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Abstract5

Global temperature (GT) changes over the 20th century and glacial-interglacial periods are6

commonly thought to be dominated by feedbacks, with relatively small direct effects from varia-7

tion of solar insolation. Here is presented a novel empirical and physically-based auto-regressive8

AR(1) model, where temperature response is the integral of the magnitude of solar forcing9

over its duration, and amplification increases with depth in the atmospheric/ocean system.10

The model explains 76% of the variation in GT from the 1950s by solar heating at a rate of11

0.06 ± 0.03KW−1m−2Y r−1 relative to the solar constant of 1366Wm−2. Miss-specification12

of long-equilibrium dynamics by empirical fitting methods (as shown by poor performance on13

simulated time series) and atmospheric forcing assumptions have likely resulted in underestima-14

tion of solar influence. The solar accumulation model is proposed as a credible mechanism for15

explaining both paleoclimatic temperature variability and present-day warming through high16

sensitivity to solar irradiance anomaly.17

1 Introduction18

The solar contribution to global warming since the mid-20th century is not settled (e.g. [1], vs.19

[2]). The flat warming/cooling rate of 0.1 ± 0.2W/m2 ocean heat content anomaly has not been20
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reconciled with the computed large, positive radiative imbalance of 0.6 ± 0.3W/m2 ([3] and [4]).21

Climate models exhibit a tropical, upper tropospheric ’hotspot’ that has not yet been observed22

[5, 6].23

Examples of this sort suggest, contrary to conventional views [7], that factors may be missing24

that are critical to system understanding. Here we describe physics-based and empirical support25

for the resolution of these and other difficulties via accumulation of solar irradiation anomaly. The26

total variation in solar irradiation (TSI) available to influence GT directly is extremely low. For27

example, TSI at the surface varies by about 0.2W/m2 over the 11 year solar cycle, by 0.3W/m2 last28

century [8] and 0.5W/m2 over 100,000 year orbital variations [9]. These small changes in flux would29

immediately alter the temperature of a black body less than 0.1K using the linear Plank response30

of 0.3K/W/m2. Accumulation of heat from 0.1W/m2 for a one year, however, would move 3.1x10631

Joules of heat (31x106 sec/Yr) to the ocean, heating the mixed zone to 150m by about 0.006K (4.232

J/gK), producing the observed GT increase of 0.6K in 100 years and a glacial/interglacial transition33

in 1000 years.34

2 Models35

Consider the Sun at equilibrium with the Earth’s surface. An increase in the shortwave radiation36

∆S will cause mass C to accumulate heat and increase temperature ∆T . The temperature stops37

increasing when the outgoing longwave radiation ∆L equals ∆S, determined by λ∆L = ∆T where38

λ is in units of Kelvin per Watt per meter squared (K/Wm2). The Earth will lose heat in a39

controlled fashion, proportional to the extra T over the equilibrium. In this basic energy balance40

model (EBM), small lambda means fast and direct relations to the forcing; large lambda means41

large, slow increases to equilibrium related by a ordinary differential equation [10]:42

C
dT

dt
= S − T

λ
(1)
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The discrete form of Eqn. 1 is a first order autoregressive AR(1) model:43

Tt = (1− 1

Cλ
)Tt−1 +

St−1
C

+ ε (2)

The AR recurrence model has physical meaning: a = 1 − 1
Cλ is the fractional accumulation44

of heat at each time step and 1 − a is the fractional loss or leakage. Tau, τ = 1
1−a is both the45

characteristic decay time and the system gain, that with the dilution of heat (and so temperature)46

by the mass C determines sensitivity to a forcing at equilibrium (Fig. 1).47

There is a tendency to parameterize surface GT with a single or a small number of short response48

times. If outgoing radiation is relatively unresponsive to changes in temperature then a → 1 and49

τ → ∞, and Eqn. 2 approximates a random walk, generated by a simple accumulation of heat50

relative to an equilibrium level forcing S0.51

lim
a→1

T (t) =
1

C

t∑
i=0

(Si − S0) (3)

More generally, a system composed of several recurrence equations with coefficients 0 < a < 152

is a Markov chain. It shows long-term memory behavior f−α where 1 < α < 2 [11]. A large τ will53

dominate overall system behavior, and given the long response time of the ocean mass, should not54

be ignored in empirical models.55

AR(n) and moving average MA(n) models, where n is the number of lagged terms, are the basis56

of time series analysis. MA(n) is a finite, moving average model, and can be related to the AR(1)57

model after n steps with constant forcing S as follows:58

Tn = a(...(aT0 +
S

C
)...) +

S

C
= anT0 +

S

C

n∑
t=0

at (4)
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The summation term of the right hand side approximates a finite n-lag MA(n) exponential filter.59

When 0 < a < 1, as n → ∞ then anT0 → 0, and the infinite limit of the geometric series goes to60

the equilibrium sensitivity Ts = τS/C. The sum of the finite n coefficients, usually estimated by a61

statistical MA fitting routine, gives the MA(n) gain.62

3 Results63

The systems associated with these models can be identified both by statistical test of their charac-64

teristics, such Box-Jenkins procedures [12], and also by robust tests. Previous studies confirm that65

GT data sets normally test as AR(1) or ’red noise’ processes [13]. Box-Jenkins procedures [12] on66

GT datasets show an exponentially declining autocorrelation function (ACF) and partial-ACF that67

goes to zero at lag=2. By contrast, an MA series shows the opposite ACF and PACF profile. As68

the input to Eqn. 2 is free, but the response is rate limited, the response to random input should69

show slower falls than rises, evidenced by an asymmetric distribution of differences. The mean and70

median of the temperature differences from GT datasets: the EPICA Dome C 800KYr Ice Core [14]71

data, the surface GT record HadCRUTv3GL [15], and the temperature in the lower troposphere72

(TLT [16]) are 0.01 > 0.07K, 0.005 > 0.003K, −0.002 > −0.009K respectively, consistent with73

asymmetry and thus output control.74

The main characteristic of an accumulation systems is an output proportional to the integral75

of the input [17]. Thus, output will be more strongly correlated with the cumulative sum of the76

input than with the input itself. Fig 2 illustrates the direct (red) and accumulated (black) relation77

to solar irradiance of a range of temperature indices (values listed on Table 1). Satellite-measured78

atmospheric (TTS, TLT), surface data (HadCRU), ocean heat content (OHC) are plotted against79

solar irradiance [18]. A millennial temperature proxy (Moberg [19]) is plotted against sun-spot80

record [20]. The 8000 kYr year EPICA ice-core data are plotted against irradiance from orbital81

variations in the Southern hemisphere [21]. With the exception of the upper atmosphere (TTS,82

discussed below), the correlation of accumulated solar irradiance greatly exceeds correlation of the83

direct relationship. Integrated solar insolation dominates global temperature dynamics over all84
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time scales.85

Table 2 lists the estimates of AR parameters for a range of GT datasets by decreasing height:86

AR is the autocorrelation of the Ti with Ti+1, and SD the standard deviation of the residuals.87

The AR in the troposphere decreases from 0.1 to 0.9 at the surface, corresponding to a response88

time τ , or system gain from 1 to 10 times the forcing. Two millennial proxy datasets differ at89

0.93 [22], and 0.74 [19], while the AR of the 800,000 year EPICA ice-core data is 0.97. The AR90

of the datasets is linearly related to the log of height (R2=0.98 in the troposphere), indicative of91

increasing accumulation dynamics with depth, possibly related to the density of the atmosphere92

(see Fig. 6).93

While the previous results illustrate the AR structure of the atmosphere over the short term,94

we now examine the long-term maximum decay time. The spectral power density of combined GT95

series over periods spanning 106 to 10−2 years (Fig. 3) (solid grey line) is inversely related to period96

f−α. The range between 1 < α < 2 is indicated by lower and upper dashed grey lines respectively.97

While distortions are a concern, such as attenuation of variance at higher frequencies by averaging98

and geographic biases, and the Antarctic location of the EPICA record, the result is consistent99

with the range of stochastic diffusion processes in the coupled atmosphere-ocean system [23].100

The f−α spectral scaling shows no clear maximum, indicative of a extremely large τ (or nearly101

infinite amplification). A possible kickpoint lies between 20ka to 40ka, which by control theory at102

2π times the characteristic decay time [17] indicates a τ of at least 3500. Thus for all practical103

purposes, accumulation dominates the system dynamics. For example, if the standard deviation is104

0.1K at the scale of one year, accumulation pre-determines variation over longer periods: 0.23K in105

10 years, 0.46K in 100 years, 0.69K in 1000 years and 1.38K over the million years.106

The use of MA(0) multiple regressions and MA(n) finite exponential filters on AR(1) systems107

(e.g. [2]) is questionable not only because a large number of sensitivity λ and lag τ parameters108

risk overfitting, but also because a finite n-lag MA(n) underestimates the contribution of long-109

equilibrium effects. We evaluate AR(1) models for potential biases in estimates of the parameters110

with the use of simulated data. Fig. 4 shows the estimated gain from: MA(0) simple regression,111
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short filter MA(2), long filter MA(10) and AR(1) on simulated AR(1) models at intrinsic gains of112

2, 5 and 10 (150 steps, 30 repetitions, a constant forcing of S and random error equal to one).113

The MA(n) greatly underestimate the known gain, with bias increasing with higher gain because114

the MA(n) models integrate over shorter time intervals than the equilibration time. The AR(1)115

model is the least biased. Multiple regression studies are, therefore, miss-specified (e.g. [24]), and116

studies using a short MA model (e.g. [2]) have seriously underestimated the potential contribution117

of long-equilibrium forcings.118

3.1 Post-1950 Warming119

We now fit Eqn. 2 to a number of surface temperature datasets [15, 25] using TSI from [18] as the120

independent variable (Table 3) over the common years 1882 to 2008. In all cases, the independent121

TSI term is significant (Pi) and the correlation high (R2). The accumulation of TSI on the Had-122

CRUT3vGL dataset is 0.06± 0.03K/Wm2/Y r when TSI is above or below an equilibrium TSI of123

86.2/0.063 = 1365.9Wm2 (recovering the solar constant from the empirical data). Thus, the tem-124

perature of 159 meters of water would increase by 0.06K after one year at 1W/m2, implying that C125

in the Eqn. 2 has a mass equivalent to the tropical ocean mixed zone over this time-scale. The sen-126

sitivity to monthly sunspot number (SS) from the NASA Marshall Flight Center is 0.0001K/SS/Y r127

with an equilibrium of approximately 200 sunspots per annum, and lower correlations.128

Accumulated irradiance above equilibrium (CumSolar) to HadCRUT3vGL accounts for 73%129

(blue) and 76% (red including volcanics) of the variation (Fig. 5). By comparison, the direct TSI130

has extremely low correlation (orange) (R2=0.024). An additional, compelling finding is zero time131

lag by cross-correlation of CumSolar with temperature, while temperature lags TSI by one year.132

The inclusion of a trend term in the regression, such as from increasing GHGs, was not significant133

(p=0.43 for HadCRUTv3GL and similar for others) and did not improve the model. The confidence134

interval of the residual trend was 0.0008 ± 0.0011K/Y r indicating with 95% confidence that the135

limit of detection (LOD) of a residual trend is less than 0.3K per century (Table 3 LODs are136

0.29, 0.26, 0.26 and 0.12K per century respectively). The solar accumulation model is, therefore, a137
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sufficient explanation for the rise in GT since 1950.138

The EBM can be used to distinguish between patterns of warming from enhanced greenhouse139

effect (EGE) due an increase in the optical density throughout the atmospheric profile, and from140

natural solar warming ([26] Fig. 9.1). AR and C both increase with decreasing altitude (Fig. 6,141

triangles, thin black line, extrapolated elevation of 200m). The equilibrium sensitivity Ts = τS/C142

with respect to AR height, a, can be expressed as Ta(1− a) ∝ S. (The x-axis of Fig. 6 represents143

units of AR, decadal temperature change and forcing.) With constant forcing implied by EGE and144

S = 0.03, the calculated temperature profile (thick gray dashed line) resembles the mean model145

projections from [27] (thick gray line), especially the upper troposphere GHG ’hotspot’ at 10km or146

300mbar.147

The altitudinal profile of forcing with a constant temperature change of T = 0.3 over the profile148

(dashed black line) implies a peak forcing in the lower troposphere at 2km, or 800mbar. This largely149

matches the profile (red band) derived from the mean heights of satellite GT measurements from150

1979 (green band) and predicts an increase in mid-troposphere overturning anomaly. Thus, the151

equilibrium model replicates the climate model outputs under the EGE assumption of a constant152

forcing over the profile, but peak warming is unrealistically high in the troposphere.153

As shown above, uniform temperature rise over the profile agrees better with lower-troposphere154

trends than uniform forcing. This is realistic for a body in thermal contact, noting also that uniform155

forcing over the range of AR leads to a singularity at one. The model also predicts a difference in the156

effectiveness of solar and GHG forcings. A forcing weighted exerted towards the lower AR=1 level157

of the profile, such as solar radiation, will have higher gain (and so larger effects on temperature)158

than an atmospheric forcing in the higher levels of the profile, such as GHGs, where AR<1.159

3.2 Climate Sensitivity160

Let us interpret the estimation climate sensitivity in light of the accumulation model. If we let161

the heat flux at the top of atmosphere (TOA) be an independent random variable (i.e. AR=0),162

the temperature series are progressively decorrelated down through the atmospheric profile, due163
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to the statistics of the accumulation process. The (almost) random walk at the bottom (AR=0.9)164

would be almost uncorrelated with the TOA. Determinations of climate sensitivity by correlation165

of TOA (y axis) with the change in global temperature (x axis) are, therefore, questionable [28, 29].166

For example, Fig 7 is a scatter plot of a simulated AR(1)=0 series and its AR(1) accumulant at167

AR=0.5 (mid-troposphere) and AR=0.9 (surface). The trend at AR=0.5 is steep, and the trend168

at AR=0.9 is low, supposedly indicative of low and high sensitivity respectively. Furthermore, the169

high AR on Fig 7 shows striation and spiral patterns indicative of ’non-forced decadal variability’170

[28]. However, these phenomena are simply artifacts of the autocorrelation structure of the system,171

and unrelated to intrinsic sensitivity.172

As follows from thermal conductivity, a sustained temperature change at any level will eventually173

be equilibrated throughout the lapse rate, the surface and deep ocean. The relative effect of a174

distributed forcing can be determined by integrating the T (a − a2) = S over the atmospheric175

profile. Thus, a one degree change at the surface where AR=0.9 would require a forcing of one176

eleventh, while a forcing distributed evenly through the atmosphere, like a GHG, would be one177

sixth, i.e.:178 ∫
(a− a2)da = [a

2

2 −
a3

3 ]10 = 1
6179

If these assumptions resemble the distribution of solar and GHG forcings, they would explain,180

to a first approximation, high solar sensitivity with low GHG sensitivity. However, the dominant181

response of the system is determined not only by the autocorrelation AR, but also by the attenuation182

of heat into the high AR, oceanic, accumulators [30, 10].183

4 Discussion184

An appropriate physics-based model is essential for designing and interpreting empirical analysis.185

The dynamics generated by an integration process in which the output is proportion to the in-186

tegration of the input, lead to quite different results from a directly proportional process. Most187

importantly, accumulation is a mechanism for the apparent high sensitivity of GT to solar varia-188

8



tions.189

The objections that by direct correlation the amplitude of the 11 year solar cycle is no more190

than a few hundredths of a degree [31], the trend in TSI since 1950 has been small [32], and in191

the wrong direction since the Grand Solar Maximum in 1986 [33], incorrectly assume a fast and192

direct solar influence. Inadequate short-exponential MA filters bias downward the contribution193

of the slow-equilibrium process. Such methods greatly underestimate the contribution of slow,194

accumulated forcings from the Sun.195

Most of the variation and rise of GT since 1950, with the correct phase of the solar cycle, can196

be explained by the gain or loss of 0.06 ± 0.03C/Wm2/Y r when TSI differs from the equilibrium197

solar constant of S0 = 1365.9Wm2. These results are consistent with phenomenological analysis198

attributing of over half the GT change since the 1970’s to natural climate oscillations [1] and the199

flat warming/cooling rate of 0.1 ± 0.2W/m2 ocean heat content anomaly since 2003 [3] (Fig. 5).200

As is well known, solar activity during the past 70 years is exceptional for at least 8,000 years [20]201

and this study describes the mechanism whereby this activity could produce the strong warming202

observed during the past three decades.203

Net anthropogenic forcings may confound the determination of the equilibrium level S0 for204

post 1950 warming, and consequently the relative solar contribution to recent warming is quite205

uncertain. This uncertainty does not arise over longer time scales where the S0 may be taken as206

the mean over the period. Many observations are explained by the accumulative model, such as207

higher correlation of integrated solar intensity over six orders of time, the f−α spectral response of208

temperature over paleoclimatic timescales, asymmetric differences, the statistical characteristics of209

atmospheric time-series, the agreement with the atmospheric profile of warming, and many more.210

The conventional statement (H0) that changes in GHG concentrations explain the majority211

of recent and paleoclimatic variability [34] stands in opposition to the alternative (Ha) that GT212

dynamics are indistinguishable from accumulation of solar heat, with changes in GHGs and surface213

albedo maintaining the AR structure of the atmosphere. Note that the Ha does not exclude the214

possibility of observable effects from rising GHG concentrations, whereas H0 excludes the possibility215
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of distinct solar effects. Exotic solar effects on climate such as solar modulated galactic cosmic216

(gamma) ray fluxes and clouds [35] affect the magnitude of solar forcing, and not the accumulation217

dynamics.218

Climate models explain recent warming in terms of GHG increases, but suffer from a number219

of limitations that mitigate against interpreting the match of model with observations as proof of220

dominance by GHGs. They are known to underestimate the observed response to solar forcing221

[36], and poor parametrisation of ocean mixing parameters exaggerates warming from GHGs [4],222

as energy flows across the thermocline [30] are up to 50 times less than used in climate models223

[30, 10]. We have simulated an upper troposphere ’hotspot’ seen in the climate model projections,224

but not yet observed [27, 5], with a constant forcing assumption due to increased optical depth of225

GHGs. The opacity of CO2 by spectral studies of the upper atmosphere and fingerprint attribution226

studies are also subject to large uncertainties [37] and confounding influences, ie. ozone depletion227

also cools the upper stratosphere.228
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Figure 1: Response of an AR(1) model to a step forcing S (black) for a range of coefficients (gray).
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Figure 2: Direct correlation of global temperature (red) and the cumulative sum (black) with solar
insolation from the annual to million year time scales.
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Figure 3: Power density spectrum of GT datasets over 1Ma (fit is solid grey line) and the f−1

(lower dashed) and f−2 (upper dashed) lines, and a possible maximum amplitude at 40,000 years.
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Figure 4: The recovery of known gains by models. AR(1) model with gains of 2 (squares), 5
(circles), and 10 (triangles) by simple regression MA(0), short exponential MA(2), long exponential
MA(10), and an AR(1) model.
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solar irradiance and solar constant (orange) is on the lower axis.
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Figure 6: Application of equilibrium relationship between temperature and forcing over atmospheric
profile. The AR (x-axis) varies linearly with the log of altitude (triangles, thin black line). Calcu-
lated temperature change (in K/decade on x-axis) over the profile assuming constant forcing (thick
gray dashed line) agrees with mean climate model projections from [27] (thick gray line). Forcing
over height (in W/m2 also on x-axis) (red band) implied by observed satellite warming trends from
1979 (green band) agrees with calculated forcing assuming constant temperature change over the
profile (dashed black line).
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Figure 7: The correlation of a random (AR(1)=0) series with its accumulants at AR=0.5 (mid-
troposphere) and AR=0.9 (surface). The trend is indicative or relative position in the profile, and
not the inherent the climate sensitivity.
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7 Tables331

R2 Direct R2 Integ

TTS 0.01 0.00
TLT 0.00 0.23

HadCRU 0.01 0.56
OHC 0.00 0.69

Moberg 0.01 0.30
EPICA 0.00 0.03

Table 1: Direct correlation of temperature indices with solar insolation (R2 Direct) and with the
cumulative sum of the insolation anomaly (R2 Integ).

Km AR sd1 SD Tau

UAH 18 0.43 0.16 0.18 1.7
TLT 10 0.48 0.16 0.18 1.9

TMT 5 0.25 0.18 0.16 1.3
TTS 2 0.12 0.21 0.17 1.1
TLS 2 0.75 0.12 0.27 3.9

HadCRU 0 0.91 0.03 0.11 11.3
HadSST 0 0.90 0.03 0.11 9.8
HadLST 0 0.84 0.04 0.17 6.4

GISS 0 0.88 0.04 0.11 8.7
loehle 0.93 0.04 0.09 14.1

moberg 0.74 0.07 0.12 3.9
vosreg 0.97 0.01 0.75 29.3

Table 2: Estimates of the AR coefficients and standard deviation of residuals (SD) for a range of
GT datasets.
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C/Wm2/Yr Tau W/m2 R2 Pi

HadCRU 0.0527 10.8 1366.0 0.87 0.06
HadSST 0.0571 8.1 1366.1 0.84 0.05
HadLST 0.0836 7.1 1365.9 0.79 0.06

GISS 0.0589 6.9 1365.8 0.81 0.07

Table 3: Parameter estimates of the regression (Eqn 2) from annual GT with Lean et.al. 2001
annual solar irradiance data: K/Wm2/Yr - climate sensitivity, Tau - intrinsic gain, W/m2 - the
derived solar constant, R2 is the correlation coefficient and Pi the p-value of the independent
variable, annual solar irradiance.
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