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Abstract:

Introduction:

Some weather extremes are the result of atmospheric blocking, which can be responsible for the stagnation of weather patterns. These large-scale
quasi-stationary mid-latitude flow regimes can result in significant temperature and precipitation anomalies over the regions that the blocking event
impacts or in the upstream and downstream regions.

Methods:

The ability to predict periods of anomalous weather conditions due to atmospheric blocking is a major problem for medium-range forecasting.
Analyzing the National Centers for Environmental Prediction (NCEP) Ensemble 500-hPa pressure level heights (240 hrs.) ten-day forecasts, and
using the University of Missouri blocking archive to identify blocking events, the forecasted onset, duration, and intensity of model blocking
events are compared to observed blocks.

Results and Discussion:

The observed blocking events were identified using the University of Missouri blocking archive. Comparing these differences using four Northern
Hemisphere case studies occurring over a one-year period across the Northern Hemisphere has shown the continued need for improvement in the
duration and intensity of blocking events. Additionally, a comparison of the block intensity to a diagnostic known as the Integrated Regional

Conclusion:

Enstrophy (IRE) was performed in order to determine if there is a correlation between IRE and these quantities.

Having a better understanding of block persistence and their associated anomalies can help society prepare for the damage they can cause.
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1. INTRODUCTION

Atmospheric blocking has been defined in previous work
using a number of different criterion including; as a persistent
height anomaly [1], as a weakness in the 500-hPa winds [2], or
using Potential Vorticity techniques [3, 4]. Recently, the
efficacy of these blocking indexes was examined and it was
determined that each captures the basic essence of the Northern
Hemisphere blocking climatology, but the definitions result in
some key differences. The blocking definition proposed by the
study [8] included many characteristics such as onset location,
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duration, half-wavelength, and Block Intensity (BI). Thus, a
generic definition of blocking [9]. is that they are a non-linear,
large-scale phenomenon that occurs in the atmospheric
pressure field and results in a regionally quasi-stationary steady
state for the mid-latitude flow.

Cyclonic wave breaking, which results in the upscale
cascade of enstrophy, is an important process for maintaining
some mid-latitude stationary general circulation or clima-
tological features or mid-latitude climate [10]. This cyclonic
wave breaking can contribute to the support of a persistent
blocking episode. Several studies have shown these episodes
lead to anomalous temperature and/or precipitation anomalies
within the blocked region or the surrounding area [10 - 12].
Blocking events have been associated also with extreme
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weather, for both temperature [11 - 13] and precipitation
regimes as well [14, 15].

Others [16, 17] describe the relationship between
developing upstream cyclones and the onset and/or
maintenance of blocking in some detail, including a description
of the phase relationship between the large and synoptic-scale
wave and the development of a jet maximum on the upstream
flank of the blocking events. These and others find that
cyclones that develop 10 - 50 degrees longitude upstream
(about Y wavelength) of the large-scale feature or blocking
event are associated with the onset of blocking. These cyclones
typically deepen rapidly or explosively [8, 16, 17].

Also, the study [10, 18], and many other studies examined
the persistent and severe summer heatwave of 2010 over
Eastern Europe and Russia. There were more than 50,000
deaths in Russia alone including more than 1,600 people who
drowned as they entered water to escape the heat [9]. This
heatwave caused large economic losses including the crops that
were damaged. An increase in wildfires and smog levels in
major Russian cities led to severe illness as well. The heat
wave was the result of three atmospheric blocking events that
covered the Euro-Russian region persisting from late June to
mid-August [18]. Research regarding the future occurrence of
blocking events demonstrates generally that these events will
continue to play a role in the occurrence of extremes that are
expected in association with changes in climate [19].

Typically, weather forecast models have under-forecast the
occurrence of blocking [10]. During the 2010 summer season,
the inability of the models to capture adequately the timing of
blocking onset, decay, and maintenance of blocking caused the
under-forecasting of extreme surface temperatures in Eastern
Europe and Russia [10]. Studies have shown that numerical
model forecasts have become reliable for about one to seven
days, but they have an absolute limit of about 10-14 days [20 -
22]. The failure of operational models in forecasting is a
problem for anticipating blocking onset, and especially decay.
Numerical model predictions are subject to fail for various
reasons including, but not limited to; parameterization errors,
lack of data, measurement errors, errors in initial conditions,
and error growth [23, 24].

A previous study of blocking predictability [25]
investigated the frequency, seasonal variability, and onset of
blocking using the European Centre for Medium-Range
Weather Forecasts (ECMWF) model. They analyzed blocking
events over a seven-year period in both the Northern and
Southern Hemisphere. Their study [25] found that Atlantic
blocking events occurred more often in the spring, while
Pacific blocks were frequent in the winter including a weak
secondary peak in summer. Block onset was less predictable
during the winter and summer seasons when compared with the
spring season in the Northern Hemisphere. They also found
that the model estimated block intensity most faithfully during
the spring, but that it was over-estimated in the fall. Persistence
was predicted better in the Atlantic Region when compared
Pacific Region blocking events. Additionally, the study [25]
suggested that a small number of case studies needed to be
investigated in more detail in order to determine why models
failed in block forecasts.
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Then an ensemble model was used to examine a 1985
winter season blocking case study occurring within the Eastern
Atlantic Ocean and Western Europe region focusing on the
predictability of onset and the planetary/synoptic-scale
preconditioning [26]. They used a 10-member ensemble suite
available through the Community Climate Model (CCM) group
at the National Center for Atmospheric Research (NCAR). A
comparison of the predictability for non-blocking planetary-
scale features relative to blocking events motivated this study.
Relaxing the blocking criterion, they found that blocking
events were less predictable as the lead-time increased [27].
However, the degree to which initialization (on planetary or
synoptic-scales) or model error/bias were the key factors in
forecast accuracy could not be resolved [26]. All ensemble
members failed to locate block onset and persistence accurately
at lead times greater than seven days.

In a follow-up study, the study [28] eliminated that model
bias by calibrating the National Centers for Environmental
Prediction (NCEP) Global Spectral Model (GSM) ensemble
forecast system. Using the technique of forecasting from
different initial times on the same day [29], a probabilistic
forecast for blocking can be created. Skill scores were
calculated and tested for accuracy in order to create the
calibrated forecast. Then, bias was identified using the Heidke
Skill Score (HSS) and False Alarm Rate (FAR) [30]. The
probabilistic calibrated forecasts of blocking onset and
frequency were compared to the NCEP reanalysis and the un-
calibrated ensemble forecast during the cool season (September
to May) from 1959 to 1998 within the Atlantic and Pacific
Regions. They concluded that Atlantic Region probabilistic
calibrated forecast showed great improvements compared to
un-calibrated ensemble forecasts, however, due to the lack of
reliable data over the Pacific region, the forecasts were not as
successful [28].

Predictability in an ensemble forecast system using the
Integrated Regional Enstrophy (IRE) technique originally
formulated by [31] and its derivative (DIRE) during the life
cycle of two blocking events were examined in the work [32].
They found that the ensemble mean for the Global Ensemble
Forecast System (GEFS) model performed better than the
control forecast in representing these quantities, but individual
ensemble members better correlated to the observed event
regardless of the model resolution or the analyses. However,
none of these studies cited above examined the detailed list of
block characteristics at onset as in [8, 33] including BI.

Following the suggestion [25], this study will be similar to
the study [9, 34] and analyze four quasi-randomly chosen
Northern Hemisphere (NH) blocking events during the period
from 1 May, 2016 to 30 April, 2017 in order to compare the
dynamics of both Pacific and Atlantic Region events as well as
strong and weak blocking events. Using the National Centers
for Environmental Prediction (NCEP) ensemble model mean
forecasts and the NCEP/National Center for Atmospheric
Research (NCAR) re-analyses, a more detailed comparison
between model forecast and observed blocking events as in the
sudy [9], but in more detail. This study will focus on the model
forecast of block onset/decay, longevity, BI [33], and block
location. This study will also examine the possible correlation
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between BI and IRE suggested by [9, 34], and the implied
physical relationship between a developing upstream surface
cyclone and block onset [16, 17]. The authors are not aware of
another research group that examined the detailed quantitative
character of precursor cyclones and the associated blocking
event and their physical relationship. Section two will discuss
the data and methods used to perform this research; section
three will examine the synoptic aspects of each blocking event
as well as IRE and teleconnections; section four will compare
the ensemble modeled blocking and observed data.

2. DATA AND METHODS

2.1. Data

The National Meteorological Center (NMC - now NCEP)
began operational ensemble forecasting in 1992 [35, 36]. This
model had a control simulation and 14 members and used a
lower-resolution (T62, equivalent to ~210 km) version of a
Medium-Range Forecast (MRF) model [35, 36]. The ensemble
system now provides 17 global forecasts and produces products
that can be used for medium-range forecasting applications. In
this work, the “spaghetti” plot, which provides two 500 hPa
height field contours chosen to represent the mid-latitude and
subtropical flow from each ensemble member. The ensemble
mean plot consists of representative contours from the mean
500-hPa height field obtained from each ensemble member
[35].

The datasets used here were provided by the NCEP Global
Ensemble Forecast System (GEFS) ensemble mean forecast
product and the NCEP/NCAR Reanalyses from 1 May, 2016 -
30 April, 2017. The GEFS NH 500 hPa height fields (m) for
the mean and spaghetti plots were used and were available for
ten days (240 h). The model data resolution used here is 1°x 1°
latitude and longitude grid. The characteristics derived from
these data were the block onset and location, duration, and BI
[33]. Then the modeled and the corresponding observed
blocking characteristics were compared then to the
corresponding observed atmospheric blocking events. The
NCEP/NCAR re-analyses [37] are used to diagnose the
observed blocking events. The data used here were the pressure
level 500 hPa heights (m) plotted on a 2.5° latitude by 2.5°
longitude grid. These data are available in 6 h increments from
1 January 1948 to the present, and the 1200 UTC re-analyses
were used primarily since these contain the most observations
[33].

2.2. Methods

In order to identify observed and ensemble model blocking
events, the criteria [33] was used and is described briefly here.
This criterion stipulated that a blocking event must persist for
at least five days and must satisfy the subjective [38] and
objective [2] blocking criterion over a span of 30° longitude.
More information about the criteria can be found in the study
[8, 33]. In order to determine BI, the modified version [33] first
developed by the study [8] was used. This quantity is defined
as:

BI = (% - 1) x 100 o
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where ZC is the daily block center 500 hPa height, RC is
the representative mid-latitude flow contour. Then BI is
averaged over the lifetime of the blocking event. RC is
determined as the daily values of the lowest 500 hPa heights
found along the trough axis upstream (ZU) and downstream
(ZD) of the block along the inflection longitude and the
formula for RC is:

__ ZU+(2XZC)+ZD ()
4

RC

BI has been used in many studies [18] and this quantity is
proportional to the strength of mid-latitude height gradients has
been demonstrated in the study [33]. The expression (RC) is
similar in form to that of a second-order one-dimensional
Shapiro filter [16, 40]. Also, BI is normally distributed and
defined a strong (weak) block as those with a BI larger
(smaller) than 4.3 (2.0) units [33]. All other events between
these values as moderate.

In order to evaluate the ensemble mean model
performance, lead times up to ten days (240h) prior to the
observed event were examined. As in the study [9], the results
will be summarized by displaying the ten, seven, four, and one
day, lead times following [9]. Also, the use of Integrated
Regional Enstrophy (IRE) is discussed and compared this
quantity to BI, which will be done here [9] and [10]. IRE has
been shown to be a useful diagnostic in identifying blocking
and/or regime transition [11, 31, 41 - 43]. This diagnostic is a
modified version of integrated enstrophy that was correlated
with the sum of the positive Lyapunov Exponents in a quasi-
barotropic flow [32]. They also described blocking as a quasi-
stationary atmospheric state with quasi-barotropic structure.
Lyapunov exponents measure the expansion or contraction of
an initially infinitesimally small n-dimensional sphere, which
becomes an n-dimensional ellipsoid in the phase space with
time [34]. The study [11] demonstrated that IRE over a large
but finite region was similar to that over the entire NH. Then,
this technique was used to determine the stability or
predictability within a planetary-scale flow regime [11, 18, 44].

IRE is calculated as follows [18]:
IRE = [, ¢2dA ~ % 3)

where ( is the vorticity or curl of the wind field, and A, is
the sum of the positive Lyapunov exponents. IRE can be used
as a measure of predictability [34] where higher (lower) values
correspond to a lesser (greater) degree of predictability or
possibly the transitioning of (a more stable) atmospheric flow
[41 - 43]. In order to calculate this quantity, the geostrophic
vorticity ({,) was used and differentials were calculated using
second-order finite differencing over a 20° latitude by 20°
longitude grid box encompassing the center of the blocking
event [11, 18].

In order to extend the work of [9], the relationship of IRE,
BI, and block onset to traditional teleconnection indexes is
examined. The Pacific North American (PNA) teleconnection
[17, 45, 46]. is a west to east pattern of alternating height or
pressure anomalies over the Pacific Ocean Region extending
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across North America. The North Atlantic Oscillation (NAO)
[45]. is a north-south surface pressure oscillation in the Atlantic
Region and the fundamental dynamics are similar to that of the
PNA pattern [46 - 49]. The PNA and NAO also maybe the
regional expression of vacillation [43]. in the NH flow overall.
The daily NAO and PNA indexes will indicate the phase
Pacific and Atlantic Region troughing and ridging. The Arctic
Oscillation (AO) is a teleconnection index related to the
amplitude of the NH flow overall [50]. Daily values of these
indexes used here are obtained from the National Oceanic and
Atmospheric Administration (NOAA) Climate Prediction
Center (CPC - http://www.cpc.ncep.noaa.gov/products/).

3. SYNOPTIC DISCUSSION AND IRE

The work of [9] found 39 blocking events that occurred
between 1 May 2016 and 30 April 2017 over the entire NH,
including 19 for the Atlantic Region, 13 for the Pacific Region,
and seven for the continental regions as defined by [33].
Blocking events were selected to represent a diverse sample
with respect to intensity, location, and seasonality within the
NH [9]. Table 1 lists the blocking events that were studied in
[9] and here. These blocking events will be referred to as they
are abbreviated in Table 1. One of these (SCP) was also
examined in [34].

3.1. Weak Warm Season Atlantic Region Block (WWA)

The first blocking event (WWA - Fig 1a) was located
within the Atlantic Region and persisted for 14.5 days [9].
Block onset was 1200 UTC 23 June 2016 and termination on
0000 UTC 8 July, 2016 (Table 1). The BI was 2.46 (Table 1)

Reynolds et al.

ranking as a moderate event close to the intensity of a typical
warm season Atlantic Region event according to [33]. The
WWA block center of this event drifted to the east and
termination occurred in the Ural Mountain region near 70° N.
The BI (Fig. 2a) remained relatively steady over the block life
cycle ranging from 2.14 - 2.82, but going through four increase
and decrease cycles in association with upstream synoptic-
scale cyclones [16, 17, 51]. Another block existed during the
same time-period over continental Asia (25 June - 4 July 2016
- not shown), and a weak blocking event formed over the
Pacific Region from 5 - 10 July, 2016- not shown).

The IRE (Fig. 2b) also increases during the WWA onset
phase and behaves in a similar manner to BI throughout the
block lifecycle. The correlation between the two quantities
(Table 2) was 0.29, which was not statistically significant.
Lastly, using the NCEP teleconnections website, the daily
NAO Index was positive during block onset and remained
positive for much of the block lifetime (mean value = 0.012),
becoming strongly negative by termination. The daily AO
Index was also positive (mean value = 0.791) during the
lifetime of WWA of the block, becoming negative by
termination. A negative correlation between BI (Table 3)
during the lifecycle of this blocking event and NAO (-0.47)
and BI and AO (-0.61) was significant at the 90% and 95%
confidence level, respectively. IRE correlated negatively with
the AO (-0.48) as well, and this was significant at the 90%
confidence level. The NAO and AO correlated at 0.79, which
was significant at the 99% confidence level, similar to the
long-term study of [50]. The implication of this analysis will be
discussed below.

Table 1. Description of blocking events: name, date of event / longevity, and blocking intensities (BI) from observed data. BI
was calculated using Eq. (1). In the name, intensity is identified as weak (W) or strong (S), season as warm (W) or cold (C),

and region as Atlantic (A) or Pacific (P).

Event Location (at onset) Date / Longevity Observed BI
1 (WWA) Atlantic (50° N 20° E) 1200 UTC 23 Jun - 0000 UTC 8 Jul 2016 2.46
2 (WWP) Pacific(50° N 165° E) 0000 UTC 27 Aug - 0000 UTC 4 Sep 2016 1.99
3 (SCA) Atlantic (55° N 0°) 0000 UTC 3 - 0000 UTC 27 Oct 2016 3.94
4 (SCP) Pacific (50° N 160° W) 0000 UTC 23 Feb - 0000 16 Mar 2017 451

Table 2. Correlation of IRE and BI for each event from Table 1 and for a lag of BI with respect to IRE by 24-h increments
out to 72-h. WA: Weak Atlantic, WP: Weak Pacific, SA: Strong Atlantic, SP: Strong Pacific, *best correlation, and +, ++, and
+++ is correlation significant at least at the 90%, 95%, and 99% confidence level, respectively.

Correlation Between IRE and the Lag of BI
Event No Lag 24-h 48-h 72-h
WWA 0.29 0.40%+ -0.15 0.20
WWP 0.15 -0.39 0.41* -0.26
SCA 0.49%+++ 0.40++ 0.07 -0.20
SCP 0.16 -0.31 -0.18 0.36%+
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Fig. (1). The 500 hPa height field for a) 1200 UTC 24 June 2016 (WWA - BI =2.25), b) 1200 UTC 28 August 2016 (WWP - BI =2.07), ¢) 1200 UTC
4 October, 2016 (SCA - BI =3.73), and d) 1200 UTC 24 February 2017 (SCP - BI = 5.02). The center point at this time is labelled with an H.

3.2. Weak Warm Season Pacific Region Block (WWP)

The second blocking event (WWP) developed over the
Pacific Region [9] and persisted for eight days (Fig. 1b). The
onset occurred at 0000 UTC 27 August, 2016 and terminated
on 0000 UTC 4 September, 2016 (Table 1). This blocking
event was considered a weak warm-season event (Bl = 1.99)
(Table 1), however, this is typical for NH or Pacific Region
blocking events. The study of [33] found that cold season and
oceanic region blocks were stronger than warm-season or
continental blocking events in general. This blocking event was
nearly stationary, drifting slowly poleward within the western
Pacific Region throughout the lifecycle. The blocking BI (Fig.
2¢) changed some as well but was similar in strength at onset
(BI=1.81) and termination (BI = 1.60). The maximum BI was
2.69 occurring near the middle of its lifecycle (31 August,
2016).

During the WWP block lifecycle, the IRE (Fig. 2d) was
shown also to be steady and the correlation between BI and
IRE was 0.15 (Table 2) [9]. This correlation was not

statistically significant. The WWP event persisted within a
positive PNA (PNA = 1.064 time) and AO (AO = 0.662) Index
regime. The block lifecycle was bookended by negative PNA
index values. The daily AO Index was strongly positive from
31 July to about 20 September indicating more zonal NH flow.
However, for WWP the AO and PNA correlated negatively
(-0.83) and in [50]. Due to the small sample size, this was not
significant at standard levels. Table 3 shows that BI and IRE
did not correlate at standard levels of significance to the
teleconnection indexes.

3.3. Strong Cold Season Atlantic Region Block (SCA)

A strong blocking event (SCA - Fig. 1¢) dominated the
eastern Atlantic Region for 24 days during October 2016 [9].
The blocking event onset at 0000 UTC 3 October, 2016 and
terminated on 0000 UTC 27 October 2016 (Table 1). The BI
was 3.96 (Table 1), which is a strong moderate event typical
for a fall or winter occurring in the NH or Atlantic Region
event [33]. This was the third event examined and, Like the
WWA event, the SCA event drifted eastward and slightly
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poleward over the course of the lifecycle terminating near the
Urals. The BI (Fig. 2e) diagnostic showed similar behavior to
the previously discussed events as the SCA went through three
periods of strengthening after onset [16, 17]. The SCA ranged
from BI =2.72 on 18 October to BI = 6.38 on 23 October [9].

The IRE (Fig. 2f) behaved similarly to the BI for the SCA
[9] and the correlation between the two-time series was 0.49, a
value significant at the 99% confidence level (Table 2). The
IRE shows a maximum at the onset of SCA and towards decay.
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This suggested a flow regime transition near the time of
termination [41, 42]. This blocking event persisted through a
prolonged period of positive daily NAO Index values as 30 out
of 35 days from 29 September - 2 November 2016 were a
positive value. The mean NAO and AO Index values for this
blocking event were 0.166 and -2.080, respectively, and
correlated positively (0.34) at the 90% confidence level. Table
3 demonstrates that for the SCA, BI and IRE correlate with the
primary teleconnection indexes in the same manner as the
WWA, except that the confidence levels were higher.
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Table 3. As in Table 2, except for the relationship between IRE and BI and the teleconnection indexes.
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Event BI-NAO BI-PNA BI-AO IRE-NAO IRE-PNA IRE-AO

WWA -0.47+ - -0.61++ -0.27 - -0.48+

WWP - -0.49 0.36 - 0.22 0.07
SCA -0.51+++ - -0.60+++ -0.29 - -0.44++
SCP - -0.31 -0.34 - 0.15 0.00

3.4. Strong Cold Season Pacific Region Block (SCP)

The fourth blocking event examined was a strong Pacific
Region event (SCP - Fig. 1d) was first identified in 0000 UTC
23 February 2017 near 50° N 160° W within the Bering Sea
Region (Table 1). The SCP was studied by [9] and [34] and
persisted for 21 days, remaining stationary before terminating
near the dateline on 0000 UTC 16 March, 2017 (Table 1). The
SCP was the strongest event studied here (BI = 4.51). The BI
for the SCP event ranged between 3.13 on 28 February 2017
and 5.69 on 4 March, 2017 (Fig. 2g). The mid-lifecycle peak in
BI was associated with strong upstream cyclone development
and BI then decreased steadily until termination. On 4 March,
2017, a second (simultaneous) event developed over the
Atlantic region (not shown) and was also strong. In the NH
[33] observed that simultaneously occurring blocking events
are generally strong.

The IRE was steady throughout the SCP block lifecycle
(Fig. 2h) [9], [34], but peaked at the same time that BI was a
maximum. The correlation between these two variables was
about 0.16 (Table 2), and this correlation is not statistically
significant. This event persisted within a strongly negative
(positive) PNA (AO) Index regime (PNA = -0.669 [AO =
1.45]). The SCP event underwent decay as the PNA index
transitioned to a positive value [34]. This block also persisted
through a long period of positive AO values, with only a brief
excursion into negative values from 5 March to 9 March [34].
Like the WWA and SCA events, the BI and IRE for this event
correlated to the relevant teleconnection indexes as did the
WWP event (Table 3).

4. DISCUSSION

The study of [16] and subsequent papers showed that the
onset of every blocking event is accompanied by a developing
surface cyclone and upper air short wave located upstream of a
large-scale ridge. They also noted that the intensification of an
associated upper-level jet maximum on the upstream flank of
the incipient blocking event strengthens the transport of
anticyclonic vorticity into the developing event. Then [17]
demonstrated that the ideal phase relationship between the
developing upstream low and blocking event is about 10°-50°
longitude. Each event studied here [9] follows the same
development mechanism of [16], and the WWP serves as an
example the WWP from blocking event two (weak Pacific
Region block is shown in Fig. (3).

At 1200 UTC 25 August (Fig. 3a), a surface low with a
central pressure of 990 hPa was located near Manchuria and
Sakhalin Island (52.5° N 140° E). This time was the start of a
24 h period of rapid (but not explosive) development. By 1200

UTC 26 August (Fig. 3d), the cyclone central pressure was at
973 hPa. This represented a 17 hPa decrease in central pressure
over 24 h, a deepening rate of 0.75 Bergerons. The explosive
development rate is 24 hPa 24 h™' at 60° N as defined by [52].
At the cyclone’s latitude, a decrease of 22.7 hPa in 24 h would
have been the criterion for explosive development. The rapid
cyclone deepening occurred roughly 20-25 degrees upstream of
the incipient block onset (Fig. 3i), consistent with [9, 17].

As in [9] (Fig. 3b), the cyclone was located in the
poleward exit region of a jet maximum located near the base of
the upper-air trough at this time. Over the 24 h development
period (Fig. 3e), the wind maximum on the block upstream
flank strengthens as evidenced by the increases in the vector
wind components [9]. Additionally, at 500 hPa (Fig. 3c,f), a
short wave trough-ridge couplet in the large-scale wave
amplifies in scale and phases with the large-scale hemispheric
wave pattern. Fig. (2d) demonstrates that IRE increased during
the early part of the block lifecycle along with the BI (Fig. 2¢)
[9]. Thus, a relative maximum for both variables occurred
following the period of rapid upstream cyclone deepening [9],
[34, 51].

The post-development IRE maximum may be associated
with a maximum in the synoptic-scale component of the 500
hPa height field as shown by [18] for the July 2010 western
Russia blocking event. These maxima are likely associated
with the deepening synoptic-scale cyclone as shown by [9] and
[51]. Then, the BI maxima may be expected to occur near the
time of the IRE maxima as in [34]. However, the question was
asked as to whether a maximum in IRE leads or lags a
maximum in Bl Alternatively, do these variables attain a
maximum value together?

In order to test these questions, a correlation analysis was
performed for all four blocking events with and without a time
lag of each variable for up to 72 hours as in [9, 34] (Table 2).
There were no positive correlations when BI (based on height
gradient) led IRE (based on vorticity). However, when the IRE
maximum leads the BI maximum, higher positive correlations
were observed for each blocking event if the time series were
shifted by up to 72 hours. Table 2 shows that for three of the
four blocking events, the highest lag-correlation occurred 24
(WWA), 48 (WWP), or 72 (SCP) hours after rapid
development. Only for the SCA event three (strong Atlantic
Region) did these maxima occur together. A similar IRE - BI
lag (24 h) was found for the onset of a winter season blocking
event in 2014 studied in [34] (but not included here). Also, for
all of the longer-lived events (all but the WWP event), the
highest IRE - BI lag-correlations were significant at the 90%
confidence level or greater. This was true for the winter 2014
block as well [34].
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The deepening rates of the upstream cyclones were 0.25,
0.75, 1.10, and 1.05 Bergerons for the WWA, WWP, SCA, and
SCP blocking events, respectively. The period of rapid
deepening began 96, 36, 48, and 60 hours, respectively, for
each blocking event. Thus, the time period from the start of
rapid cyclogenesis to maximum IRE - BI lag correlation was
120, 84, 48, and 132 hours, respectively. Thus, the process of
rapid cyclone development, IRE increases during block
development, and block BI rises for the first three events was
quicker for each of the first three events commensurate with
the strength of the rapid cyclone development. This is
consistent with many studies [52]. that demonstrate rapidly
developing cyclones mature in a shorter time span.

The work of [8] found that a stronger upstream precursor
cyclone correlated with a stronger more persistent blocking
event. These results may provide a dynamic background for the
correlations found in [8]. The only event that did not follow the
sequence above with less time between the start of rapid
cyclogenesis to maximum IRE- BI lag correlation was the SCP
event. For the other three block onsets discussed, there was
clearly one rapidly deepening cyclone associated with block
onset. For the SCP event, there were three successive
explosively developing cyclones, which occurred within five
days of block onset. In the discussion above, the explosive
cyclone closest to block onset was analyzed.

The winter 2014 Pacific Region event analyzed by [34],
however, followed a sequence similar to that of the SCP event.
A precursor cyclone began rapid development 72 hours before
block onset at a rate of 1.46 Bergerons, and the maximum IRE-
BI lag occurred 48 h after onset for a total time of 120 hours.
Like the SCP event, the precursor cyclone was the last of a
series of three explosive cyclones occurring five days before
block onset. More case studies should be examined to
determine whether the rate of deepening for precursor cyclones
is correlated to a short time to maximum IRE-BI lag-
correlation, or if the number of precursor cyclones impacts the
process. No other studies have examined these questions
previously.

The study of [51] found that rapid block center point block
height rises and BI increases occurred following block onset.
Thus, the block formation paradigm of [51] can be modified as
in [9] and hereby stating that first upstream cyclone deepening
occurs, and then a maximum in IRE will occur after the period
of the rapid upstream cyclone development begins and at or
following block onset. Then, a maximum in BI occurs at or
following the peak in IRE. Here, we examined the phase
relationship between the upstream cyclones and the BI lag.
There is no association between the location of the upstream
cyclone and the block onset.

Additionally, we examined the relationship between each
blocking event and the local and NH large-scale flow regimes
or teleconnections. Past studies [11, 31, 51, 53] (and references
therein) suggested that blocking events generally do not
survive the transition from one quasi-stable large-scale flow
regime to another, although it is occasionally possible if the
blocking event is undergoing intensification at that time [34].
Thus, the annual number of flow regime transitions and
blocking events may not match [22]. However, all four
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blocking events studied here experienced onset and/or decay
within three to five days of a phase change in the PNA or
NAO. Although for particularly long-lived PNA, NAO, or AO
episodes, the onset or decay of these events was even further
away from a change in flow regime (e.g. decay of the SCA
event). None of the four blocking events survived local or
hemispheric flow regime transitions.

Finally, correlation analysis shows that the relationship
between blocking event BI and IRE correlated negatively to the
NAO and AO (which correlated positively with each other).
These results would be consistent with [50] for the Atlantic
Region teleconnections. The flow regime changes as indicated
by the teleconnection indexes occurring near the time of
rapidly developing cyclones along with changes in regional
IRE and block onset found in [9] (and here) are consistent with
the well-known paradigm of flow regime transition precursor
events [54, 55]. The results here are also similar for the Pacific
Region [56], but the teleconnection correlations to IRE were
not as strong for this region. At least for the Atlantic Region,
IRE in conjunction with AO regime changes indicate NAO
regime changes.

4.1. Ensemble Forecasts

In order to examine the ability of the NCEP GEFS
ensemble to predict block characteristics such as onset,
location, duration, and the BI, the comparisons were made
beginning with a 10-day forecast lead-time and tracking the
model forecast to the one day forecast before the observed
onset time (Table 4). As stated in section two, the ensemble
mean was used since this generally produced the best
comparison for observed blocking IRE character as shown in
[41]. In order to summarize the results, Table 4 shows the
results of the 10-day, seven-day, four-day, and one-day
forecasts [9]. The GEFS model BI forecast was compared only
to observed BI for days that blocking existed in the model
forecast. Also, Table 4 demonstrated that none of the blocking
events were forecast by the GEFS ensemble 10 days before the
observed onset. However, the WWA, WWP, SCA, SCP
blocking event one, two, three, and four did appear in the
GEFS mean ensemble model forecast with a lead time of days
nine, eight, four, and four days, respectively.

4.1.1. Seven-day Lead Forecast

For the seven-day GEFS models forecasts (Table 4), the
two weaker warm-season events were anticipated well [9]. The
onset of the WWA event was forecast well for the entire seven-
day period before the observed onset (Table 4), however, the
location of onset for this event was 10 degrees longitude to the
cast (not shown). The GEFS mean ensemble model forecast for
the WWA blocking event verified over the final four days of
the period. The BI was under-forecast by more than 50%, a
difference of 1.19 BI units. The climatological BI standard
deviation is 1.05 [33]. For the WWP blocking event, a strong
ridge was placed in the proper location (165° E) by the GEFS
mean ensemble model and a block was identified in the model
for only one day at the end of the 10-day forecast period. This
was three days following the observed onset. Also, the BI for
this one day block in the GEFS ensemble mean was lower than
that of the observed event (Table 4 - 0.95 BI). For the two
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strong cold season cases, while no block was generated in the
GEFS ensemble model with a seven-day lead time, large-scale
ridging was located close to where blocking was eventually
observed [9].

4.1.2. Four-day Lead Forecast

The four-day GEFS mean ensemble model forecasts were
similar in many respects for all four blocking events [9]. For
each case, the ensemble model block did develop at the same
longitude as the observed block onset, or within 10 degrees the
observed block center. Also, the four model blocking events
persisted for four to six days into the GEFS 10-day forecast
period (Table 4) but did not exist as a blocking event by the
end of the 240 hour forecast period. Additionally, the GEFS
mean ensemble model BI was under-forecast in all four cases,
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although the degree of BI under-forecast varied considerably
from 0.36 BI units (16.5%) for the WWP block case to 1.71 BI
units (37%) for the SCP case (Table 4). In terms of a
percentage, the WWA blocking event showed the greatest
ensemble model BI under-forecast at 43%. For all four events,
the GEFS mean ensemble blocking event BI was similar to the
observed event BI for the first two days (not shown). However,
by the end of model forecast, the modeled BI diminished
greatly and was under-forecast from observed in some cases by
more than two BI units. Additionally, the timing of the GEFS
mean ensemble forecast block onsets showed some variance
from the observed (Table 4), as well. For the WWA and SCP
blocking events, the GEFS ensemble model onset occurred on
the same day as the observed event [9]. For the WWP and SCA
cases, the GEFS ensemble model block onset was 24 h and 48
hours later than observed, respectively.

Table 4. The comparison between the GEFS model BI versus observed blocking BI during the validation period of all 10,
seven, four, and one-day forecasts for all four blocking events. N/A: no GEFS model block present. The difference is OBS -

MODEL. Dates of comparison are shown below the BI.

BI Comparison
Forecast / Blocks Model BI Observed BI Difference
10 day
WWA N/A N/A/ N/A
0000 UTC 13 Jun
WWP N/A N/A N/A
0000 UTC 17 Aug
SCA N/A N/A N/A
0000 UTC 23 Sep
SCP N/A N/A N/A
0000 UTC 13 Feb
7 day
WWA 1.13 2.32 1.19
0000 UTC 16 Jun (00/23-00/26) (12/23-12/26)
WWP 1.74 2.69 0.95
0000 UTC 20 Aug (00/30) (12/30)
SCA N/A N/A N/A
0000 UTC 26 Sep
SCP N/A N/A N/A
0000 UTC 16 Feb
4 Day
WWA 1.38 2.43 1.05
0000 UTC 19 Jun (00/23-00/27) (12/23-12/27)
WWwWP 1.82 2.18 0.36
0000 UTC 23 Aug (00/28-00/01) (12/28-12/01)
SCA 2.38 3.87 1.49
0000 UTC 29 Sep (00/05 - 00/09) (12/05 - 12/09)
SCP 3.12 4.93 1.71
0000 UTC 19 Feb (00/23-0/28) (12/23/12/28)
1 Day
WWA 1.49 245 0.96
0000 UTC 22 Jun (00/23-00/02) (12/23-12/02)
WWP 1.73 2.05 0.32
0000 UTC 28 Aug (00/27-00/02) (12/27-12/02)
SCA 3.51 4.06 0.55
0000 UTC 02 Oct (00/04-00/12) (12/04-12/12)
SCP 4.47 4.93 0.46
0000 UTC 22 Feb (00/23-00/28) (12/23-12/28)
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4.1.3. One-day Lead Forecast

At 24 h before observed block onset, each of the GEFS
mean ensemble blocking events were forecast well in terms of
the timing of the onset (Table 4). The location of the model
block onset was at the locations of the observed onset (Table 1)
[9]. Only for the SCA block was the GEFS ensemble model
onset 24 h later than the observed blocking event. Since the
GEFS mean model ensembles were examined in 24 h
increments, the actual difference in model-observed onset may
be only approximately 12 h. Also, there was some
improvement in the GEFS model forecast BI for the two weak
warm-season events when compared to the four-day forecasts,
however, for the two strong cold season events the
improvement was more dramatic. For the WWA blocking case,
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the BI under-forecast improved to 39% less than observed,
while the SCP block ensemble model forecast BI is only 9%
less than observed.

Fig. (4) shows the GEFS mean ensemble model blocking
events at a similar time (12 h earlier) to the observed blocking
events in Fig. (1) [9] and the BI values are included in the
caption. The GEFS mean ensemble model events look very
similar to the observed events, and given that these are 48 h
model forecasts the model BI values are close to the observed
BI. The model BI is provided in Figs. 1 and 4, and for the
WWA, WWP, and SCP blocking events, the observed blocking
events are still stronger by 0.27, 0.25, and 0.27 BI units,
respectively. For the SCA blocking case, the GEFS mean
model blocking event was stronger by 0.46 BI units (Fig. 5).
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Fig. (4). As in Fig. 1 for the GEFS 48 h forecast except the time is 12 h earlier than in Fig. 2. The block center is identified with a white ‘H’. BI for
each GEFS model mean ensemble event is a) 1.98, b) 1.82, ¢) 4.19, and d) 4.75.
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Fig. (5). The SCA blocking event observed BI (red - solid) and GEFS model BI (blue dotted) for the one-day lead-time GEFS ensemble mean

forecast period.

4.1.4. Discussion

Overall, the NCEP GEFS mean ensemble model forecasted
the longitudinal location of the large-scale ridging and the
onset of blocking [9]. With respect to onset timing, none of the
blocking events studied here were forecast by the GEFS
ensemble mean 10 days in advance, although the WWA
blocking case does appear nine days in advance. At seven days
lead-time, the timing of block onset was forecast by the
ensemble model for the WWA blocking event. The two strong
cold season blocking events were not even forecast yet. By
four-days lead-time, the GEFS model ensemble forecast the
onset of all four observed blocking events even if the onset
time was late in the WWP and SCA blocking cases. Also, for
the WWP and SCP, the blocking events were terminated by the
GEFS model before the end of the 240 h forecast period even
though these observed events would have persisted beyond the
10-day forecast range (not shown).

Even for the one-day GEFS ensemble mean model lead-
time, the timing of block onset was missed by 24 h or less in
one case (SCA). For three of the events, the GEFS model
forecast the event to persist for the entire period, which was
observed. The GEFS mean ensemble model did not show a
block at the end of the 240 h period for the WWP blocking
case since the observed blocking event persisted for only eight
days. However, the termination of the WWP block in the GEFS
ensemble model occurred 48- h before the observed decay (not
shown). Thus, the GEFS ensemble model had more difficulty
forecasting the persistence of Pacific Region blocking given
the results of the four-day and one-day lead times.

Once the longer-lived (greater than 10 days) blocking
events formed or occurred, the GEFS mean ensemble model
blocking did persist throughout the same time period time as
the observed blocking events [9]. At the onset time of the
WWP block (8.5 days), the GEFS model ensemble forecast

blocking event terminated 24-h after the observed event (not
shown). The GEFS model ensemble forecasts issued after onset
persisted the blocking event beyond the observed blocking
termination to varying degrees. For the WWP and SCA
blocking cases, it was not until the GEFS ensemble model
forecasts issued after (or at) the observed block termination
that no block appeared in the forecast. For the WWA case, the
GEFS mean ensemble blocking persisted throughout the 10
days forecast, until after 1 July when the model terminated this
event too early (not shown). Only in the SCP block did the
GEFS mean ensemble model forecast the correct termination of
the observed event as far as 10 days in advance (not shown).
Thus, the difficulties in forecasting block termination,
especially for events lasting more than 10 days, continue to
show some difficulty as demonstrated by [57] for the blocking
events associated with the 2010 western Russia drought.

Comparing the GEFS ensemble model BI forecasts and
observed Bls, demonstrates that the GEFS model blocking
events were weaker generally across all events and lead times
[9] (Figs 1, 4, and Table 4). The model forecast BI did improve
as the initial forecast time approached the observed block onset
time. It was not true, however, that GEFS model BI were
uniformly weaker across every forecast time. Nonetheless, the
best comparison of model to observed Bls occurred closest to
observed block onset and closest to the model initialization
time (Fig. 5) the SCA block. The GEFS mean model initialized
at block onset and observed blocking BI were similar for the
first five days of the event. For three of these days (including
initialization) the mean model blocking BI was actually
greater. However, beginning with 9 October 2016, the GEFS
mean model BI decreased rapidly to 12 October and beyond.
The observed SCA BI values were relatively constant
throughout the period [9].

Since the GEFS ensemble mean forecast BI was uniformly
less than observed BI values for all four events, there may be a
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systematic reason the models under-forecast the intensity as
speculated in [9]. Firstly, it may be that this study examined the
GEFS ensemble mean forecasts. Using the ensemble mean
result in the smoothing of important features captured by
individual ensemble members, and this issue would be
expected to increase with lead-time due to ensemble spread. An
examination of the individual 500 hPa height fields of
ensemble members would reveal the extent of this issue
through the calculation of BI. However, as shown for the SCA
case, the model Bls are close to the observations early in the
forecast or even larger (Figs. 1, 4, and 5).

There are other challenges for the GEFS model in
capturing BI. The climatological NH BI standard deviation is
1.05 units [33]. Thus, at forecast lead times close to block onset
and/or shortly after model initialization, the GEFS ensemble
model can reasonably approximate the BI for observed
blocking events. In Table 4, the under-forecast in BI is about 8
- 15% for three of the four cases, but much greater for the
WWA blocking event. However, the BI under-forecast issue
continues to be significant even today in climate models [58,
59]. Combining the under-forecast in model BI which is
proportional to the height gradients [33] with the observation
that models continue to simulate weaker storm tracks [58]. see
chapter 9 suggests that model mid-latitude height gradients, in
general, maybe too weak in spite of improvements in
representing the height fields. By using the results of [33], the
degree to which the model 500 hPa height gradients are weaker
can be estimated since they showed BI is proportional to the
block region height gradients. They [33] showed that a 50 m
difference at 500 hPa between the numerator and denominator
in the BI calculation could produce a BI that is about 1.0 units
larger or smaller. Thus, this implies that the GEFS ensemble
model blocking region 500 hPa height gradients are weaker
than observed by about 50 m or less over a distance of
approximately 2500 km [8] even at seven days lead time.
Additionally, weaker storm tracks indicate that a model either
produces weaker and/or fewer cyclones. If the model cyclones
are weaker than observed, the discussion in section 3.5
suggests the model blocking events would be weaker as well.

Examining the model under-forecast for blocking BI in the
context of thermodynamic forcing [9, 60] shows that surface
sensible heating (a diabatic process) contributed 0.2 - 0.9 BI
units to the total daily BI values for two Southern Hemisphere
blocking events. As shown in Table 4, the day one lead-time
forecast mean GEFS model blocking event BI were weaker by
approximately the margin for the contribution of sensible
heating [60]. Thus, the representation of surface and/or diabatic
processes, for example, in the GEFS ensemble model could
account for under-forecast blocking BI.

CONCLUSION

Four blocking events that occurred between May 2016 and
April 2017 were studied [9] and here, and these were chosen in
order to examine Atlantic and Pacific Region events. These
were also chosen to represent warm and cold season events as
well as blocking events of different intensities. The SCP
blocking event was studied [34] who found a relationship
between BI, IRE, and Kolmogorov-Saini Entropy. Using the
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NCEP/NCAR reanalysis data set as well as the NCEP GEFS
model initialization ensembles mean forecasts for a 240 h
period, the ability of the model to forecast BI, longevity, onset,
decay, and location. In this work, we used the 500-hPa heights
and the blocking criterion in the study [33] to identify blocking
and calculate BI. Additionally, the IRE was calculated and
compared to the BI as in the study [34]. The results found in
the study [9] and here are given below. This study is unique
from the previous studies in that a detailed analysis of the
relationship between the precursor cyclones and their
deepening rate is compared to the evolution of the block region
IRE, as well as block onset and BI. Also, a more thorough
discussion of the GEFS ensemble forecasts and blocking events
is provided.

The location and block onset were reasonably well-forecast
by the GEFS ensemble model. In all of the cases, the location
of block onset, as well as the block location during the
lifecycle, was the variable best forecast. The two weak warm-
season blocking events were forecast to occur with eight and
nine days of lead-time, while the two strong cold season events
were forecast with about four days of lead-time. This shows
improvement over the last few decades since [25] and is
consistent with current results [57]. However, as shown by
many studies, the GEFS ensemble model has difficulty with the
persistence of longer-lived blocking events as well as block
termination, again, a result consistent with studies such as [57]
and others.

The studies [33, 34] demonstrate that BI, a measure of
block intensity, is related to dynamic quantities such as the
local 500 hPa height gradients, enstrophy, and entropy. This
variable was consistently under-forecast in the GEFS model
mean ensemble forecasts here and in [9]. The ability of a model
to forecast BI in an operational context has not been studied
previously, however, the results of [9] found here are
consistent with the under-forecast of BI in climate models. The
analysis shown here suggests the under-forecast of BI could be
due to the ability of the GEFS ensemble model to replicate the
observed mass gradients, the parameterizations used in the
model, or model dynamics. Additionally, the smoothing of
individual ensemble members to create the ensemble mean
may be leading to weaker model blocking here, and more study
should be done to address this issue. Likely, it is the result of
some combination of all these problems. However, the GEFS
ensemble model could replicate BI early in the block lifecycle
and shortly after initialization, but had difficulty in maintaining
block BIL.

Then, IRE was calculated in order to determine if the
relationship between this quantity and BI first published in the
study [34] could be identified in additional case studies. Both
the study [9] and this study found that there could be a lagged
relationship between IRE and BI by up to 72 h as indicated by
statistically significant correlations between the two-time
series. This suggests that the block formation and inten-
sification paradigm proposed by [16, 17, 51] can be modified
as first proposed by [9] and [34] with the study of additional
cases. In short, block onset of intensification will occur in
conjunction with a rapidly or explosively developing upstream
cyclone located favorably upstream as in [17]. Then, following
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the rapid cyclone development, the IRE increases concurrent
with and following cyclogenesis, and finally block center point
heights and BI increase. Additionally, the time between the
start of rapid precursor cyclogenesis and the maximum lag
correlation between IRE and BI varied inversely with the
deepening rate for three of the four cases. In one case (and a
blocking case from [34]), there was more than one rapidly
developing upstream cyclone within five days of block onset
making it difficult to determine if the deepening rate
association discussed in the previous sentence was consistent
for this case.

For the WWA and SCA blocking events, the AO and NAO
correlated negatively to the IRE and BI during the block
lifecycle, a new result found only here. The correlations were
stronger for the SCA event. Similar correlations were found for
the WWP and SCP blocking events between the AO, PNA, and
BI, except the correlations, were not statistically significant.
For the WWP blocking case, this could be due to the short
duration. For the variable IRE in the WWP and SCP block
cases, the correlations to the AO and PNA were positive, but
not significant. In all four cases, the blocking events existed
within particular teleconnective regimes and did not survive
into the next NH or regional regime.

Some ideas for future research include examining the
forecast of more blocking cases including the individual
ensemble members in order to utilize the methodology to
develop probabilistic forecasts [28]. More cases could also be
examined in order to expand upon the relationship between the
proposed IRE and BI lag relationship. Finally, the relationship
between IRE, BI and the teleconnection indexes could be
expanded in order to understand flow regime dynamics.
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