A
below, that required a different approach to the Schwabe sunspot cycle. It also required combining
different data sources for the multivariate ENSO index and for atmospheric optical depth. In each
case, however, estimated historical effects on globally and annually averaged temperature were
proportional to an independently measured quantity, after accounting for temporal lag between
that quantity and changes in global average temperature.

What are plotted in Figures 1b, 2a, and 2b are results for the medium values of those coefficients
listed in Table 1. However, the estimated upper and lower limits for the coefficients for impacts of
transients on global average temperature listed in Table 1 cover a substantial range, particularly
for the case of total solar irradiance. Thus, for subsequent applications the temperature impacts
shown in Figures 1b and 2a will be multiplied by adjustable coefficients to be estimated along with
the other parameters in the global heat balance equation (1.1).

2. Total Solar Irradiance and Radiative Forcing

For the Goddard Institute for Space Studies (GISS) global average temperature estimates [8],
figure 3 from Foster and Rahmstorf gives an estimate of 0.084◦/(W/m2 of TSI) where TSI is the
difference in total solar irradiance from a linear fit to the evolution of TSI. As illustrated here in
Figure 1a, such a linear fit looks appropriate for the 1979–2011 span used by Foster and Rahmstorf,
but not for a time span including more of the twentieth century.
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The smooth curve shown in Figure 1a is a least squares fit of the difference between TSI and
the average TSI for 1745 through 1755. That average is chosen because 1750 was a Schwabe
cycle peak year. Other estimates of radiative forcing used in this report series are differences from
radiative forcing in 1750. The parameter τ in equation (1.1) is operationally defined here as the
difference between global average temperature and the temperature that would be in equilibrium
with a constant radiative forcing equal to that in 1750. (Since TSI was not constant around 1750,
the average over one Scwhabe cycle was used instead of the value in 1750.) The smooth curve in
Figure 1a uses a sum of three cosine oscillations and a constant. The parameters of that curve are
listed in Table 2.

TSI is incident solar radiation on the area projected onto a plane perpendicular to a line to the
sun at a distance of one astronomical unit. The ratio 0.1278 of radiative forcing in Table 1 to total
solar irradiance is 0.25× (1−0.29)×0.72. The factor 0.25 is the ratio of the area of a circle with to
the area of a sphere with the same radius. The factor (1-0.29) is a correction for effective average
albedo, and the factor 0.72 accounts for the spectral dependence of effective radiative forcing, per
Section 7.3.4.4 of [2]. The smooth curve in Figure 1a is thus multiplied by a factor 0.1278 for the
purpose of adding solar radiative forcing to other components of radiative forcing. The method
used to define the parameters in Table 2 is described in Appendix A.
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Figure 1.Figure 1.Figure 1. (a) Constant plus three cosine fit and data for annually averaged difference between total
solar irradiance and its year 1745–1755 average. (b) Positive and negative globally and annually
averaged temperature transients from the Schwabe cycle, and negative transients from large volcanic
eruptions.

Table 2. Slow Variations b1 cos(2π(t− b2)/b3) of Solar Radiative Forcing

Type b1(W/m2) b2 (Julian Year) b3 (Years)

Grand Minimum -0.046 1650 842
Gleissberg 0.032 1772 87.5
Triple Gleissberg -0.020 1927 270
Additional Constant 0.023 Forcing/TSI: 0.1278

Figure 1b shows the Schwabe cycle globally and annually averaged global average temperature
impacts computed using the 0.084◦C/(W/m2 tsi) ratio listed in Table 1. This closely follows the
difference between the jagged and smooth curves shown in Figure 1a. Also shown in Figure 1b are
estimated impacts from three large volcanic eruptions and additional smaller ones, as described in
the next section.
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3. Volcanoes and ENSO

Radiative forcing from volcanoes is divided into large transients and a low-level background. The
low-level background is all of the AOD up through 0.012. That threshold limit is chosen to be twice
the average of the low-level background from 1906–2012 rounded to the nearest 0.001. All with
AOD>0.012 are designated as transient. Multiplying the transient AOD by the factor -2.36◦C/AOD
listed in Table 1, lagging by 7 months, and taking the annual averages gives the negative curves
plotted in Figures 1b, 2a, and 2b. For this purpose there are three cases, all before 1950, that
are for volcanic eruptions that are extratropical, i.e. located more than 20 degrees of latitude
from the equator. Of those three cases, only the 1912 Katmai Novarupta eruption in Alaska
produced a calculated change of magnitude more than 0.003◦C. Details on why [9] and how a factor
somewhat less than 1 multiplies the -2.36◦C/AOD ratio for extratropical volcanoes are described
in Appendix A.
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Figure 2.Figure 2.Figure 2. (a) Globally and annually averaged temperature changes correlated with ENSO variations,
compared to cooling from large volcanic eruptions. (b) Differences between globally and annually
averaged temperature and its 1951–1980 average, compared to cooling from large volcanic eruptions.

Figure 2a shows the annually averaged four-month lagged product of the MEI index and the
0.080◦C/MEI factor listed in Table 1. The 1983 peak annually averaged cooling of following the
El Chinchón eruption and the largest twentieth century annual ENSO-associate warming in the
same year nearly cancel. The calculated sum of volcanic, ENSO-related, and Schwabe cycle tran-
sients for 1983 is −0.17 + 0.18 + 0.02 = 0.03◦C. By 1984, there is less calculated volcanic cooling,
but the ENSO-related transient has changed to slightly negative. The corresponding sum for 1984
is −0.10 − 0.02 − 0.01 = −0.13◦C. A consistent coincidence between volcanic cooling and dips in
the annually and globally average temperature plotted in Figure 2b is thus clearer in the two years
following the 1963 Gungung Agung and 1981 Pinatubo eruptions. These results illustrate why it
was considered useful to be able to subtract transient effects from the global average temperature in
preparation for calibrating parameters in the global heat balance equation against historical data.

Appendix A. Data and Methods

A.1. TSI Time Series. Estimates of annually averaged total solar irradiance from 1610–2018
came from the Laboratory for Atmospheric and Space Physics Interactive Solar Irradiance Data
Center (LISIRD) [10, 11, 12, 13]. For 2019, the difference between the averages of non-zero daily
satellite measurements of TSI [14, 15, 16] for 2019 and 2018 was added to the 2018 LISIRD number.



5

A.2. AOD Time Series. Monthly estimates of stratospheric aerosol optical depth [17] for 1850
through September of 2012 were obtained from the NASA Goddard Institute for Space Studies [18].
This contained all of the data needed to produce the volcanic cooling results shown above. As noted
above, that is for AOD values in excess of a threshold, set at 0.012 to make it twice the 1906–2012
average of the below-threshold AOD values of 0.00592, rounded to 0.006 because the GISS data
had three significant figures.

The threshold limit computed using 1906–2012 GISS AOD numbers was the same as that ob-
tained from June 1905–May 2019 AOD range that was used to check that no over threshold volcanic
eruptions produced a computed annually averaged global cooling after 1995. (For this purpose, to
extend AOD estimates through May of 2019, monthly estimates for 2001–2018 were found from
Carn et al. [19] and for 2018 through May of 2019 from Kloss et al. [20].) The 2001–2012 average
from Carn et al. was higher by 0.0294 than that average for GISS. That number was subtracted
from the 2013–2018 Carn et al. numbers, and the result was rounded to the nearest 0.001, and then
that result was appended to the GISS numbers. For January–May of 2019, the Kloss et al. AOD,
which was measured at a different wavelength, was multiplied by the year 2018 ratio 0.556 of the
shifted Carn et al. numbers to the year 2018 Kloss et al. numbers to extend the AOD estimates.
(The resulting average of below-threshold AOD was 0.00587, which also rounds to the 0.006 value
of half of the AOD threshold used.) The variation of below-threshold AOD by ±0.006 around a
pre-industrial average, and of associated radiative forcing and global average temperature impact,
is approximated for CAGE as a minor component of substantially larger random departures of
globally and annually averaged temperature from an underlying trend. So, no additional transients
from below-threshold variations in AOD are computed herein.

A.3. MEI Time Series. One time series used for the Multivariate ENSO Index included the
September 1905–August 2004 part of a 1871–2005 monthly time series [21, 22]. The other included
the September 2004–August 2019 part of 1979–November 2021 series [23]. The 1871 series has
zero mean and unit standard deviation. The 1979–2021 series is updated monthly and thus would
not be backward compatible if it were continually readjusted to have zero mean and unit standard
deviation.

Linear transformations of September 1905–August 1949 and September 1949–August 2004 parts
of the first above-mentioned MEI time series, and of the September 2004–August 2019 part of the
second MEI time series, converted all three to have zero mean and unit standard deviation. Each of
the three results and any combination thereof thus had zero mean. The standard deviations of both
the entire time series (September 1905–August 2019) and the last two (September 1949–August
2019) were 0.999. This approach was in preparation for comparing calibration of parameters in the
global heat balance equation against different spans of historical data.

A.4. Solar Forcing Fit. The method used to define the parameters in Table 1 is as follows. Fit
the 1610–2019 amplitude of a Grand solar cycle with a minimum in the middle year 1650 of the
Maunder minimum and a period of 842 years from the average of 710 and 975 year peaks in isotope-
derived solar power spectra [24]. Then add a constant plus cosine term to start a least squares fit
starting from an 88 year estimate of the Gleissberg period using residuals from the 1750-2019 part
of the Grand solar cycle fit. Fit the residuals from that fit with another constant plus cosine term,
starting the search with a 285 year period in the 282–292 range of intermediate periods for a years
4700-3500 before 1950 data stream not including a grand minimum, as described in McCracken
et al. [24]. The third cosine function is included to avoid the fit having a rising trend from 1905–
2019. Including the constant term in Table 2 ensures that this fit to solar radiative forcing is zero
in 1750.

A.5. Extratropical Volcanoes. Marshall et al. [9] compared differences in effective radiative
forcing (ERF) response in simulations of 41 pairs volcanic eruptions with different volumes of SO2
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emissions and locations for eruptions. For each level of SO2 emission and location, simulations were
done for eruptions at the beginning of the first full month of winter and of the first full month of
summer. They divided the locations into tropical (within 20 degrees latitude of the equator) and
extratropical. They found that the time it takes for spread of stratospheric haze from extratropical
winter eruptions leads to more change in ERF in the summer in the hemisphere of eruption,
compared to less change in ERF in that hemisphere for summer eruptions in that hemisphere.

The maximum of a set of random SO2 emissions volumes in the study by Marshall et al. was
much larger than the maximum twentieth century value. So, their supplementary material was
used for a re-analysis of the 13 pairs of cases with SO2 emissions less than 38 million metric tons
(a limit chosen to be approximately twice that of Mount Pinatubo emission of about 20 million
metric tonnes of SO2 [19]). The AOD for this set of cases was small enough that ratios of ERF to
AOD were fit for simplicity as a function of AOD, rather than as a function of 1+Exp(-AOD) as
in Marshall et al. The result was that there was more annually averaged ERF change for tropical
than extratropical eruptions, averaged over the twelve months following the eruption. The change
for winter eruptions was larger than for summer eruptions. The ratio of ERF from extratropical
summer and winter eruptions to the ERF from tropical eruptions was fit with the function

(A.1) r = 0.86 + 0.10 cos(2πf)

Here f is the fraction of a year between the first day of the first full month of winter and the time
of the eruption.

The monthly AOD values for extratropical eruptions for the first twelve months, including the
month of eruption, were multiplied by the factor r. That difference between ERF/AOD ratios for
extratropical and tropical eruptions averaged over the second year after eruption is 0.1 times that
for the first year, and so was not accounted for. The third year AOD for the twentieth century
extratropical eruptions was below the above-mentioned threshold level, so a correction factor similar
to r for third year after eruption was not needed.

The correction described here for difference between effects on global average temperature be-
tween tropical and extratropical volcanoes has a very small impact for twentieth century volcanoes.
It is accounted for here primarily as a reminder that globally averaged atmospheric optical depth
estimates are not necessarily by themselves always sufficient to estimate transient impacts on global
average temperature.
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