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Abstract. The modi cations of atmospheric circulation induced by anthropogenic effects are dif cult to capture
because wind elds feature a complex spectrum where the signal of large-scale coherent structures (planetary,
baroclinic waves and other long-term oscillations) is mixed up with turbulence. Our purpose is to study the
effects of climate changes on these two components separately by applying a wavelet analysis to the 700 hPa
wind elds obtained in climate simulations for different forcing scenarios. We study the coherent component of
the signal via a correlation analysis to detect the persistence of large-scale or long-lasting structures, whereas
we use the theory of autoregressive moving-average stochastic processes to measure the spectral complexity o
the turbulent component. Under strong anthropogenic forcing, we detect a signi cant climate change signal. The
analysis suggests that coherent structures will play a dominant role in future climate, whereas turbulent spectra
will approach a classical Kolmogorov behaviour.

1 Introduction approach is due to the intrinsic properties of strati ed and

rotating ows. In homogeneous and isotropic turbulence, thg
Scale separation is an essential property for the study of naenergy ows towards the small scales and coherent strug
ural systems: Lagrangian mechanics has been applied to tH&res are rapidly destroyed. This is the so-called direct cag
study of the solar system because planets appear so small the@de proposed in (Kolmogorov, 1941). By contrast, geophys
they can be considered to be material points with respect tdcal ows are strati ed and rotational ows, where an inverse
the length of their orbits (Murray and Dermott, 1999). In a cascade of energy induces the bidimensionalization of mg
less obvious framework, Einstein and Langevin recognizedions and contributes to the formation of large-scale coherer
that the behaviour of heavy particles in a gas can be studiegtructures (Pouquet and Marino, 2013). In laboratory exper
by introducing two different scales: the inertial (slow) mo- iments (Lamriben et al., 2011) and geophysical observation
tion of the heavy particles and the interactions (fast) with (Craig and Banner, 1994; Holmes et al., 1998) one aims §
the gas particles (Langevin, 1908). In geophysics the samé&eparating coherent and turbulent components and build th
approach has been — sometimes implicitly — applied for un-oretical models to describe the associated motions (Charney,
derstanding important mechanisms driving the atmospherid971; Pitcher, 1977; Jiang et al., 1995; Lucarini et al., 2007)
and oceanic circulation: one can model the baroclinic insta-As pointed out by several authors (see Schertzer and Love-
bility because cyclones have a well-determined size and theijoy (1991) for a review), this task is non-trivial because both
structure emerges from the atmospheric turbulence (Charneyhe inverse and direct cascades coexist for geophysical mo-
1947), El Nifio, because of the precise timescales involvedions. The direct cascade is ultimately responsible for the dis
in the phenomenon (Cane and Zebiak, 1985; Penland angipation of energy, the transfer of momentum from the atmo
Magorian, 1993). The success of a scale-separation-base@phere to the ocean and the soil, and the disruption of large
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518 D. Faranda and D. Defrance: A wavelet-based approach to detect climate change

scale structures in the ow resulting in an unpredictable be-
haviour (Leith, 1971). The inverse cascade contributes to the
formation of cyclonic and anticyclonic structures observed
in the atmosphere and the ocean. Moreover, it generally en-
hances the predictability of future states of the atmosphere
(Paladin and Vulpiani, 1994; Tribbia and Baumhefner, 2004).
In this paper we present two indicators that describe the
statistical properties of large-scale coherent structures as well
as turbulent spectra, investigating their response to climate
change. The indicators are de ned after separating the co-
herent structures from featureless turbulence via the wavelet
Itering technique. For the coherent part, we compute the in-
tegral of the autocorrelation function as a measure of the per-
sistence of the coherent structures. For the turbulent compo-
nent, we use an indicator that measures the complexity of the
spectrum with respect to the canonical behaviour theorized
by Kolmogorov. Figure 1. Example of wavelet ltering(a) usgg monthly time se-
We test the technique on the horizontal wind data mea-ies at 78 W, 38 N and(b) corresponding power spectral density
sured at 700 hPa for two different anthropogenic emission(psd).(c) Time series of the coherent componit) extracted by
scenarios (RCP 2.6 and 8.5). We investigate whether théhe wavelet Iter and(d) its psd.(e) Time series of the noisy com-
anthropogenic and natural forcing could cause not only aPonentY(t) extracted by the wavelet Iter and) its psd.
change in the intensity of some de ned observable (as it is
now evident for the global mean temperature) but also in the L .
direction the energy is cascading and therefore in the relativef"’\‘lS expected from a _successful apphcaﬂoq of the technique.
onetheless, the limits of the wavelet Itering approach ap-

importance of large-scale coherent structure with respect to .
P g P pear when one looks at the spectral peak corresponding to

turbulence. ) .
the seasonal cycle, which cannot be completely eliminated,
although it represents a coherent component of the signal.

2 Methods Once the separation between coherent and noisy compo-

nent is done, we study the property %{t) andY(t) sepa-
rately. For the coherent componefift) we use the memory

of the system as an indicator of persistence by measuring the
integral of the autocorrelation function (ACF) de ned as

The separation between coherefift) and turbulentY(t)

components of a time seri@qt) is done via wavelet lters

(Farge, 1992). With respect to a simple ltering technique

(e.g. moving-average lters), the wavelet lters are useful ACF(X)( )D ETX()X ( )U

when the time series contain multiple timescales and there is

no trivial scale separation. Wavelet analysis has been widelyvhereE TX Ustands for expectation value. The ACF measures

applied in climate science (Torrence and Compo, 1998) anthow long the system remember an initial condition. For a

to the analysis of geophysical time series (Ghil et al., 2002,white-noise signal, it decays to 0 as 1. For a correlated

Grinsted et al., 2004). signal it decays slowly to O for large. For a perfectly pe-
We give a brief illustration of the wavelet ltering tech- riodic signal, the ACF is periodic itself. The integral of the

nique by analysing a time series @foo taken from the sce-  ACF in its discrete version is written as
nario RCP 2.6 at the point 78V, 38 N. The series consists

of 512 monthly observations and it is shown in Fig. la. Its3 D X ACFX)( ):

power spectral density (psd) is visualized in Fig. 1b. The se- . '

ries shows an evident periodic component (the seasonal cy-

cle) captured by the spectral peak. The spectrum is comparedghere we sum the correlation up to a timeuf ciently large

with a at one (dotted line), reproducing a perfect white- for the ACF to decay to 03 measures how long coherent
noise signal. The results of the wavelet Iter are shown in structures persist in time, and it is therefore linked to pre-
Fig. 1c—f. The coherent componexift) and its spectrum are dictability: the higher the correlation, the higher the probabil-
shown in Fig. 1c and d respectively. The effects of the |- ity that the structure will be preserved in future times (Schu-
ter are not directly visible on the detrended time series butert et al., 1992). The link between correlations decay and
rather on the spectra. The psd for the coherent part of the sigaredictability is well known in dynamical systems theory and
nal presents a signi cant slope with the energy concentratedn physics (Osborne and Provenzale, 1989; Govindan et al.,
on large timescales. By contrast, the incoherent component998; Crisanti et al., 1993), and we now exploit it to study
Y(t) represented in Fig. 1e has a rather at psd (Fig. 1f), properties of geophysical time series.
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For the noisy componenY(t), we use an indicator of 3 Analysis
the spectral complexity with respect to the canonical Kol-
mogorov behaviour. In order to introduce this indicator we We illustrate the potential & and7 indicators on a climate
will use the class of autoregressive moving-average (ARMA)change experiment used in the CMIP5 framework for the
stochastic processes. In general, a stationary time Séfigs IPCC ARS5 report (Collins et al., 2013). To explore climate
of an observable with unknown underlying dynamics can bechange in the next century, the IPCC has developed four dif
modelled by an ARMAY; q) process such that for &ll ferent scenarios, de ned in terms of radiative evolution and
corresponding to a concentration of greenhouse gases ye
by year between 2006 and 2100, extended until 2300. Her
we consider two scenarios: (i) the low-emission scenarig
(RCP 2.6), leading to a radiative balance of 2.6 Wenin
2100 with a peak at 3W nf and a decreasing trend:; (i) the
higher-emission scenario (RCP 8.5), predicting an increas
up to 8.5Wm? in 2100. The effect of such greenhouse
gas perturbations are well known for some observables
e.g. the global temperature increase ranges fronD4 to
3.7 0.7 Cinthe last part of the period 2081-2100 (Collins
et al., 2013).

We focus on the daily horizontal winds at 700 hPa
(u700; V700) Obtained from the IPSLCM5-LR model, where

R stands for low resolution. This model is developed

y the Institut Pierre-Simon Laplace with several labo-
éatories. It consists of several components: atmospher
(LMDZ), ocean (NEMO), continent (ORCHIDEE), and sea
ice (LIM). For LMDZ and ORCHIDEE, the spatial resolu-
tionis 3.75 1.875 (longitude latitude) with 39 vertical
levels. For NEMO, the resolution is of about, #vith a higher
BICD 2InQn: &:p:q)C KTn(n)C In(2 U ) latitudinal resolution of 0.5in the equatorial ocean and 31

vertical levels. ORCHIDEE takes into account the evolution

wherelQn; &;p;q) is the likelihood function for the inves- ©Of the lands (urbanization, forests, agriculture) (Dufresne

X xXa
Y: D iYt pcrmc gt g 1)
iD1 jD1

with "(t)  WN(O; ?) —where WN stands for white noise
—andthe polynomials(z)D1  q1z(t 1) ::: pz(t
p)and (D1 1zt 1) ::: qz(t q). Notice that,
hereinafter, the noise terfi{t) will be assumed to be white
noise, which is a very general condition (Box and Jenkins,
1970).

The basic model for the noisy component is the
ARMA(1,0) or simply AR(1) model, which is the simplest
model compatible with the Kolmogorov spectrum (Thom-
son, 1987). When the spectral complexity increases, the be
ARMA model describing the velocity time series will devi-
ate from the basic one. We can de ne a normalized distanc
between the reference ARMB(Q) and any other ARMAY,

q) by using the Bayesian information criterion (BIC), which
measures the relative quality of a statistical model, as

“gated model and in our cakeD p C q andn is the |ength et al., 2013) We chose 700 hPa (about Skm) because it has

of the sample. The variand® is computed from the sample Peen recognized as the best level for tracking the coherent g
and is a series-speci ¢ quantity. mospheric structures as shortwaves, extratropical cyclone
Our indicator is a normalized difference between theand convective storms, since they are all advected, in rs

BIC(n; &;p C 1;q) and the ARMAP, ) BIC(n; &; P, §): approximation, by 700 hPa horizontal winds (Molders and
Kramm, 2014). We have also performed robustness tests |

7 D1 expfiBIC(pC1;q) BIC(p;g)ig=n; (3) considering the medium-resolution (MR) version of the IP-
SLCM5 model (2.5 1.25 in longitude and latitude for
with0 7 1;it goes to O if the dataset is well described LMDZ and ORCHIDEE, while the resolution of other mod-
by an ARMA(p, Q) model and tends to 1 in the opposite case. els is the same as LR). These tests are reported and explain
We have checked that such indicators perform well in dif- in the Supplement.
ferent physical systems and generally provide more informa- We begin the analysis by showing typical maps3oand
tion than the ones based on correlations analysis only. Sucli for the scenario RCP 2.6 and the two components: thg
results can been found in Faranda et al. (2014), where indicazonaluzgg and the meridionalgg (Fig. 2).3 shows, for the
tors similar to7 have been used to model different physical zonal component, a rich structure with several areas wher
systems: Ising and Langevin models and turbulence. A largeersistent coherent structures are well identi ed (Fig. 2a)
7 corresponds to a complex spectrum with non-trivial scaleBecause we are using daily time series, the valués oén
interactions and non-constant energy transfers; a siall be directly interpreted as the number of days of persistenc
corresponds to a spectrum compatible with the Kolmogorovof these structures. At the midlatitudes, the signature of stg
spectrum with constant energy uxes between scales. Thdionary planetary waves is visible. In correspondence to th
predictability will decrease with a highér because more location of such waves, we n@ 16 days, a value com-
structures on different scales will have to be taken into ac-patible with the work of Torrence and Compo (1998), who
count to describe the behaviour of the system. In other wordsstudied planetary waves using other indicators based on th
for high 7 the componenY (t) cannot just be modelled as wavelet approach. In the tropics, the high value8 afan be
simple noise. linked to the easterly jets (Koteswaram, 1958). The core 0
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Figure 2. Integral of the autocorrelation functidh for the period 2005-2055 for theygg (a) and for thev7gg (¢) daily time series. Spectral
complexity7 for the period 2005-2055 for the;,gg (b) and for thev;gg (d) daily time series.

the African easterly jet is located at about this level (Nichol- of 30 and 40 years. By decreasing the time window consid-
son, 2009), as are the Choco and Caribbean low-level jetgred, we observe that the spatial structured®f and 17
(Wang, 2007). The results f&8 computed on the meridional does not change (Figs. 1-6 in the Supplement). However, the
component/7gp are shown in Fig. 2c. Here the largest val- changes in the indicator become locally sharper as shorter
ues are found in correspondence to the regions affected b§ime windows are considered, as one would expect by taking
monsoons. The strongest signal is for the African monsoordifferences of periods with a larger time separation (Fig. 7 in
because the IPSL model localizes it better than the Indiarthe Supplement).
one (Dufresne et al., 2013). At the midlatitudes the patches The 13 elds for the u7go and thevzgg components
visible near the Paci c coast and over the USA correspond topresent interesting structures: the strongest signals are lo-
areas where the zonal ow is blocked by the Rocky Moun- cated over the Pacic Ocean in correspondence to the El
tains and meridional winds blow to allow the ows go round Nifio Region 3 (foru7gg) and Region 3.4 fov;qg, described
the mountains. in Trenberth (1997). At the midlatitudes, dipolar structures
For the7 analysis, there is not much difference in the appear both for the zonal and for the meridional ow (Barn-
structure of the zonal component (Fig. 2b) and the meridionakton et al., 1997). This is the signature of the jet stream shift
component (Fig. 2d). The spatial pattern'®fcan be ex- observed by several studies. For the Northern Hemisphere,
plained in light of the tropical atmospheric dynamics. Higher changes in the pattern of meridional winds are highlighted by
values are located in the tropics, where turbulence is assocan alternation of negative and positil@ : we can link these
ciated with the convective activity in the area. We note that,changes to the modi cation in stationary planetary waves
as the resolution is increased, thé increases (see Fig. 7 associated with the change in the jet stream intensity and
in the Supplement). This means that turbulent contributionpositions. Several studies have recently appeared on this is-
becomes more relevant when ner scales are included in thesue, although is not clear whether the cause can be linked
analysis, although the scale of the analysis remains, even ito the so-called Arctic ampli cation (Serreze and Francis,
the MR simulation, much larger than the scales of convective2006) rather than to changes in El Nilo—Southern Oscillation
structures ( 10 km). (Moritz et al., 2002) or even to the stratospheric dynamics
We now investigate wheth& and7 can detect changes (Serreze and Barry, 2011)3 also suggests that some re-
in the coherent or noisy components of the 700 hPa horizongions will experience an increase in persistence of meridional
tal winds under the climate change RCP 2.6 and RCP 8.5winds, i.e. an increasing of blocking conditions (e.g. central
scenarios. We divide the daily time series into two peri- USA, western Europe), whereas some other areas will have
ods (2005-2055 and 2055-2105) and compute the quantian increase in the persistence of the zonal winds (e.g. eastern
ties13 D 3 2055 2105 3 2005 2055and17 D 7 2055 2105 Europe, Alberta (CA)).
7 2005 2055 (Fig. 3). For both the indicators, the RCP 8.5sce- The results forl7 indicate that the spectral complex-
nario shows considerable impacts, whereas the changes faty in the tropical regions tends to reduce by about 10 %
the RCP 2.6 are appreciable only for tngo component. In - (17 0:1) in the RCP 8.5 scenario. Although the model
the Supplement, we report the results also for time windowsdoes not resolve the convective scales, a possible explana-
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Figure 3. Differences in the integral of the autocorrelation functidh for the 2055-2105 and the 20052055 period foruhgy in the
RCP 2.6(a) and in the RCP 8.fb). Differences in the spectral complexity for the 2055-2105 and the 2005-2055 period fontig in

the RCP 2.6c) and RCP 8.8d) scenariol3 for vyqq for the RCP 2.6e) and the RCP 8.%) scenariosl7 for thevyqggin the RCP 2.6
(g9) and RCP 8.8h) scenario.

tion for this result relies on the enhanced convective activ-4 Conclusions

ity resulting from the sea surface warming and resulting in

an increase in precipitation in the area, as we have veri ed

for the IPSL model and as reported by other studies (Huang/Ve have devised two indicators to study the changes in th
et al., 2013). This consideration is valid only if convective atmospheric circulation by separating the coherent structure

parametrization transfers energy from the convective scalefrom the turbulent part of the signals analysed, i.e the veloct

to the scale of the analysis. In other words, at the actualty elds at 700 hPa. The indicatat3 is a measure of the
resolution of climate models, we can only observe the foot-total persistence of the coherent structures, whet@ass a
prints of these phenomena. If turbulence becomes strongeneasure of the residual complexity of the turbulent spectrum
and anisotropic, then it should approach the Kolmogorov be-once the coherent component has been removed.
haviour and7 should tend to 0. The indicators show signi cant changes when the climate
system is subject to greenhouse gas forcing. The differend
in the indicators for the RCP 8.5 scenario between the seq
ond half and the rst half of the 21st century suggests that E
Nifio—Southern Oscillation will play a major role and block-
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ing conditions will change the trajectory of coherent struc- Collins, M., Knutti, R., Arblaster, J., Dufresne, J., Fichefet, T.,
tures observed at the midlatitudes. Friedlingstein, P., Gao, X., Gutowski, W., Johns, T., Krinner,
Besides the regional patterns, we believe that the mostim- G., Shongwe, M., Tebaldi, C., Weaver, A. J., and Wehner, M.:
portant message is contained in the global average of our in- Cl|mate_change 2013: the physmal science basis. Contribution
dicators. For the RCP 8.5 scenad@, increases by 0.5days  ©f Working Group I to the Fifth Assessment Report of the In-
in the second half of the century fapge and by 0.2 days for tergovernmental Panel on Climate Change, Long-term Climate
v On the other hand, the spectral complexity decreases by Change: Projections, Commitments and Irreversibility, Cam-
700- . ! ) . bridge Univ. Press, Cambridge, UK, and New York, 1029-1136,
about 10 % in the tropical regions. This suggests that the co- 5,3
herent structures will play a major role in the atmospheric dy-crajg, p. D. and Banner, M. L.: Modeling wave-enhanced turbu-
namics. This will probably result in an enhanced predictabil- |ence in the ocean surface layer, J. Phys. Oceanogr., 24, 2546—
ity of the atmosphere on weekly to monthly timescales. The 2559, 1994,
contrast between these two effects could be one of the cause&sisanti, A., Jensen, M., Vulpiani, A., and Paladin, G.: Intermittency
of the dif culty in nding signi cant traces of climate change and predictability in turbulence, Phys. Rev. Lett., 70, 166-169,
in the circulation dynamics, a problem recently highlighted 1993.
by Shepherd (2014). Dufresne, J.-L., Foujols, M.-A., Denvil, S., Caubel, A., Marti, O.,
Our indicators have been here illustrated for a single model g“m?”r' 2i_’ B"’:'kaﬂs"" Y. B_ek':_" S., B'e”ephge{ﬁgf g:/lrésg"at'h
: : : : : ., etal.. Climate change projecuons using the - ar
at two (_jn‘ferent spatial resolutions and in two climate change System Model: from CMIP3 to CMIP5, Climate Dynamics, 40,
scenarios. They could be useful to evaluate the response of

heric circulati h in the forcing f | 2123-2165, 2013.
atmospheric circulation to changes in the forcing for SEVE€Talaranda, D., Pons, F. M. E., et al: Statistical early-warning indica-

models. Moreover, the technique does not require the vari- 45 pased on autoregressive moving-average models, J. Phys. A
ables to be velocity elds and it could be extended to any 47, 252001, 2014.
physical time series in which a non-trivial scale separation isFarge, M.: Wavelet transforms and their applications to turbulence,
present. Ann. Rev. Fluid Mech., 24, 395-458, 1992.
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