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CLIMATOLOGY

A new dynamical systems perspective on atmospheric
predictability: Eastern Mediterranean weather regimes

as a case study

Assaf Hochman'%3#, Pinhas Alpert’, Tzvi Harpaz'?, Hadas Saaroni', Gabriele Messori**®

The atmosphere is a chaotic system displaying recurrent large-scale configurations. Recent developments in
dynamical systems theory allow us to describe these configurations in terms of the local dimension—a proxy
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for the active number of degrees of freedom—and persistence in phase space, which can be interpreted as
persistence in time. These properties provide information on the intrinsic predictability of an atmospheric state.
Here, this technique is applied to atmospheric configurations in the eastern Mediterranean, grouped into synoptic
classifications (SCs). It is shown that local dimension and persistence, derived from reanalysis and CMIP5 models’
daily sea-level pressure fields, can serve as an extremely informative qualitative method for evaluating the pre-
dictability of the different SCs. These metrics, combined with the SC transitional probability approach, may be a
valuable complement to operational weather forecasts and effective tools for climate model evaluation. This new

perspective can be extended to other geographical regions.

INTRODUCTION
In most of the mid-latitudes, synoptic-scale patterns exert a strong con-
trol on regional weather. Since the pioneering work of Lamb (1, 2), the
classification of synoptic systems has therefore elicited a broad interest
in meteorology and climatology, especially in the context of weather
forecasting. Lamb proposed a catalog of daily weather types over the
British Isles during 1898-1947, related to synoptic-scale circulation
categories. Other approaches have later been implemented in different
regions, including, for example, Greece (3) and the United States (4).
Synoptic classifications (SCs) have been primarily based on manual,
correlation, eigenvector, compositing, and machine learning schemes (5).

These methodologies are not, however, immediately applicable to
all regions. For example, in the eastern Mediterranean (EM) region,
very different synoptic configurations are associated with similarly
warm and dry weather conditions. Weather in this region is largely
governed by small-scale synoptic systems originating from both mid-
latitude and tropical regions that are modified over the complex terrain
of the eastern Mediterranean (6). This has motivated the development
of a semi-objective SC method, targeted specifically at the southeastern
part of the EM region (7). This classification successfully describes
the local weather conditions and has found numerous applications. For
example, the method has been linked to local temperature and rainfall
regimes (8, 9), used for defining eastern Mediterranean seasons and
projecting season length changes during the 21st century (10, 11), and to
diagnose changes in the local atmospheric dynamics during the 20th
and 21st centuries (7, 12). Crucially, the synoptic classification method
is widely used by the regions’ weather forecasters.

Recently, the traditional description of synoptic systems—and more
generally atmospheric configurations—has been complemented by a
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novel approach issued from dynamical systems theory. This is grounded
in the seminal work of Lorenz (13, 14) and is based on metrics de-
scribing the instantaneous state of atmospheric fields (15). Contrary
to this, previous dynamical systems approaches focused on the mean
properties of the atmosphere, with limited applications in the context of
atmospheric variability (16). Faranda et al. (15) have shown that key
instantaneous properties of an atmospheric field can be summarized
by two metrics: the local dimension (d) and the persistence of the state
being considered (6~"). The value of d for a given atmospheric state & is a
proxy for the number of active degrees of freedom and provides
information on the state’s intrinsic predictability (15). 07! is instead a
measure of average persistence time of the atmosphere around that
state. For discrete time data, the value of 8 will depend on the dataset’s
time step. If an atmospheric state & is a fixed point of the dynamics,
6(&) = 0. For a trajectory that leaves the neighborhood of state & imme-
diately, 8(€) = 1. Accordingly, low d and high 8" (or low 6) imply a high
predictability state and vice versa. Full details of how d and 6 are com-
puted are provided in the Methods.

The aim of this study is to integrate the SC approach with the above
dynamical systems metrics. This provides a new perspective on re-
gional atmospheric configurations with direct implications for weather
forecasting. Furthermore, the combination of these two approaches
presents a powerful tool for evaluating the ability of climate models to
capture the fundamental dynamical features of regional synoptic systems.

RESULTS

Predictability measures of synoptic systems in the
NCEP/NCAR reanalysis

We assign each day of the NCEP/NCAR (National Centers for
Environmental Prediction/National Center for Atmospheric Research)
reanalysis (17, 18) database (1948-2017) to a specific synoptic class,
or system, over the southeastern part of the EM region (fig. S1) based
on the semi-objective classification of Alpert et al. (7). The five systems
are Red Sea Troughs (RSTs), Persian Troughs (PTs), Highs, Cyprus
Lows (CLs), and Sharav Lows (SLs). The 6 and d metrics are calculated
for the daily sea-level pressure (SLP) of the same dataset over the same
region. This allows us to define cumulative distribution functions
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Fig. 3. SLP mean composites for eastern Mediterranean synoptic systems. SLP composites for the top and bottom five percentiles of the d and 6 distributions (A to
D) and the CL, High, PT, and RST synoptic systems (E to H). The values are provided as deviations in Pa from the mean SLP value of each composite. The corresponding
absolute SLP patterns for the synoptic systems are shown in fig. S3.
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days in the dataset (Fig. 3; fig. S3 shows the corresponding synoptic
systems’ mean composites, including SLs). A visual inspection high-
lights that the high d and 6 values resemble CLs, the low d’s liken RST's
(although they also display some features of the Highs and PTs), and the
low 6’s match PTs. Euclidean distances between the maps largely con-
firm these inferences. A number of key features of the semi-objective
classification used here are therefore mirrored by the dynamical systems
metrics. The fact that the Highs are not recovered from the (d, 6)
extremes is not surprising, as they are characterized by intermediate
(d, ©) values (e.g., Fig. 1, A and B) and therefore should not emerge as
dynamical extremes. As a caveat of our analysis, we note that the synoptic
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systems are defined using multiple variables, while d and 6 only use SLP.
A full analysis of the bidirectional link between the synoptic systems and
dynamical systems indicators would require more advanced pattern re-
cognition techniques and the computation of multivariate d and 6 values.

Evaluation of CMIP5 models: Predictability measures of the
synoptic systems

Figures 4 and 5 show the CDFs of 0 and d, respectively, for SLP
fields from models participating in the fifth phase of the Coupled Model
Intercomparison Project (CMIP5) (29) over the period 1986-2005
(table S2; see the “Data” section for the choice of years). Each panel
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Fig. 4. CDFs of inverse persistence (0) for CMIP5 models and NCEP/NCAR reanalysis. Inverse persistence (6) CDFs for the synoptic systems in eight CMIP5 models (table S2)
and the NCEP/NCAR reanalysis over 1986-2005: (A) CANESM, (B) CCSM4, (C) HadGEM2CC, (D) HadGEM2ES, (E) NCEP/NCAR reanalysis, (F) IPSL, (G) MPI, (H) MRI, and (I) NORESM.
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Fig. 6. Transition probability matrices for CMIP5 models and the NCEP/NCAR reanalysis. Rows sum up to a 100%. The synoptic systems are RSTs, PTs, Highs (H),
CLs, and SLs. The numerical values of the matrices are shown in table S4. (A) CANESM, (B) CCSM4, (C) HadGEM2CC, (D) HadGEM2ES, (E) NCEP/NCAR reanalysis, (F) IPSL,

(G) MPI, (H) MRI, and (I) NORESM.

Figure 6 (see also table S4) shows the transition probability matrices
of the synoptic systems based on the CMIP5 and NCEP/NCAR data.
Again, these refer to transitions between successive days. The CMIP5
models show a reasonable agreement for CL and RST transitions, in
both absolute and relative terms, as compared with the NCEP/NCAR
reanalysis. The self-transitions of CLs are, however, systematically over-
estimated. The transition probabilities for PTs show good agreement
except for an underestimation of self-transitions and an overestimation
of transitions between PTs and CLs in most models. The CCSM,
Norwegian Climate Center (NORESM), and CANESM models re-
produce very closely the NCEP/NCAR rates for all PT transitions.
Most models show good agreement for the Highs’ transitions except
for an underestimation of those between Highs and PTs. The bias is
particularly severe in the MRI model, which essentially excludes the
possibility of such a transition. All models struggle to capture the SL
transition probabilities. There is no single model that performs best for
all transition probabilities between synoptic systems. The mean transition

Hochman et al., Sci. Adv. 2019;5:eaau0936 5 June 2019

probability rates from all the CMIP5 models considered here (Fig. 2B)
compare relatively well with the NCEP/NCAR reanalysis (Fig. 6E), al-
though many of the biases discussed above emerge in the multimodel
mean values. Table S5 shows the mean absolute and weighted differ-
ences for each model with respect to the NCEP/NCAR reanalysis. The
ranking of the models does not always correspond to that of the CDF
medians (see table S3), highlighting the complementary information
provided by these two diagnostics. No obvious link between the hori-
zontal spatial resolution of the models and the dynamical properties was
found (see table S2). However, a number of other factors may be respon-
sible for the spread in model performances. There are several processes
that are known to exert a strong control over the eastern Mediterranean
weather and climate. These include large-scale teleconnections, such as
the North Atlantic Oscillation or the Indian monsoon (6), as well as local
processes, such as EM sea surface fluxes (31). Both sets of features may
not be well simulated by some of the models (31-33), leading to the above-
mentioned biases in eastern Mediterranean synoptic system diagnostics.
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