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Abstract: A meridional Northern Hemisphere (NH) circulation epoch, which began in 1957, is marked
by changes in the temperature and precipitation regimes over southwest Russia and central USA
depending on the occurrence of NH atmospheric circulation regimes. A classification scheme
proposed in 1968, and studied later put forth 13 NH circulation types, fitting more broadly into
four groups, two of which are more zonal type flows and two of which are more meridional flows.
Using the results of a previous study that showed four distinct sub-periods during the 1957–2017
epoch, the temperature and precipitation regimes of both regions were studied across all seasons
in order to characterize modern day climate variability and their suitability for vegetation growth.
Then the Hydrologic Coefficient, which combined the temperature and precipitation variables,
was briefly studied. The most optimal conditions for vegetation growth, positive temperature and
precipitation anomalies, were noted during the period 1970–1980 for southwest Russia, which was
dominated by an increasingly more zonal flow regime in the Belgorod region and NH in general.
For the central USA, the HTC showed more ideal conditions for agriculture in recent years due to
favorable precipitation occurrence. In southwest Russia, variable precipitation regimes were noted
during the meridional flow periods, and with the increase in temperature (since 1998), these can
adversely affect the hydrothermal characteristics of the growing season. Finally, a comparison of the
13 NH circulation types with several teleconnection indexes demonstrated the robustness of the NH
flow regime classification scheme used here.

Keywords: climate change; circulation epochs; climate anomalies; hydrothermal coefficient;
teleconnections

1. Introduction

Since the end of the 20th century, climate change has been associated with increases in observed
temperatures globally [1]. These increases have not been uniform on regional spatial scales (e.g.,
reference [1]). In examining the Northern Hemisphere (NH) temperature record since 1950 (e.g.,
reference [1]), many researchers have noted periods of warming and cooling (e.g., references [2,3]).
Also, reference [4] used global temperature data provided by the University of East Anglia [5] for
the period 1850–2009 and noted the cyclical nature of changes in annual average NH temperature.
These cyclical changes have been imprinted on an overall increase in NH or global temperature since
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the mid-20th century [1], though the magnitude of these changes differ by region (e.g., in general,
the magnitude of warming increases from equator to pole).

Research carried out at the Institute of Geography (Russian Academy of Sciences-RAS) by
B.L. Dzerdzeevski developed a general circulation classification scheme for 13 NH-wide atmospheric
flow types [6]. These configurations were called ‘Essential Circulation Modes’ or ECM in reference [6],
and this work will retain the terminology for referencing. Then, reference [4] modified the scheme of
reference [6] categorizing the 13 ECM into four general types which were then used in references [7,8].
Also, reference [7] demonstrated that the number of blocking anticyclone days nearly doubled for their
study region during the summer season. Additionally, reference [9] and others have confirmed an
increase in the occurrence of blocking events within the Eastern Europe and western Russia regions,
but in the NH in general (e.g., references [10,11]).

The modern warming has been characterized by an increase in the persistence of meridional
circulation types (Type 3–winter, Type 4–summer) within the polar front jet [3]. Under these conditions,
the circulation types [4,7] were accompanied by increasing temperatures throughout the mid-and
high latitudes, with a peak for warming having occurred in 1997 or 1998 in [3]. From 1998 to 2014,
global temperature was nearly steady (e.g. references [1,12,13]). However, the years 2015–2016 showed
appreciable warming of surface temperatures above the 1981-2010 climatological normal for global
surface temperature. The El Nino event of 2014–2016 may be at least partly responsible for these
departures [14,15].

Then, studies such as references [7,16–19] (and many others) examined the relationship of local
and regional temperature and precipitation characteristics to well-known interannual variability
associated with, for example El Niño and Southern Oscillation (ENSO), or interdecadal variability such
as that associated with the Pacific Decadal Oscillation (PDO). Also, references [17,19] demonstrated that
ENSO variability itself in the central USA varied by phase of the PDO. The results of references [7,9] are
being used to generate seasonal range forecasts for the Belgorod Oblast within the Central Chernozem
region (CCR) of Southwest Russia. Correspondingly, references [17,19] (and references therein) have
been used to inform seasonal range forecasts made for one to two seasons (but as many as three or four
seasons) ahead on a regular basis since 2003 for the state of Missouri in the central part of the USA [18].

Climate change within the Russian Federation has corresponded with that for the entire NH.
However, the magnitude of these changes, as well as the interannual and interdecadal variability is
much larger depending on the physical-geographical location within the Eurasian continent [1,4,16].
Short-term climate changes or interdecadal variations that have occurred within the Central Chernozem
Region (CCR) of Southwest Russia, have been connected to variability in the ECMs derived by
reference [6] primarily during the growing season (e.g., references [7,8,20]).

The goal of this study is to expand the results for the references [7,8] studies within the agriculturally
important CCR of the Belgorod Oblast to all seasons, especially the winter season. This will include an
examination of the circulation regimes over southwest Russia and a comparison to the Hydrothermal
Coefficient [7–9]. Then, the results here will be discussed relating the work of reference [7] and
others to well-known teleconnection indexes (e.g., PDO, North Atlantic Oscillation–NAO see [21]
and references therein, Arctic Oscillation–AO, and others). This will include a similar comparison
to the circulation trends and variability to an agriculturally important region in the central USA
(Missouri) [21]. The results of this work will be useful for modifying and developing seasonal range
forecast tools for both study regions, extending those of reference [17]. The data and methodologies
are explained in more detail in Section 2. The results will be shown in Section 3, including a detailed
discussion of interdecadal variability in teleconnections, and conclusions are given in Section 4.
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2. Data and Methods

2.1. Data

The CCR is in the southwestern part of the Russian Federation and using the Koeppen Climate
classification is a boreal humid continental climate (Dfb) [20]. The central USA is characterized as a
humid subtropical climate (Cfa) [20]. According to reference [22,23], both areas are within a relatively
stable climate type. Also, reference [7] (and references therein) show that atmospheric processes, and,
consequently, the type of temperature anomalies in the Belgorod Oblast within the southern part of
European Russia typically extend over the whole region. This spatial scale is commensurate with
the scale of the synoptic process. Additionally, the interannual variability of the weather and climate
within the northern part of European Russia often is opposite to that of the southern part [24] and this
is similar to the conditions within the central one-third of the USA [17]. However, references [17,19,21]
demonstrate that the central Missouri (referred to as central USA) climate records are generally
representative of state overall. Several references within reference [19] used principal component
analysis to demonstrate the interannual and long-term variability among stations in this region behave
in a similar manner. The Belgorod Oblast region is smaller than the state of Missouri and the statistical
analysis of reference [9] demonstrated that the interannual and long-term variability of temperature
and precipitation was similar in the region. The regions of study used here are shown in Figure 1.

Therefore, we have chosen the Belgoroditskoe – Fenino (BELF) station as the representative
station for southwest Russia [7], and the variables provided are the average monthly, seasonal,
and annual values of meteorological parameters such as temperature (◦C) and precipitation (mm).
Since 1881, this station has been located in the same place, and thus, it provides for a uniform series of
observations [7,8]. The data for the central USA are obtained from the Missouri Climate Center [17]
(and references therein) four from the Columbia Regional Airport (KCOU), and reference [17] also
describes the station characteristics.

The NH 500 hPa height and 300 hPa wind data were retrieved from the National Centers for
Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) reanalyses [25]
available through the NOAA Earth System Research Laboratory (ESRL) website. These data are available
at time intervals from 6-h to monthly and on a 2.5◦ latitude by 2.5◦ longitude grid from 1948–2017.
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Figure 1. The location of the two study regions; (A) Russia (superior–Belgorod Oblast marked with a
star) and Belgorod Oblast (inferior–station used is BELF), and (B) the United States (superior–Missouri
marked with a star) and State of Missouri (inferior–station used is KCOU).
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2.2. Methods

The analysis of monthly and annual anomalies for temperature (◦C) and precipitation amount
(%) in different circulation periods for the reference climate station BELF in the Belgorod oblast
was conducted [26]. For this study, the anomalies will be compared to the 1957–2017 means for
temperature and precipitation. This period will be referred to as the base or base period in the
discussion. The NH atmospheric circulation types are defined following references [6] and described
recently by reference [4,7]. Then references [4,7] describe the associated temperature and precipitation
regimes for the Belgorod region. An analysis of the occurrence of circulation groups helped to explain
the long-term (decadal) occurrence of temperature anomalies in this study. These periods were called
circulation epochs in reference [6].

The 13 main circulation types of ECM were identified subjectively by reference [6] on a 500 hPa
map and described in detail by references [4,7], including figures showing representative examples.
The ECMs are described briefly here by grouping them into four similar types (Figure 2) (referred to
simply as ‘Type’ 1, 2 etc., here);

1. Zonal circulation (here ECM 1 and 2): These are characterized by the absence of polar intrusions
into lower latitudes and the predominance of wave numbers two through five. ECM 1 is more
prevalent during the winter and ECM 2 during the summer. (Type 1). In the CCR and central
USA, each variant is associated with both and high and low pressure systems. There are three
sub-types in this group [7]. This type is more typically associated with smaller negative and
positive AO, and both smaller positive and negative PNA and NAO [7].

2. Zonal breaking waves (ECM 3–7): These are typified by wave numbers three to four, with one
of these being a very strong trough or a polar intrusion into lower latitudes, the ECM being
typified by the location of a cold air outbreak in the NH. ECMs 3–5 are associated with cold
air outbreak variants in the CCR and central USA. ECM 3–7 has several warm and cold season
variants, and the total number of these is 11. (Type 2). As in Type 1, this group is associated with
positive and negative NAO, with ECM 3 associated with stronger negative NAO [7], as well as
PNA and AO types similar to Type 1.

3. Meridional NH circulation (ECM 8–12): These are characterized by wave numbers three to
four, with two to four of these waves being highly amplified. Each of these ECM has several
sub-variants (18 in all) depending on the location of the amplified troughs. (Type 3). These are
associated with stronger negative AO values, and some of the sub types are associated with
blocking [7].

4. Meridional Azores Antiyclone (ECM 13): This ECM is characterized by zonal flow over most of
the NH, but an amplified ridge over the area from the Azores to the study region. This ECM
is often associated with blocking [7,24] in the European sector, and has only two sub-variants.
(Type 4). These flow types are associated with more positive NAO Indexes depending on the
location of blocking [7], and both positive and negative PNA Index.

These ECMs were derived by reference [6] using once daily NH 500 hPa height fields and
subjectively categorizing recurring patterns. Then reference [4] used a clustering algorithm to classify
the once daily 500 hPa similar to that used by others (see reference [17] and references therein) for sea
surface temperature patterns. The differentiation between these types in groups one through four are
reflected by the NH flow being zonal or meridional, the wave number, and the particular location of
the trough and ridge events [7]. For the modern period, this typification of the NH flow based on the
upper air flow regime and accumulated surface data can be compared to teleconnection types (e.g.,
PDO, NAO, Pacific North American (PNA) pattern, and AO). Additionally, the typification of flow
regimes [6] can used to analyze the global and regional climate change and interdecadal variability and
relate this to regional climate, and the possibility of associated natural hazards in different areas [3,4].
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Figure 2. Examples of the large-scale circulation types using the 1200 UTC 500 hPa height field.
The contour interval is 60 m and in color. The given examples are (A) Type 1 (6 October 2006 AO = 0.124),
(B) Type 2 (8 March 2006 AO = 1.76), (C) Type 3 (6 January 2006 AO = −1.64), and (D) Type 4 (13 July
2013 AO = 0.28).

In Section 3, statistical methods were calculated using standard formulations that can be found
in any statistics textbook (e.g., references [27,28]). The standard deviation (σ) is used typically
for examining temperature variability [29]. The parameter Coefficient of Variation (CV) is used
for precipitation since precipitation is not normally distributed (e.g., references [27,30]). Also,
an examination of precipitation distributions was done by dividing the seasonal rainfall into quintiles
and calculating variance for a gamma distribution following the work of reference [30].

For the analysis of the combined influence of temperature and precipitation during the growing
season, the Hydrothermal Coefficient (HTC) was used (e.g., references [31–34]). The HTC is formulated
as follows;

HTC = S P/(0.1 * S T*) (1)

where P is the precipitation (mm) and T* is the mean daily temperature during months when the
daily mean temperature is above 10 ◦C. This is considered the period of active vegetation, which is
May to September over southwest Russia and April to October in the central USA. Thus, this variable
summarizes daily information similar to quantities such as heating degree or growing degree days.
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The PDO positive and negative modes are catalogued by using information available from the
Center for Ocean-Atmospheric Prediction Studies (COAPS) [35]. The characteristics of PDO modes are
less pronounced than those of El Nino and Southern Oscillation (ENSO). The PDO period represents
a fifty to seventy-year cycle and the SST anomaly pattern is observed basin-wide [17,21] within the
Pacific Ocean. The positive phase of the PDO is recognized as the period from 1977–1998, and the
negative phases are recognized as the years 1947–1976, and 1999–2017 [17,21].

The North Atlantic Oscillation (NAO) (e.g., reference [36]) is a north-south pressure oscillation
in the North Atlantic whose fundamental dynamics are similar to that of the Pacific North American
(PNA) pattern (e.g., references [37–39]). The NAO also may be the regional expression of vacillation
(e.g., reference [40]) in the NH flow overall. It is well known that the time series of the daily or monthly
NAO index values possess interannual (e.g., references [41,42]) or interdecadal (e.g., references [43,44])
modes. The decadal epochs for the NAO used here will be negative for the periods 1951–1972
and 1996–2010, while the positive epochs were 1972–1995 and 2011–2017. These were derived by
examining the three-month running mean NAO index available from reference [45], and the earlier
transitions agree with the published dates suggested in reference [46]. Daily values of this index
are used as well and these can be obtained from the NOAA Climate Prediction Center (CPC - http:
//www.cpc.ncep.noaa.gov/products/). Daily values of the AO as well and the Pacific North American
(PNA) Index can also be found at this site. The daily NAO and PNA Indexes will indicate the phase
Pacific and Atlantic Region troughing and ridging. However, the AO has been shown to be related
to the amplitude of NH flow as well as seasonal temperature variability in regions such as North
America [47,48].

Finally, in examining the results, the winter (December–February) and summer (June–August)
seasons will the focus of the discussion below and compared to climatology in order to make consistent
observations regarding the surface data and upper air maps. However, the transition seasons are
examined as well. The summer season is analyzed because that is the important season for agriculture
in both regions (Figure 1) [10].

3. Climatology 1957–2017

3.1. Climatological Background for Southwest Russia

Since the middle of the 19th century, there have been periods of warming and cooling identified
for the NH circulation (see references [1,4]). In reference [4], three major NH circulation epochs
were identified from 1899–2017 based on the work of references [6–8]; two that can be described as
meridional epochs (1899–1915 and 1957–2017) and one zonal (1916–1956) epoch. Then, the epoch from
1957–2017 can be subdivided into four periods with the predominance of Type 3 and 4 circulations
versus those of Type 1 and 2 circulation patterns (see Table 1) and this will be the period of study here.

The processes associated with the more frequent occurrence of blocking anticyclones are significant
in the formation of warm, or even extreme warm, temperature anomalies [21]. For southwest
Russia this is associated with a stationary 500 hPa anticyclone that forms over Kazakhstan (e.g.,
references [7,21,24]). Also, since the end of the 20th century, blocking has been more frequent across the
NH (e.g., reference [46]). The mean seasonal temperature, precipitation, and measures of variability
for the BELF surface data associated with the sub-periods shown in Table 1 for the current [4] flow
regime epoch (1957–2017) are shown in Table 2. The monthly statistics are available in Appendix A.

During the mid-twentieth century (Table 1 – P1) the seasonal temperature standard deviations for
the temperature anomalies ranged between 0.9 ◦C in summer to 2.5 ◦C during the winter (Table 2).
Stronger cold season variability is to be expected in the NH. Negative temperature anomalies (−0.1
to −1.0 ◦C) with respect to the 1957–2017 means were observed for all seasons (Table 2). Only the
spring season temperature anomaly was statistically significant at the 95% confidence level. Also,
a deficiency in the annual precipitation (53.9 mm/−4.7%) was observed during P1. A shortfall of
precipitation (11 and 17% less than the 1957–2017 values) occurred during the summer and fall seasons,

http://www.cpc.ncep.noaa.gov/products/
http://www.cpc.ncep.noaa.gov/products/
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respectively, including the vegetation period, which for this region is May-September. The summer
season deficiency likely was a cause of adverse agricultural conditions for the region, and eight of
the 13 years during P1 showed precipitation deficits (not shown). The middle part of P1 (1961–1964)
was the driest, when the negative annual precipitation anomalies ranged from 19% to 25% less than
normal [9]. The CV for precipitation was smaller during the summer and fall months (0.34 and
0.28, respectively) including the beginning of the vegetation period (June–July). During the winter
season, the CV was 0.41, while the CV was 0.39 during the spring (Table 2). Additionally, Figure 3B
shows negative height anomalies over the region during the summer season, consistent with the cool
temperature anomalies shown in Table 2. Figure 3A also shows a negative height anomaly over the
study region in winter, consistent with an extended Mediterranean storm track (Figures 4A and 5A)
and wetter conditions (Table 2).

Table 1. Circulation periods within the 1957–2017 epoch according to references [4,7]. Also, the percent
change in zonal versus meridional flow regimes for western Russian and central USA regions are
shown. Negative indicates an increase in the percentage of zonal flow regimes.

Period Years

Increased occurrence of Type 3 flow regimes (P1) 1957–1969
Increase occurrence of Type 1 flow regimes (P2) 1970–1980

The occurrence of more Type 1 and Type 2 flows, but increased Type 4 flow regimes
toward the end of the period (P3) 1981–1997

Reduction in occurrence of Type 4 with concomitant increase of Type 3 flow regimes (P4) 1998–2017
Percent change: Days with occurrence of Type 3 and 4 relative to P1 (western

Russia/central USA)
−10.9/−6.8 1970–1980
−8.2/−1.5 1981–1997
+16.4/+8.5 1998–2017

The beginning of the modern warming (P2) is associated with the transition to a more zonal
circulation (Figure 3C,D). The variability of summer season temperature was greater during this
period (P2–1.8 ◦C ). Winter seasons during P2 (1.7 ◦C) were less variable as those anomalies during
P1 (2.5 ◦C). Negative temperature anomalies were noted for all seasons with respect to the 1957–2017
period (Table 2), and none were significant at the 90% confidence level. With the transition to more
zonal conditions as evidenced by weaker 500 hPa height anomalies for P2 (Figure 3C,D) versus P1
(Figure 3A,B), the annual value of precipitation was larger than the base period by 34.8 mm (+6.0%).
This reflects the change to positive 500 hPa anomalies at the end of the Mediterranean storm track over
the region in winter (Figure 3C) and an extension of this same storm track into the Belgorod region
during both seasons (Figure 4C,D and Figure 5C,D). This likely accounts for the higher values for
summer season moisture conditions with respect to P1, which are optimal for agriculture. There were
only three spring and summers with negative annual average precipitation anomalies, which was the
lowest frequency of occurrence of drought years for the entire study period (1957–2017). This is also
reflected by low values for CV during these seasons (0.29 and 0.22, respectively—Table 2).

During the period 1981–1997 (P3) (Table 1), there was a further strengthening of zonal circulation
types, as shown by the weaker NH 500 hPa height anomalies overall (Figure 3E,F). Within the Belgorod
region 500 hPa height anomalies were weakly positive during the winter (Figure 3E) and negative
during the summer (Figure 5F). During P3, the seasonal temperature standard deviation ranged from
1.1 ◦C in the summer to 2.5 ◦C in the winter season, and these are more comparable to P1. The largest
monthly standard deviation for the [4] (1957–2017) epoch was found during the month of February
for P3 (4.3 ◦C), while the minimum value for the monthly temperature standard deviation was noted
for July (1.1 ◦C) (Table A1). Temperature was cooler than the 1957–2017 means for each season except
winter, which was similar to the base period mean. During the summer and fall temperature anomalies
were cooler but similar to the base period. The cooler summer is consistent with the troughing
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suggested in Figure 3F. The annual temperature was higher than during P1 or P2, and these warmer
temperatures, especially for the winter season, is consistent with global observations [1].

Table 2. Temperature (◦C) and precipitation (mm) for the base period and anomalies (Ta) (◦C), Pa (mm),
and CV (2) over each season for the periods defined in Table 2 during the current epoch [4] as defined
for the study region using the BELF surface data. Statistically significant values with respect to the
base period are marked with a * at the 90% level, and ** at the 95% level.

Indicator Seasons

Winter (DJF) Spring (MAM) Summer (JJA) Fall (SON) Year

1957–2017 (base period)

T (◦C) −6.4 6.7 18.6 6.2 6.3
Pre (mm) 118.2 123.9 188.3 144.5 575.0

1957–1969 (P1)

Ta (◦C) −0.7 −1.0 ** −0.1 −0.3 −0.5
σ 2.5 1.7 0.9 1.5 0.8

Pa (mm) −1.2 −7.6 −20.4 −24.5 −53.9
CV 0.41 0.39 0.34 0.28 0.20

1970–1980 (P2)

Ta (◦C) −0.9 −0.3 −0.7 −0.4 −0.6
σ 1.7 1.9 1.8 1.3 1.0

Pa (mm) −3.2 −3.9 +20.7 +21.2 +34.8
CV 0.37 0.29 0.22 0.38 0.20

1981–1997 (P3)

Ta (◦C) 0.0 −0.2 −0.5 −0.4 −0.3
σ 2.5 1.6 1.1 1.4 1.1

Pa (mm) −3.2 +0.3 −0.1 +5.4 +2.3
CV 0.24 0.35 0.23 0.36 0.17

1998–2017 (P4)

Ta (◦C) +1.0 * +0.9 ** +1.0 ** +0.6 ** 0.9 **
σ 1.6 1.0 1.2 1.2 0.6

Pa (mm) +5.6 +7.1 +2.0 −0.3 +14.0
CV 0.28 0.29 0.28 0.39 0.20

The annual precipitation anomaly for P3 was +2.3 mm (Table 2), which is similar overall to that of
the 1957–2017 period, and all seasons were similar to the base period as well. Thus, as may be expected,
50% of the P3 years average annual precipitation anomalies were negative. While many of the months
during this period showed similar precipitation amounts or wetter conditions, the months of July
and August showed a greater frequency of dry events (Table A1). During these months, the number
of years with negative anomalies with respect to the 1881–1980 period was about 70%. The CV was
highest during the transition (spring and summer) seasons and smallest for the solstice seasons.

During the modern period (P4 – Table 1), the NH 500 hPa height anomalies were nearly
opposite those during P3 for both seasons and the flow became more meridional again (Figure 3G,H).
The 500 hPa height anomalies were positive over the Belgorod region for both seasons (Figure 3G,H).
The Atlantic Region was characterized by a 25% and 55% increase in the number of blocking events
and days according to reference [46], respectively. This agrees with reference [7] which found that the
occurrence of blocking doubled from 1970–2010 from 20◦–60◦ W. With these changes in the circulation
conditions there were higher average annual temperatures in P4 relative to the 1957–2017 period
(+0.9 ◦C) (e.g., references [7,8,49,50]). A positive mean seasonal temperature anomaly was noted across
all seasons of similar magnitude (Table 2). All of the seasonal anomalies were statistically significant
at the 95% confidence level, except for winter, which was significant at the 90% confidence level.
In addition to the temperature increases for P4 relative to P3, the winter months showed weaker
variability (standard deviation 1.9 ◦C) However, unlike during the previous sub-periods, the lowest
values for the monthly standard deviations were noted during the spring (1.0 ◦C).
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Additionally, P4 overall is characterized by precipitation amounts that were 14.0 mm higher
annually than the 1957–2017 period. During the summer in P4, the value of the coefficient of variation
was 0.28 or only marginally higher than that of P3. The increased precipitation over the region may be
related to the increased occurrence of cyclonic flow regime types [6] (not shown). Also, the number of
days associated with cold season northwest anticyclone types [6] was acutely reduced for this region.
Negative monthly precipitation anomalies in recent years (P4) were related to the sharp increase in the
number of stationary anticyclones and blocking occurring over Eastern Europe to Kazakhstan [7,46].
This is reflective of positive height anomalies over the region during the summer season especially
(Figure 3H). Lastly, the variance for the precipitation distribution (assuming a gamma-type [30]) for P3
and P4 was slightly larger for each season than for P1 and P2, except for winter, in which the variance
was similar.

3.2. Climatological Background for the Central USA

If the reference [6] scheme is robust, the climatological results from any other local region governed
by the NH flow regimes should be consistent with the regional 500 hPa flow regimes suggested in
Figures 3–5. In order to answer this question, the climatological data for the Missouri region (Figure 1)
in the central United States [17,18,21] are examined in Table 3 (and Table A2).

A comparison of the temperature regimes (Table 2 versus Table 3) shows broad similarities in
the annual variability of temperature, or larger standard deviations in the winter season versus the
summer season. For the P1 seasons, most of the seasonal temperature anomalies were cooler with
respect to the 1957–2017 period (Table 3) but not at standard levels of significance, which is qualitatively
similar to that of the southwest Russia Region. Figure 3A,B shows that the 500 hPa height fields in both
winter and summer are consistent with cooler conditions over the continental USA as a negative height
anomaly (troughing) is observed. This coupled with strong positive anomalies over the Pacific during
winter implies more meridional flow regionally. Recall that over the Belgorod Region, there were slight
negative (positive) 500 hPa height anomalies in the winter (summer).

Then P2 was the coolest sub-period during the [4] epoch for the central USA (Table 3) as all seasons
were the same or cooler than the reference period. The winter season as well as the annual means were
significantly cooler than the base period at the 95% confidence level. The strongest negative anomalies
of the entire period were noted over the central USA during the winter season (Figure 3C). P3 was also
slightly cooler overall for the central USA for all seasons except winter (similar to the base period) but
not as cool as P2, with only the fall season being significantly cooler (at the 95% confidence level) than
the base period. Figure 3E,F however, suggest weaker meridional or more zonal flow over the central
USA and over southwest Russia, with weaker height anomalies overall. During this period the wind
anomalies (Figure 4E,F and Figure 5E,F) were also weakest.

Finally, more meridional flow is suggested for the P4 years (Figure 3G,H, Figure 4G,H,
and Figure 5G,H) and the mean temperatures for every season were warmer than the 1957–2017
period. These anomalies were significant at the 95% confidence level, except for the summer season
(Table 3). Additionally, the increases in winter, spring, and fall season temperatures were statistically
significant at the 99% confidence level using the F-test from analysis of variance (ANOVA) when
examining the trend from P2 to P4, reflecting the modern warming [1]. The changes in summer
temperature were not significant at the 90% confidence level. A similar result was found for the
Belgorod Oblast in southwest Russia, except that the temperature change in all seasons was significant
at the 95% confidence level or greater.
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(F) 1981–1997, and (G) and (H) 1998–2017. The contour interval is 3 m. 

Figure 3. The winter (left) and summer (right) 500 hPa height anomalies (with respect to 1957–2017)
for the sub-periods defined in Table 2, where (A) and (B) is 1957–1969, (C) and (D) 1970–1980, (E) and
(F) 1981–1997, and (G) and (H) 1998–2017. The contour interval is 3 m.

When examining the precipitation information across the modern epoch [4], the central USA was
driest during P1 and generally wetter than the 1889–1980 period for P3 and P4, especially in the spring
and summer seasons. The calculated variances for the precipitation distributions using P3 and P4 in
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each season were 2216.0, 11726.0, 4441.0, and 2537.0, for winter, spring, summer, and fall and these
were larger than that of P1 and P2 for each season by a factor of two. This may be a function of the
warming conditions prevalent globally during P3, but especially P4.

Examining the distribution of precipitation in P3 and P4 precipitation versus the P1 and P2 period
(Table 4) demonstrates that for the winter and summer seasons, the 60th percentile in P3 and P4 was
nearly the 80th percentile from the base period. Additionally, the width of the 40–80% bin was 50%
larger for the winter season, but more than double the width for the summer season. These results are
consistent with reference [51] who found similar results for only the summer season. The distributions
for P1and P2 versus P3 and P4 were tested assuming a gamma distribution and using the chi-square
goodness of fit test. This analysis demonstrated that the distributions for all seasons were different
at the 90% confidence level (except for winter). In the Belgorod region (Table 4), the width of the
40–80% bins were of similar size across all seasons when comparing P3 and P4 to P1 and P2. The same
statistical testing for the Belgorod region demonstrated that the distributions were not different at the
90% confidence level. Thus, combined with the variances, the precipitation distributions were similar
in this region.

Table 3. As in Table 2, except for the Columbia, MO station in the USA. Statistically significant values
with respect to the base period are marked with a * at the 90% level, and ** at the 95% level.

Indicator Seasons

Winter Spring Summer Fall Year

1957–2017 (base period)

T (◦C) −0.2 12.5 24.3 13.6 12.6
Pa (mm) 150.8 310.5 293.7 251.4 1005.2

1957–1969 (P1)

Ta (◦C) −0.2 −0.3 −0.1 +0.3 −0.1
σ 1.1 1.1 0.6 1.2 0.5

Pa (mm) −25.2 −40.8 −26.0 −19.0 −113.0
CV 0.33 0.27 0.42 0.36 0.22

1970–1980 (P2)

Ta (◦C) −1.2 ** −0.4 0.0 −0.2 −0.5 *
σ 2.1 1.0 1.2 1.4 0.5

Pa (mm) −8.3 +12.2 −78.8 −8.1 −82.7
CV 0.46 0.32 0.42 0.32 0.24

1981–1997 (P3)

Ta (◦C) 0.0 −0.3 −0.2 −0.6 ** −0.3
σ 1.5 1.4 1.0 0.9 0.7

Pa (mm) +15.4 +11.6 +42.4 +25.7 +97.3
CV 0.32 0.33 0.44 0.42 0.21

1998–2017 (P4)

Ta (◦C) 0.8 ** 0.7 ** 0.2 0.5 ** 0.5 *
σ 2.0 1.4 1.2 1.3 1.0

Pa (mm) +7.9 +10.0 +24.1 −5.0 +36.0
CV 0.32 0.28 0.35 0.34 0.16

3.3. A Comparison Using the HTC for Both Regions

At the beginning of the 21st century, changes in the Belgorod region atmospheric circulation were
associated with an increase in the frequency of quasi-stationary anticyclones, especially during the
summer season [7]. This resulted in increasing temperatures during the growing season, but also in the
frequency and duration of weather conditions that produce less precipitation [9]. This trend toward
more arid conditions especially in the mid-summer (July–August) became stronger during P4 than
during the P3 period. The higher variability during P4 also indicated that in some years, there was
excess precipitation [8]. For many summer crops (e.g., corn or soybeans), July and August are the most
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impactful months for reproduction and yield (e.g., reference [51]). Thus, while the annual precipitation
was higher during the late 20th century, agriculture has become more vulnerable in the region [9].

The average values of the HTC [31] over the Belgorod Oblast during P1, P2, P3, and P4 was 1.00,
1.27, 1.18, and 1.04, respectively. The CV for the corresponding periods was 0.29, 0.33, 0.22, and 0.29,
respectively. Since HTC is derived largely from summer season values, a comparison to Table 2 and
Figure 5 for the summer season is most relevant for this discussion. The latter period (P4) shows
more similarity to the earliest period (P1) for HTC and precipitation. The temperature was warmer
for P4 summers, but the quantities representing variability are similar. Additionally, both P1 and
P4 are associated with positive height anomalies in the summer season over the Belgorod Oblast
(Figure 3). Optimal conditions for agriculture in the Belgorod region, that is positive temperature
and precipitation anomalies, occurred when the flow was becoming more zonal (P2). However,
the interannual variability of the HTC was also greater. With the occurrence of meridional circulation
during P4, the higher temperature and greater variation of precipitation during the growing season
was less optimal for agriculture.

Table 4. The distribution of precipitation (mm) by quintile and season for the (a) Belgorod Region,
and (b) central USA during P3 and P4 versus P1 and P2.

(a)

% tile Winter Spring Summer Fall

P3-P4 P1-P2 P3-P4 P1-P2 P3-P4 P1-P2 P3-P4 P1-P2

20% 90.8 78.2 90.7 85.6 159.2 149.9 106.6 106.1
40% 113.1 110.0 117.2 114.3 177.1 173.1 122.0 121.7
60% 130.9 126.4 140.9 130.7 195.9 196.3 153.0 159.7
80% 144.0 146.9 160.2 158.3 221.4 233.2 183.9 182.3

100% 192.6 200.5 206.2 213.9 292.2 303.5 274.1 274.1

(b)

% tile Winter Spring Summer Fall

P3-P4 P1-P2 P3-P4 P1-P2 P3-P4 P1–P2 P3-P4 P1-P2

20% 115.0 86.6 222.8 215.6 199.1 159.3 169.9 164.8
40% 139.4 125.0 273.1 254.3 261.1 202.4 206.8 185.2
60% 175.8 141.7 325.1 288.8 357.9 243.1 247.4 258.1
80% 195.3 161.0 400.8 399.0 432.6 327.4 344.2 329.7

100% 312.4 275.1 520.7 478.0 655.3 487.9 465.1 383.4

Additionally, the CV was higher generally in the central USA, implying more variable precipitation
conditions. This might be expected since the central USA is more continental than southwest Russia
(e.g., reference [21]). Lastly, the HTC for the central USA was lower for P1 and P2, 1.60 and 1.51
respectively, reflecting the generally cooler or drier conditions discussed above. During P3 and P4,
the HTC was 1.87 and 1.80 for the central USA, and these more favorable growing conditions were
partly responsible for higher yields during these sub-periods [51] due to the warmer wetter conditions.
Overall, the HTC is higher in the central USA than for the Belgorod Region due primarily to the
warmer climate and longer growing seasons [9].

3.4. Discussion: Teleconnection Relationships

The classification scheme of reference [6] for NH flows is consistent with the idea that the NH
flow has preferred observed states. This idea is not new (see reference [40] for a discussion of the
history). The early work of references [52–54] (and others) suggested the NH flow vacillated between
two quasi-stable states (zonal versus meridional), but later work suggested that the NH flow possesses
multiple stable states, including those that represent blocking (e.g., references [55–59]). More recent
work references [60–62], have extended this idea to the Atlantic and Pacific Ocean Basin regions
separately. Thus, the classification scheme of reference [6] can be considered similar to these studies
references [52–62] in that reference [6] suggests 13 recurring states that are grouped into four general



Atmosphere 2019, 10, 11 13 of 23

classes, two of which are more zonal and two of which are more meridional in nature. As explained
in reference [7], many of the sub-types are characterized locally by a trough or ridge, for example,
within a particular region.
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However, in order to meet a stated goal, that is the comparison of composite types of reference [6]
to teleconnection indexes, it is useful to compare to the results of other studies (e.g., reference [62]).
That study [62], used the finite element, bounded-variation, vector autoregressive factor method
(FEM-BV-VARX) in order to describe the structure of major teleconnection patterns and relate these to
the teleconnection indexes in several re-analysis products including the NCEP/NCAR reanalyses used
here. A strict comparison here will be difficult to make since reference [62] uses the entire 1948–2014
period and displays composites that include all months.

Nevertheless, some comments can be made here and will be discussed below. Since the ECM
of [6] were originally subjectively identified on the basis of the amplitude of the NH flow and the
number and location of strong ridge trough couplets in the NH wide flow, it is possible, for example,
to have positive NAO events of Type 2, but also of Type 3. These two situations will differ based
on the existence of strong trough/ridge couplets occurring elsewhere across the NH and, generally,
the amplitude of the flow. Thus, the ECM of [6] may not necessarily be dynamically distinct (at least
locally) and full correspondence between teleconnections and the [6] flow types will not be possible.
Further study based on the results found here would be needed to determine whether the [6] ECM
were dynamically distinct. Also, work such as reference [63] demonstrate the challenges associated
with using clustering techniques to confirm or identify the existence of dynamically stable flow regime
types in the NH flow.

Here, a seasonal analysis of the mean daily teleconnection indexes was carried out (Table 5).
The correlation between the AO and NAO Index time series from 1957–2017 for all seasons ranged
between 0.54–0.77 which is significant at the 99% confidence level. Similar correlations were noted
for each sub-period (P1–P4), which in some cases were even higher. With the PNA Index time series,
the correlations to the AO were negative (between −0.15 to −0.48), but statistically significant for all
seasons except the winter for the entire period (1957–2017). These correlations are significant at the
95% confidence level. A similar result was obtained for P1, P2, P3. For P4, the negative AO-PNA
correlations were not statistically significant at the 90% confidence level. However, the correlations for
the subperiods should be viewed more cautiously since the sample sizes are much smaller. There were
no significant correlations between the NAO and PNA index time series for the entire period, and the
sign was different by season and subperiod. This is consistent with the results of reference [64].

Table 5. The prominent teleconnection indexes for the 1957–2017 epochs [4] in Table 2. The indexes are
the North Atlantic Oscillation (NAO), Pacific North American (PNA), and the Arctic Oscillation (AO).
The indexes are shown for all seasons W/S/S/F.

Years NAO PNA AO

1957–1969 −0.53/−0.18/−0.15/+0.05 −0.13/−0.31/+0.42/+0.16 −0.91/−0.12/−0.26/−0.23
1970–1980 −0.19/−0.13/+0.20/+0.16 −0.07/+0.03/−0.32/+0.11 −0.46/−0.17/−0.03/+0.08
1981–1997 +0.46/+0.31/+0.16/−0.10 +0.29/+0.27/+0.03/−0.33 +0.11/+0.09/+0.05/+0.04
1998–2017 +0.37/+0.09/−0.54/−0.13 +0.38/−0.05/+0.23/+0.23 −0.14/+0.17/−0.12/−0.00

The P1 years were characterized as negative for both the decadal modes of the PDO and the NAO
epochs as in Section 2. The AO is negative for a meridional NH flow regime, while a positive AO is
associated with a zonal NH flow regime. For P1, the AO was strongly negative for all seasons which is
consistent with Figure 3A,B. Cooler conditions over the southeast USA including the Missouri region
are consistent with references [47,48]. The NAO index shows negative values (Table 5) in the winter
and summer season, and the 500 hPa height anomalies are consistent with negative NAO (ridging in
the Atlantic).
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Figure 5. As in Figure 4, except for the 300 hPa vector wind anomalies (m s−1).

The winter season 5000 hPa anomalies (Figure 3A) resemble ‘state ‘ 1 (positive height) anomaly
over Greenland – negative anomalies over the mid-latitude Atlantic) for the NAO and ‘state 2’ (positive
height anomaly over the polar region, negative height anomalies in the mid-latitudes) for the AO from
reference [62]. The summer season is similar, but weaker. The PNA index was negative in the winter
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and positive in the summer (Table 5) with the 500 hPa height anomalies reversing sign in the Gulf of
Alaska region. The winter (summer) season 500 hPa anomalies also resemble the ‘state 1’ (‘state 2’)
PNA in reference [62], or a positive (negative) height anomaly over the Bering Sea Region. Examining
the 300 hPa meridional wind anomalies (Figure 4A,B) and vector wind anomalies (Figure 5A,B) also
suggest strong meriodional flow, which was the strongest for the entire epoch (1957–2017).

The P1 time period was associated with about 12 more days (6%) of high amplitude Type 3 and
Type 4 flows on an annual basis in both regions. For the entire 1957–2017 period (Figure 6), there was
eight fewer days of Type 3 and Type 4 flows per year in the NH. However, the long-term trend in
the occurrence of zonal versus meridional flows over the entire period is consistent with the results
of, for example reference [62] (see their Figure 10) and with the indexes in Table 5. The standard
deviation was 12 and 10 days for the 1957–2017 period and P1, respectively. Treating the occurrence
of Type 3 and Type 4 flow as a Baysean process (since the alternative is Type 1 and Type 2 flow) (e.g.,
references [17,28]), the observed occurrence of a more meridional flow regime was tested against the
random probability for the occurrence of meridional flow. For the entire period and P1, the result was
not statistically significant.

The P2 years were characterized by the transition of the decadal modes for the NAO (1972) and
the PDO (1976) to their positive phases. Again, all seasons in the southwest Russia region were cooler
than that of the reference period. The 500 hPa height field (Figure 3C,D) for P2 is similar to that of
P1, but there were stronger negative anomalies over the USA in the winter season. Additionally,
Figure 4C,D and Figure 5C,D support the results of reference [4], who suggested that conditions
became more zonal during this period. The AO (Table 5) was generally negative across all seasons
but smaller than for P1, supporting a more zonal NH epoch that P1 (see Figure 3C,D, Figure 4C,D
and Figure 5C,D). The mean daily NAO was negative in the winter and positive in the summer over
the Atlantic Region, while the PNA index was negative in both the summer and winter seasons over
the Pacific. The winter season NAO and PNA still resembles the ‘state 1’ (and ‘state 2’ of the AO’) of
reference [62] for both regions (see also Table 5). Also, Table 1 shows that the proportion of zonal flow
days increased for both regions, resulting in a similar number of Type 3 and 4 flows versus more zonal
Type 1 and 2 flow days per year as for the entire period (1957–2017). The standard deviation for the P2
period was 10 days.

During P3, the decadal modes of the PDO and NAO were both in their positive phase throughout
this period, although the NAO transitioned to the negative phase in 1996. The PDO transitioned to
the negative phase in 1998. An examination of the AO supports (Table 5) the conclusion that this
epoch was the most zonal across the NH as the index were now weakly positive during this epoch
(see Figure 3E,F, Figure 4E,F and Figure 5E,F). Table 1 also shows that the number of zonal flow
days increased in both study regions for this time period such that there were 50, and 14 more zonal
flow Type 1 and 2 flow days (per year) observed in the southwest Russia and central USA regions,
respectively. The standard deviation for P3 was eight days. Using the same Baysean testing for P3
demonstrated that the occurrence of more zonal flow types for this period was statistically significant at
the 90% confidence level. In Figure 6a, there were clearly more zonal flow days over the entire NH, and
this corresponds to the AO being positive (Table 5). The same analysis as in Figure 6 was carried out
for each region, and this test showed similar results. The daily NAO and PNA indexes were positive
across almost all seasons during this epoch (Table 5). Figure 3E,F now resemble ‘state 2’ for both the
PNA and NAO regimes (and ‘state 1’ of the AO regime) shown in reference [62], and this resemblance
is stronger during the winter season. For the NAO and AO, these states are characterized by negative
height anomalies over Greenland and the Arctic, and positive height anomalies in the mid-latitudes.

Then during P4, the decadal modes of the PDO and NAO have been predominantly negative
through this period as in P1, though the NAO entered a new positive phase starting in 2011. In Table 5,
the AO returned to negative values for most seasons, except for spring, supporting a return to more
meridional flow generally. The daily NAO and PNA indexes were positive across all seasons. Table 1
demonstrates also the return to the more frequent occurrence of meridional (Type 3 and Type 4) flows



Atmosphere 2019, 10, 11 17 of 23

in both regions during P4. In the southwest Russia region, the number zonal flow regime days per year
are similar to the number of meridional flow days. In the central USA region, there were about 10 more
meridional flow days per year during P4. The standard deviation was nine days for P4. This result is
not significantly different from that of the entire period or a random process. Figure 3G,H also show a
return to ‘state’ 2 conditions for the AO, as was the case for P1.

Atmosphere 2018, 9, x FOR PEER REVIEW  17 of 24 

 

respectively. The standard deviation for P3 was eight days. Using the same Baysean testing for P3 
demonstrated that the occurrence of more zonal flow types for this period was statistically significant 
at the 90% confidence level. In Figure 6a, there were clearly more zonal flow days over the entire NH, 
and this corresponds to the AO being positive (Table 5). The same analysis as in Figure 6 was carried 
out for each region, and this test showed similar results. The daily NAO and PNA indexes were 
positive across almost all seasons during this epoch (Table 5). Figure 3e,f now resemble ‘state 2’ for 
both the PNA and NAO regimes (and ‘state 1’ of the AO regime) shown in reference [62], and this 
resemblance is stronger during the winter season. For the NAO and AO, these states are characterized 
by negative height anomalies over Greenland and the Arctic, and positive height anomalies in the 
mid-latitudes. 

Then during P4, the decadal modes of the PDO and NAO have been predominantly negative 
through this period as in P1, though the NAO entered a new positive phase starting in 2011. In Table 
5, the AO returned to negative values for most seasons, except for spring, supporting a return to more 
meridional flow generally. The daily NAO and PNA indexes were positive across all seasons. Table 
1 demonstrates also the return to the more frequent occurrence of meridional (Type 3 and Type 4) 
flows in both regions during P4. In the southwest Russia region, the number zonal flow regime days 
per year are similar to the number of meridional flow days. In the central USA region, there were 
about 10 more meridional flow days per year during P4. The standard deviation was nine days for 
P4. This result is not significantly different from that of the entire period or a random process. Figure 
3g,h also show a return to ‘state’ 2 conditions for the AO, as was the case for P1. 

 

 

 

      
Figure 6. The number of (a) NH days with a zonal (Type 1 and 2 – blue) and meridional (Type 3 and 
4 –orange) flow regimes, and (b) the winter season NAO Index from 1957–2017 following reference 
[62]. 

Thus, three points can be made overall when summing up the results of this investigation. The 
first is that the climatologies of the Belgorod Region and the central USA region examined here are 

0

50

100

150

200

250

a) Flow Type

-4

-2

0

2

4

b) AO Index

Figure 6. The number of (a) NH days with a zonal (Type 1 and 2—blue) and meridional (Type 3 and
4—orange) flow regimes, and (b) the winter season NAO Index from 1957–2017 following reference [62].

Thus, three points can be made overall when summing up the results of this investigation.
The first is that the climatologies of the Belgorod Region and the central USA region examined here
are consistent with the local 500 hPa height anomalies shown in Figure 3 for both the summer and
winter seasons. In the Belgorod Region, the winter and spring season warm throughout the period,
while in the central USA P1 and P4 were warmer that P2 and P3 with P4 being the warmest relative to
their base periods. In the Belgorod region, the warming trend of the late 20th and early 21st century is
statistically significant across all seasons. In the central USA, the warming trend during the period
was significant for each season except for the summer. The results are also consistent with a warming
climate overall [1,62]. The work of reference [65] (and references therein) also show that mean annual
precipitation has increased over the USA overall since the middle 20th century. The results in the
Belgorod Region are consistent with the increase in blocking across the region, especially into the early
21st century [46,66,67].

Secondly, the daily mean values of the NAO (and PNA) index shows some (only weak)
correspondence with the temperature and precipitation trends from P1 to P4 (see Table 2, Table 3,
and Table 5) in both regions. This is consistent with studies from many authors for the central
USA (see reference [64] and references therein). This also supports the study of reference [19] that
showed stronger correspondence with the NAO and extreme temperature anomalies in the Belgorod
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Region. Correlating the time series of seasonal temperature and precipitation with the NAO resulted
in a correlation coefficient of 0.49 and 0.60 (significant at the 95% confidence level or higher) in the
central USA and Belgorod region during winter, respectively. Only the summer season temperature
(−0.30) and precipitation (−0.36) in the central USA was negatively correlated with the NAO at
the 95% confidence level. None of the mean daily PNA index values correlated at standard levels
of significance with temperature and precipitation, although strong positive values were noted in
winter. The tendency for the more frequent annual mean occurrence of meridional flow regime types
(Type 3 and Type 4) were consistent with the changes in the NAO index with time, especially in the
southwest Russia region. These time-series correlated at −0.40 and −0.30 (significant at the 95% and
90% confidence level) for both southwest Russia and the central USA respectively. For the PNA index
there was a positive relationship between the more frequent occurrence of Type 3 and Type 4 flows in
the central USA only, but this correlation was not statistically significant and reached standard levels.

There is a better comparison of central USA temperature with the AO, which is consistent with
reference [47,48], and a better comparison of the AO with the temperature anomalies of both regions
for P1 to P3 (generally cooler in P1 with a negative AO and warmer in P3 with positive AO). During P4,
the temperature of both regions is warmer in spite of more negative AO. For the time series of
mean seasonal AO, positive correlations were noted at the 90% confidence level (>0.22) for winter,
spring, and fall in both regions, however, in winter and spring the correlations were significant at
the 95% confidence level (Belgorod–winter 0.48, spring 0.28, central USA 0.46 winter, 0.35 spring).
Only the precipitation correlated negatively (−0.34) in the winter season in the Belgorod region at the
95% confidence level. Additionally, the more frequent annual mean occurrence of meridional type
flow regimes (Type 3 and Type 4) was consistent with the behavior of the AO index over time for
both regions.

Lastly, it is suggested here that the occurrence of the NH meridional flow types [6] are increasing
or more persistent when the decadal mode of the PDO and NAO are concurrently in their negative
phases (P1 and P2), while more zonal flow regime types are dominant during the concurrent positive
phases of the PDO and NAO (P3). The values and trends for the mean daily AO (Table 5) and annual
mean occurrence of Type 3 and Type 4 flows were consistent as well with the discussion regarding
meridional versus zonal flow here. As shown above, the tendency for more zonal flow conditions
was statistically significant during the P3 time period (positive PDO and NAO) if the occurrence of
zonal flow versus meridional flow is treated as a Baysean process. These results are also consistent
with trends in the NH climatology of blocking during a similar time period as blocking was at a
minimum during P3 and higher during P4 [46]. Other studies also show an increase in blocking
globally, albeit in more limited regions or seasons [10,66,67] than reference [46]. Additionally, there are
anecdotal observations available that weather and climate conditions of the first part of the 21st century
were similar to those of the middle part of the 20th century in the central USA. While this would
support the conclusions made here, additional and more detailed studies would be needed to confirm
this conjecture.

4. Conclusions

Using surface data provided by the Belgorodskoye-Feninio and Columbia, MO weather stations,
the climatological character of the southwest Russia region studied by references [7–9], and the central
USA by references [17–19], and reference [51] for the growing season was expanded to incorporate
the entire year. Using the classification scheme of reference [6], the NH flow can be binned into
13 ECMs. This scheme was modified by reference [3] and described in greater detail in references [3,7,8].
These 13 ECMs can fit more broadly into four NH-wide circulation groups (Types 1–4), two of which
are more zonal type flows and two of which are more meridional flows. The [6] classification scheme
for NH flow regimes is similar conceptually to many studies which argue that the NH flow can
be classified into either two basins of attraction (e.g., reference [52]) or multiple stable states (e.g.,
reference [55]).
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Furthermore, reference [4] showed using the reference [6] classification scheme that a prolonged
meridional circulation epoch that began in 1957 continues up to the present day. Here, we demonstrate
that within this epoch there are four sub-periods that can be described by variations in the
predominance of more zonal versus more meridional flows by examining 500 hPa height and
300 hPa winds using the NCEP/NCAR re-analyses. These sub-periods are marked by the significant
variation of the climatological character of the temperature and precipitation regimes that dominated
both study regions. The temperature and precipitation character was compared to the 1957–2017
climatological record.

The temperature has become gradually warmer over both regions (significantly over all seasons),
while the annual precipitation was the least during P1. This period was marked by more meridional NH
circulation patterns. In the central USA region, the temperature was coldest during P2. In southwest
Russia, the annual precipitation and HTC was greatest during P2. The HTC combines both temperature
and precipitation characteristics during the growing season. A higher value for HTC is associated
with potentially better growing conditions. This period (P2) was associated with a trend toward more
zonal flow over the region, a condition generally associated with a stronger Mediterranean storm track.
The latter sub-periods (1981–1997, and 1998–2017) showed increasing temperature in both regions.
The HTC decreased during both periods, suggesting greater evaporation during the growing season in
southwest Russia. This situation is less favorable to regional agriculture. The warmer temperatures
have been associated with the increased occurrence of blocking in all seasons.

Finally, in order to test the climatological robustness of the reference [6] classification scheme,
the climatological character of the central USA was compared over the same sub-periods of the
1957–2017 circulation epoch suggested by reference [4] as well as with various teleconnection indexes.
The results for both the Belgorod Region and central USA were consistent with the regional flow
regimes suggested by the 500 hPa height and 300 hPa wind anomalies for these sub-periods. Also,
the decadal variation in the strength of the NH meridional flow suggested by the reference [6] ECMs
were consistent with the decadal variability of the mean daily AO presented here. The mean daily NAO
(and PNA) show some (only weakly) correspondence to the local seasonal temperature, while the AO
correlated significantly in all seasons but summer. Additionally, the results of this study demonstrated
that long-term trends and variations in the reference [6] classification scheme also corresponded with
the occurrence of concurrent positive or negative phases of the PDO and the decadal mode of the NAO.
The results found here were also consistent with long-term trends in the occurrence and intensity of
NH blocking, and the winter season temperatures of both regions increased significantly from P1 to
P4 in accord with changes in global temperature [1,65]. These results will provide more information
for seasonal range forecasts being produced routinely for Missouri in the central USA, and also in the
Belgorod Region. Finally, additional study will be carried out to test the dynamic significance of the
reference [6] flow types or ECM.
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Appendix A

Table A1. Temperature (◦C), precipitation (mm) and their anomalies and CV (2) over periods defined
in Table 2 during the current epoch [4] as defined for the study region using the BELF surface data.

Indicator Months of the Year

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year

1881–1980 (base period)

T (◦C) −7.5 −6.8 −1.9 7.5 14.4 17.9 19.6 18.5 12.7 6.1 −0.3 −4.9 6.3
Pre (mm) 40 34 33 39 51 67 65 57 55 44 45 45 575

1957–1969 (P1)

T (◦C) −8.8 −7.9 −3.6 6.2 14.4 17.7 19.6 18.2 12.3 6.0 −0.6 −5.3 5.7
σ 3.9 2.6 2.9 2.2 2.0 1.5 1.5 1.2 1.8 1.9 2.1 3.4 0.8

Pre (mm) 39.2 30.1 32.9 32.5 49.1 48.4 60.2 63.0 49.3 25.3 44.4 46.2 521
CV 0.70 0.56 0.43 0.68 0.55 0.48 0.42 0.56 0.73 0.71 0.55 0.51 0.20

1970–1980 (P2)

T (◦C) −9.6 −7.6 −2.3 7.5 14.1 17.5 18.7 17.6 12.3 5.0 0.1 −4.8 5.7
σ 3.6 3.6 2.5 2.5 2.6 2.2 1.7 2.1 1.8 2.2 2.0 2.8 1.0

Pre (mm) 32.1 31.6 31.7 40.4 46.9 72.6 73.6 63.7 58.5 52.3 54.9 53.4 612
CV 0.63 0.66 0.50 0.58 0.56 0.43 0.48 0.61 0.44 0.41 0.68 0.43 0.20

1981–1997 (P3)

T (◦C) −6.5 −7.1 −2.0 7.1 14.5 17.7 18.7 17.9 12.3 6.1 −1.3 −5.8 6.0
σ 3.7 4.3 3.3 2.5 1.7 2.1 1.1 1.3 1.9 1.2 2.8 2.5 1.1

Pre (mm) 43.1 33.9 26.9 43.3 53.9 68.2 66.0 54.0 55.9 47.7 46.4 38.0 577
CV 0.39 0.30 0.53 0.66 0.51 0.51 0.38 0.54 0.61 0.60 0.72 0.52 0.16

1998–2014 (P4)

T (◦C) −6.4 −5.7 −0.4 8.5 14.8 18.3 20.9 19.5 13.4 6.7 0.4 −4.1 7.2
σ 3.2 3.8 2.8 1.9 2.2 1.8 1.8 1.6 1.3 1.4 2.9 3.3 0.6

Pre (mm) 42.2 36.9 39.8 38.9 52.3 74.5 61.7 54.2 54.1 50.2 39.9 44.0 589
CV 0.44 0.39 0.49 0.53 0.44 0.46 0.57 0.72 0.73 0.56 0.59 0.55 0.18

Table A2. As in Table 3, except for the Columbia, MO station in the USA.

Indicator Months of the Year

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year

1957–2017 (base period)

T (◦C) −1.8 0.8 6.6 13.0 18.0 22.9 25.3 24.6 20.1 13.8 6.9 0.6 12.6
Pre (mm) 43 49 76 111 123 103 103 88 100 83 69 57 1005

1957–1969 (P1)

T (◦C) −2.1 0.2 5.2 13.0 18.4 22.8 25.3 24.6 20.3 14.4 7.1 0.5 12.5
σ 2.5 2.2 3.4 1.6 2.2 1.0 1.3 1.2 1.3 2.1 1.9 2.8 0.5

Pre (mm) 39.4 38.7 68.2 92.7 108.7 108.3 114.5 44.7 106.8 81.8 43.9 44.4 892
CV 0.67 0.38 0.41 0.46 0.31 0.67 0.52 0.66 0.63 0.74 0.65 0.46 0.22

1970–1980 (P2)

T (◦C) −3.9 −0.5 6.0 12.7 17.6 22.6 25.6 24.5 20.3 13.6 6.2 0.6 12.1
σ 3.3 3.3 2.2 1.2 1.5 1.4 1.8 1.3 2.2 1.9 2.0 2.2 0.5

Pre (mm) 43.7 42.5 95.3 100.3 127.1 76.1 61.2 77.5 93.2 84.7 65.5 55.8 923
CV 0.70 0.52 0.67 0.48 0.43 0.58 0.63 0.87 0.78 0.48 0.52 0.57 0.24

1981–1997 (P3)

T (◦C) −1.7 1.1 7.0 12.3 17.4 22.7 25.2 24.3 19.5 13.3 6.1 0.1 12.3
σ 2.9 2.8 1.9 1.9 1.9 1.4 1.0 1.7 1.3 1.2 2.0 3.3 0.7

Pre (mm) 41.9 56.5 69.9 117.0 135.2 111.6 115.9 108.7 94.9 73.8 108.4 68.8 1103
CV 0.75 0.75 0.57 0.63 0.52 0.63 0.68 0.54 0.83 0.51 0.62 0.66 0.21

1998–2017 (P4)

T (◦C) −0.7 1.5 7.4 13.7 18.4 23.3 25.2 24.8 20.6 13.9 7.8 1.0 13.1
σ 2.4 3.3 2.9 1.5 1.4 1.3 1.8 1.6 1.8 1.7 2.2 2.7 1.0

Pre (mm) 46.4 54.3 76.3 123.9 120.2 107.7 107.1 102.9 104.4 89.5 52.5 56.0 1041
CV 0.70 0.63 0.52 0.42 0.51 0.39 0.75 0.64 0.67 0.82 0.76 0.68 0.16
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