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1 | INTRODUCTION

| Oisin Hamilton!?

| Davide Faranda345® |

Abstract

Atmospheric blocking exerts a profound influence on midlatitude circulation,
yet its predictability remains elusive, due to intrinsic nonlinearities and sensitiv-
ity to initial conditions. While blocking dynamics have been extensively studied,
the impact of geographical positioning on predictability remains largely unex-
plored. This study provides a comparative assessment of the predictability of
western and eastern North Pacific blocking events, leveraging analogue-based
diagnostics applied to Coupled Model Intercomparison Project Phase 6 (CMIP6)
Model for Interdisciplinary Research on Climate, version 6 (MIROC6) simu-
lations. Blocking structures are identified using geopotential height gradient
reversal, with their temporal evolution analyzed through trajectory tracking and
error growth metrics. Results reveal that eastern blocks exhibit lower predictabil-
ity, characterized by rapid error divergence and increased mean logarithmic
growth rates compared with western blocks. Persistence analysis gives no sig-
nificant difference between eastern and western North Pacific blocking events.
Sensitivity analyses across varying detection thresholds validate the robustness
of these findings.

KEYWORDS

analogue-based diagnostics, blocking dynamics, CMIP6 MIROC6 simulations, midlatitude
circulation, North Pacific blocking, predictability, trajectory tracking

Masato et al., 2012; Nakamura & Huang, 2018; Rex, 1950;
Tibaldi & Molteni, 1990). The North Pacific region is

Atmospheric blocking is a fundamental dynamical phe-
nomenon that influences midlatitude weather evolution
by disrupting the typical westerly flow. Characterized by
persistent, quasi-stationary high-pressure systems, these
blocks can last from several days to weeks, leading to pro-
longed extreme weather conditions such as heatwaves,
cold spells, and heavy precipitation events (Liu, 1994;

particularly prone to blocking events, which play a key
role in modulating weather and climate variability across
North America and Eurasia (Park et al., 2024; Woollings
etal., 2018).

Despite its recognized impact on regional climate
and extreme weather, the predictability of atmospheric
blocking remains a challenge in numerical weather
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prediction (NWP) and climate modelling. The inherent
nonlinear nature of blocking dynamics, along with its
sensitivity to initial conditions and complex interactions
with large-scale atmospheric waves, contributes to fore-
cast uncertainty (Masato et al., 2012; Matsueda & Palmer,
2018; Pelly & Hoskins, 2003). In the North Pacific, blocking
events are typically categorized into two primary regions:
western North Pacific (WNP) and eastern North Pacific
(ENP) blocks (Davini et al., 2012). Given the substantial
downstream effects on weather and climate variability,
enhancing understanding of the predictability of these
blocking regimes is crucial for improving forecast skill and
weather model performance (Breeden et al., 2020; Drouard
et al., 2019; Merryfield et al., 2020).

Several studies have examined the predictability of
North Pacific blocking using ensemble forecasting meth-
ods and model intercomparisons (Leutbecher & Palmer,
2008; Matsueda, 2009; Schiemann et al., 2020). While
advancements in global climate models (GCMs) and
numerical weather prediction systems have led to some
improvements in simulating blocking characteristics, sig-
nificant biases persist in representing their frequency, per-
sistence (De Luca et al., 2024; Schiemann et al., 2020), and
decay (Palmer et al., 2008; Davini and D’Andrea, 2016).
The latest generation of Coupled Model Intercomparison
Project Phase 6 (CMIP6) models still struggles to capture
high-impact extreme events linked to blocking, highlight-
ing a critical gap in understanding the mechanisms gov-
erning their predictability (Davini and D’Andrea, 2020).

An overlooked aspect in existing research is the poten-
tial influence of the geographical position of a blocking
event on its predictability. To date, no systematic studies
have been conducted to determine whether the location
of blocking relative to major topographical features affects
its predictability. Research by Xavier et al. (2024), based
on a reduced-order atmosphere-land model (Demaeyer
etal., 2020), suggests that blocking events positioned to the
west of a given topographical feature tend to exhibit lower
predictability and greater instability compared with those
occurring on the eastern side.

Building on the results of this idealized approach,
which suggest boundary constraints can modulate regime
stability (Xavier et al., 2024), we ask whether the same
predictability differences are evident in a comprehensive
model. Using CMIP6 Model for Interdisciplinary Research
on Climate, version 6 (MIROCS6) daily fields, we analyze
North Pacific blocking events with an emphasis on how
location relative to basin boundaries (continental margins)
influences intrinsic predictability and stability. The spa-
tial structures and geographical distributions reported by
(Xavier et al., 2024) closely resemble North Pacific blocks,
which, in practice, occur on either the western or east-
ern side of major basin boundaries; in the physical world,

these correspond to the Asian (Russian) and North Amer-
ican (Alaska-west coast) margins of the Pacific. Accord-
ingly, we define two objective boxes that hug these bound-
aries: an eastern North Pacific box adjacent to Asia (Asian
blocks) and a western North Pacific box adjacent to North
America (American blocks) (Figure 1). Our hypothesis
is that these blocks exhibit a difference in predictability,
owing to the geographical position and proximity to the
continents, which can be attributed to the differences in
background flow and transient eddy activity.

The structure of the article is as follows. Section 2
introduces the data and methodology used for the investi-
gation. In Section 3, properties of the reference-analogue
pair are discussed, along with the predictability properties
of identified blocking events. The conclusions drawn from
the research are provided in Section 4, along with future
perspectives for further studies.

2 | DATA AND METHODOLOGY

In this section, we outline the dataset and methodological
framework that was used to analyze the predictability of
atmospheric blocking in the North Pacific.

21 | Data

This study uses the output of the CMIP6 MIROC6 exper-
iment (Tatebe & Watanabe, 2018), in which the atmo-
spheric component has a spatial resolution of approxi-
mately 1.4° x 1.4° (T85 spectral resolution, 250 km), cov-
ering the period between 1850 and 2014, using the his-
torical scenario. While reanalysis datasets such as the
European Centre for Medium-Range Weather Forecasts
(ECMWF) Reanalysis Version 5 (ERAS5) and the 20th Cen-
tury Reanalysis have been widely used to study blocking
dynamics, we chose not to rely on them here, because
this type of analysis has already been addressed exten-
sively in the literature (Compo et al., 2011; Hauser et al.,
2024; Thomas et al., 2021). Moreover, MIROC6 provides
a substantially longer historical record (1850-2014) than
reanalyses, enabling a larger sample size of blocking events
for robust statistical evaluation. Importantly, MIROC6
has been shown to exhibit comparatively low bias over
the North Pacific compared with ERAS5, the 20th Cen-
tury Reanalysis, and MIROC5 (Lohmann et al., 2024;
Tatebe et al., 2019), making it a suitable dataset for our
analogue-based predictability analysis. The analysis is
based on 500-hPa Zsy, with a temporal resolution of one
day. Although MIROCS6 provides multiple ensemble mem-
bers, only one member (r10ilp1fl) was used here, as the
analogue-reference framework (detailed in Section 2.2)
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Geographical domains used to define the eastern and western North Pacific blocking regions in this study. Both domains

span latitudes of 55°N-70°N. The western North Pacific (WNP) block (American) region (red - right box) is bounded between longitudes of
170°W and 110°W (190°E and 250°E), and the eastern North Pacific (ENP) block (Asian) region (blue - left box) between 130°E and 170°W
(130°E and 190°E). These regions are highlighted by boxes to facilitate the identification of atmospheric blocking events. The colour gradient

represents the blocking frequency over the study region. [Colour figure can be viewed at wileyonlinelibrary.com]

already samples diverse initial conditions in a way analo-
gous to an ensemble. An additional investigation with the
other members is worth performing in the future for com-
parison with the current analysis. For model dependence
sensitivity, we repeated the analysis with IPSL-CM6A-LR
and MPI-ESM1 historical simulations (daily Zso), pro-
cessed identically to MIROCS, and results are shown in the
supplementary information (Figures S1 and S2).

2.2 | Methodology

The initial step is to identify blocking events in the North
Pacific region and classify these into eastern (Asian) or
western (American) blocks based on the geographical
location. The east and west domains were defined as
boxes, which are shown in Figure 1. The colour gradi-
ent denotes the blocking frequency calculated using the
Davini et al. (2012) index (detailed in Section 2.2.1). The
blocking frequency is spread out in the eastern region,
where as it is lower, and concentrated on the western coast
of North America.

2.2.1 | Identifying blocking events

To identify atmospheric blocking events, we employ the
meridional gradient reversal method using the 500-hPa
Zso0, following the approach introduced in Davini
et al. (2012). This method identifies reversals in the Zsqq
gradient between a northern latitude (denoted GHGN)
and a southern latitude (GHGS), and is presented in
Equation (1):

Zsoo(t, Ao, PN) — Zsoo(t, Ag, D
GHGN(, o, @p) = 220 40, PN) = Zsoo(t, o, Po).

by — Dy
Zsoo(t, Ag, @) — Zsp0(t, Ag, P
GHGS(1. 4o, By) = s00(£, Ao, Po) — Zsoo(t, Ao s)’ )
Dy — dg

where 4y and @, represent the longitude and latitude of
the grid cell, respectively, and ¢ is the given time index. In
this study we calculate blocking events at midday UTC on
a daily basis, so the variable ¢ is an integer daily index. ®g
ranges from 30°N to 75°N. &g = Oy — 15°, Oy = Oy + 15°,
and Zso(t, Ao, @) denotes the Zsqy, at the specified latitude
on day t.

A grid cell is considered to be experiencing instan-
taneous blocking (IB) if both of the following condi-
tions hold:

GHGS(t, A, @g) > 0; GHGN(t, 49, Do)
< =10 m(°lat)~L.

Davini et al. (2012) introduced additional conditions to
isolate blocking events that occur over large spatial scales
and have temporal persistence. This criterion ensures that
only regions that exhibit a strong reversal in the meridional
Zso0 gradient are considered blocking events, filtering out
transient anomalies. To do this, large-scale blocks are iden-
tified by requiring that the IB condition is satisfied over a
longitudinal span of at least 15°.

To include temporal persistence, a blocking event (BE)
is detected if a cell that satisfies the large-scale blocking
condition occurs within a 5° latitude x10° longitude box
centred on that grid cell for at least five consecutive days.

Secondly, to avoid low-latitude blocks in order to focus
on midlatitude blocks and to avoid detecting block-like
features from the Tropics, this criterion is included:

GHGS,(Jo. ®y) = Zs00(Ao, Ps) — f;(io(/lo, ®g — 15°) @)

< -5 m(°lat)~L. 3)

Hence a blocking event, BE(t, x,y), is defined as follows:

1 if criteria from Davini et al (2012) are met,
0 otherwise;

BE(t,x,y) = {
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TABLE 1 Summary of notations used for blocking detection and frequency measures.
Symbol Definition
IB(t,x,y) Instantaneous blocking indicator (1 if gradient-reversal condition is satisfied, 0 otherwise)
BE(t,x,y) Blocking event indicator (1 if IB satisfies large-scale and persistence criteria, 0 otherwise)
AB(x,y) Local blocking frequency: fraction of time steps when a grid cell is classified as blocked
BE% Regional mean blocking frequency: spatial average of AB(x,y) over the study domain

here, ¢ is the time index and x and y are the longitude and
latitude of the grid cell.

Once the BE are identified, the time-averaged blocking
frequency at each grid cell over the entire analysis period is
computed. This metric, denoted as AB(x, y), represents the
proportion of time steps that a given grid cell is classified
as blocked:

2er BE(,x,y)

AB(x,y) = ¥T

where T is an index of all time steps and #T represents the
number of time steps considered.

To quantify the regional mean blocking frequency BE¢,
we compute the spatial average of AB(x,y) over the entire
study domain, which is given by

AB(x,y)
BEq, = ny—
#x - #y

Here, #x and #y denote the total number of grid cells in
the longitudinal and latitudinal directions, respectively.
This metric provides an estimate of the overall blocking
occurrence in the domain.

To retain only significant blocking occurrences, we
apply a filtering step: grid cells are classified as part of a
blocking region if their local blocking frequency exceeds a
fraction « of the regional mean, that is,

1, if AB(x,y) > a - BEq,
F(x,y) = .
0, otherwise.

The filtering coefficient a is a dimensionless sensitivity
parameter that allows for the comparison of blocking char-
acteristics across different study areas. It ensures that the
detection methodology is not biased by the size of the
analysis domain. By applying this filtering criterion, we
effectively select blocks that occur over the defined geo-
graphical area and have a spatial spread above a given
threshold.

A given day t is considered a blocked day if the num-
ber of grid cells meeting the blocking condition exceeds a
prescribed threshold for the selected a:

D F(y) > No,
Xy

where N, represents the threshold number of grid cells
that must satisfy the blocking condition for the day to
be classified as blocked. For further clarification of the
definition, please refer to Table 1. The use of an « thresh-
old is necessary, because blocking systems are not dis-
tributed uniformly across the predefined ENP and WNP
block boxes (Figure 1), but rather occupy portions of them.
The distribution of blocking frequency (colour gradient
projected on Figure 1) denotes that the blocks identi-
fied are not concentrated, but rather spread all over the
North Pacific region, with peaks over the ENP and WNP
boxes. The standard Davini index flags grid cells that sat-
isty the gradient-reversal condition, yet, without an addi-
tional threshold, small or fragmented detections could be
classified as regional blocks. By requiring that at least
a fraction a of the domain be blocked, we ensure that
only events with a meaningful spatial footprint inside the
region are retained. This criterion also normalizes differ-
ences between the ENP and WNP domains, making their
comparison robust.

Sensitivity tests with a varying between 0 and 1 showed
that the number of blocked days changes markedly with
threshold choice. For instance, with « = 0.20, we iden-
tify 532 ENP and 251 WNP blocked days, while with
a = 0.25 the sample reduces to 337 and 103 days, respec-
tively. Higher thresholds (e.g., « = 0.30) lead to an overly
restrictive sample (105 ENP, 54 WNP). We therefore
selected @ =0.20 and « = 0.25 as optimal values: they
yield event counts consistent with reanalysis-based cli-
matologies (Barriopedro et al., 2006; Carrera et al., 2004;
Hwang et al., 2020; Lupo et al., 2019), while preserving the
synoptic-scale coherence of the blocking structures. Con-
ducting the analysis with both thresholds allowed us to test
the robustness of our conclusions further.

2.2.2 | Tracking blocking events

In the previous section, we described how we identify
blocking events BE(t,x,y); however, blocking events are
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FIGURE 2 Schematic representation of tracking a blocking cluster identified on January 24, 1851 (index 1077). “x” symbols indicate
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colour gradient represents Zsy,, with values indicated by the right vertical bar. [Colour figure can be viewed at wileyonlinelibrary.com]

defined on a particular day ¢t and provide no information
about how they evolve to the next day ¢ + 1. To allow us
to track the same blocking event through time, we use the
tracking methodology introduced in Schwierz et al. (2004).

For each day in the study period, the grid cells that
experience a blocking event (BE(t,x,y) = 1) are grouped
into connected clusters of grid cells. Two blocking events
(BE(ty,x1,y1) = 1 and BE(ty, x;,y,) = 1) are defined as con-
nected if a path exists between the two events that passes
through grid cells (x;,y;), where, for all transiting grid
cells, BE(ty,X;,y;) = 1, and each grid cell shares an edge.
In other words, two blocking events are in the same
blocking cluster if they are connected to one another
with other non-zero blocking events. These clusters were
identified using the python library SciPy (Virtanen et al.,
2020), which identifies connected regions in pixelated
images (Steinfeld, 2020).

A blocking cluster at day ¢ + 1 is considered as the evo-
lution of the cluster at day ¢ if they overlap sufficiently
in space. This overlap is calculated by taking the spatial
intersection of the clusters from one day to the next. The
threshold is calculated by comparing the number of grid
cells in the intersection with the number of grid cells in
the cluster on the first day ¢. If the intersection covers at
least half of the original cluster, we consider the cluster at
t+ 1 to be the evolution of the cluster from time t. More
concretely, let C;(¢) be a cluster of blocking events at time
t, and C;(t + 1) another cluster on the next day. If |C;(t) N
Ci(t+1)|/|Ci(®)| > 0.5, then we assume C;(t) evolves into
C;(t+1). Here, we use | - | to denote the number of grid
cells in each cluster. In this study, we only track blocking
clusters that have a single predecessor and a single suc-
cessor cluster, thus removing any blocking clusters that
split or merge from other blocks. An example of the pro-
cess of tracking a particular blocking cluster is shown in
Figure 2.

Lastly, we calculate the centre of mass of each clus-
ter, which provides a representative location for each
block, enabling the identification of displacement and
persistence while minimizing the influence of irregular

block shapes and fragmented patterns. The centre of mass
is weighted using Zso0. We apply this weighting as the cen-
tre of the blocking cluster, as in this study we are using Zsgo
as the measure for identifying blocking events.

2.2.3 | Finding analogues

Once blocked days are identified, we determine one ana-
logue for each blocked day based on a similarity criterion.
The analogue search is performed using a distance metric
to compare atmospheric states.

The fundamental concept of assessing atmospheric
predictability through analogue-based error diagnostics
has been discussed widely in the meteorological literature
(Lorenz, 1969). We build upon these foundational ideas
to evaluate and compare the predictability of ENP and
WNP blocking events. A key metric in those early analyses
was the reference-analogue error, often quantified with
a (possibly weighted) root-mean-square height difference
to measure deviations between two atmospheric states.
Reference-analogue errors arise from inherent dynami-
cal differences between effectively occurring atmospheric
situations, in particular for blocking events that share sim-
ilar large-scale structures but evolve differently in time
(Faranda et al., 2017, 2023; Yiou et al., 2007). The pro-
gression of analogue errors has been used as a diag-
nostic of blocking stability, helping to distinguish persis-
tent from transient regimes (Plaut & Vautard, 1994), and,
more broadly, as a data-driven alternative to ensemble
approaches for studying flow recurrence (Yiou, 2014).

Following Lorenz (1969), an analogue is assumed to
reproduce the spatial distribution of the reference state
plus a small deviation. By selecting, for each blocked day,
the analogue that minimizes the distance to its reference,
the initial deviation is reduced, and comparing their subse-
quent evolution provides a local (in phase space) estimate
of predictability for that reference block.

For the reference block, on day ¢, its corresponding
analogue day ¢, is selected from the dataset based on a
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minimum distance criterion. The similarity between two
atmospheric states is assessed using the spatial distribu-
tion of Zsqy. Here, X; denotes the atmospheric state vector
at time ¢, represented by the gridded Zsy, over the selected
spatial domain. It characterizes the synoptic-scale circula-
tion pattern for a given day. The Euclidean distance is used
to quantify the difference between the reference blocked
day’s Zsq field and that of any candidate day, as follows:

d( Xy, Xo) = 1 Zsoo(tr) = Zsoo (D)l 4)

where d(X; , X;) represents the Euclidean distance between
the Zso fields at times ¢, and t. The dataset consists of the
spatial distribution of Zsq0, and the goal is to identify an
analogue block on day ¢, such that

o = argmin d(X;,X)), (5)

|t_tr|ZAtmin

where Atnin = 5, as in Davini et al. (2012), which ensures
a minimum temporal separation of at least 5 days between
the blocked day and its analogue (Diao et al, 2006).
This constraint prevents the selection of analogues that
are too close in time to the original reference block,
thereby avoiding redundancy due to short-term atmo-
spheric persistence.

The analogue search procedure involves iterating over
all available time steps, computing the Euclidean distance
between the Zsqo distributions, and selecting the time step
t, that satisfies both the minimum distance criterion and
the temporal separation condition. This approach ensures
that each blocked day is assigned an analogue day that
exhibits the most similar large-scale Zsy distribution, pro-
viding insights into the recurrence of similar atmospheric
circulation patterns.

The traditional analogue method for assessing error
evolution (Lorenz, 1969) is not suitable in this context, as
it fails to account for differences in predictability between
eastern and western blocking regions due to the displace-
ment of blocking events following their initial identifica-
tion. Therefore, error evolution based on the centre of mass
is employed in the current study to capture the spatial
progression of blocking features better.

After identifying the reference and analogue block-
ing pairs, we track their temporal evolution using the
block-tracking algorithm, as explained in Section 2.2.2.
The trajectories of the reference and analogue blocks are
denoted by X,(t) and X,(¢), respectively, representing the
latitude and longitude coordinates of the blocking cen-
tre over time. Unlike traditional analogue approaches that
select several analogues per reference state (often with
relatively large initial errors), we select only the single
closest analogue for each blocked day. This reduces the

initial mismatch and ensures that subsequent divergence
reflects the intrinsic instability of the block rather than
poor analogue choice. By applying this systematically to
all blocked days identified, the methodology mimics an
ensemble evaluation across hundreds of cases, providing a
probabilistic measure of predictability for ENP and WNP
blocks.

2.2.4 | Measure of predictability

To assess the predictability of ENP and WNP blocking
events, we analyze the error evolution between the tra-
jectories of the reference and analogue blocking pairs.
The tracking of these blocking days is performed using a
block-tracking algorithm (Section 2.2.2) that follows the
movement of the centre of mass of each identified blocking
system over time.

The error evolution between the reference and ana-
logue blocking trajectories is computed using the Haver-
sine distance, which measures the great-circle distance
between two points on the Earth’s surface:

du(Ar, ¢r, Aa, pa) = 2R arcsin

X \/sin2<w> + cos(¢) cos(¢a)sin2<%> ,

(6)

where dy is the Haversine distance, R = 6371 km is the
Earth’s radius, and (4, ¢) represent the longitude and lat-
itude of the reference (4;, ¢:) and analogue (4,, ¢,) block-
ing centres.

For each pair of reference and analogue trajectories, we
compute the error evolution at time ¢ as

Ei(t) = dy (Xei(0), Xai (D)), (7)

where E;(t) represents the displacement error for the ith
reference-analogue pair at time step t. The errors are
recorded for all analogue pairs and stored in an error
matrix, allowing for further statistical analysis.

For each region and threshold «, we rank all
reference-analogue pairs by their initial Euclidean dis-
tance at t, and analyze the first 50 as the baseline set and
the first 75 as a sensitivity set, a choice that controls the
initial error, so that subsequent divergence reflects dynam-
ics rather than analogue mismatch, and preserves equal
sample sizes across ENP/WNP for robust bootstrap infer-
ence; we avoid a fixed-percentage selection because the
total number of blocks identified varies markedly across
regions and «, which would otherwise yield unequal sam-
ple sizes and heterogeneous uncertainty. This enhances
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the robustness of the error growth analysis by minimizing
the influence of initial-condition differences and allow-
ing for a meaningful assessment of dynamical divergence
over time.

The statistical distribution of errors is analyzed by com-
puting the mean and standard deviation of the error evo-
lution across all reference-analogue pairs. To estimate the
uncertainty in the error evolution, a bootstrap resampling
technique is applied and the 95% confidence interval (CI)
is obtained.

To assess the exponential growth of initial uncertain-
ties, we compute the logarithmic growth rate for each pair
at lead time 7 and increment Az, which quantifies the sen-
sitivity of blocking events to small initial perturbations:

Ei(t + AT)) ®)

-1
(@) = = ln< o

where E;j(7) is the displacement error for the ith pair at lead
time 7 and Ar is the time increment.

The mean logarithmic growth rate at each lead time is
then computed by averaging over all analogue pairs:

N
Aw) = £ Y Ao, ©)
i=1

where N is the total number of analogue realizations. Com-
paring A for ENP and WNP North Pacific blocks reveals
differences in their intrinsic predictability characteristics.

2.2.5 | Persistence of blocking events

To quantify persistence, we define the lifetime of a block-
ing event based on its tracked trajectory over time. Given
a blocking system that is identified at time ¢, and remains
detectable until time f, its persistence P is given by P =
tf — to + 1, where ¢, is the initial and ¢ the final time step
where the block is detected.

This methodology enables the analysis of the per-
sistence of blocking events, providing ideas about their
stability and potential for long-term atmospheric impacts.
Overall, the analysis above provides both a determin-
istic and a probabilistic measure of stability through
the persistence and mean logarithmic growth-rate com-
putation, allowing for a comprehensive assessment of
the stability and comparability of North Pacific block-
ing events. To ensure statistical robustness of the
analogue-based predictability diagnostics, we analyze all
months (annual sampling). Given the strict spatial and
persistence criteria in the blocking definition, seasonal
stratification (e.g., December-January-February (DJF)

Royal Meteorological Society

versus June-July-August (JJA)) would reduce the num-
ber of ENP (Asian) or WNP (American) blocking events
substantially and inflate the sampling uncertainty of
growth-rate estimates and their confidence intervals.

3 | RESULTS AND DISCUSSION

3.1 | Composite of geopotential height
(Zs00) on ENP (Asian) and WNP
(American) blocking days

Figure 3 shows the composite (temporal mean) 500-hPa
Zs field on days classified as blocked, computed using the
methodology detailed in Section 2.2 when a = 0.25. The
classification effectively distinguishes between the ENP
(Asian) and WNP (American) blocking patterns. The spa-
tial distribution of Zs, reveals that ENP blocks are concen-
trated primarily over the Aleutian region of Russia. This
indicates that most identified ENP blocks exhibit block-
ing highs in this region. Conversely, WNP blocks exhibit a
more extensive distribution, with blocking highs dispersed
across Alaska. The WNP blocks are characterized by an
intense high-pressure system, as evident from the deeper
red-shaded regions, compared with the ENP blocks. While
the ENP block presents a confined structure, the WNP
block’s influence extends over a broader region of North
America. This spatial distinction suggests potential differ-
ences in the dynamical characteristics and downstream
impacts of these blocking patterns.

Results for a = 0.20 (Appendix A, Figure Al) show
similar spatial patterns, but with a larger number of
blocking days identified, consistent with the more relaxed
threshold. These are included as sensitivity tests to demon-
strate robustness.

3.2 | Persistence of ENP (Asian)
and WNP (American) blocks

In this section, persistence of the ENP and WNP blocks
was calculated for &« = 0.20 and a = 0.25.

Figure 4 presents the probability density distribution
of blocking persistence, with a fitted gamma distribu-
tion applied to the entire dataset. The initial portion of
the distribution exhibits a strong overlap between ENP
and WNP blocks, particularly for block lifetimes up to
10 days. Beyond this threshold, the tails of the distribu-
tions diverge significantly, indicating a higher occurrence
of long-lived ENP blocks compared with WNP blocks.
ENP blocks demonstrate a tendency to persist beyond 10
days, whereas WNP blocks exhibit a sharper decline in
frequency for extended durations.
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Composite (temporal mean) of Zsy, (m) conditioned on blocked days for (a) ENP blocks and (b) WNP blocks, obtained

using the methodology described in Section 2 with a = 0.25. The composite is computed over the base period from 1850-2014. 337 ENP
blocks and 103 WNP blocks is identified with this threshold. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 Log-scaled density distribution of blocking

persistence (in days) for ENP and WNP blocks with a = 0.25. The
fitted gamma distributions for both cases are also shown. [Colour
figure can be viewed at wileyonlinelibrary.com]

When the sample size is increased by reducing the
selection threshold to @ = 0.20 (Figure A2), the initial por-
tion of the distribution remains substantially unchanged.
However, the disparity in long-lived blocking events
diminishes, with ENP and WNP blocks displaying a more
balanced distribution of extended persistence.

The observed changes with decreasing a can be
attributed to the inclusion of a broader range of blocking
events, incorporating shorter-lived and less persistent

blocks that were previously excluded under a stricter
selection criterion. Given the constraints of our method-
ology, we did not identify notable differences in persis-
tence between ENP (Asian) and WNP (American) block-
ing events.

3.3 | Structural comparison of reference
and analogue blocks

This section presents a representative case illustrating the
Zsoo fields for a typical ENP and WNP block and their
nearest-neighbour analogues. In Figure 5, the spatial dis-
tribution of Zsq, of a selected ENP and WNP block and its
corresponding analogues are depicted. In order to identify
the difference in the distributions, the anomaly between
them is also computed.

Figure 5a,c represents the typical analogue pair for
the ENP block, while Figure 5b,d corresponds to the
WNP block pair. Both reference-analogue pairs exhibit a
high degree of similarity in their Zsy distributions, indi-
cating that the analogue blocks capture the large-scale
structure of the reference blocks effectively. The differ-
ences between the selected reference and analogue blocks,
depicted in Figure 5e,f, reveal anomalies within a range
of +720 m, which is significantly smaller than the typ-
ical anomaly range of +1000 m observed between two

25UIB01 SUOLLILLIOD BAEBID) 3o ddke 8Ly} Aq peuBAOB a2 SORILE YO ‘25N J0 3N 10 A1 8UIIUO AB]1M O (SUOMIPUOD-PUE-SULRIALICY" A3 M ARG pUIUO//'Sd1) SUORIPUOD PU. LB 3U) 385 *[9202/T0/Z] U A1 8UIUO AB|IA ‘8oL Ui A pOTOL Ib/Z00T OT/10p/LIc" A3 | ARe.qI PUIIUO'STBULL/SAIY WOA| POPEOIUMOQ ‘0 ‘X0/8LLYT


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

XAVIER ET AL.

Quarterly Journal of the

S RMets 9 of 16

Royal Meteorological Society

a) Reference east block - 1855-04-03 - Index: 1918
75 I
70°N
65°N
60'N
55°N 4
50°N
45°N

75°N +
70°N o
65°N
60°N
55°N
50°N -
45°N -

75°N
70°N o
65°N -
60°N

55°N
50°N
45°N

138823

5640
5560

5480 £

=
-
5400 &
[
5320
o
3
5240 £
S
5160 o
o
[
5080 ©
5000

4920

T T T T T T T T T T
140°e  150°e  160°E  170°E  180° 170°W 160°W 150°W 140°W 130°W 120°W

—-360 -240 -120 0

T T T T T T T — T T
140°E 150°E  160°E  170°E  180° 170°W 160°W 150°W 140°'W 130°W 120°'W

120 240 360

Geopotential Height Anomaly (m)

FIGURE 5

Zsy distribution of the reference (a) ENP and (b) WNP blocks, respectively, and (c,d) their analogue blocks. Panels (e) and

(f) depict the Zsyy anomalies between the typical and analogue blocks for the ENP and WNP cases, respectively. This example is drawn

randomly from the a = 0.25 first-50 subset. [Colour figure can be viewed at wileyonlinelibrary.com]

randomly selected blocking days. This suggests that the
analogue blocks resemble their respective reference blocks
much more closely, with only minor variations in inten-
sity and spatial extent. The anomaly patterns highlight
localized differences, which may be attributed to tran-
sient synoptic-scale features or differences in block persis-
tence. These findings reinforce the reliability of the ana-
logue approach in identifying predictability and stability of
atmospheric blocking patterns.

3.4 | Stability and predictability
of identified blocks

Figure 6a illustrates the evolution of the average error
for the first 50 reference-analogue pairs, quantifying the
divergence between their trajectories. The shaded regions
denote the standard deviation, capturing the variability in
error growth across different blocking cases. The results
indicate that the trajectories of ENP blocks diverge more
rapidly than those of WNP blocks, suggesting that ENP
blocks exhibit lower stability.

Figure 6b presents the bootstrap mean error for both
ENP and WNP blocks, along with their respective 95%
CIs. The use of the bootstrap method (with replacement)
enhances statistical robustness by resampling the data to
estimate uncertainty. The widening confidence intervals

over time reflect an increasing separation between refer-
ence and analogue blocks, reinforcing the idea that block-
ing predictability diminishes with lead time. This decline
is pronounced for ENP blocks, indicating a greater rate of
divergence compared with WNP blocks. Curves end when
too few pairs remain because one or both blocks terminate
or splits, so the valid sample becomes small. The bootstrap
shading shows the 95% CI of the mean, naturally narrower
(scaling as «x 1/ \/ﬁ) than the +1 ¢ shading in Figure 6a,
which reflects the spread across individual cases, and it ter-
minates earlier because we require a minimum effective
sample size for stable intervals; by contrast, the +1 ¢ shad-
ing can be shown for smaller samples and therefore may
extend further in lead.

Figure 6c depicts the averaged growth rate of the loga-
rithm of the error, which is equivalent to the definition of
the Lyapunov exponents, which characterizes how quickly
small perturbations in initial conditions amplify, offering
insight into the chaotic behaviour of atmospheric block-
ing. Higher values correspond to increased instability and
reduced predictability. Note that, in the case of a pure
exponential behaviour along the dominant local instabil-
ity, this averaged growth rate would have been constant as
a function of time.

The results suggest that ENP blocks exhibit larger log-
arithmic growth rate, implying a larger sensitivity to ini-
tial perturbations and, consequently, lower predictability
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Evolution of error and logarithmic growth rate for ENP and WNP blocks, considering @ = 0.25 and the first 50

reference-analogue pairs with the smallest initial error. (a) Mean error growth over time for ENP and WNP blocks, with shaded regions
representing the standard deviation. (b) Bootstrap mean error with 95% confidence intervals for both block types. Curves terminate where too
few pairs remain because one or both blocks cease or splits.(c) Mean logarithmic growth rate over time, comparing the stability
characteristics of ENP and WNP blocks. [Colour figure can be viewed at wileyonlinelibrary.com]

compared with WNP blocks. Over time, the growth rate
decreases for both cases, which could indicate either the
progressive saturation of the error, as expected when the
error becomes large (Nicolis et al, 1995; Vannitsem &
Nicolis, 1997), or the increase of predictability of the
blocking after its onset. Disentangling one from the other
would require us to make model experiments with very
small initial-condition errors at different stages of the
development of blocking. The analysis above, however,
indicates the strong instability of ENP blocks over WNP
blocks.

A key clarification is warranted regarding the nature
of positional error growth in the blocking events shown.
As discussed in details in Bohr et al. (1998), one should
distinguish between Eulerian and Lagrangian Lyapunov
instabilities. The former are associated with the differ-
ence in the initial state of the background flow, while
the latter are related to the spatial difference between the
positions of the structures of interest, that is, the block-
ing events. Here, both Lagrangian and Eulerian errors
are affecting the dynamics, and one cannot distinguish
between the two here, as they are intertwined. In Bohr
et al. (1998), it is also shown that, in the presence of both
errors, the largest exponent among the Lagrangian and
Eulerian Lyapunov instabilities is controlling the error

evolution. We thus suspect that, in our case, the maximum
Lyapunov exponent between the Eulerian and Lagrangian
approaches is at play. The first value of Figure 6c can then
be viewed as an estimate of the dominant local (in physical
space) Lyapunov instability of the blocking events.

The same analysis was repeated for the first 75
reference-analogue pairs, as shown in Figure 7. In
Figure 7a,b, the average error evolution for ENP and
WNP blocks appears nearly indistinguishable, indicating
reduced contrast compared with Figure 6a,b. However, a
slight difference remains, with ENP blocks still exhibiting
a marginally higher rate of error growth than their WNP
counterparts. The variability, quantified as the spread in
error evolution across the reference-analogue pairs cal-
culated using both the standard deviation and the boot-
strap 95% confidence interval, overlaps for both cases.
This reduction in the difference in average error evolu-
tion suggests that increasing the sample size introduces
greater diversity in blocking characteristics with larger
initial-condition errors, leading to a broader representa-
tion of stability and transition behaviours. As a result, the
contrast between ENP and WNP blocks initially observed
diminishes, highlighting the influence of sample selection
on assessing blocking predictability. The mean logarith-
mic growth rate in Figure 7 shows a comparable difference
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for both cases by highlighting lower predictability for ENP
blocks, as in Figure 6. Despite increasing the sample size
from 50 to 75 cases, the logarithmic growth rate continues
to exhibit significantly different values for ENP and WNP
blocks. This suggests that the inherent instability of ENP
blocks is a fundamental characteristic, less dependent on
the number of selected cases.

The analysis was repeated for « = 0.20 (the figures are
included in Appendix A) and the resulting error evolution
and mean logarithmic growth rate for the first 50 cases are
presented in Figure A3. The mean error evolution exhibits
a similar pattern to previous analyses, with higher values
for ENP blocks, reaffirming their lower stability. However,
the logarithmic error growth rate (Figure A3c) shows a dis-
tinct behaviour: initial differences between ENP and WNP
blocks gradually diminish, leading to an overlap on day
2. As time progresses, the divergence becomes significant
again, particularly on days 3, 4, and 5, supporting fur-
ther the conclusion that ENP blocks are inherently more
unstable than WNP blocks.

For the first 75 cases (Figure A4), a similar pattern
emerges. Initially, ENP blocks exhibit higher error val-
ues, but beyond the fifth day the error evolution of ENP
and WNP blocks becomes more comparable, leading to
an overlap. The logarithmic error growth rate follows a
non-monotonic behaviour: higher initial values for ENP
blocks, followed by relatively lower values on days 3 and 4,
and a subsequent increase on day 5.

Reducing the threshold « from 0.25 to 0.20 increases
sensitivity to smaller-scale variability by allowing a
broader range of blocking events. This broader inclusion
introduces greater variability in error growth patterns, as
reflected in the non-monotonic behaviour of logarithmic
error on days 3 and 4. With a less stringent analogue selec-
tion, initial differences between reference and analogue
blocks are slightly larger, which may explain overlapping
growth phases—such as day 2 for the 50-case scenario
and day 5 for the 75-case scenario—before divergence
occurs. These effects are amplified further in larger sam-
ples, where a mix of more persistent and less stable blocks
leads to alternating phases of stronger and weaker error
growth.

In contrast, using a stricter threshold of a = 0.25
ensures the selection of only the most structurally similar
blocking events, making the differences in their instability
characteristics more apparent. Despite the added variabil-
ity introduced at @ = 0.20, the underlying instability of
ENP blocks remains evident, as they consistently exhibit
higher error values and larger mean logarithmic growth
rates over time.

4 | CONCLUSION

This study investigates the predictability of eastern and
western North Pacific atmospheric blocking events using
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an analogue-based approach. Our results provide a dynam-
ical complement to established descriptions of North
Pacific blocking occurrence and structure. Prior studies
have documented robust blocked day climatologies and
regional preferences based on gradient-reversal indices
and related diagnostics (e.g., Barriopedro et al., 2006;
Davini et al., 2012; Lupo et al., 2019), including over the
Kuroshio-Oyashio Extension and Gulf of Alaska sectors.
The composite Zsqo fields conditioned on blocked days
(Figure 3) align with these preferred locations, while our
analogue-based metrics quantify how quickly initially sim-
ilar states diverge, thereby translating structural prefer-
ences into a finite-time predictability perspective.

The east-west asymmetry we find, systematically
faster divergence (larger mean logarithmic growth rates)
for ENP blocks, fits with well-known contrasts in the
background flow. In the northwest Pacific near the Rus-
sian coast and the Kuroshio-Oyashio Extension (ENP
block region), the jet entrance region, sharp sea-surface
temperature fronts, and strong baroclinicity favour fre-
quent wave-packet genesis, active transient eddy forcing,
and Rossby-wave breaking, all of which enhance sensi-
tivity to small perturbations and shorten intrinsic pre-
dictability (Hwang et al., 2020; Che et al., 2021; Masato
et al, 2012; O’Reilly & Czaja, 2015; Qiu et al., 2017;
Woollings et al., 2018). By contrast, many WNP blocks
occur downstream of the jet core, where ridges can be
more quasi-stationary and sometimes anchored by coastal
or orographic influences, yielding slower error growth and
longer predictability horizons (Breeden et al., 2020; Neal
et al., 2022; Woollings et al., 2018). In this view, back-
ground wave dispersion and transient eddy forcing mod-
ulate blocking stability in a way that naturally produces
lower predictability for ENP than for WNP, even when ini-
tial structures are similar (Hwang et al., 2020; Woollings
etal., 2018).

Methodologically, our analogue framework
complements  persistence-based  descriptors  and
ensemble-forecast evaluations of blocking predictabil-
ity (Matsueda, 2009; Plaut & Vautard, 1994). Persistence
distributions quantify how long blocks last but do not
capture sensitivity to small perturbations directly. Ensem-
ble forecasts provide such sensitivity, but can be model-
and configuration-dependent. By contrast, the ana-
logue growth-rate diagnostic we employ computed from
reference-analogue pairs in Zsoy and summarized across
many cases offers a model-agnostic, data-driven estimate
of local (phase-space) predictability, in the spirit of clas-
sical analogue ideas (Lorenz, 1969; Yiou, 2014) and more
recent dynamical-system applications to midlatitude
regimes (Faranda et al., 2017, 2023; Yiou et al., 2007).

These findings also speak about model evaluation.
MIROCS6 exhibits relatively small biases over the North

Pacific blocking sector compared with commonly used
reanalyses (Lohmann et al., 2024), and our east-west con-
trast persists across reasonable thresholds (a« = 0.20, 0.25)
and sample choices (first 50 or first 75). This indi-
cates that analogue-based growth rates provide a com-
pact benchmark for assessing whether climate mod-
els reproduce not only the occurrence of blocks but
also their intrinsic predictability, complementing stan-
dard blocked-day counts and persistence metrics. As a
model-dependence sensitivity test, we repeated the full
pipeline with IPSL-CM6A-LR and MPI-ESM1 (a = 0.25;
first 50 nearest pairs; see Figures S1 and S2 in the supple-
mentary material): MIROCS6 retains a clear ENP > WNP
early-time divergence, whereas IPSL-CM6A-LR shows
only a weak ENP-WNP contrast, and in MPI-ESM1 the
reference—analogue pair’s initial separation for the ENP
block is substantially larger (= 693 km), which raises mean
error levels, yet the mean logarithmic growth rate that
evaluates finite-time divergence relative to the initial mis-
match still yields lower predictability for ENP, consis-
tent with MIROCS6. This model dependence aligns with
independent assessments of North Pacific blocking biases
(Lohmann et al., 2024), suggesting that analogue-based
predictability diagnostics are most informative when
applied to models with realistic blocking occurrence and
structure.

Our results show that blocks adjacent to the Asian
boundary (ENP) exhibit systematically faster early-time
divergence than blocks adjacent to the North American
boundary (WNP), implying shorter intrinsic predictability
for ENP. This east-west contrast persists across thresh-
olds and sample sizes and is consistent with the view that
basin-scale boundary constraints modulate regime stabil-
ity, extending the idealized finding of Xavier et al. (2024) to
a comprehensive GCM.

Looking forward, several extensions could deepen
and broaden the analysis. First, a seasonal decompo-
sition (e.g., DJF versus JJA) will be pursued when
event counts permit, complementing the annual sam-
pling adopted here for robust uncertainty quantifica-
tion. Beyond Zsq fields and centre-of-mass tracking,
we will incorporate dynamical diagnostics, such as
potential vorticity gradients, wave activity fluxes, and
Rossby-wave breaking metrics to attribute the east-west
contrast to specific mechanisms. We will also ana-
lyze additional MIROC6 ensemble members to contrast
inter-member behaviour and, where appropriate, pool
events to increase statistical power. In parallel, we will
benchmark the methodology against reanalysis datasets,
provided enough blocking events can be gathered. Finally,
we will assess metric dependence by varying block-
ing indices and thresholds and applying modest spatial
smoothing. Together, these steps aim to refine mechanistic
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attribution and test the generality of the east-west pre-
dictability asymmetry.
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APPENDIX A. PREDICTABILITY ANALYSIS (x=10.20)
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Same as Figure 3 with a = 0.20. 532 eastern blocks and 251 western blocks are identified with this threshold. [Colour
figure can be viewed at wileyonlinelibrary.com]
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FIGURE A2 Same as Figure 4, but with a = 0.20. [Colour
figure can be viewed at wileyonlinelibrary.com]|
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(a)

Same as Figure 6, but with a = 0.20, considering the first 50 reference-analogue pairs. [Colour figure can be viewed at
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Same as Figure 6, but with a = 0.20, considering the first 75 reference-analogue pairs. [Colour figure can be viewed at
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