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Abstract: This study examines the long-term fluctuations in the Northern Hemisphere (NH) and
global atmospheric circulation, teleconnections, including blocking, and surface temperature over the
period 1899-2018. The teleconnection and blocking data were available from the mid-20th century.
The classification of the global atmospheric circulation was developed from an early subjective
categorization of atmospheric circulation conditions for the NH that considered the number, location,
and amplitude of waves on the jet stream for frequently occurring circulation patterns. This work
updated earlier studies that identified three circulation epochs based on the predominance of one
of four different flow types that were grouped primarily based on whether the flow was zonal or
meridional. This work noted a significant correlation between the early 21st century flow change
toward the occurrence of more meridional flows and the increase in the occurrence of blocking as
well as changes in the teleconnection indexes. The early 21st century was associated with a distinct
change in the Northern Hemisphere flow entropy as measured using Information or Shannon Entropy,
a change that was shown to be statistically significant. Additionally, this demonstrated that this
quantity has utility as a dynamic diagnostic tool in atmospheric science. Finally, a comparison of
these flow regimes to the 20th and 21st century variations in surface temperature were considered
here. The global average annual surface temperature variations correlated strongly to fluctuations in
the predominant atmospheric circulation type.

Keywords: global atmospheric circulation; circulation epochs; global temperature; atmospheric
blocking; information entropy

1. Introduction

For the analysis of global of hemispheric atmospheric flow regimes, many teleconnection or
blocking indexes have been developed and are currently used (e.g., [1,2]) both operationally and in
research. The study of atmospheric circulation and teleconnections in the Northern Hemisphere (NH)
began in the 1940s (e.g., [3,4]). Among the first of these was a classification system developed for the
categorization of extratropical atmospheric circulation patterns in the NH published in [5] (hereafter
called DKV46). Briefly, this system classifies NH flows based on whether the NH flow is more zonal
or meridional, as well as the number and geographical position of waves along the polar front or
jet stream [1,6]. The original work used 13 different categorizations called Elementary Circulation
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Mechanisms (ECMs) [6] that were grouped into four basic zonal and meridional types ([1,6]). Then,
recent research [1] showed the correlation of certain ECMs to NH teleconnections such as the Arctic
Oscillation (AO) or the North Atlantic Oscillation (NAO).

The DKV46 system was then extended to the Southern Hemisphere (SH) [7] (hereafter D67), and
this work noted a correspondence between the extratropical atmospheric circulation of both the NH and
SH. For example, NH zonal flow regimes without strong atmospheric ridging or atmospheric blocking
tend to be associated with a similar circulation pattern in the SH. Conversely, during meridional flow
regimes in which ridging or blocking occurs, there are similar features in both the NH and SH, including
the correspondence of Arctic or Antarctic cold air outbreaks occurring along similar longitudes.

Then, using the daily surface weather maps of the NH and SH and 500 hPa height fields for the
period 1998-2005, seasonal differences and trends in the occurrence of NH ECM circulation groups
during the later 20th and early 21st centuries that were not considered originally in D67 were noted
by in several recent studies [8-11]. Similar seasonal differences as well as changes and trends in the
occurrence and dynamics of SH ECMs for the same period were shown in [12,13].

Further, in [1] the authors discussed the temporal and spatial variations in DKV46 ECM scheme
as consistent with earlier studies of NH flows [14-18] (among others) that suggests the NH flow
vacillates between two or more quasi-stable states. Many studies (e.g., [19-21]) also demonstrate that
such flow regime behavior occurs independently in each of the major NH ocean basins. Additionally,
Jensen et al. [22] (and references therein) demonstrated that quantities such as enstrophy (specifically
the measure developed by [23] called area integrated enstrophy—IE) can be utilized to identify the
transitions between hemispheric or regional flow regimes. They [22] showed a correspondence between
IE and entropy (Kolmogorov—-Saini or metric entropy), which is related to flow predictability and
stability, as well as block intensity (Bl—as in [22]).

In this paper, the variability and changes in the DKV46 and D67 global atmospheric circulation
categories for the period 1899-2018 is examined here. This study will demonstrate the existence of
significant flow regime epochs [1,6] based on these ECMs and their correspondence to variability
and trends in global temperature and teleconnection activity. This study will demonstrate also the
utility of Shannon or Information Entropy [24,25] in order to show that certain epochs and sub-periods
are qualitatively and quantitatively different from others. This quantity has not been used often in
atmospheric research (e.g., [26]). Finally, this work will also demonstrate a correlation between the
occurrence of blocking in the NH and Southern Hemispheres (SH).

2. Data and Methods

2.1. Data

The circulation types are classified using surface maps and 500 hPa height fields which are
assimilated daily using the general circulation model developed by the Russian Academy of
Science Institute for Computational Mathematics (see website [27]) and plotted on a 2.0° by 2.5°
latitude/longitude grid from 1899-2018. Information for global temperature (°C) covering the period
(1850-2018), as well as the NH surface temperature (°C) and temperature anomalies (°C) was taken
from the University of East Anglia (Climatic Research Unit Data—CRU) database located on the
website [28].

Additionally, an independent archive of blocking events from 1970 to 2018 was accessed via
the website [29] (see also the work of [2]) for the analysis below. The blocking criteria used in [2],
and references therein, is stricter than the D67 criterion, which considered amplified ridging to be a
blocking process. The teleconnection indexes, specifically, the Arctic Oscillation (AO) and Antarctic
Oscillation (AAO) were downloaded from the website [30].
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2.2. Methods

A full description and history of the NH and SH atmospheric flow regime classifications derived by
DKV46 and D67, respectively, can be found also in later studies such as [31-33]. A brief contemporary
description of the concept of ECMs can be found in [1,6,34]. The original work of DKV46 included
four groups (Table 1) comprised of 13 main circulation types separated into 41 sub-types identified
subjectively on surface maps originally and then using surface and 500 hPa maps [32] when the latter
became available in the late 1940s. These sub-types are identified based on the amplitude of the NH
mid-latitude flow during the warm or cold season, and the geographical location, phase, and number
of ridge-tough couplets in the jet stream. Published studies [1,6,34] used the four combined ECM
circulation groups (called types in Table 1) as described below and examples are shown in Figure 1.

Table 1. Global atmosphere circulation groups.

Atmospheric Pressure

Circulation Group ECMs Included at the North/South Pole Number of Amplified
Waves
Zonal (Type 1) 1-2 High 0
Zonal Breaking (Type 2) 3-7 High 1
Amplified Ridging (Type 3) 8-12 High 24
Equatorward Troughs (Type 4) 13 Low 34

NOAA/ESRL Physical Seiences Division

Figure 1. Adapted from [1] using data from [35], examples of the large-scale circulation types using the
1200 Coordinated Universal Time (UTC) 500 hPa height field. The contour intervals are 60 m and in
color. The given examples are (A) Type 1 (26 August 2008—Elementary Circulation Mechanism (ECM)
2a), (B) Type 2 (19 February 2006—ECM 4a), (C) Type 3 (5 January 2006—ECM 10a), (D) Type 4 (10 July
2010—ECM 13s).
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Each ECM flow regime lasts several days (typically 6-12 days), and in [1] the authors showed
the correspondence of these Type 14 flows with NH teleconnection indexes. They also discussed the
conceptual similarity of these regimes to NH-wide or basin specific flow regimes (e.g., [14,19,21], and
others). These daily classifications of the ECM as well as their monthly and annual statistics since
1899 are available for download via the Russian Academy of Sciences, Institute of Geography website;
Fluctuations in the Atmospheric Circulation of the Northern Hemisphere in the 20th and early 21st
Century (website [36]).

Type 1 atmospheric flows included ECM 1 and 2 which are characterized by more zonal flow
across the entire NH with wave numbers 3-4, and in the SH typically by wave numbers 1-3 (D67
and also [12]). ECM 1 and 2 included two and three variants, respectively, based primarily on the
location of mid-latitude ridging or high pressures. Figure 1a is an example of Type 1 NH flow using
ECM 2a characterized by zonal flow and a positive AO (0.364). These ECMs are characterized also
by the occurrence of a surface anticyclone located over the North Pole region. In [1] the authors
associated these type of NH flows with smaller negative to higher positive values of the AO Index, and
were, frequently, also associated with values of the Pacific North American (PNA) and North Atlantic
Oscillation (NAO) Indexes close to zero.

Type 2 atmospheric flows included ECMs 3-7 (Figure 1b ECM 4a). These flows are characterized
by one amplified ridge—-trough couplet somewhere in the NH or SH flow, as well as anticyclonic
conditions at the surface in the North Pole region. There were 13 versions based on the season and
location of the amplified ridge—trough couplet. In the NH, ECMs 3-5 were associated with cold air
outbreaks over Europe and western Russia or the central USA, and, consequently, ECM 3 in particular
was associated with a stronger negative NAO Index. Otherwise, the AO, NAO, and PNA Indexes
were similar in character to Type 1 flows [1].

ECMs 8-12 were included as Type 3 flows, and these were characterized by two to four amplified
ridge-trough couplets across the NH or SH, and depending on the season and location of these events
included 21 variants. Many of these included atmospheric blocking events as defined by Lupo et.
al. [2] (and references therein). Figure 1c is an example of Type 3 NH flow using ECM 10a showing two
amplified waves including a blocking event over Eastern Europe. These NH flows were associated with
strong negative AO Index (Figure 1c AO = —1.648) episodes and generally larger positive or negative
values for the PNA and NAO Indexes [1], as well as a surface anticyclone in the North Pole region.

ECM 13 is the only NH flow regime included as Type 4 (Figure 1d ECM 13s) flows and is
characterized by a warm and cold season variant. In the NH, these flows are associated with strong
ridging in an equatorward mid-latitude jet stream over Europe or western Russia or a stronger positive
NAO Index (Figure 1d—NAO = 0.73). The summer 2010 drought of Eastern Europe and western
Russia was representative of this type of flow and the occurrence of these flows has been increasing
during the summer season (Figure 1d and in [34]). The North Pole region is characterized by a surface
cyclone, and the rest of the NH is typical more zonal or characterized by smaller AO and PNA Index
values. D67 (and [6]) show these variants behave similarly in the SH.

Using the DKV46 classification system, six ‘circulation seasons’ were defined in a follow-up
study [36]; pre-spring, spring, summer, autumn, pre-winter, and winter. These seasons were defined
by the tendency for the predominance of cold versus warm season versions of ECM (e.g., ECM 1, ECM
2) or ECM sub-types (e.g., 12b, 13). The transition from one season to another was defined by the
sustained predominance of ECMs occurring more commonly in the next season (in [37]). The specific
ECM group(s) that correspond to each season and the mean seasonal duration is shown in Table 2.

Table 2. Seasonal circulation groups.

Seasons Date (s) Dominant ECMs
Winter (NH)/Summer (SH) 26 Nov-8 March 5a,b,d, 7aw,bw, 11a,b,c, 12bw,cw, 13w
Summer (NH)/Winter (SH) 24 May-31 August 2a,b,c, 3, 4b,c, 6, 7as,bs, 8bs,cs,ds, 9a, 10b, 13s
Spring/Fall 9 April-8 May/1 September—7 October 10a, 12a,bs,cs

Pre-spring/Pre-winter 9 March-8 April/8 October—25 November 1la,b, 4a, 5¢, 8a,bw,cw,dw, 9b, 11d,12d
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2.3. Shannon or Information Entropy

This concept was introduced in communication or information theory during the mid-20th century
(e.g., [24,25]) in order to test, for example, the evidence of the reliability of transmitting data between a
source and a receiver. The quantity may be interpreted also in terms the likelihood of the occurrence of
an individual event, especially an unusual event, as the occurrence of these events would be more
informative from a dynamic standpoint. Entropy is often described as a measure of (un) predictability
or organization within a system [22] (and references therein) which can be expressed equivalently as
information content. The expression for Shannon or Information Entropy is:

H(x) = = )" p(xi) log, p(x:) M

i=1

where b is the base logarithm and p(x) is the probability of a certain outcome. An illustrative example
would be a coin toss. If the coin has an equal probability of heads or tails (p(x) = 0.50, b =2, n = 2),
then it is most difficult to predict the outcome of a particular toss, a situation representing maximum
uncertainty (H(x) = 1). If a coin is biased such that the probability of one outcome is 0.6 and the other
0.4, then the outcome can be predicted with more certainty (H(x) = 0.97).

Additionally, as discussed, for example in [26], the Shannon formula is very similar to thermodynamic
(Gibbs or Boltzmann Entropy) as proposed in [25]. In [26], an example of the utility for this quantity
was shown in the flow field associated with Hurricane Katrina as it approached the Gulf Coast of the
USA. Here, it will be used in order to determine whether the occurrence of zonal versus meridional flow
regimes in the NH represents an unbiased or biased coin toss during certain epochs.

3. Results

3.1. Circulation Epochs

The climatic characteristics for the NH [11] as a whole is provided below. Circulation epochs are
defined by [38] as periods with significant deviations from the annual occurrence of one circulation
type (Table 1) over the others. Note, for a local perspective, see the work of [8,11,39,40]. For the period
1899-2018 (Figure 2), Type 3 circulations occur most often during a given year (54% of days) with the
exception of a few years between 1930 and 1945, the years 1983-1995, and 2015-2018.
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Figure 2. The annual total duration (days) of the global atmospheric circulation types from 1899 to
2018 for Type 1 (1. orange solid), Type 2 (3. red solid), Type 3 (5. blue solid), Type 4 (7. green solid),
respectively, and their 1899-2018 mean for Type 1 (2. orange dashed), Type 2 (4. red dashed), Type 3 (6.
Blue dashed), Type 4 (8. green dashed), respectively.
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However, using a 10-year running average as a filter on the anomalous occurrences from 1899-2018
mean for particular types reveals that there were three decadal-scale circulation epochs (Figure 3).
The first was from 1899-1915 when Type 3 flows showed the largest positive anomalous occurrence
from its long-term mean (+27 days annually—see Figures 2 and 3). Then 1916-1956 was characterized as
a zonal epoch (Type 1 + Type 2 dominant—Figure 3). Lastly, the 1957-2018 period has been dominated
by generally either Type 3 or Type 4 flow regimes (Figures 2 and 3).

1899-1908
1904-1913
1909-1918
1914-1923
1919-1928
1924-1933
1929-1938
1934-1943
1939-1948
1844-1953
1949-1958
1954-1963
1959-1968
1964-1973
1969-1978
1974-1983
1979-1988
1984-1993
1989-1998
1994-2003
1999-2008
2004-2013
2009-2018 |-

=<
[1°]
V]
-
%]

Figure 3. The anomalous occurrence (days) of (1) zonal flows (Type 1 and 2, dashed), and (2) meridional
flows (Type 3 and Type 4, solid) from 1899 to 2018 means since the beginning of the 21st century.

A meridional epoch was defined as the occurrence of Type 3 + Type 4 flows. Additionally, Figure 2
suggests that the occurrence of Type 2 flows decreased around 1960 and again in the late 1980s, while
there were corresponding increases in Type 4 flows at these times. Note also the occurrence of Type 1
flows decreased in the late 1980s as well. However, as shown in [2], and references therein, Atlantic
Region blocking began to increase in the late 1980s and NH-wide around 1998. However, this may
only partly explain the NH flow type changes in the late 1980s. Additionally, the occurrence of Type 4
flow was not common before the 1930s. This may be a real phenomenon (similar to the recent Type 1
and 2 decreases) or a function of the observational data since before this period there were no upper
air analyses. Thus, the lack of Type 4 flows at this time may be also (at least partly) an artifact of the
model assimilation or interpolation.

As demonstrated in [1], the spatial patterns associated with the DKV46 NH zonal and meridional
flow types since approximately 1950 corresponds with a similar partition of the NH flow by researchers
who used more sophisticated techniques (e.g., [41]). That work used the finite-element, bounded
variation, vector autoregressive factor method, as well as three different re-analysis data sets. This
technique is similar to the traditional empirical orthogonal function approach with the exception that
it better represents non-stationarity in a dataset. Additionally, the temporal periods defined here and
in [1] through the variation in zonal versus meridional NH flow was similar to those identified in [41]
or those identified using teleconnection regimes (e.g., [42—-45]). Thus, we are confident that the results
here are robust.

Focusing on the beginning of the 21st century (Figure 2), a transition to an epoch dominated by
meridional flow, especially those classified as Type 4, was underway. Lebedeva et al. [1] correlated this
period to a period of decreased AO Index values, and [2] showed that blocking in both the NH and SH
has increased relative to the latter part of the 20th century.
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Specifically, the predominance of Type 3 (Figure 2—Dblue) flows is noted here for the period
2006-2012. This period was also characterized by a mean negative AO (-0.10) and NAO (-0.30) Index.
In 2013 and 2014, both groups (Type 3 + Type 4) showed similar values. Since 2015, Type 4 groups
once again occurred more often reaching a maximum of 114 days per year by 2018. During these three
years, there were positive mean values for the AO (0.25) and NAO (0.44) consistent with [1]. Thus, it
may be too early to label the end of the third circulation epoch defined above. The return to more Type
4 flows may be a partial result of the strong 2014-2016 El Nifio, which is well-known for the occurrence
of zonal conditions across the East Pacific and North America. During the latter period (2015-2018),
the mean absolute value of the PNA Index was 14% less than that for the former (2006-2012).

D67 (and also [12]) demonstrated the correspondence between similar flow types occurring in
the NH and SH simultaneously. The correlation between the AO Index and the Antarctic Oscillation
(AAO) Index was 0.15 during the early 21st century when the more robust occurrence of Type 3 and
Type 4 flows were prevalent. This result was significant at the 95% confidence level. The AAO Index
was only available since 1979 (e.g., [30]) and the authors of [1] demonstrated that 1981-1997 was a
sub-period within the 1957—present epoch when the relative occurrence of Type 1 and Type 2 flows
was greater in the NH. The period 1981-1997 was characterized by weaker teleconnection index values
and a lower correlation between the AO and AAO (—0.05) than might be expected.

Lastly, the occurrence of NH and SH blocking for 19702018 was tested. D67 (and also [12])
suggest blocking may occur more frequently in each hemisphere simultaneously. Using the results
of [2] suggest this is the case. The work of [2] uses a strict criterion for identifying blocking events
compared to DKV46 or D67. Since blocking is a local process and occurs far more frequently in the
NH (250+ days per year) versus the SH (less than 100 days per year), comparing the NH and SH on a
day-by-day or event-by-event basis may not produce a valid comparison. However, if NH and SH
flow regimes are simultaneously more conducive on an annual basis for the occurrence of blocking as
suggested by D67 and [12], the two time series may vary together.

In the work of [2], the SH blocking year matches the calendar year, while in the NH the blocking
year begins 1 July and 30 June. Adjusting the NH blocking results to fit the calendar year (Figure 4)
demonstrates that the correlation between NH and SH blocking time series (1970-2018) was 0.64, a
result significant at greater than the 99% confidence level. This was true for the NH and SH Pacific
Regions (0.54) and the NH Continental and SH Indian Ocean regions (0.35), respectively, both of which
were significant at greater than 99%. Only the Atlantic showed a weaker correlation (0.24), significant
at only the 95% confidence level. Thus, for the latter 20th and early 21st century, more blocking in the
NH corresponds to more blocking in the SH. Additionally, it is not clear why there has been an increase
in Type 3 and Type 4 flows and blocking in the early 21st century. With regard to blocking, in [1,2] the
authors show interannual and interdecadal variability from 1970-2018 consistent with the variation in
flow types here. The role of climate change in blocking increases is not clear, but the balance of much
longer-term studies projects slight decreases in blocking during the 21st century (in [46]).

Northern and Southern Hemisphere Blocking
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Figure 4. The annual block occurrences (ordinate) per calendar year from 1970 (abscissa) for the
Northern Hemisphere (NH) (red) and the Southern Hemisphere (SH) (blue).
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3.2. Global Surface Temperatures

A comparison of the variations in surface temperature (Figure 5) with the variations in the
atmospheric circulation (Figure 3) shows it is evident that the NH and global surface temperature
trends correlate with the circulation epochs defined in the text above. The correlation between the NH
(global) surface temperature trends with the zonal and meridional flow groups was —0.64 and 0.66
(—0.66 and 0.69), respectively. This is significant at the 99% confidence level. While these correlations
are strong, the statistical test only suggests similarity between these time series and does not suggest
causation. Additionally, each time series was detrended and decomposed into wave space using
Fourier transforms (e.g., Figure 6). Significant spectral peaks corresponding to 20-, 40-, and 60-year
cycles (six, three, and two cycles over 120 years, respectively) were found in each time series. These
periods roughly correspond to epochs of the Pacific Decadal Oscillation (PDO) or the NAO [1,2,43,44].

12 T T T T T T T T T T T T
1
=1 0.3
5 0.6
- 0.4
& 0.2
E 0
oy -02
= -0.4
— 0.6

| | | | | | | | | | | |
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Year

Figure 5. Annual surface temperature anomalies (°C) for the years 18502018 from the 1961-1990 mean
obtained from [28]. The red line is global temperature and the blue line is NH temperature.

The first epoch (1899-1915), an epoch of the greater occurrence of meridional flows (Type 3) was
also an epoch of cooling; the average global and NH surface temperature decreased. The second epoch
(1916-1956) was associated with a greater occurrence of zonal flows (Type 1 and 2), and this was also
the first epoch of 20th century increases in surface temperature. During this epoch, there was a strong
warming in the Arctic regions (e.g., [47]).

The third epoch (1957-present time) which is dominated by the occurrence of Type 3 and Type 4
flows breaks down into sub-periods as in [1,9]. The first sub-period (1957-1969) is characterized by
an increase in the occurrence of Type 3 atmospheric flows (Figure 2), which was associated also with
decreasing global temperature (similar to the first Epoch). In the second sub-period (1970-1980) the
occurrence of Type 1 and Type 2 flows increased but each type was close to their long-term average. It
was shown in [48] that the dynamic mechanisms occurring between 1970 and 1978 was best reflected
by the average position of the storm tracks was closer to the average of the zonal flow types of DKV46
or D67 ECMs.

Between 1981 and 1997, the occurrence of Type 4 flows increased rapidly. This period was
characterized by a predominantly positive era of the NAO and Pacific Decadal Oscillation [1,2]. The
surface temperature also increased rapidly, reaching a maximum (for that time) in 1998. Since that
year, the occurrence of Type 4 flows began to decrease slowly (Figure 3), but the occurrence of Type 3
flows and blocking both hemispheres increased as demonstrated by [2]. This was characterized by a
period of comparatively steady global temperatures (e.g., in [47]).

Additionally, according to [12,13], the occurrence of blocking processes within Type 3 is increasing
mainly due to the ECM with amplified wave number four events (ECM 12a), while the occurrences
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of Type 4 events is still above the long-term mean. This is especially true in the summer, which
has experienced also a strong increase in blocking [2,34]. However, the surface temperature did not
decrease, but they increased to their highest level of the entire period in association with the 2014-2016
strong El Nifio and an upturn in the occurrence of Type 4 flows.

The variations in the length and the changes in temperature trends for these epochs or within
them may be linked partly to several causes including interdecadal variability of blocking or the
teleconnection indexes (in [1,2,34]). Additionally, studies [49-52] suggest that relationships between
oceanic and atmospheric circulation have a nearly 60-year variability. Others have suggested solar
variability could be responsible as well (e.g., [52-54]). Finally, recent increases in global temperature
are apparent in the overall trend [47] that have been attributed to an increase in greenhouse gases. The
IPCC [47] volume discusses this attribution research extensively.

The seasonal dates for the beginning and the duration of the circulation seasons discussed in
Section 2.2 have varied in association with change in the circulation epochs (in [36]). However, the
long-term mean of the warm season transition dates has changed little. For example, the date of
the beginning of the pre-spring season, which ends the cold season, in recent years (1970—present)
differs little from the average of the entire dataset. Nonetheless, the pre-winter period (the start of the
cold season) began seven days earlier than the long-term average date prior to 1970. As a result, the
duration of the cold season in the NH has increased by seven days.

3.3. Circulation Epochs and Information Entropy

The work of [14] suggested that the frequency of occurrence for zonal versus meridional flows
should be approximately similar throughout the course of a year. If the occurrence of the 41 DKV46
ECMs and sub-types are equally likely on an annual basis, then the occurrence of Type 1 + Type 2
(Type 3 + Type 4) NH flows should be 44% (56%), accounting for 18 of the 41 (23 of the 41) ECMs
and sub-types, respectively. The Information Entropy for this system is 0.99 (Table 3), which is very
close to that of an unbiased coin, or nearly random. Testing this distribution for a year using a simple
Chi Square, Z-score, or Kolmogorov-Smirnov (KS) test found in any elementary statistics text [55] or
testing the Information Entropy as in [56] demonstrates that this system is not different from a strictly
random one at standard levels of significance. Since this distribution is close to that of the random
distribution, it is used as the expected background frequency to test observed occurrences of zonal
versus meridional flow following [57].

Table 3. The distribution and Shannon or Information Entropy for NH flow epochs studied here.
Zonal flow is Type 1 + Type 2 and Meridional is Type 3 + Type 4. Bold values are significant at
the 90% confidence level, while a * (**) indicates significance at the 95% confidence level using the
Kolmogoro-Smirnov test, where DKV46 serves as the expected values.

Occurrence of Zonal Versus

Epoch Meridional Flow (Z/M) Information Entropy
Random 0.50/0.50 1.00
Expected DKV46 0.44/0.56 0.99
Observed 1899-2018 0.31/0.69 0.90
Epoch 1 1899-1915 0.36/0.64 0.94
Epoch 2 1916-1956 0.44/0.56 0.99
Epoch 3 1957-2018 0.22/0.78 * 0.76 *
Sub-period 1 1957-1969 0.28/0.72 0.86
Sub-period 2 1970-1980 0.32/0.68 0.90
Sub-period 3 1981-1997 0.26/0.74 0.82

Sub-period 4 1998-2018 0.13/0.87 ** 0.57 **
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Figure 6. The spectral analysis of the detrended NH time series for the NH (red). The dotted (dashed)
line is the 95% confidence level assuming a white (red) noise spectrum (see [58]). The abscissa unit is
cycles per 120 years and the ordinate unit is spectral power (°C2).

Examining the occurrence of the NH flow Types in Table 1 throughout the entire period (1899-2018)
demonstrated that the mean annual occurrence of Type 1 + Type 2 (zonal) flows versus Type 3 +
Type 4 (meridional) flows was less than one—half that of zonal flows (Table 1). The information
entropy for the entire period is 0.90, which indicates the occurrence of NH flow regimes are more
predictable (less random) than a coin flip. This may be due partly to land water distribution in the
NH or could be a reflection of longer-term climate variability and/or trends than the study period.
Testing this distribution showed that the more frequent occurrence of meridional flows was statistically
significant at 90% confidence level using the KS test (Table 3), but at 95% or 99% using the Chi-square
or Z-score test.

For each circulation epoch discussed in Section 3.1, the entropy varied as well. From 1899-1915,
1916-1956, 1957-2018, the Information Entropy was 0.94, 0.99, and 0.76, respectively. While the first
two epochs were similar to the overall time series (Table 3), the Information Entropy for 1957-2018
was much lower, reflecting the strong tendency toward the more frequent occurrence of meridional
flow types during this time. Thus, this epoch is at least qualitatively different from the previous two.
Statistical testing revealed that Epoch 3 was different form the overall time series at the 95% confidence
level using the KS test. As shown in the study of [1] and above, this is also an epoch of increasing
global temperatures and 500 hPa heights.

Examining the sub-periods within this third epoch gives results that support the discussion in
Section 3.2. The Information Entropy for sub-periods one through four is shown in Table 3. During this
Epoch, the occurrence of NH meridional flows decreases for the first two sub-periods, but increases
strongly for sub-periods three and four (1981-2018). Only sub-period two is not significantly different
from the expected DKV46 distribution at a standard level of significance.

The most recent sub period is different at the 99% confidence level using the KS test. This coincides
with the more frequent occurrence of blocking. During this sub-period, some research has suggested
that the increase in global temperatures [47,59] may be contributing to longer lasting amplified NH
flow regimes. This is consistent with the result here, but does not suggest a cause and effect or dynamic
relationship between the two. An examination of the wave dynamics would be needed and a recent
study [60] suggested that the annual frequency of changes in flow regimes (here ECMs) is not changing
significantly or projected to increase in the near future. Additionally, the correspondence between the
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future occurrence DKV46 NH flow regimes and those examined in studies such as [60] for example has
not been examined as yet.

Finally, as expected, there is a correlation between the time series of Shannon or Information
Entropy and the NH and global temperatures as well. This correlation was —0.75 for both (significant at
the 99% confidence level) for the NH temperature time series, which further strengthens the connection
between the flow regime epochs described above and global temperatures as well as demonstrates
the utility of this quantity. It is conceded here that while the entropy quantity describes the dynamic
behavior and epochs, it does not shed light on the causes of recent temperature increases.

4. Summary and Conclusions

In this study, the occurrence frequency of NH flow regimes from 1899 to 2018 was examined
using the daily DKV46 NH flow classification scheme which is archived at the Institute of Geography
(Russian Academy of Sciences) in Moscow and available via the website [36]. The circulation types
are classified using surface maps and 500 hPa height fields which are assimilated daily using the
general circulation model developed by the Russian Academy of Science Institute for Computational
Mathematics and plotted on a 2.0° by 2.5° latitude/longitude grid from 1899 to 2018. The predominance
of NH flow regime epochs for the 20th century has been published previously, and this work extends
the previous work into the early 21st century. The correlation of flow regime epochs to variability in
the NH surface temperature anomalies, NH teleconnections, and atmospheric blocking was explored
here as well. Finally, the utility of Shannon (or Information Entropy) in defining and describing the
NH flow regime epochs was examined in order to demonstrate the utility of this tool in atmospheric
science analysis.

Among the new findings presented here:

e theend of the third circulation epoch (starting in 1957) since 1899 may be occurring as the frequency
of Type 3 + Type 4 (meridional) NH flows has occurred more frequently. The period 1981-2018 is
characterized by a strong increase in Type 4 NH flows. The occurrence of Type 3 flows overtook
the occurrence of Type 4 flows again in the early 2000s, but it is not yet clear that a new epoch or
sub-period has begun as Type 4 flows became more common again. This may be partly due to the
recent strong 2014-2016 El Nifio;

e the NH teleconnection indexes (e.g., AO, NAO) of the late 20th and early 21st centuries have varied
along with the frequency of Type 3 and Type 4 flows consistent with [1] and references therein;

e the correspondence of NH and SH atmospheric flows as proposed by D67 and in [10,11] showed
promise as identified by two additional tests. There is a significant correlation between the AO and
AAO Indexes for the period 1998-2018 (when these indexes were available and most robust). The
occurrence of atmospheric blocking time series in each hemisphere from 1970 to 2018 correlated
very strongly hemisphere wide as well as by sector;

e the global surface temperature trends including those of the early 21st century significantly
correlated to the circulation epochs and sub-periods identified in the text;

e the quantity, Shannon or Information Entropy, corresponded to the occurrence of zonal versus
meridional NH flows (as well as NH surface temperatures) during the period from 1899 to 2018
and was not random as an unbiased coin toss or as suggested by theory (in [14]—or the DKV46
classification scheme). The first two epochs were similar to the entire period overall, but the third
epoch (1957-2018) was significantly different and biased toward the more frequent occurrence of
meridional flows. Thus, the Shannon or Information Entropy has utility as a diagnostic tool in
atmospheric science. It may have use in an operational or seasonal range forecasting environment
as well as in examining future climate scenarios produced by models.
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