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Abstract

We are used to the weather — climate dichotomy, yet the great majority of the spectral
variance of atmospheric fields is in the continuous “background” and this defines in-
stead a trichotomy with a “macroweather” regime in the intermediate range ~ 10 days
to 30yr. In the weather, macroweather and climate regimes, exponents characterize
the type of variability over the entire ranges and it is natural to identify them with qual-
itatively different synergies of nonlinear dynamical mechanisms that repeat scale after
scale. Since climate models are essentially meteorological models (although with ex-
tra couplings) it is thus important to determine whether they currently model all three
regimes. Using Last Millennium simulations from four GCM’s, we show that control runs
only reproduce macroweather and that runs with various (reconstructed) climate forc-
ings do somewhat better but have overly weak multicentennial variabilities. A possible
explanation is that the models lack — or inadequately treat — important slow “climate”
processes such as land-ice or deep ocean dynamics.

1 Introduction

The justification for using GCM’s to model the climate was succinctly expressed by
Bryson (1997): “weather forecasting is usually treated as an initial value problem
...climatology deals primarily with a boundary condition problem and the patterns
and climate devolving there from”. The main theoretical criticism of this view is that
“nonlinear feedbacks (i.e. two way fluxes) between the air, land, and water eliminate
an interpretation of the ocean-atmosphere and land-atmosphere interfaces as bound-
aries. . .these interfaces become interactive mediums. .. (that) must therefore neces-
sarily be considered as part of the predictive system” (Pielke, 1998). More generally
from a modelling perspective, it seems plausible that the real problem is how to couple
“fast” atmospheric processes with a multitude of “slow” climate processes such as land-
ice or deep ocean currents. The necessary couplings may simply not be achievable by
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simply adding more and more “climate forcings” in the form of slowly changing bound-
ary conditions to the fundamentally fast GCM dynamics.

While this debate is important, it needs to be informed by empirical evidence. Before
reviewing quantitative analyses, consider Fig. 1 that shows examples of temperatures
from weather scales (1h) and at two lower resolutions (top curves, 20 days and 1
century). Other atmospheric fields (wind, humidity, precipitation, etc.) are qualitatively
the same at least up to the limits of instrument data i.e. ~ 150yr; see Lovejoy and
Schertzer (2012b) and for a review, Lovejoy and Schertzer (2012e). We see that the
weather curves “wandey up or down resembling a drunkard’s walk so that tempera-
ture differences typically increase over larger and larger distances and over longer and
longer periods. In contrast, the 20 day resolution curve has a totally different character
with upward fluctuations typically being followed by nearly cancelling downward ones.
Averages over longer and longer times tend to converge, apparently vindicating the
conventional idea that “the climate is what you expect”: we anticipate that at decadal or
at least centennial scales that averages will be virtually constant with only slow, small
amplitude variations. However the century scale curve (top) shows that on the contrary
the temperature once again “wanders” in a weather — like manner (quantified in Fig. 2).
There are thus three qualitatively different regimes — not two. While the high frequency
regime is clearly the weather and the low frequency regime the climate, the new “in
between” regime was described as a “spectral plateau”, then “low frequency weather”
and later dubbed “macroweather” since it is a kind of large scale weather whose statis-
tics are well reproduced by control runs of GCM’s (and stochastic cascade models,
see below); it is not a small scale climate regime, Lovejoy and Schertzer (2012e).
This trichotomy has been confirmed in several composite wide scale range analyses
(Lovejoy and Schertzer, 1986; Pelletier, 1998; Huybers and Curry, 2006a; see Table 1,
Fig. 2, also Wunsch, 2003) yet the implications have not been widely considered. In
this paper we consider the consequences for GCM climate modelling: do GCM’s model
macroweather, the climate or both?
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2 Fluctuations

Let us quantify the analysis of Fig. 1 using fluctuations rather than the spectra shown
in Fig. 2. Consider a regime where the mean temperature fluctuation <AT >varies as a
function of time scale (Af) as <AT >~ At where H is the fluctuation (also called “non-
conservation”) exponent (“<.>” indicates statistical averaging). When H >0, fluctuations
increase with scale, when H<0, they decrease. To see if this explains the “wandering”
and “cancelling” in Fig. 1, we must estimate the fluctuations. Although they are usually
defined by the absolute difference AT between T at time f and at time ¢ + At, this is not
sufficient here. Instead we should use the absolute difference of the mean between ¢
and f + At/2 and between t + At/2 and t + At. Technically, this corresponds to defining
fluctuations using “Haar” wavelets rather than “poor man’s” wavelets. While the latter is
adequate for fluctuations increasing with scale (i.e. H>0), mean absolute differences
cannot decrease and so when H<O0, they do not correctly estimate fluctuations. The
Haar fluctuation (which is useful for —1<H<1) is particularly easy to understand since
(with proper “calibration”) in regions where H>0, it can be made very close to the differ-
ence fluctuation (the differencing dominates over the averaging) and in regions where
H<O0, it can be made close to another simple to interpret “tendency fluctuation” (the
averaging dominates over the differencing). While other techniques such as Detrended
Fluctuation Analysis (Peng et al., 1994; Kantelhardt et al., 2002; Monetti et al., 2003)
perform just as well for determining exponents, they have the disadvantage that their
fluctuations (which are standard deviations of the residues of polynomial regressions
on the running sum of the original series) are not at all easy to interpret (for a summary
see Lovejoy and Schertzer, 2012d and for details see Lovejoy and Schertzer, 2012c).

Beyond the first order (mean) statistics, the variation of the fluctuations with scale can
be quantified by their gth order statistics, the structure function S, (At) is particularly
convenient:

Sq(Dt) = (AT (A1)7) (1)
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where “(.)” indicates ensemble averaging. In a scaling regime, S,(At) is a power law;

S,(At) ~ At*9 where the exponent ¢(q) = gH — K (q) and K (q) characterizes the scal-
ing intermittency (with K (1) =0) and H is the fluctuation exponent introduced above.
In the macroweather regime K(2) is small (» 0.01-0.03), so that the RMS variation

Sz(Az‘)V2 (denoted simply S(At) below) has the exponent ¢(2)/2 ~ ¢(1) = H. In the cli-
mate regime the intermittency correction is a bit larger (Schmitt et al., 1995) (~ 0.12)
but the error in using this approximation (~ 0.06) will be neglected.

When S(At) is estimated for various in situ, reanalysis, multiproxy and paleo tem-
peratures, one obtains Fig. 3 (see also Fig. 4). The key points to note are (a) the
three qualitatively different regimes: weather, macroweather and climate with S(At)
respectively increasing, decreasing and increasing again with scale (H,,>0, H,,<0,
H.>0) and with transitions at 7,, ~ 5-10 days and 7, ~ 10-30yr, (b) the difference be-
tween the local and global fluctuations, (c) the amplitude of glacial/interglacial (ice
age) transition corresponds to overall +3 to +5K variations i.ey S(Af) = 6, 10K: the
“interglacial window” — rectangle — in Fig. 3. Since these have half periods of 30—
50 kyr, to simplify Fig. 4, the corresponding paleotemperature curves are only hinted
by dashed lines (see the double headed arrow). In scaling regimes, the power spec-
trumis £ (@) ~ 0P (@ is the frequency) with B = 1+¢(2) = 1+2H-K (2) so that ignoring
intermittency (i.e. K(2) = 0), H>0, H<0 corresponds to 8>1, B<1 respectively. Hence
for macroweather (7, >At>1,); log-log spectra appear as fairly flat “spectral plateaus”
(Lovejoy and Schertzer, 1986) (Fig. 2).

The scaling composites mentioned above agree on the basic scaling picture while
proposing somewhat different parameter values and transition scales 7, (Table 1).
Other analyses of macroweather have been carried out using in situ data (Fraedrich
and Blender, 2003; Eichner et al., 2003), sea surface temperatures (Monetti et
al., 2003) and ~ 1000yr long Northern Hemisphere reconstructions (Rybski et al.,
2006; see also Lennartz and Bunde, 2009; Lanfredi et al., 2009). Similarly, Huy-
bers and Curry (2006b), used NCEP reanalyses and Blender et al. (2006) (see also
Franzke, 2010, 2012) analysed the Holocene Greenland paleotemperatures and found
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comparable results. Finally, multiproxy reconstructions of the Northern Hemisphere
(below) yield similar exponents, see Fig. 3 and for more details, see Lovejoy and
Schertzer (2012e).

By considering the Fractionally Integrated Flux models (FIF, i.e. cascades (Schertzer
and Lovejoy, 1987)) it was argued that whereas in the weather regime, fluctuations
depend on interactions in both space and in time, at lower frequencies, only the tem-
poral interactions are important, so that 7, marks a “dimensional transition”. The basic
FIF model predicts macroweather exponents to be typically in the range —-0.4<H<-0.3
(i.e. 0.2<(5<0.4) and allows the transition scale 7,, to be estimated theoretically — and
essentially from first principles — by first considering the earth’s absorbed solar energy
and its average rate of conversion into kinetic energy. This yields an estimate close

to the empirical tropospheric mean energy flux which is ¢ =~ 10_3WKg_1 and which

implies 7, = 8_1/3L2/3 ~ 10days (where L, =20000km is the largest distance on the

earth, see Lovejoy and Schertzer, 2010 and Lovejoy and Schertzer, 2012d).

3 The unforced low frequency variability of GCMs (control runs)

Averages over the stable (H<0) macroweather regime can be used to define “climate
states’}, and long term changes in these states (in the H>0 climate regime) correspond
to climate change. The challenge for GCM'’s is therefore to reproduce the growing fluc-
tuations at time scales >7.. In Fig. 4, we show S(At) from various GCM control runs
i.e. with constant orbital and solar parameters, no volcanism, constant Greenhouse
gases and fixed land use for both the IPSL model and the more recent Earth Forecast-
ing System (EFS (Jungclaus et al., 2010) see Table 2 for model details). We see that
their statistics are the same as those of macroweather all the way to their low frequency
limits (see Table 3 for parameters).

Figure 4 also shows S(At) from the low frequency extension of the stochastic FIF
cascade model. These structure functions are compared to the corresponding empiri-
cal functions, we can clearly see a strong divergence between the empirical and model
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S(At) for At >~ 10-30 yr. With the exception of a spurious “bump” at At ~ 2—4 yr scale
in the EFS S(At), the models do a reasonable job at reproducing the average variability
between about one month up to 7, » 10-30yr. Beyond that however, their mean fluc-
tuations continue to decline whereas the empirical S(At) starts to rise. The grid scale
analyses of the control runs lead us to exactly the same conclusion; indeed the low
frequency exponents are all near the same value corresponding to H =~ —0.4 (G ~ 0.2).
With the exception of the somewhat larger S(At) from the EFS model, the GCM and
empirical surface S(At) functions are within ~+0.05 K of each other out to At ~ 7-10yr.
However at longer time scales Fig. 4 shows that the empirical S(At) closely agree with
each other but strongly diverge from the control runs. Whereas the instrumental and
multiproxy S(At) at 100yr are ~ 0.6 and ~ 0.3K, and rapidly growing, the IPSL and
EFS S(At)’s are ~ 0.1 and 0.2K and are rapidly decreasing.

These findings are in accord with other studies of the low frequency behaviour of
GCM’s, including some on “ultra long” (Blender et al., 2006) 10 kyr runs using the De-
trended Fluctuation Analysis technique. Note that grid scale statistics have a transition
T, at slightly longer time scales than the global ones that were analyzed in Fig. 4.
The basic conclusions of the studies have been pretty uniform: the low frequency be-
haviour was scaling, predominantly with 0<3<0.6 (roughly —0.5<H <-0.3 i.e. in the
same range as our control runs) and with ocean values a little higher than for land
(Table 3). The exponents were robust: for example, with a fixed scenario they were
insensitive to the use of different models, in the same model, to the addition of green-
house gases (Fraedrich and Blender, 2003), or in the last 1000yr in the Northern
Hemisphere, to constant or to historically changing drivers (Rybski et al., 2008). Fi-
nally, models with sophisticated sea ice rheology also had similar scaling (Fraedrich
and Blender, 2003). In no cases and at no geographical location was there evidence of
an end to the macroweather regime. Apparently, the global scale IPSL and EFS control
run analyses in Fig. 4 are typical.
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4 The Last Millenium simulations: the climate or macroweather?

If control runs produce only macroweather, what about forced runs with more realistic
low frequency variability? To answer this question, we considered simulations over the
last millennium: the ECHO-G “Erik the Red” simulation (von Storch et al., 2004), two
EFS simulations (Jungclaus et al., 2010) and eight GISS-E simulations (Schmidt et
al., 2006, 2011, 2012). The ECHO-G simulation was chosen because in the IPCC AR4
(Solomon et al., 2007), twelve different Millenium simulations were compared (although
only two were full GCM’s) and it was noted that ECHO-G had significantly stronger low
frequency variability than any of the others. Indeed, Osborn et al. (2006) found that
due to initialization problems and lack of sulphates, that ECHO-G was only reliable
over the period 1300-1900 AD; our range 1500-1900 AD was free of these problems.
The more recent EFS and GISS-E models allow us to explore the impacts of several
different forcing and land use reconstructions.

Since the earth’s orbital parameters have changed little in the last 1000 yr, if we ex-
clude the 20th century, the key forcings are volcanic and solar. Both EFS and ECHO-G
simulations used similar “reconstructed” volcanic forcings; the correct solar reconstruc-
tions are much less certain. The amplitudes (i.e. calibration) of the “reconstructed”
solar forcings are described in terms of percentages of variation since the 17th cen-
tury “Maunder minimum”. Values of 0.1 % and 0.25 % are considered respectively low
and high solar forcing values (see Krivova and Solanki, 2008 for a recent review). In
these terms, the ECHO-G forcings were “high” (0.25 %) whereas the EFS simulations
were run at both 0.1 % and 0.25% levels. The GISS-E simulations compared both
Steinhilber et al. (2009) and Vieira et al. (2011) solar reconstructions corresponding to
smaller (0.06 % and 0.10 %) variations. Only the pre-1610 part of the reconstructions
were based on the (statistically quite different) '9Be based reconstructions so that over
the analysed range (1500—1900 AD) these percentages capture the main reconstruc-
tion differences (see below and Table 4 for a summary).
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In order to determine the natural variability (i.e. without strong anthropogenic effects),
we focused on the pre-1900 period. For ECHO-G, EFS, the key conclusions are:

a. The overall EFS variability (Fig. 5) is very close to the corresponding control run
(Fig. 4); it is much too weak.

b. The global scale low frequency variability (Fig. 5) of the forced GCM'’s decrease
with increasing At and the EFS macroweather behaviour has S(At) ~ A4,

c. The grid scale (forced) ECHO-G simulation (but not the forced EFS, Fig. 6) has
relatively realistic multicentennial variability (close to the post 2003 multiproxies)
with roughly the same 7, and H as the data and the Northern Hemisphere multi-
proxies.

We found that the forced GISS-E simulations were strongly clustered according to
changes in the volcanic forcing used; the highest decadal and multi-decadal variability
simulations used the Gao et al. (2008), the weaker ones the Crowley et al. (2008) re-
construction (“Gao”, “Crowley” in Fig. 7). Only in the two runs with no volcanic forcing
was the impact of different solar forcings detectable. In order to simplify the presenta-
tion, we averaged over the three Gao and three Crowley volcanic and the two solar-only
runs and compared the results to the mean of the three post 2003 multiproxy recon-
structions from Fig. 3. First, we note that at ~ 7., the sign of the all the slopes changes.
However, the volcanic series vary in the opposite direction from the data: first growing
and then decreasing with scale. Only the volcano-free solar forcing runs (Fig. 7, bottom)
qualitatively follow the data by first decreasing and then increasing with scale. When
compared to the surface series and multiproxies we see that whereas at At ~ 10yr, the
volcanic forcings are factors 2—4 too large, at 400 yr scales they are factors 1.5—4 too
small. In contrast the solar forcing is too weak by a roughly constant factor ~ 1.5 and
~ 2 at 10yr and ~ 400 yr respectively (its climate exponent Hr ~ 0.1 is too low when
compared with various paleo data exponents which are in the range 0.2—-0.4).

These results can be understood with the help of the analyses of Lovejoy and
Schertzer (2012a), that showed that whereas the volcanic forcings rapidly become
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smaller at large scales (H,, ~ —0.4), that the sunspot based solar reconstructions have
Hso ~ +0.4 hence grow with scale (Fig. 8). In contrast, the '9Be reconstructions used
for the pre 1610 part of the forcing (Vieira et al., 2011) have decreasing fluctuations with
Hso ~ —0.4. This helps explain the somewhat smaller value H; ~ 0.0 found for the cor-
responding climate temperature exponent over the earliest 400 yr GISS-E simulation
period (850—-1250 AD).

5 Conclusions

We reviewed evidence that the variability of the atmosphere out to 7, ~ 10-30yr is
dominated by weather and macroweather dynamics, that there are neither significant
new internal mechanisms of variability nor important new sources of external forcing.
7, marks a qualitative transition between a higher frequency regime whose fluctuations
decrease with scale (H<0), and the climate regime where they increase with scale
(H>0).

We showed that control runs of GCM’s (studied in the literature and confirmed here)
have overly weak low frequency variability, with no low frequency H>0 regime even
at scales of millennia. The forced runs were not much different notably with low multi
centennial variabilities. With the partial exception of ECHO-G and the solar only GISS-
E simulations, they were also qualitatively of the wrong type, decreasing rather than
increasing with scale. Presumabily, if the climate forcing was of the right type and suffi-
ciently strong, a H>0 climate regime would appear. However, in a recent paper Lovejoy
and Schertzer (2012a), we examined the scale dependence of fluctuations in the ra-
diative forcings (ARg) of several solar and volcanic reconstructions, finding that they
generally were scaling with AR ~ ANt (see Table 4 and Fig. 8). If Hp ~ Hr = 0.4,
scale independent amplification/feedback mechanisms would suffice. However we of-
ten found Hz ~ —0.3 implying that the forcings become weaker with scale — even though
the response grows with scale. This suggests the need to introduce new slow mech-
anisms of internal climate variability. Such mechanisms must have broad spectra; this
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suggests their dynamics involve nonlinearly interacting spatial degrees of freedom.
Promising candidates include deep ocean currents and land-ice but many other slow
climate processes exist.

Acknowledgements. We would like to thank G. Schmidfiand R. Pielke Sr. for helpful comments.
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Table 1. Intercomparison of exponents and scales: from macroweather (3. and climate (5;)
exponents and transition scales from various instrumental/paleo composite statistical analyses.
The large 7, values in the top two row are from data north of 30° N and are probably anoma-
lously large. Ignoring intermittency, the corresponding fluctuation exponents are H = (+— G)/2.

Bm, B. Local 7, global 7,
Lovejoy and <1 (central 1.8 ~ 400 yr ~5yr
Schertzer (1986) England) (poles)
Pelletier (1998) 0.5 (continental 1.7 ~ 300 yr _
North America) (Antarctica)
Huybers and 0.56+0.08 1.29+0.13 ~ 100yr _
Curry (20063a) (NCEP (several different
(tropical sea surface) reanalysis) paleotemperatures)
Huybers and 0.37+£0.05 1.64+0.04 ~100yr _
Curry (20063a) (NCEP (several different
high latitude continental reanalysis) paleotemperatures)
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Table 2. Details of the climate simulations.

ESDD
3, 1-28, 2012

Model System

Model components and ref-
erences

GCM character- Experi-ment
istics

Series length (yr)

Do GCM'’s predict the
climate... or
macroweather?

S. Lovejoy et al.

ECHO-G von ECHAM4 Roeckner et 19 vertical levels, “Erik the Red”, 1000
Storch et al. (1996), HOPE-G, T30, (3.75° reso- 1000 AD to
al. (2004) Wolff et al. (1997) lution) present, ~ 0.25 %
solar forcing

Earth Forecasting ECHAM5 GCM MPIOM 19 levels, T31 Millenium, solar 1000 with full
System (EFS) ocean model, Jungclaus (3.75° resolution) forcing 0.1 %, forcing, 3000 yr
Jungclaus et et al. (2006), carbon cycle 0.25%, 1000 AD control run
al. (2010) module HAMOCC5 Wetzel to present

et al. (2006) land surface

scheme JSBACH Raddatz

et al. (2007)
IPSL climate LMDZ GCM, Hourdin 19 levels, Control run: 1910— 500 yr
system model: et al. (2006), ORCA2 2.5°x3.75° grid 2410, for IPCC
IPSL-CM4 Ocean model, Madec AR4

et al. (1998), LIM Sea-

ice model, Fichefet and

Morales Maqueda (1997),

ORCHIDEE land-surface

model, Krinner et al. (2005)
GISS-E Includes ocean, tracer and 20 levels, 8 runs varying 1150 yr

sea ice models, incorpo- 2°x2.5° grid forcings, land use (850-2000 AD)

rates land use changes,
Schmidt et al. (2006, 2011,
2012)
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Table 3. Summary of scaling studies of GCM temperatures. All the estimates were made using
the DFA method; the spectral exponent 8 was determined from 8 =2a -1 where a=H + 1
is the conventional DFA exponent (this expression ignores intermittency corrections). Ignoring
intermittency (small for these series), we have H = (6 - 1)/2.

Do GCM'’s predict the

Reference Model Model Series Range of G climate... or
characteristics length (yr) scales_ln macroweather?
analysis
Fraedrich and ECHAM4/OPYC 19 levels, 1000 yr 240 yr ~0 continents, S. Lovejoy et al.
Blender (2003) T42 ~ 0.3 coasts,
with IPCC OPYC ocean ~ 1 for oceans
scenario 1S92a model includes
Greenhouse gas sea ice with Title Page ‘
emissions rheology
HadCM3 19 levels, 1000 yr 240 yr Same to within
2.5°x3.75° ~0.2
Zhu et al. (2006) GFDL 31 levels, T63 500 yr 500 yr ~1
(pre-industrial
control uns)
ECHAM5/MPIOM 24 levels, 2° x2° 500 yr 500 yr ~ 1 mid Atlantic
(land), 1° x 1° overturning
(ocean) — “
Blender et CSIRO 9 levels, R 21 10000 yr 3 kyr 0.2-0.8 de- _ _
al. (2006); atmosphere- horizontal simulation pending on
Fraedrich et ocean model resolution location
al. (2009) under present-
Vyushin et al. ECHO- 19 vertical levels, 1000yr ~ 200yr Land 0.2-0.4,
(2004) one control G = ECHAM4/ T30 simulated ocean 0.4-0.7 " - ;
simulation, HOPE-G temper- Printer-friendly Version ‘
one with historical ature
drivers records Interactive Discussion
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Table 4. An intercomparison of various climate radiative forcings (Rg) discussed in Lovejoy
and Schertzer (2012a). The exponents were estimated to the nearest 0.1 and the prefactors

2\1/2 &2)/2 . .
A are for the formula <(ARF) > = AAt with At expressed in years. Note that Vieira et

al. (2011) combined both sunspot and '°Be recontstructions.
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Series Physical Series  Series Scale rangea  Prefactor ¢ (2)/2
type basis Reference length (yr) resolution palysed (yr) AW m’z) ~Hp
(yr)
Solar Sunspot based Lean (2000) ~400 1 10-400 0.035 0.4
Wang et 1 10-400 0.0074 0.4
al. (2005)
Krivova et 10 20-400 0.015 0.4
al. (2007)
Solar  TIMS Sateliite 8.7 6h 1-8 0.04 0.4
“Be Steinhilber et 9300 5yr smoothed to 40 yr 80-9300 04 -03
al. (2009)
Shapiro et 9000 1yr, smoothed to 20 yr 40-9000 3.5 -0.3
al. (2011)
Volcanic  Volcanic Indices, Crowley (2000) 1000 1yr, smoothed to 30yr 60-1000 2.0 -0.3
ice cores, radi-
ance models
Ice core sulfates Gao et 1500 1yr smoothed 30yr 60-1000 2.5 -0.3
radiance models  al. (2008)

* The solar series all have low intermittencies so that ¢(2)/2 ~ H whereas the Crowley (2000) and Gao et al. (2008)
volcanic series have high intermittencies so that H ~ ¢(2)/2+C4 ~ —0.2 where C; ~ 0.16 is the intermittency

correction.
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Fig. 1. Dynamics and types of scaling variability: a visual intercomparison displaying represen-
tative temperature series from weather, macroweather and climate (H ~ 0.4, —-0.4, 0.4, bottom
to top respectively). To make the comparison as fair as possible, in each case, the sample is
720 points long and each series has its mean removed and is normalized by its standard de-
viation (4.49K, 2.59K, 1.39K, respectively), the two upper series have been displaced in the
vertical by four units for clarity. The resolutions are 1h, 20 days and 1 century respectively,
the data are from a weather station in Lander Wyoming, the 20th Century reanalysis and the
Vostok Antarctic station respectively. Note the similarity between the type of variability in the
weather and climate regimes (reflected in their scaling exponents).
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Fig. 2. A composite temperature spectrum: the GRIP (Summit) ice core 6'20 a temperature
proxy, low resolution (left, brown) along with the first 91 kyr at high resolution (left, green),
with the spectrum of the (mean) 75° N 20th Century reanalysis temperature spectrum, at 6h
resolution, from 1871-2008, at 700 mb (right). The overlap (from 10-138 yr scales) is used for
calibrating the former (moving them vertically on the log-log plot). All spectra are averaged over
logarithmically spaced bins, ten per order of magnitude in frequency. Three regimes are shown
corresponding to the weather regime with 8, =2 (the diurnal variation and subharmonic at
12h are visible at the extreme right). The central macro weather “plateau” is shown along with
the theoretically predicted G, = 0.2—-0.4 regime. Finally, at longer time scales (the left), a new
scaling climate regime with exponent G, =~ 1.4 continues to about 100 kyr. Reproduced from
Lovejoy and Schertzer (2012d). The black lines are reference lines with the (absolute) slopes
indicated.
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Fig. 3. Empirical RMS temperature fluctuations (S(At)): on the left top we show grid point scale
(2° x 2°) daily scale fluctuations for both 75° N and globally averaged along with reference slope
é(2)/2 = -0.4 ~ H Twentieth Century Reanalysis (20CR), 700 mb. On the lower left, we see at
daily resolution, the corresponding globally averaged structure function. Also shown are the
averages of the three in situ surface series as well as three post 2003 multiproxy structure
functions (1500—-1980) described in Lovejoy and Schertzer (2012d), see also Fig. 4. At the right
we show both the GRIP (55 cm resolution, with calibration constant 0.5 Kmil™') and the Vostok
paleotemperature series. Also shown is the rectangular interglacial “window”; to be consistent
with the amplitudes and quasi-periodicity of the glacial/interglacial tansitions (ice ages), the
curve must pass through the window. Reproduced from Lovejoy and Schertzer (2012d).
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Fig. 4. Control runs versus data: a comparison of the RMS Haar structure functions (S(At)) for
temperatures from instrumental (data, daily 20CR, blue; monthly surface series, red), multiprox-
ies (post 2003, yearly resolution, green) GCM control runs (brown thick, monthly) and the FIF
stochastic model (brown thin). The data are averaged over hemispheric or global scales (except
for the 20CR 2° x 2° grid scale curve which was added for reference). The surface curve is the
mean of three surface series (NASA GISS, NOAA CDC and HADCRUTS, all 1881-2008), the
20CR curves are from the 700 mb level, 1871-2008. The multiproxies are means from three
post-2003 reconstructions (Huang, 2004; Moberg et al., 2005; Ljundqvist, 2010): two curves
are shown, the top from 1500-1980, the bottom from 1500—1900 showing the effect of the 20th
century data; see Lovejoy and Schertzer (2012d) for data references and discussion. The y axis

values 0.5, —0.5 are the log,,<AT>>"/2 values. The IPSL curve is from a 500 yr control run, the
EFS is from a 3000 yr control run; the “bump” at 2—-4 yr is a broad quasi periodic model artefact.
The reference lines have slopes ¢(2)/2 so that 6 =1 + ¢(2) = 0.2, 0.4, 1.8. The amplitude of the
Haar structure functions have been calibrated using standard and tendency structure functions
and are accurate to within +25 %. At the upper right we have sketched the Vostok and GRIP
paleotemperature S(At) curves (see Fig. 3) and have indicated the likely glacial/interglacial
mean temperature range (difference) by the arrows.
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Fig. 5. Forced pre 1900 fereed runs versus data, global scale: this is the same as Fig. 4 (global
averages) except that the pre 1900 forced ECHO-G (thin brown) and EFS models (thick brown)
are analyzed.
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Fig. 6. Grid Scale, forced pre 20th C runs versus data: the same as Fig. 5 except for grid
scale analyses (the green Northern Hemisphere multiproxy curves were added for reference,
see Fig. 3). Again, the EFS model has low frequencies that are too weak, but even ECHO-
G has weak variability and the low frequency tendency is not clear (i.e. is it starting to rise at

At ~ 500yr?).
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Fig. 7. RMS fluctuations of data and paleo data. Comparison with last millenium simulations
for the Northern Hemisphere for 1500—1900, at annual resolution. Gao, Crowley refer to the
Gao et al. (2008), and Crowley et al. (2008) solar reconstructions discussed in the text. The
multiproxy curves are the means (solid) and one standard deviation limits (dashed) of the post
2003 multiproxies (see Fig. 3) over the period 1500-1900.
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Fig. 8. A comparison of RMS Haar fluctuations for various solar, volcanic, orbital and CO, data
in units of radiative forcing (Rg). For the solar radiances, the values of estimated Total Solar
Insolation were converted into Ar using an albedo = 0.3 and geometric factor 1/4. The TIMS
satellite data is for 8.7 yr from 2003 to the present at a 6 h resolution. Note that the Lean (Lean,
2000) reconstruction includes the 11 solar cycle whereas the Wang (Wang et al., 2005) curve
is only for the background. The Krivova (Krivova et al., 2007) curve has a 10yr resolution.
The Shapiro (Shapiro et al., 2011) curve (the last 8963 yr) was degraded to 20 yr resolution to
average out the solar cycle, the Steinhilber (Steinhilber et al., 2009) curve was at a 40 yr and
resolution over the last 9300 yr. The volcanic series were from reconstructions of stratospheric
sulphates using ice core proxies. All the structure functions have been increased by a factor of 2
so that they are roughly “calibrated” with the difference (H>0) and tendency (H <0) fluctuations;
see Table S4. This figure is adapted from Lovejoy and Schertzer (2012a).
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