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1. Dansk resumeé

Kurven for solpletperiodens lasngde opdateres og sammenlignes med Jordens middeltemperatur. Det
vises at de statistiske betingelser for anvendel se af mindste kvadraters metode er tilstede hvis de
oprindelige data, der blev brugt i 1991 af Friis-Christensen og Lassen, bruges, men at disse

betingel ser ikke opfyldes nér nyere data, fra samme kilde (CRU i England), anvendes. En tilpasning
med hgj kvalitet til T kurven, ved brug af data for SCL og forcering fra drivhusgasser samt vulkaner,
er mulig hvisforceringerne forskydesi overenstemmel se med den forventede kausalitet imellem
forceringer og klima. De sneste data for temperaturen pa den nordligehal vkugles landomrader viser
et tydeligt "hop’ i de sidste 10 ar hvilketmedfarer en yderligere afvigelseimellem kurven for T og
den skalerede SCL kurve.

2. Abstract

The curve for the solar cycle length is updated and compared to the mean (NH) land temperature
curve. It isshown thah the statistical requirements for using ordinary leats squares to find a match
existsfor the data originally used by Friis-Christensen and Lassen in 1991, but that more recent data
from the same soruce as used before no longer allows the use of such a method. A fit of high quality
between the forcings represented by SCL, volcanoes, and greenhouse gassesand T isfound if the
forcings are shifted in accordance with the expected causality between forcings and climate. The
latest data for the northern hemisphere land temperatures shows a distinct 'jump’ for the last 10
years, which accounts for the enhancement of the gap bteween T and the scaled SCL curve.
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3. Introduction

The relationship between NH land mean temperature and solar cycle length was discussed in
EFCKL91 and rose to be a frequently cited paper in the sun-climate field (see Figure 3.1). The use
of the solar cycle length as a proxy for the solar influence on the climate is based on the observation
that cycle length and height are somewhat inversely proportional, so that short cycles tend to be
intense and long ones less intense, in terms of attained sunspot numbers at maximum. Sunspot
extrema (dates of maxima and minima) are better known back in time than are the actual sunspot
numbers, so the use of solar cycle lengths as a proxy for solar activity is attractive.

Citations/Puhblication Year for 19915¢i...254..698F
24
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22 - Refereed

20 4 [ Total citations: 207
1 [ Total refereed: 181

18 -

16 H -

14 -

0 L e o B
1991 1994 1997 2000 2003 2006 2009
Puhblication Year

Figure 3.1: The number of annual citations of the paper EFCKL91, according to the ADS, whichis
not a complete source of citation data.

Several factors under solar control vary with the solar cycle: Solar irradiance seems to be governed
on decadal and shorter timescales by the activity level in the photosphere - periods with many
sunspots and faculae correspond to periods with higher irradiance in the visual range of the
spectrum. In the ultraviolet the flux increases much more than in the visual range during high solar
activity. The flow of ionising galactic cosmic rays also appears to be governed by the level of solar
activity since turbulence in the heliosphere acts as a scattering opacity on the flow of GCR towards
Earth with active periods corresponding to lower GC flux at Earth. Likewise, relativistic electron
flux enhancements occur during periods of strong geo-magnetic activity which is governed by solar
activity, and these ionising electrons may play arolein the global electric circuit, as do protons
injected from solar storms and the galactic cosmic rays.

Thus, the level of solar activity may be influencing the climate system in several ways - through
direct variations in irradiance; through variationsin ionising UV light which plays arolein the
formation of ozone and therefore might be influencing stratospheric dynamics and the
stratosphere-troposphere coupling; through variationsin the flux of penetrating ionising galactic
cosmic rays which have been suggested to modify the processes of cloud nucleation nuclel
formation and the global electric circuit, and through higher-level modifications of the conductivity
of the high atmosphere and thus the global electric circuit.
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If these factors are proportional to the level of solar activity, then the solar cycle length may be an
excellent although probably composite and complex proxy for these factors. Eddy (1976) was one of
thefirst to note the relationship between solar cycle length and levels of solar activity in a framework
related to climatic influences. EFCKL91 used smoothed values of the SCL curve, using three- and
5-point filters variously called 121 and 12221 after the weights employed and applied to cycle
lengths. The fit shown by EFCKL91 between NH land temperatures (binned according to solar cycle
extrema) and the SCL 121 curve was very good and suggestive of a physical relationship between
smoothed solar activity levels and mean temperatures.

In 2000 there were more data available for both the solar cycle and temperatures and the SCL121-T
relationship was revisited (TL0O0). It was shown that temperatures appeared to have outrun the

SCL 121 curve - agood fit was no longer possible using the latest data, and it was suggested that this
was a sign of the increasing influence of greenhouse gasses on global mean temperatures, but the
GHG forcing was not included as a regressor.

A quite apparent lag seemsto exist between the SCL 121 curve and the temperature curve with

SCL 1212 rising before the T rise in the 1920-50s, implying that solar forcing rose first and then
temperatures followed. Thisis not an unreasonable interpretation since the climate system has some
sort of inertia due to the coupling of the atmosphere to the huge heat capacity of the ocean. Other
factors influencing the climate should have similar lags and thisis an ideawe will investigate in the
present work, when we include GHG forcing as a regressor.

Thereisaparticular problem with imposing lags on very smooth slowly rising factors - shifting the
curve may be equivalent to applying a multiplicative factor to the un-shifted curve. This problem has
bearing on the quality of the fit aswell as the value of the regression constant found. It is therefore
necessary to consider whether the new regressors are added in order to gain new insight (by using
the value of the coefficients found - e.g. for climate sensitivity studies) or just to compensate for
otherwise unexplained variance.

Theissue of unexplained variance israised in the present work to an extent not donein EFCKL91 or
TLOO: In thefirst work regression as such was not performed - afit by eye was performed by shifting
and scaling the SCL 121 curve until it fitted the T curve well. In TLOO the issue of unexplained
variance as seen in residual structure was discussed but no formal steps were taken to address the
issues that follow from such a problem, other than limiting the range of abscissae for use in the
regression and discussing the residuals outside this range. Unexplained variance can be due to many
things, as we shall discuss here. Some of the reasons can be addressed by allowing lags on the
regressors, if such alagis sensiblein terms of physics and causality. Other reasons - such as
variance due to internal climate system dynamics, which cannot be modelled historically - can be
dealt with with so called econometric regression methods, and we shall discuss these.
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4. The solar cycle

The solar cycle length curve is based on extrema dates of the sunspot cycle - maxima and minima.
The dates for observed extrema used in the present work are taken from the NGDC list "MINIMA
AND MAXIMA OF SUNSPOT NUMBER CY CLES" presently available at
ftp://ftp.ngdc.noaa.gov/STP/SOLAR_DATA/SUNSPOT_NUMBERS/maxmin.new. Thislist is
updated as new ’official’ sunspot minimaand maxima dates become available. The extrema dates
are determined by a panel of solar science experts. The version downloaded in December 2008 is
showninfigure 4.1

The last official extremum is thus the maximum in 2000.3. Since then the Sun has reached a
minimum in 2007 - but the actual minimum date has not yet been agreed upon since the next cycle,
cycle 24, at the time of writing (December 2008), had not yet started. The start of asolar cycleis
usually heralded by the appearance of high-latitude sunspots of reversed polarity. In January 4 2008
areverse-polarity sunspot was observed. However, there has not been many more so the onset of
cycle 24 seems to be waiting.

We will sidestep this question for now, and merely make ' best estimates' of the date for the
minimum in 2007/8, based on what experts say, and then estimate future extrema entirely on the
basis of the mean observed solar cycle length - simply generating future expected extremum dates
from previous ones by addition of the mean solar cycle length (11.0 years - see Table 4.1).

We will adopt the date for the minimum between cycles 23 and 24 as occurring on 2008.0.

The adopted and estimated extrema used in thiswork are shown in table 9.1 while the observed
extrema of table 4.1 are used as given there.
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5. The SCL curve

The SCL values, as used in the works of EFCKL91 and KLEFC95 and TL OO, are a composite of
weighted values from the dates of the maxima and minima. Briefly, the procedure is the following:

e Listsof cyclelengthsand central years are generated separately for the maxima and minima.
Cyclelengths are the differences between adjacent extrema of same kind. The central year is
the average of the epochs of these extrema.

e the separate lists of cycle lengths are smoothed with a three-point sliding window (weights are
1/4,1/2, and 1/4 - for brevity called the 1-2-1 filter). The central year of the middlevalueis
retained as the time index.

e thelistsfor central years and 121-weighted solar cycle lengths (called SCL121 from now on)
are joined and sorted by ascending central year.

Figure 5.1 shows the resulting curve, along with uncertainty estimates. Over-plotted are previously
published SCL 121 values.
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Figure 4.1: The NGDC list of solar cycle extrema, downloaded December 2008

MINIMA AND MAXIMA OF SUNSPOT NUMBER CYCLES

Sunspot Year Smallest Year

Cycle of

Largest
Smoothed of Smoothed

Rise

to Max
Number Minx Monthly Meansx Maxx Monthly Meanxx

to Min

Fall Cycle

(Yrs)

Length
(Yrs) (Yrs)

W U1 U1 O WO NBEHRDNDOOU OO WNINDDND U U o

- 1610.8 -- 1615.5 --
- 1619.0 -- 1626.0 --
- 1634.0 -- 1639.5 --
- 1645.0 -- 1649.0 --
- 1655.0 -- 1660.0 --
- 1666.0 -- 1675.0 --
- 1679.5 -- 1685.0 --
- 1689.5 -- 1693.0 --
- 1698.0 -- 1705.5 --
- 1712.0 -- 1718.2 --
- 1723.5 -- 1727.5 --
- 1734.0 -- 1738.7 --
- 1745.0 -- 1750.3 92.
1 1755.2 8.4 1761.5 86.
2 1766.5 11.2 1769.7 115.
3 1775.5 7.2 1778 .4 158.
4 1784 .7 9.5 1788.1 141.
5 1798.3 3.2 1805.2 49
6 1810.6 0.0 1816.4 48
7 1823.3 0.1 1829.9 71.
8 1833.9 7.3 1837.2 146
9 1843.5 10.5 1848.1 131.
10 1856.0 3.2 1860.1 97.
11 1867.2 5.2 1870.6 140.
12 1878.9 2.2 1883.9 74 .
13 1889.6 5.0 1894.1 87.
14 1901.7 2.6 1907.0 64.
15 1913.6 1.5 1917.6 105
16 1923.6 5.6 1928.4 78
17 1933.8 3.4 1937.4 119
18 1944 .2 7.7 1947.5 151
19 1954.3 3.4 1957.9 201
20 1964.9 9.6 1968.9 110
21 1976.5 12.2 1979.9 164
22 1986.8 12.3 1989.6 158
23 1996.4%xx 8.0 2000.3%%% 120
Mean Cycle Values 6.1 113.2

*When observations permit,

a date selected as either a cycle minimum or maxi-

mum is based in part on an average of the times extremes are reached in the

monthly mean sunspot number,

in the smoothed monthly mean sunspot number, and

in the monthly mean number of spot groups alone. Two more measures are used
at time of sunspot minimum: the number of spotless days and the frequency of
of "old" and "new" cycle spot groups.
*xThe smoothed monthly mean sunspot number is defined here as the arithmetic
average of two sequential 12-month running means of monthly mean numbers.

occurrence

**xMay 1996 marks the mathematical minimum of Cycle 23.

October 1996 marks the

consensus minimum determined by an international group of solar physicists.
April 2000 marks the mathematical maximum of Cycle 23. However, several
other solar indices (e.g., 10.7 cm solar radio flux)

secondar
Www.dmi.dﬁ/

maximum in late 2001.
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Figure 5.1: The solar cycle length (SCL) curve. Previously published curves are plotted (dotted
(Thell and Lassen, 2000) and dashed (Friis-Christensen and Lassen, 1991) lines) and the 2009
updated curve (solid line with filled dots) are shown. The 1-2-1 weighting scheme has been used -
see text for details. The annotations can be used to identify data points: 1 is based on observed solar
cycle minima, except for the 2007/8 minimum estimated to occur in 2008.0, 2 is based on observed
solar cycle maxima, except for the maximum estimated to occur in 2011.3, points 3 and 4 are based
on two estimated extrema and are thus less reliable than 1 and 2. Uncertainties are shows as the thin
curves and are based on estimated uncertainties of 0.5 years for observed extremaand 1, 1.25 and
1.5 yearsfor extrema 1,2 and 3 stepsinto the future.
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Table 6.1: Temperature series used in thiswork. They all give NH land temperatures. The plots of
binned T values are shown in Figure 6.2

0- The NH land temperature dataset - called CRUTEM 3 - downloaded in December 2008 from
. http://www.cru.uea.ac.uk/cru/dataltemperature/ The provisional annual mean value is used
even if the December measurement is not included.

1- Theseriesused in EFCKL91

e 2- A series complete to end of 1998 (Jones, private communication 1998)

3 - Another series complete to end of 1999 (Jones, pc, 2000)

6. The NH mean land temperature curve

NH mean land temperatures are generated in order to make a comparison to the SCL121 curve. This
can be donein several ways. For reasons of continuity we choose the method of averaging first used
in EFCKL91, and further investigated, as "method C", in Thejll and Lassen (2000). It consists of
forming bin averages.

We have four sources of mean NH temperature anomalies. These are al NH land temperatures, as
originally used in EFCKL91. The new data for temperature used in this report were acquired from
the Climate Research Unit at University of Norwich (CRU) home page for such data (
http://www.cru.uea.ac.uk/cru/dataltemperature/ ). Earlier versions of the data - as used in EFCKL91
and TLOO, are no longer distributed from this homepage, but are available from the author*. The four
temperature series, plotted in Figure 6.1, are listed in Table 6.1.

The binning is performed on bins defined by the extrema of the solar cycle curve, as explained under
"method C" in Thejll and Lassen (2000). That is, adjacent same-type extrema (max-max or
min-min) are used to delimit a period in time one solar cycle in length (variable in time) and the
mean temperature values falling in that interval are averaged to form the bin mean.

The four thus binned mean temperature series are shown in Figure 6.2. One notices how high the
most recent seriesis for the last few points. several tenths of degrees higher than the three other
series. We also note that the last points on the two other curvesthat lie just beyond year 2000 have
jumped in the new data. Thisindicates a significant change in the data provided from CRU for the
last decade or so, and the cause of the changes remain unclear at this point in time. We note that all
curves have altered their appearance at almost all dates, and yet the describe the same thing - the NH
land temperature. How isthis possible?

The database used to calculate large-area means are continually updated as more historic data are
found and submitted to the database. Thisis an ongoing job and therefore values for temperature in
the past will continue to change. This suggests one explanation that is possible for the jump in the
curvein the last decade: Perhaps a backlog of data became available sometime recently and were
added to the database.

!Conceivably, past versions of the CRU data are available through internet archive services:
http://www.archive.org/index.php
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Figure 6.3 shows the difference between the NH land temperature in the CRUTEM 3 dataset and the
SH land temperature. A large differenceis observed near the end of the time sequence. It isentirely
consistent with our qualitative understanding of globa warming to see this pattern of differences:
The NH land areas warm up much faster, given external forcing, than the SH areas which are more
influenced by the damping effect of the oceans that dominate the SH. Whether the magnitude of the
difference isrealistic can be estimated from a coupled land-ocean model with realistic forcings and
description of land and ocean. We use the GLIMPSE model output [Stendel et al., 2006], and show
the difference in temperature between the NH land areas and SH land areas since model year 1900 in
Figure 6.4. Why thereis a mean difference of about 2 degrees is not understood. The variability,
however, is of the same order as seen in redlity.

Upon being asked, Phil Jones at the CRU, replied that ' back data can be up to 3 yearsold’. We plot
annual values of the data seriesin Figure 6.5. It would appear that the strong el Nino of 1998 was
not fully expressed in the data series we collected near year 2000. In the recent datathe ENSO is
expressed fully. Thisis probably as Jones explains due to a backlog of data. Nevertheless, the level
of the years 2000 and onwards seems to be elevated by 0.2 degrees C over the trend estimated for the
years before. Itisthis’lift’ that is seen in the plots of binned datain Figure 6.2 - the binning we
emply has straddled the end of the old data and the new data and has had an effect on the last two bin
values of the new curve.
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7. The relationship between SCL121 and binned

mean temperature

In EFCKL91 the temperature curve and the SCL 121 curves were compared and plotted together. In

TL OO the relationship between the two curves was determined from aleast squares fitting procedure
using a date-restricted range of data. We will here follow this method and see what the ’ best looking’
relationship between the two curvesislike, and explore formal statistical aspects of the relationship.

The regression between SCL 121 and the binned mean land temperature is performed using the
ordinary least squares (OLS) method. The data between AD 1885 and AD 1970 were used. The
results for the conversion factor between SCL121 and temperature are shown in Table 9.6, along
with other statistical quantities describing the quality of the regression fit.

The OLS method is based on the assumption that the regression residuals are "i.i.d" - that is,
independent and identically distributed. These two assumptions may not be met by the residualsin
which case the results may be biased or have biased uncertainty estimates. We can use the
auto-regression of the residuals, as well as the so-called Durbin-Watson statistic (e.g. Draper and
Smith, 1981, section 3.11), to evaluate the level of autocorrelation in the residuals.

In Table 9.6 we see that the autocorrelation is not near zero, and the decorrelation time can be
estimated to be from 10 to 30 years for the four temperature series - i.e. more than the average point
spacing, which is an indicator that there is dependence between pointsin the residual series.

The DW statistic d indicates whether residuals are autocorrelated or not - if they are autocorrel ated
they cannot be assumed to be independent and then basic conditionsfor OLS are not met. d is
calculated as

Si(ri —rim)?

d:
si7

(7.1)

where r isthe time series of the residuals. d can lie between 0 and 4. Positive autocorrelation in a
series r tends to generate d’s below 2 while negative autocorrelation (rare) gives d's above 2.

The"i.i.d" requirement also contains a requirement that the residuals are identically distributed, i.e.
that they are stationary in terms of mean value and standard deviation. We will not test for this
property here, although such tests have been described by Benestad (2008). We will only inspect the
DW statistic here.

7.0.1 1885 - 1970

The DW statistic d will asymptotically attain the value 2 for along un-correlated series, but we have
alimited sample of 15 data points. We fit two parameters (an intercept and the factor converting
SCL 121 into degrees C) and must therefore use the DW tables with n=15 and k=2 and a priori
choose a significance level «. We choose the 5% level. Draper and Smith (1981) gives values of the
significance levels d;, and d; which are functions of the number of pointsin the series and the
number of parameters determined in the regression. Table 3.2 in DS81 is inspected and we find that
d;, and d; are 1.08 and 1.36, respectively. Similar tables can be found at
http://www.stanford.edu/~clint/bench/dwcrit.htm.
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The value for d, from Table 9.6 must be compared to these valuesin order to test the null hypothesis.
Thetest proceeds as follows: For d < d; we can regject the null hypothesisthat there is no positive
autocorrelation, for d > dy; we can reject the hypothesisthat there is no negative autocorrelation, and
for d;, < d < dy the DW test is unfortunately indeterminate.

Theresult is that positive autocorrelation in the residuals can be ruled out in two cases; that thereis
positive autocorrelation in one case; and one case isindeterminate. In all four cases negative
autocorrelation in the residuals can be ruled out. We note here that the data originally used in
EFCKL91 passesthe DW test - i.e. the application of OLS in thiscaseisvalid asthe residuals do not
test positive (or inconclusive) for positive autocorrelation, nor for negative. This also appliesfor the
dataused in TLOO but for recent data the test for positive autocorrelation isinconclusive, and a
warning flag must be raised.

7.0.2 1850 - 1970

Theinterval used to perform the regression above was not the full interval available. Thiswas done
for reasons of continuity with methods and choices applied in TL0OO. We can use other intervals - for
instance, we can expand the lower limit to AD 1850. The results are shown in Table 9.7.

Here, k=2, n=21 and d; and d;; are 1.22 and 1.42 respectively. For three of the T serieswe find

dy, < d < dy inwhich case the DW test isinconclusive. For the fourth series we can reject (at the
5% level) the null hypothesis. In al four cases we can rule out negative autocorrelation in the
residuals. In summary, we have signs of positive autocorrelation in the residuals for one case, and
cannot say whether there is positive autocorrelation or not in the other three. Use of OLSin all cases
istherefore controversial from a statistical point of view.

We conclude that aregression method is needed for those cases where positive autocorrelation in the
residualsisindicated or cannot be ruled ouit.

7.1 Why are the residuals not "i.i.d"?

Understanding why the residuals may not be "i.i.d" can give insight into relationship between the
regressor and the regressand. A list of possible reasons for non-iidness include:

e theregressor and regressand may not be physically related
e regressors may be missing

¢ there may be aphysical link between the regressor and the regressand that is not expressible
by contemporaneous values of the two series - i.e. atimelag may bein order

Thefirst possibility is discussed in the published sun-climate literature. The second possibility will
be investigated next by including more, physically probable, regressors, such as aterm for the
influence due to greenhouse gasses and aterm for the impact of volcanic aerosols. The third
possibility will be investigated at the end.

7.2 Missing regressors: including greenhouse gasses and
volcanoes

Thisisdoneusing [Myhreet al., 2001] GHG forcing data. The results are shown in Table 9.8, and
the actua regression fits are shown in Figures 7.1-7.2.
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Evidently, the DW test for positive serial correlation in residuals still tests positive (one case) or is
indeterminate (three cases), while negative serial correlation in the residuals can be ruled out in all
cases. The hope that adding regressors to the regression model would eliminate residual structure
has not worked out. Looking at the fits and the residualsit would seem that the SCL curve leads the
T curve, indicating that some sort of 1ag structure should be considered.

7.2.1 Missing regressors: What if you do not know them?

When it isknow or suspected that a regressor has been omitted from the regression model it is
possibleto deal with the residual structure directly and thus avoid the need to know the missing
regressors.

Thefield of econometrics has devel oped methods to handle these situations, see Ramanathan (2002).
One ssimple method is the so-called Cochrane-Orcutt (CO) method which has been explored for
geophysical applicationsin Thejll and Schmith (2005). The CO method isa modified OL S method
which includes an extra regressor, namely the weighted residuals. The weight must have that value
which causes the residuals of the CO regression to become "i.i.d", and can be found iteratively or by
determining it in an overall minimisation approach.

When the residual structure is present but is suspected to be due to a physically based lagging
relationship between the regressor and the regressand - such as an external forcing causing a climate
response that appears with alag due to the climate systems thermal inertia - then one cannot hope to
retrieve a meaningful regression relationship by using the CO method; instead, the lag structure of
the series should be explored for insight on the causality relationship.

7.3 Lagged regressors: Causality testing

We repest thefit of T against GHG forcing and SCL121 allowing for lagsin the SCL121 curve. We
could of course also consider lags in the GHG curve but due to its amost monotonic rise there will
be little effect of doing this. We report the result of alowing a shift on the GHG curve below.

We use datafrom 1850 to 1990 this time, which gives n=26. In the DW test we have to set k=4 since
one more parameter - the shifts - is being determined. For different lags on the SCL121 curve the
results are shown in Table 9.9. We test lags on the SCL 121 curve from -3 to +3 steps - where
positive shifts move the SCL 121 curve into the future. We see that for three out of four T seriesa
positive shift of 1 step explains the most variance - for the fourth series the most variance is
explained for alag of 2 steps. We also see that the decorrelation timeis at a minimum for these same
lags. The DW test indicates indeterminacy for three of four cases in terms of positive serial
autocorrelation, while one series allows arejection of the null hypothesis of positive residual
correlation. By allowing shifted regressors we have thus removed the one positive DW test which
indicated presence of positive serial correlation, without lags, and we have turned one indeterminate
test into anull rgection.

Figure 7.3 showsthe fits.

7.3.1 Shifting also the GHG curve

To some degree the climate system should respond to changes in external forcing in similar ways.
Therefore we expect that if ashift isrequired in the SCL121 curve then a shift is also needed in the
GHG curve - and in any other curves representing external forcing.
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Shifting the GHG curve by the same amount as the SCL 121 curve gave results shown in Table 9.10.

We used GHG datafrom [Myhre et al., 2001] and since these tables end in 2000 we have to
extrapolate to avid problems with end-effects when we shift the data. We extend the forcing due to
the combined GHGs in Myhre by to 2015 using a 1.2% increase in the forcing from year to year -
thisgives arather linear extension of the Myhre data. See Figure 7.4.

From Table 9.10 we see that only one series - the series originally used in EFCKL91 passes the DW
test. The most recent series for temperature fails in the sense that the DW test indicates the presence
of positive seria correlation in the residuals and the tests for the other two series are indeterminate.

In Table 9.11 we repeat what we did for Table 9.10 but using only the same set of years. Thislimits
the longer newer series to the same years that were available for the work in EFCKL91. We see that
the results are slightly different - the original series from EFCKL91 still isthe only one to passthe
DW test, but now the other series at least do not fail the test - the test is merely indeterminate. The
"winning lags are also slightly different now. It would appear that adding the data for the years since
EFCKL91 has one effect on the matter, but that the choice of seriesalso isrelevant: That is, there
may be some property of the T series assembled since the first data series was produced by the CRU.
Perhapsit istherapid risein the later years or it isthe subtle changes in shape before those years -
due to small changes in avail able data and perhaps treatment methods at the CRU.

7.3.2 Granger causality

The use of lagged regressors implies that we should look at the so-called ’ Granger Causality’ (GC)
which is a concept from econometrics. The presence of GC impliesthat a physical causal
relationship from regressor(s) to regressand could be present, but does not proveit. The GC test is
based on a set of regressions with variously lagged regressor(s). If past values of aregressor
correlate well with the regressand while future values of the same regressor(s) do not, then GC is
indicated by the test. We have such arelationship here - as seen in Tables 9.9 and 9.10, negative
shifts on the regressor does not correlate well with the regressand, while positive shifts of 1 (and 2)
does: Thisisthe basisfor the presence of a GC relationship from the regressors and the regressand.

The GC test is more than showing that past values of the regressors give the regressand; the issue of
serially correlated residuals also enters the picture. We shall go no further into thistopic here, but it
iscoveredin [Reichel et a., 2001]. At the moment we note that only the original EFCKL91 series
gives no serialy correlated residuals, and that OL S therefore is an acceptable technique for relating
GHG and SCL121 to mean T for that series.

7.3.3 Cochrane-Orcutt

We now investigate whether the CO method can be used to perform aregression in the cases where
theresiduals are either serially correlated or may be so. Rather than experimenting with adding more
regressors (volcanic forcing, or ENSO, for instance) we shall assume that there may be inherently
autocorrelated internal dynamics not related to the ENSO in the climate system: We cannot hope to
model this and therefore must expect it to appear in the residual s to some extent. We need the CO
method which offers away to remove the problem with the autocorrelated residuals.

However, it turns out (not shown) that the CO method does not solve the problem satisfactorily for
the cases which fail the DW test for OLS. Applying ’pre-whitening’ by regressing first differenced
series (regressors and regressand) against each other also does not solve the problem. These methods
are related to each other.
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7.4 Influential data points

It isof interest to inspect the regression in each case and see which data points are influential. This
can help us understand which parts of the data drive the fit. Some points may turn out to have a
positive influence on the fit quality while others may actually have the opposite effect: Such
observations can for instance help us understand whether we have missing regressors.

For each regression performed with OL S we withhold one data point at the time and make a new
regression and calculate the variance explained before and after. We then plot the change in variance
explained and look at the plot (Figure 7.5). In this example the data point near 1890 clearly has a
harmful influence on the overall variance explained since exclusion of the point causes variance
explained to increase. The last data pointsin the 20'th century have the opposite effect - omitting
them causes variance explained to decrease.

We summarise in Table 9.12 the information about the influence of single data pointsfor each of the
four T series and for the two choices of extent of data series - namely "all data possible for each
series, and 'same yearsfor al series’. It would appear that there is a systematic effect of points at
1870 and 1890 and the several last points. The point at 1890 (or 1870, depending on the data series
and shiftsinvolved) has a value that is not explained by the regressors - this could be a hint that a
regressor ismissing or that the data point is erroneous. Only physical factors that are short lived in
time could explain that this point alone has the value it has - perhaps there is a strong vol canic effect
in 1890 (or 1870)? The data range near the end of the series seem to be important to include as the
regressors are able to explain the variance - these data’drive’ thefit.

7.4.1 Including volcanic forcing

We next test the influence of volcanic forcing on the fit. We take volcanic forcing data from
[Myhreet al., 2001], as used in the GLIMPSE model run, and bin it aswe did for GHG. We test the
effect of shifting volcanic forcing, and also without shifts when GHG and SCL 1212 are shifted. This
is done because the effect of volcano eruptions on the climate is know to be almost prompt, but
extends over afew years after the eruption.

We find that only in the case of the original time series used in EFCKL91 isthere an improvement in
the fit when volcanic forcing isincluded. The improvement occurs only when there is no shift on the
volcanic forcing. The effect of including volcanic forcing is mainly one of reducing the influence of
the point near 1890 - it halvesin size. Thisimpliesthat the model hasimproved there. Thereisalso
some effect near 1970 of opposite sign - the influence of that point has grown somewhat, implying
that inclusion of volcanic forcing highlights the gap between model and observationsin that "dip’
near 1970. It isthe 1990's volcanism that has had an effect on the late-20th century temperature and
thus highlights the difficulties there are with explaining the 1970’s minimum in temperature. The
overall effect of including volcanic forcing is one of improving the fit and reducing the tendency for
individual pointsto have alarge influence on the overall fit.
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8. Summary and Discussion

8.1 Summary

We havetried to relate data series for NH land temperatures, solar cycle lengths and greenhouse gas
forcing to each other with regression methods in order to provide an update of the work originally
presented in EFCKL91 and later updated in TLOO.

We have extended the T and SCL 121 curves because new data have become available since TLOO -
in essence one more data point can be added to the SCL 121 curve, which is defined by the solar
cycle minima and maxima. We have projected the solar cycle curve into the future using reasonable
epochs for future extremain order to avoid edge-effects, aswas donein TLOO. Thisisdone mainly
to enable use of the latest T data, which otherwise would have to be discarded. We have also
extended the expected forcing due to greenhouse gases using amost linear extrapolation from the
level and trendsin 2000 and before. This also enables the use of all datain recent decades. We have
used data-management techniques (averaging and binning) that ensures continuity with previous
method choices.

We have applied ordinary least squares methods, focusing on the need to test whether the conditions
for the use of OL S are met. Thisis done by inspecting the residuals for serial correlation. We have
seen that without an imposed shift on the SCL 121 curve of 1 or 2 steps (about 6 or 12 years) we
could not attain zero serial correlation in residuals. Thislead-lag structure was previously used to
investigate the concept of Granger Causality between the T and SCL series. Such considerations of
lags were not exploited in the original work in EFCKL91.

We imposed a similar lag on the GHG curve from the point of view that forcings with a slowly
varying nature, whether solar or radiative, should have about the same effects on the climate system
and should thus have the same lags.

We finally found that only the original T mean curve could be modelled with OLS using SCL121
and GHG as regressors - newer updates of the curve did not alow an OL S regression to be formed
without serial correlation in the residuals. Methods that try to solve serial correlation in residuals
with concepts related to differencing (pre-whitening) failed.

8.2 Discussion
What do we make of these results?

Itis apparently possible to find agood fit using OL S between the original T seriesfor NH land
temperature and SCL 121 and GHG, if you allow shiftsin the regressors. It is apparently not possible
to find a good relationship using newer updates of that T series, even if we additionally throw in
tricks that try to solve the problem of the serially correlated residuals.

We showed that curtailing all data series to the length of the original series used in EFCKL91
improved the situation slightly, but, probably due to small changes in the CRU data prior to the
1990’s, the DW test did not passin all cases - it till isonly indeterminate for the three new series.
When the data for the 90's and up to now are added the OL S approach fails for one series (the
newest update from CRU) while it is still indeterminate for the other two (used in TL0OO). No amount
of fancy statistics could remove the serial correlation in the residuals for the newest update.
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The above situation can be resolved in various ways.

e Perhaps the regressors are not physically linked to T, and any previous successes were dueto a
statistical fluke

e Perhapsthe regressors are physicaly linked to T, and the presently observed failures are flukes

e Perhapstheregressorsand T are related, even for the latest T data, but in away (nonlinearly,
for instance) that cannot be adressed with linear methods.

Finally, we note that the temperature datafrom CRU show signsof a’lift" in their level, for the last
10 yearsor so. Not only have al the historical values of CRUTEM 3 changed subtly, but the ENSO
in 1998 is now fully expressed in the new data, and the level of the rising data for the years since
1998 appears to have 'jumped’. Thisjump accounts for the substantial rise in binned T values
observed in thiswork, and has caused the previous missmatch between SCL121 and T for recent
decades to take on an even extremer appearance.
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9. Tables and Figures

Table9.1: List of adopted and estimated solar cycle extremaused in this work, and estimated
uncertainties, inyears. 'm’ and’M’ indicate minimaand maxima respectively. The minimum in
2008.0 is based on the absence of observed reverse-polarity high-latitude sunspots at that time: At
the time of writing (Dec 2008) there were however still no clear signsthat Cycle 24 had started.
Other extrema are estimated by adding 11 years to the previous extremum of that kind - 11 years
being the average of solar cycle lengths since 1610 AD according to the NGDC list of minimaand
maxima shown in table 4.1.

| Epoch A m/M |

20080 05 m
20113 10 M
20190 10 m
20223 125 M
m
M
m

2030.0 1.25
20333 15
20410 15
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Table 9.2: SCL valuesfor solar cycle maxima.

| Epoch m/M A L Ctr. SCL121 A |
16395 M 05

95 16443 10.88 0.25
16490 M 05

11.0 16545 1163 0.25
1660.0 M 05

150 16675 1275 025
16750 M 05

10.0 1680.0 10.75 0.25
16850 M 05

80 1689.0 963 025
16930 M 05

125 16993 1142 025
17065 M 05

127 17119 1180 0.25
17182 M 05

9.3 17229 10.63 0.25
17275 ™M 05

112 17331 1083 025
17387 M 05

116 17445 1140 0.25
17503 M 05

11.2 17559 1055 0.25
17615 M 05

8.2 1765.6 9.07 0.25
1769.7 M 05

8.7 17741 8.83 0.25
17784 M 05

9.7 17833 1130 0.25
17881 M 05

171 1796.7 1377 025
18052 M 05

11.2 18108 1325 0.25
18164 M 05

135 18232 11.38 0.25
18209 M 05

73 18336 975 025
18372 M 05

109 18427 1027 025
18481 M 05

120 18541 11.35 0.25
1860.1 M 05

105 18654 1158 0.25
18706 M 05

133 18773 11.83 025
18839 M 05
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Table 9.3: Table 9.2 continued. Valuesin cursive are based on estimates of maxima epochs.

Epoch m/M A L Ctr. SCL121 A |
18839 M 05

10.2 1889.0 1165 0.25
18941 M 05

129 19006 1165 0.25
19070 M 05

106 19123 1123 0.25
19176 M 0.5

10.8 19230 10.30 0.25
19284 M 05

9.0 19329 9.73 0.25
19374 M 0.5

10.1 19425 9.90 0.25
19475 M 0.5

104 1952.7 1048 0.25
19579 M 05

11.0 19634 1085 0.25
19689 M 05

11.0 19744 10.68 0.25
19799 M 05

9.7 19848 1028 0.25
19806 M 05

10.7 1995.0 1053 0.33
20003 M 05

11.0 2005.8
2011.3 M 10
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Figure 6.2: Four mean temperature curves, from CRU, are shown binned into bins defined by the
extrema of the solar cycle (seetext for details). Each curve is shown as the anomaly with respect to
that curves mean in the period from 1960 to 1990. The annotations are defined in Table 6.1.
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Figure 6.3: Differencein the CRUTEM3 NH land and SH land temperatures.
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Figure 6.4: Differencein the GLIMPSE AOGCM model run for NH land and SH land temperatures.
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Figure 6.5: Four annual-mean NH land temperature curves, from CRU.
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Figure 7.2: Multivariate regressions using GHG and SCL 121 without lags.
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Figure 7.4: GHG forcings due to GHG concentrations due to [Myhre et a., 2001]. The data beyond
2000 are extrapolated using a 1.2% annual increase.
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Table 9.4: SCL valuesfor solar cycle minima.

| Epoch m/M A L Ctr. SCL121 A |
16340 m 05

11.0 16395 11.75 025
16450 m 05

10.0 1650.0 1050 0.25
16550 m 05

11.0 16605 11.38 0.25
16660 m 05

135 16728 1200 0.25
16795 m 05

10.0 16845 1050 0.25
16895 m 05

85 16938 1025 0.25
16980 m 05

140 17050 1200 0.25
17120 m 05

115 17178 1188 0.25
17235 m 05

105 17288 1088 0.25
17340 m 05

11.0 17395 1067 025
17450 m 05

10.2 1750.1 1067 0.25
17552 m 05

11.3 17609 1045 0.25
17665 m 05

9.0 1771.0 9.63 0.25
17755 m 05

9.2 1780.1 1025 0.25
17847 m 05

136 17915 1218 025
17983 m 05

123 18045 1273 025
18106 m 05

127 18170 1208 0.25
18233 m 05

10.6 18286 1088 0.25
18339 m 05

9.6 1838.7 1057 0.25
18435 m 05

125 18498 1145 025
1856.0 m 05

11.2 18616 1165 0.25
1867.2 m 05

11.7 18731 11.33 025
18789 m 05
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Table 9.5: Table 9.4 continued. Valuesin cursive are based on estimates of minima epochs.

Epoch m/M A L Ctr. SCL121 A |
18789 m 05

10.7 1884.3 11.30 0.25
18896 m 05

121 18957 11.70 0.25
1901.7 m 05

11.9 1907.7 1148 0.25
19136 m 05

10.0 19186 1053 0.25
19236 m 05

10.2 1928.7 10.20 0.25
19338 m 05

104 1939.0 10.27 0.25
19442 m 05

10.1 19493 1030 0.25
19543 m 05

106 19596 10.73 0.25
19649 m 05

11.6 1970.7 11.02 0.25
19765 m 05

10.3 1981.7 1045 0.25
1986.8 m 05

9.6 19916 1028 0.25
19964 m 05

11.6 20022 1095 0.33
20080 m 05

11.0 20135
20190 m 10
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Table 9.6: Resultsfor OLS between AD 1885 and 1970. Columns are: 1=OL S slope, 2=standard deviation of slope, 3=lag one autocorrelation of
residuals, 4=(1+acl)/(1-acl), the decorrelation time in units of point spacing, 5=4 expressed in years given an average distance between points of 5.7
years; thisis an estimate of the decorrelation timein years for the residuals, 6=the Durbin-Watson test statistic d of the residuals, 6=DW test outcome
(P: indicates the result of the test for positive autocorrelation and N: the results of the test for negative autocorrelation), and 7=the name of the
temperature series. There are 15 data pointsin the residual series.

| dope ogpe  aCl tau tau*5.7 DW DWtest T seriesname |

-0.221 0.044 0435 2537 14463 1364 P?2N:no OUTPUT/NH_land Tmean.datTmean SCL121

-0.238 0.041 0.294 1.834 10453 1651 P:no,N:no OUTPUT/Tmonthly Jones86updated88.dataTmean SCL 121
-0.244 0.048 0.352 2.088 11902 1599 P:no,N:no OUTPUT/Tmonthly Jones98.dataTmean_SCL 121

-0.181 0.055 0.674 5.136 29.278 0.678 P:yesN:no OUTPUT/Tmonthly Jones99.dataTmean_SCL 121
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Table 9.8: Multivariate regression based on SCL121 and GHG - both without shifts. There are 21 data pointsin the residuals.

Cc kscr, kamc 0. Oscrn OcHG acl tau tau*5.7 d dtest T seriesname
1250 -0.153 0.233 - 0.032 0036 0351 2080 11.855 1.184 P:?2N:no  NH_land Tmean.datTmean SCL 121
1797 -0.187 0.15%6 - 0.031 0035 0.303 1868 10.646 1.360 P:?2N:no  Tmonthly_Jones86updated88.dataTmean SCL 121
1411 -0.164 0229 - 0.037 0041 0377 2212 12608 1.156 P:?2N:no  Tmonthly Jones98.dataTmean_SCL 121
0.820 -0.104 0.188 - 0.038 0.042 0663 4935 28127 0.659 P:yesN:no Tmonthly Jones99.dataTmean SCL121
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Table 9.10: Best results when both SCL 121 and GHG are shifted. Tests were performed for shifts from -3 to 3 points, but only the ’best’ in the sense
that explained variance is highest, are shown here. Note that the lags are not the same. For each series the maximum number of data-points were used,
based on the availability of T data (thisis not the same in each series). The number of available pointsis given in the column labelled 'n'.

7 _QD C kscr, kawa 0. Oscr ogua acl tau tau*5.7 d P N R? n T serieshame 7
2 0565 -0103 0477 - 0035 0035 0593 3918 22331 0795 1 -1 0928 29 O
1 1863 -0193 0179 - 0.027 0.034 0077 1168 6.65% 1.799 -1 -1 0890 26 1
2 1051 -0138 0375 - 0030 0.032 0443 2590 14765 1152 0 -1 0923 28 2
2 0984 -0123 0292 - 0027 0.030 0491 2928 16687 1135 0 -1 0900 28 3
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Table 9.12:

Series years bestlag Positiveinfluenceon R? Negative influence on R?
0 al +2 last several points near 1890 and 1870

1 al +1 last several points near 1890

2 al +2 last several points near 1890 and 1870

3 al +2 last several points near 1890 and 1870

0 same +1 last several points near 1890

1 same +1 last several points near 1890

2 same +2 last several points near 1870

3 same +2 last several points near 1870
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