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CHAPTER 3.9

£cTION AND ATTRIBUTION: HOW IS THE SOLAR
DET AL IDENTIFIED AND DISTINGUISHED FROM THE
SIGNA- "R ESPONSE TO OTHER FORCINGS?

Kristoffer Rypdall, Martin Rypdal®' and Sverre Holm?

{ Introduction

There will always be variability in theo Eari.;h’s climate, even in the absence of
external forcing, like variation in solar irradiance, volcanic eruptions, or human-
oduced changes. The nature of internal climate variability is analogous to the
change of weather, just extrapolated to longer spatial and temporal scales. This
song of Nature” is comprised of a cacophony of frequencies corresponding to
e natural modes of the climate system and forms a background spectrum with
a pink-noise character. This means that the power spectral density of global
temperature to a crude approximation has the form S(f) ~ 1/f, for frequencies f
corresponding to periods from months to millennia. The shape of this spectrum
implies that internal variability on low frequencies (long time scales) is strong.
Another way to put this is that the climate exhibits correlations on long time
scales; sometimes described as long-range memory. The variability created by
these correlations constitutes a problem when we want to detect climate signals

and trends with external causes.

Signal detection means to establish the statistical significance of a trend,
'gbos?ilation, or a spatiotemporal pattern. This is successfully done if we can
ﬁﬁhSh.that it is very unlikely that the pattern of interest has arisen by chance
theng:mtemal baac.kground noise. Once a pattern has been successfully detected,
v 15sue s to identify a cause, or more general, to identify and assess the

% Y weight of a number of causes. This process is what we call attribution.
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2 Detection

[t is often claimed that the 11-year solar-cycle signal is detectab]e in

gl()ba]t

s . S .o A ‘. ; e

ature. However, this statement is not precise, since the term “Solar~CyCle Tber.
. . » ~ AR AT - Sl

refers to attribution, not to detection. Here, we shall illustrate how A, onal’

works by testing the hypothesis of a multidecadal oscillation ip th etection
temperature record. Numerous observational and some theoreticg]
that such an oscillation exists with main period around 70 years.
sharp and fixed, but as a crude model, we can represent is as g
period. The hypothesis is then that the temperature time series
the form:

T(t) =0 + At + Axsin(27 ft + ) + ow(t),

Studieg SUggeg
The Perio( iq ot
Sinusoid wit, thi
can be writte, in

(2.1)
where f has been fixed to about 70 years and w(t) is a random Process witp

standard deviation 0. The parameter ¢ represents the background temperatyye
level, ¢ the phase of the oscillation, while the interesting parameters are the trepg
coefficients A, and A, which represent the strengths of the linear and oscilla,tory
trends. The parameters can be estimated to give the best least-square fit tq the
observed record. We shall assume here for simplicity that the linear trend is g
physical reality and known. The method for testing whether the oscillation is real
1s to assume that the converse is true, i.e., to hypothesise that it can be described
as a natural fluctuation of the internal noise. This null hypothesis takes the form
0+ Ay t+e(0;t), where £(6;t) represents a model for the internal noise depending
on a set of parameters 6, which will be estimated by fitting to the observed data
When 6 has been estimated, we can generate an ensemble of synthetic samples sat-
isfying the null hypothesis and then fit the trend model Eq. (2.1) to each sample
series. For each sample, we find estimates (A;, A,) satistying the null hypothesis,
and we can build a probability density distribution (PDF) P(fll,/ig). In Fig-
ure la, we have plotted a contour of this joint PDF inside which the probability is
95%. Since (A, A2) estimated from the observation data (red dot) is outside this
contour, we may conclude that it is unlikely that it can occur by chance from the
null hypothesis. In Figure 1b we have plotted the cumulative probability function
(CDF) over the oscillation amplitude A,. The dotted line marks the 95% cumula-
tive probability and the full vertical line is A, estimated from the observed data.
This means that the observed amplitude is outside the 95% confidence interval of
the null hypothesis, and hence that the oscillation is statistically significant. We

have detected an oscillatory trend, but we have not attributed it to any particular
external cause.

3 Attribution by multiple regression

A standard method in attribution studies is that of multiple linear regfessmr:i'
The idea is to separate the climate signal into a number of components assumetS
to represent the climate response to individual forcings. Each of these con.flPOItlﬁzse
have a certain characteristic shape (or fingerprint). In order to determine
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): The 95% confidence contour (dashed) of the distribution P(Ay, A3) for global
pig. 1- (8 pirature obtained by the null model where £(0; ) is assumed to be a pink-noise
Jand tefgi’ DrOCESS. Observed trend coefficients are indicated by the red dot. (b): The
stoc;la;erive 4 from. P( A,) for this null model, with upper 95% confidence limit as dotted
(D e A, estimated from observation as full vertical line.

vertical line and th

fngerprints, We need models of some sort. Full-scale general circulation climate
models can be used, but often also simpler, conceptual models are useful. The
rationale for attribution studies is that even the most advanced climate models
may estimate wrongly the magnitude of individual responses, even though they
have got the fingerprints right. Hence, we may write the total climate signal T(t)
s a linear combination of the fingerprints. Consider, for instance, the global
temperature T'(t) and the fingerprints of various forcings and an internal mode.

Then we can write,
T(t) = csS(t) + cvV(t) + caA(t) + crI(t) + ow(t), (3.1)

Where. S(t),.V(t), and A(t) are the fingerprints of solar, volcanic, and anthro-
gftg.emc forcing, respectively, and I(t) is the fingerprint of the internal mode. The
resn:)g parameters cg, CV., ca, and cy translate each fingerprint into a temperature
toghﬁ,et; and can be estimated by minimizing the least square error with respect
bty tosfﬁ’ved data. A measure of how successfully the method attributes vari-
 variance th Jararious for cing components is to compute how much of the observed
P at 1s explained by the model.
~ One commop probl : : : .
factors £ R em with this approach is that if there are many causal
€r, and hence many parameters to fit, there is a risk of overfitting.

Tis
An"the:a;fotgi:;a. good fit can be obtained even though the result is unphysical.
: delayed by inertia,lis tfl:t t}.le fingerprints of forcing in general are distorted and
‘ the’OCean o IZyere cl:ima,te response caused by slow heat exchange between
B Y {Omingtanice le:g the deep ocean, sea ice, and ice sheets. This iner-
bg’whlle the res, : to a small response to the relatively fast solar cycle
- onsig, i1 ponse to slow trends in solar irradiance may be stronger,
(3 Vit thee ayed. Delay effects are not scsounted for in the regression
ooy lil\odel defining the fingerprint does not involve a dynamic

T 5- A conceptual model of such & dynamic response is described
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in Box 4.1. and in Figure 1lc, there one can observe a 0.1°C increase in teg,
ature in the period 1960-2010 atf ributed to solar irradiation, although th =

- ~ ' T st € 8o
forcing did not grow in this period. This increase 1s a delay effect of the ine lay

, i T B b : th Teasi
trend in solar irradiance during the first half of the 20 century. Note alsg thng
the 11-year solar-cycle signal in that figure 1s very weak. This is becang at

‘ € of the
inertia in the temperature response.

Sometimes crude approaches, such as studying the effect of remoy
ticular forcing component from a model, can provide convincing ev;
this forcing must be required to explain observed climate changes.
Box 4.1 demonstrates that natural forcing only (solar + volcanic)
the warming trend in global temperature over the last 50 years.

Ing 4 par-
den(:e that
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Fig. 2. Forced temperature change 1000-1979 AD according to the conceptual response
model. Grey curve is the observed temperature record as reconstructed from paleo-

proxies. (a) From total forcing. (b) From volcanic forcing. (c) From solar forcing. (d)
From anthropogenic forcing.

4 Attribution example using a conceptual model

Even though the natural forcing, including solar, seems unable to explain I e"",‘;ﬁ
global warming, it could have played a significant role in the near Pfe‘indusu,l h
past. In Figure 1 we have applied the same conceptual model as in Box 4.1, wit
the same model parameters as computed for the instrumental 20" century dattzlté
to the forcing reconstructed for the period 1000-1979 AD. We observe that -
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total forcing reproduces the large-scale features of the Northern-

o the :
respf)nss f’e (emperature reconstruction represented by the grey curve. It also
hemisPi© ot most of the temperature decline between the medieval warm period

h 1 s » -
appear® ;roun 41100 AD to the little ice age” peaking around 1650 AD is caused
eaking . ity. which was very low In the medieval period. It seems that only
. 1 of this temperature drop was caused by the reduction in solar irradiance

iated with the grand solar minimum called the Maunder minimum.
a5S0C

5 Attribution of solar signal in regional data

The solar signal in global temperal.:ure appears to be weak throughout the
2t century, but 1t may be stronger in regional and seasonal climate variability.
guch variability, associated with the 11-year cycle has been studied in some mod-
els, and several physical mechanisms of amplification of the solar forcing have been
proposed. For such signals, the attribution issue is mathematically complicated
<nce the fingerprints now depend both on space and time coordinates. One tech-
nique used for such studies 1s to decompose the spatial temperature field into pat-
erns called empirical orthogonal functions (EOFs), and these patterns are ranked
according to how much of the total variance they explain. Each EOF is multiplied
by a time-dependent coefficient, which is called the principal component of that
EOF. Often a few of these EOFs with their principal components explain most of
the variability and in some cases a particular principal component has a tempo-
ral fingerprint that matches the solar forcing signal. In such cases, the principal
component time series can be analysed by a multiple, linear regression model and
one can investigate how much of the variability of the climate mode corresponding
to the particular EOF can be attributed to solar forcing.

b Attribution of cycles

:%:ulcll?:db;fg Suggested that the multidecadal oscillation, whose significance was
by the o ection 2, can be attributed to cycles in the motion of the sun caused
analysesgl:;lihplan?ts‘ The rationale for such a proposal is that some spectral
Some Spectral € climate time series and time series for planetary motions show
Such g hYDotth-leS at the same frequencies. Two properties can be used to .test
mqn%tlon e .The first is to compare the stationarity of the spectr.al hr'les
ﬁ“" that in particular those at around 20 and 60 years. Lack of stationarity
ges Wlt}? }:f"t appears as a sharp frequency and phase ) ' . |
W équen ‘;mg, at%d can be investigated by different techniques FlaSSlﬁedW:HS
~ tabligheg €y analysis. Another technique is test for coherence USING tl.le
on of these kinds of

( _ agnitude squared coherence function. Applicati :
he stationarity and
ion driven by the

€ Coherg -h,.a’.te very clearly that the climate signal lacks t
i thae > Lhere are some more substantiated studies based on spectr
-?f;;-;. SUggest a connection between planetary motions and solar activity
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reconstructed from radio-isotope proxies over the last ten millennia, These results
are also controversial, however, and they do not imply that the corTespondip
spectral lines detected in solar activity have a discernible effect on the climate g

In general, the detection and attribution of cycles remains a topic of muc
controversy. It is known that there are cycles in the solar forcing due to variationg
in the orbit of the Earth around the Sun, and in the tilt and precession of the
Earth’s rotation axis. These so-called Milankovi¢ cycles have periods of thousans
of years and are thought to act as pacemakers of ice ages. The attribution of ice
ages and variability within ice ages to this orbital forcing, however, is not trivial,
and a number of unsolved issues remain.
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Fig. 3. (a): shows total forcing (blue), where the negative dips are due to volcamc
¥ eruptions, and forcing from total solar irradiance (magenta). The red curve is the tem—
154 perature response to the total forcing. Note that the three last dips due to eruptla'ns

¥

B nearly coincide with solar minima. (b): shows the response to the total forcing (red) and
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