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Abstract 

 

Integrated regional enstrophy (IRE) is the enstrophy integrated over a portion of 

the globe at a specific level in the atmosphere. Previous work has shown this quantity is 

correlated to the positive Lyapunov Exponent for hemispheric flow, and as such is a 

measure of flow stability or predictability. In this study, IRE is calculated at 500-hPa over 

an area that encompasses 0° to 70° N in the Northern Hemisphere. The data sets used were 

the 500-hPa initial and forecast fields for the Global Ensemble Forecasting System (GEFS) 

(on a 1° x 1° latitude-longitude grid) provided by the National Oceanic and Atmospheric 

Administration (NOAA) Weather Prediction Center (WPC) and the National Centers for 

Environmental Prediction / NOAA reanalysis (on a 2.5° x 2.5° latitude-longitude grid) 

archived in Boulder, CO. The GEFS forecast fields were provided every 24-h out to 240-

h. By examining these forecasts over a year, we have found that significant changes in IRE 

values are a good predictor of flow regime transition, and several cases were found. We 

also found that the IRE forecasts identified these regime transitions reliably out to four 

days, and the skill decreased significantly after this time. Additionally, a threshold for 

changes in IRE was found for the cases studied here and this threshold varied by season. 
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Chapter 1: Introduction 

 

Earth’s atmosphere is a turbulent, ever-changing system that can be difficult to forecast 

[1].  Past research has examined planetary-scale flow patterns, also referred to as large-

scale flow regimes, and their tendency to reoccur and/or persist in certain regions of the 

Northern Hemisphere (NH).  In this study, the planetary-scale refers to flows with time 

scales of 7-14 days of 6000-km or more.  Small-scale in this study refers to synoptic-scale 

flows with time scales of 1-7 days of 1,500-km - 6000-km.  Both scales are corrected by 

inertial forces. On the planetary scale in the NH, flow patterns, such as blocking, have been 

found to have correlations between areas over the North Pacific and the Eastern US [2-5].  

These large-scale correlations are called teleconnections [5].  Knowing when these patterns 

occur and how they affect certain regions is applicable in long-range forecasting [39][40].  

When generating forecasts for ten days or more, these phenomena are helpful to explain 

the dynamics involved in long-range forecasting methods, such as: analog, climatology, 

dynamics, numerical, persistence, and statistical.  Having additional methodology or tools 

to forecast regime transition would continue to improve our predictions for short or long-

range forecasts.  However, predictability is limited by an incomplete representation or even 

a full understanding of relevant physical processes in the atmosphere [6].  

In order to enhance our projections of how large-scale flow will progress and change 

(e.g. flow regime transition or change), generating a numerical weather prediction method 

to forecast or identify regime transitions would be useful.  In [7], they state that forecasters 

rely on numerical models to make synoptic scale predictions, which can be made out to 

seven days with the forecasting limit sitting at 10-14 days. In recent studies, it has been 
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shown that integrated regional enstrophy, also referred to as IRE, can be used as a measure 

for identifying, in general, the transition of large-scale flows [8-12].  IRE can also indicate 

blocking onset or decay and had been found to be a flow instability indicator [8-12].  It was 

suggested in [2] [10] and [13], that blocking regimes will decay when there is a large 

enough change in large-scale flow regimes.  Although [14] [15] demonstrates that blocking 

can survive flow regime transition if the synoptic-scale dynamics are favorable.  

Blocking can be defined as a dynamic ridging in the jet stream or as stated by [16] is a 

persistent large-scale mid-latitude positive geopotential height anomaly.  Blocking is 

driven by the phasing between the synoptic-scale storm tracks with a large-scale quasi-

stationary ridge [17][18] [19].  It is important to note that blocking is driven in part by 

large-scale flow patterns, but not the general circulation.  Jensen [8] along with [10] and 

[13] suggests that blocking does not survive regime transition.  In the NH, blocking 

involves strong planetary-scale and synoptic-scale interactions [17] [20] [21] [22] [23] [24] 

[25] [26] while the Southern Hemisphere blocking results from the superposition between 

the two scales [18].  The decay of blocking is a more complex problem involving synoptic 

and planetary-scale interactions than block onset or maintenance [3] [10], which is why 

blocking is not a one-to-one indicator of flow regime transition.  Therefore, blocking can 

create forecasting challenges for projecting regional weather patterns out to ten days [27]. 

Past research continues to point in the direction of IRE as being a useful tool in 

indicating blocking onset/decay, but this can also be a useful tool in projecting regime 

transition [28].  For example, in [10] [11] they found IRE to be a reliable indicator of 

blocking onset and decays by showing local maxima in the IRE values.  In [20] and [8], it 

is noted that IRE increased locally with the decay studied blocking events, and also that 
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IRE values were comparatively low during maintenance periods.  Additionally, studies 

found that IRE could identify flow regime transitions overall, even if blocking was present 

or not [8] [12] [29]. 

1.1 Purpose and Objectives 

Since research suggests that not only is IRE a good indicator of blocking onset/decay 

and regime transitions, even if blocking is not present IRE is still a reliable method for 

projecting regime transitions exclusively.  This is the main purpose of this research, to 

demonstrate that IRE is a good indicator of regime transitions through the use of case 

studies and ensemble model forecasts during the months of August 2018 through February 

2019.  The case studies used in this research were analyzed in order to test IRE skill, and 

whether or not this is a useful operational indicator of regime transitions.  In performing 

this research, a threshold for IRE change with time during regime transition will be 

identified as well as an examination of how much lead-time an ensemble model forecast 

system can provide for these transitions.  Section two will list the data sets used in this 

research including the ensemble modeling system.  The methodology is also outlined in 

section two, as well as a description of the selection of our events in order to test IRE 

forecasting skill. The measures for skill will be based on the forecast verification methods 

used in [30].  Section three will describe and analyze the cases and section four will 

summarize the findings of this research and present the conclusions.   
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Chapter 2: Methodology 

 

2.1 Data 

For this research, 500-hPa height data (m) at 1200 UTC daily for the months of 

February 2018 through February 2019.  These images are provided by the National Centers 

for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) 

re-analysis which provide large-scale meteorological data on 2.5° × 2.5° latitude-longitude 

grids [31].  These images are archived at NCAR’s research facility in Boulder, CO. 

Northern Hemisphere daily 500-hPa anomaly maps for the months of August 2018 through 

February 2019 were also used for verification in this research [32]. This research also 

examined Hovemoller diagrams based on the NCEP 500-hPa reanalysis.  These datasets 

were averaged over the 5° latitude band centered on 40°N and are provided from the 

Climate Prediction Center’s Climate Diagnostic Bulletin for each respective month.  For 

this research, the images from August 2018 through February 2019 were used. 

NCEP’s Global Ensemble Forecast System (GEFS) uses the NCEP Global Forecast 

System (GFS) model for integration and breeding technique to generate perturbations in 

the initial conditions [33].  NCEP North American Ensemble Forecast System (NAEFS) is 

one of GEFS’s many forecast projects, where IRE data is provided by NAEFS.  Within the 

NAEFS, ensemble producing centers exchange their raw forecast data, they statistically 

post-process (include down-scaling) all ensemble members, and jointly [with other 

members] develop and produce end products based on the combined ensemble of forecasts 

[33].   The NAEFS combines the Canadian global forecast model ensemble and the 

National Weather Service global forecast model ensemble into a joint ensemble that creates 
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weather forecasts for North America [34].  When combined, the ensemble can provide 

weather forecast guidance for the 1-14 day period with a 1° x 1° resolution that is of higher 

quality than the currently available operational guidance based on either set of ensembles 

alone [35]. 

2.2 Methods 

Dymnikov et al. [9] demonstrated that over the Northern Hemisphere (NH), the 

(sum of) the positive Lyapunov Exponent(s) for the flow is strongly correlated with the 

NH area integrated enstrophy (IE). Lyapunov exponents can be defined as the average rate 

of exponential divergence or convergence of nearby trajectories, and can be used as a test 

for chaos in a system or provides a quantitative measurement of Sensitive Dependence on 

Initial Conditions (or SDOIC). Lyapunov exponents can also represent the predictability 

and stability properties of a dynamical system without the need to explicitly solve for the 

flow streamfunction [11].   

IRE, also known as integrated regional enstrophy, is the square of relative vorticity 

integrated over an area [0° to 70° N] in this case  

                                                  IRE= ∑ 𝜆𝜆𝑖𝑖 ≈  ∫ 𝜁𝜁2𝑑𝑑𝑑𝑑𝐴𝐴𝑖𝑖>0                                                      (1) 

where 𝜆𝜆𝑖𝑖 is the 𝑖𝑖th Lyapunov exponent that is greater than zero in a dynamic system, 𝜁𝜁 is 

the vorticity (the curl of the wind vector), where the amount squared is called enstrophy 

(which is the dissipation tendency of a fluid), [8].  In (1), vorticity is calculated at 500-hPa 

with the geostrophic relationship using a second order finite differencing.  Athar and Lupo 

[11] demonstrated that sufficiently large areas of the NH flow will have IRE values that 

correlate highly to those calculated over the entire NH. Here, enstrophy is integrated over 

most of the NH [0° to 70° N]. 
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Lyapunov exponents can have positive or negative values in an n-dimensional 

system.  Positive values indicate that trajectories within a phase space or manifold separate 

at an exponential rate, whereas a negative value infers convergence as time goes to infinity.  

When taking the sum of the positive Lyapunov exponents, a larger value represents faster 

divergence, so less predictability can be assumed. Thus, the same principle relates to IRE  

[8] [31].  A smaller IRE indicates the atmospheric flow is relatively stable, and we can 

assume models will behave in a predictable fashion.  Conversely, when the IRE is larger, 

we can expect more unstable flow or less predictability. 

The research conducted in [28] and [11] demonstrate that IRE could be used as an 

indicator of the onset or termination of blocking. The onset and termination of blocking 

were identified by looking for local maxima in a time series of IRE. However, Jensen and 

Lupo [28] and subsequent publications [2] showed that local maxima in IRE can occur 

independently of blocking and used to identify the transition of NH flow regimes from one 

state to another. Jensen et al. [2] used IRE to identify these flow regime transitions in near-

term climate model simulations and compared this to the climatological frequency of these 

transitions during the most recent period. Thus, in this study, it is proposed that IRE can be 

used as a diagnostic tool for identifying flow regime transitions in an operational 

environment.  

As stated above, we can assume that the area between 0° latitude and 70° N is a 

large fraction of the NH for the purposes of calculating IRE.  Here, IRE values are 

calculated for the initial GEFS model field of 1° x 1°, and then in the forecast fields every 

24 hours up to 240 hours. This would represent forecasts for days 1-10.  We can assume a 

greater divergence in the solutions from observed IRE value when comparing the 24-hour 
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forecast with the 240-hour forecast.  IRE values in this dataset typically range from 0.60 

km²∙sˉ² through 0.85 km²∙sˉ², whereas it had been found that local maxima of IRE 

correspond to transitioning large-scale flows with lesser predictability [8] [7] [28].   

Using the procedure from [30] on testing forecast skill, in this study, Day 1, 4, 7, 

and 10 were used in testing the forecast skill of IRE and are also used to demonstrate how 

extended forecast solutions diverged from the observed IRE with time.  The method 

described in [30] is typically used for mesoscale and synoptic events (e.g. severe weather).  

Research in [30] showed that their results in testing the skill of the Bering Sea Rule and 

the East Asia Rule for 7-11 and 17-22 day periods were consistent with climatology.  

Therefore, the methods used in [30] are applicable in studies such as this.   

As used in [30], this methodology allows for the scoring of forecast Days 1, 4, 7, 

and 10 versus the corresponding observed IRE value.  Renken et al. [30] tested their skill 

with the following equation 

                                 Skill= (𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹−𝐵𝐵𝐹𝐹𝐹𝐹𝐹𝐹)
(𝑉𝑉𝐹𝐹𝐹𝐹𝑖𝑖𝑉𝑉𝑖𝑖𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖𝐹𝐹𝑉𝑉−𝐵𝐵𝐹𝐹𝐹𝐹𝐹𝐹)

                                                       (2) 

where “Forecast” is the projected value, “Verification” is the observed value, and “Base” 

is a baseline forecast, usually a climatological value that relates to the skill testing.  Since 

we did not have a base to use in our study due to lack of climatological record of IRE, we 

used (2) to design our own skill test, as seen below in (4). 

The procedure used in [30] uses signal detection theory, which is borrowed from the 

National Weather Service and others, and typically used in the forecasting of smaller scale 

events such as severe weather. In signal detection theory (Table 1), the variables X, Y, Z, 

and W are used in a two by two box to determine if the event was observed and forecast 

(X or HIT), if the event was observed but not forecast (Y or MISS), if the event was not 



8 
 

observed but forecast (Z or FALSE ALARM), and if the event was no observed and not 

forecast (W or NULL), respectively.  This procedure will be used to determine how IRE  

behaved with specific events, and is shown below. 

In order to determine whether the IRE forecasts produce signal above the background 

noise, the sensitivity index (d) is used (references). The sensitivity index is calculated as: 

       D = z(POD) – z(FAR)                                                          (3) 

Where z(POD) and z(FAR) are the statistical z-score test values that correspond to 

POD and FAR. This will result in a measure of statistical significance [41][42]. 

2.3 Defining IRE Thresholds 

In order to demonstrate our procedure, first the absolute value of the difference 

between the observed IRE and the Day 1 model IRE (and the observed IRE and the Days 

4,7, and 10 model IRE) was calculated for the months of August 2018 through February 

2019, as shown in Figures 1-4, in order to identify how model IRE differed from the 

observed IRE each month.   NAEFS ensemble means were used rather than the ensemble 

members for this research.  The formula used in this study follows as: 

                   IRE Spread = |𝑂𝑂𝑂𝑂𝑂𝑂 − 𝐷𝐷𝐷𝐷𝐷𝐷𝑉𝑉|                                      (4) 

where “Obs” is the corresponding observed IRE value for the day being tested, and n 

represents 1, 4, 7, or 10 where 𝐷𝐷𝐷𝐷𝐷𝐷𝑉𝑉 represents Day 1, 4, 7, or 10 of the forecasts for 

“Obs.”  These values were used to help identify threshold values for whether the 

projected IRE  values represented a “HIT” or a “MISS.” 

Observed (below)/Forecast (right) Yes No 
Yes X Y 
No Z W 

Table 1: Contingency table for (Renken et al., 2017) Signal Detection Theory. 
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 Figures 1-4 shows the absolute value of the difference between the observed IRE and the 

NAEFS ensemble mean by month from August 2018 to February 2019 for the forecast 

days of 1, 4, 7, and 10: 

Figure 1: Absolute value of the difference between the observed IRE and Day 1  
forecast NAEFS ensemble mean IRE for each month from August 2018 to February  

2019. 

Figure 2: As in Figure 1, except for the Day 4 forecast NAEFS ensemble mean. 
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To attain the threshold values, Day 1, 4, 7, and 10, for each month was averaged together 

in their respective groups (i.e., Obs - Day 1, Obs – Day 4, etc).  The threshold values are 

attained from means for each month for each group, as listed above.  Figures 5-11 are the 

box and whisker plots used to determine the IRE threshold values to determine forecast 

skill: 

 

Figure 3: As in Figure 1, except for the Day 7 forecast NAEFS ensemble mean. 

Figure 4: As in Figure 1, except for the Day 10 forecast NAEFS ensemble mean. 

 



11 
 

 

Figure 5: Tukey box and whisker plot [43] for August 2018 IRE spread calculations. 

Figure 6: As in Figure 5, except for September 2018. 



12 
 

 

Figure 7: As in Figure 5, except for October 2018. 

 

Figure 8: As in Figure 5, except for November 2018. 
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Figure 9: As in Figure 5, except for December 2018. 

 

Figure 10: As in Figure 5, except for January 2019. 
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If the absolute value of the difference of the observed IRE minus the respective 

forecast day fell beneath or was equal to the determined threshold value for the event being 

tested, or: 

                                                      IRE Spread ≤ 𝐷𝐷𝐷𝐷𝐷𝐷𝑉𝑉 Threshold                                   (5) 

where n represents 1,4,7, or 10, then the forecast was deemed a HIT.  If the value was 

above the threshold, or: 

                                                      IRE Spread > 𝐷𝐷𝐷𝐷𝐷𝐷𝑉𝑉 Threshold                                   (6) 

the forecast was deemed a MISS.  If the event fell under the HIT criteria, but there were no 

blocking onset/decay, any blocking in general, or any other regime transition anomalies 

(such as significant high and low pressure anomalies onsetting or decaying in the Northern 

Hemisphere), then the event was considered a FALSE ALARM. 

Figure 11: As in Figure 5, except for January 2019. 
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Table 2 lists each months’ threshold criteria for determining whether day 1, 4, 7 or 10 was 

a HIT or MISS: 

IRE Threshold Values for Testing Skill 
August 2018 September 2018 October 2018 November 2018 

Obs-Day 1: 0.04 Obs-Day 1: 0.05 Obs-Day 1: 0.03 Obs-Day 1: 0.03 
Obs-Day 4: 0.10 Obs-Day 4: 0.10 Obs-Day 4: 0.01 Obs-Day 4: 0.01 
Obs-Day 7: 0.11 Obs-Day 7: 0.15 Obs-Day 7: 0.04 Obs-Day 7: 0.02 
Obs-Day 10: 0.09 Obs-Day 10: 0.12 Obs-Day 10: 0.03 Obs-Day 10: 0.02 

December 2018 January 2019 February 2019   
Obs-Day 1: 0.03 Obs-Day 1: 0.02 Obs-Day 1: 0.04   
Obs-Day 4: 0.02 Obs-Day 4: 0.01 Obs-Day 4: 0.02   
Obs-Day 7: 0.02 Obs-Day 7: 0.02 Obs-Day 7: 0.02   
Obs-Day 10: 0.03 Obs-Day 10: 0.03 Obs-Day 10: 0.03   

In order to determine which events to test IRE skill, each observed IRE value was 

subtracted from the previous day’s observed IRE value to identify 24-hour spikes or drops 

in IRE.  Figures 12-18 shows our findings:  

 

 

Table 2: IRE thresholds values for each month from August 2018 to February used to test IRE 
skill according to each month. 

Figure 12: The 24-hour difference for the observed IRE minus the previous day observed 
IRE for August 2018. 
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Figure 13: As in Figure 12, except for September 2018. 
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Figure 14: As in Figure 12, except for October 2018. 
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Figure 15: As in Figure 12, except for November 2018. 
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Figure 16: As in Figure 12, except for December 2018. 
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Figure 17: As in Figure 12, except for January 2019. 
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Figure 18: As in Figure 12, except for February 2019. 
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This method was used on the observed IRE values from the months of August 2018 

through February 2019.  Previous months were not used since there was either little to no 

observed IRE data in each month up until August 2018. This method suggested that a 0.07 

increase or decrease in IRE over 24-hours was a significant spike or drop in IRE, suggesting 

potential regime transition.  The following are all of the events from August 2018 through 

February 2019 that had a 0.07 increase or decrease in observed IRE over 24-hours:  

• 9 August 2018 with a 0.09 decrease 

• 21 August 2018 with a 0.07 decrease 

• 22 August 2018 with a 0.08 decrease 

• 24 August 2018 with a 0.11 decrease 

• 22 September 2018 with a 0.07 increase  

• 23 September 2018 with a 0.07 decrease 

• 3 October 2018 with a 0.08 decrease 

• 3 November 2018 with a 0.07 increase 

• 23 November 2018 with a 0.07 IRE increase 

  Another method to find events that could indicate potential regime transition to 

testing IRE forecasting skill was if the observed IRE value was abnormally high (i.e., in 

the top 3 observed IRE values).  There were 3 significant events with unusually high IRE 

values in our dataset, which included: 

• 1 October 2018 with the second highest observed IRE of 0.84 km²∙sˉ² 

• 14 February 2019 with the highest observed IRE value of 0.85 km²∙sˉ² and a 0.09 

increase in observed IRE over a 24-hour period 

• 25 February 2019 with the 3rd highest observed IRE of 0.83 km²∙sˉ².   
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Other events are also considered in this study, including 10 January 2019 and 22 January 

2019.  January 10th involved a large snowstorm in the Midwest and a 0.09 increase in 

observed IRE over a 24-hour period, and January 22nd involved a drastic drop in 

temperatures across most of the United States, resulting in unseasonably cold conditions 

for a few days.   

 After applying the threshold values according to Table 2 to the observed IRE for 

each of the above events, we chose six out of the list to demonstrate IRE skill.  The 

following events are:  

• 21 August 2018 (FALSE ALARM) 

• 24 August 2018 (MISS) 

• 19 September 2018 (FALSE ALARM) 

• 23 September 2018 (HIT) 

• 14 February 2019 (MISS) 

• 25 February 2019 (HIT) 

In each case, blocking onset, decay, and maintenance was analyzed, along with the 

increase/decrease in 24-hour IRE change, the observed IRE, and any other significant 

weather events (e.g. onset of a major hurricane). 
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Chapter 3: Results and Discussion 

 

3.1 FALSE ALARM Case: 21 August 2018 

 This event was analyzed 

due to a 0.07 drop in observed 

IRE over 24 hours.  Due to this 

shift, we analyzed the potential 

for regime transition and 

blocking onset/decay.  Our 500-

hPa heights map for this date, shown in Figure 19, shows a subjective wave pattern of five, 

with low pressure centers over west-central Russia, eastern Russia, and right off the coast 

of eastern Russia.  High pressure sits over the Mediterranean Sea near Italy, while high 

pressure sits over the CONUS.  The maximum 500-hPa height was observed at 5975-m 

while the minimum was observed at 5278-m.   

The observed IRE for this day was 0.74 km²∙sˉ², with Day 1, 4, 7, and 10 qualifying 

as HITs for regime transition in the Northern Hemisphere, as shown in Table 3.  Day 1’s 

projection of the observed IRE was 0.04 units away at 0.70, qualifying as a HIT (see table 

2 for the threshold values).  Day 4’s projection of the observed IRE was 0.01 units away at 

0.75, also qualifying as a HIT.  Day 7’s projection of the observed IRE was 0.02 units away 

at 0.76, also qualifying as a HIT.  Day 10’s projection of the observed IRE accurately 

predicted the value at 0.74, also qualifying as a HIT.  In spite of observing a HIT for regime 

transitions, no blocking onset or decay was observed in the Northern Hemisphere for this 

event, nor was there any blocking already occurring.  There were also no significant 

Table 3: Information for 21 August 2018 False Alarm case. 

Reason for significance: 0.07 IRE drop
Observed IRE: 0.74 km²∙sˉ²
Blocking: No blocking
Day 1 FALSE ALARM
Day 4 FALSE ALARM
Day 7 FALSE ALARM
Day 10 FALSE ALARM

21 August 2018 - FALSE ALARM
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geopotential height anomalies ending or beginning during this date as well, which would 

signify a potential large-scale regime transition.  A significant geopotential height anomaly 

for this research is defined by a height anomaly of 180-m greater than or less than the 1981-

2010 base period daily means for geopotential heights for 40° N latitude. Therefore, this 

event was classified as a FALSE ALARM event. 

 
3.2 MISS Case: 24 August 2018 

 Not too far from the last observed event, this date was analyzed due to a 0.11 drop 

in observed IRE over 24-hours.  Our 500-hPa heights map of this date, shown in Figure 

20, shows more active weather patterns across the Northern Hemisphere, with a wave 

Figure 19: 500-hPA height map for 21 August 2018 at 1200 UTC. 
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pattern four, arguably five.  

Troughs were located across 

western Russia, off the eastern 

coast of Russia over the northern 

Pacific, over the Norwegian Sea, 

and a strong low-pressure center 

over the Northwest Passage.  The 

maximum 500-hPa height was 

observed at 5980-m while the minimum was observed at 5182-m.  On top of those 

observations, blocking was observed on this date.  On 25 August 2018 at 0000 UTC, 

blocking onset was observed over the Atlantic with a blocking index of 2.49.  There was 

another blocking onset observed on 23 August 2018 at 0000 UTC over the Atlantic as well 

with a blocking index of 2.37.  

The observed IRE for this day was low at 0.61 km²∙sˉ², with Day 1, 4, 7, and 10 all 

qualifying as a MISS for regime transition, as shown in Table 4.  Day 1’s projection of the 

observed IRE was 0.09 units away at 0.70, qualifying as a MISS.  Day 4’s projection of 

the observed IRE was 0.12 units away at 0.73, also qualifying as a MISS.  Day 7’s 

projection of the observed IRE was 0.14 units away at 0.75, also qualifying as a MISS.  

Day 10’s projection of the observed IRE was 0.14 units away at 0.75, also qualifying as a 

MISS.  Despite the observed blocking onset observed for this day, there were no significant 

geopotential height anomalies observed.  This event is a good example of how dips in IRE 

could potentially indicate blocking despite the lack of regime transitions in the Northern 

Table 4: Information for 24 August 2018 False Alarm case. 

 

Reason for significance: 0.11 IRE drop
Observed IRE: 0.61 km²∙sˉ²
Blocking: Blocking starts 00UTC on 25th

ends on 1st at 12UTC
Region & Blocking Index  Atlantic - BI=2.49

23 Aug 00UTC - 30 Aug 00UTC
Region & Blocking Index  Atlantic - BI=2.37

Day 1 MISS
Day 4 MISS
Day 7 MISS
Day 10 MISS

24 August 2018 - MISS
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Hemisphere, though our Day 1, 4, 7, and 10 did not perform well according to our threshold 

values outlined in Table 2. 

 

  

3.3 FALSE ALARM Case: 19 September 2018 

Another FALSE ALARM case was observed on this event after analyzed for a 0.07 drop 

in 24-hour observed IRE.  Our 500-hPa heights map, shown in Figure 21, shows a 

subjective wave pattern five, with troughs located over western Russia, central Russia, on 

the eastern coast of Russia, over the northeastern Atlantic, and a strong low-pressure center 

Figure 20: As in Figure 19, except for 24 August 2018. 
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over Nunavut.  The maximum 

500-hPa height was observed at 

5946-m while the minimum was 

observed at 5100-m.   

The observed IRE for this 

day was measured at 0.68 km²∙sˉ², 

with Day 1, 4, 7, and 10 qualifying as HITs, as shown in Table 5.  Day 1’s projection of 

the observed IRE accurately predicted the value at 0.68, qualifying as a HIT for regime 

transition.  Day 4’s projection of the observed IRE was 0.07 units away at 0.75, also 

qualifying as a HIT.  Day 7’s projection of the observed IRE was 0.09 units away at 0.77, 

also qualifying as a HIT.  Day 10’s projection of the observed IRE was 0.11 units away at 

Table 5: Information for 19 September 2018 False 
Alarm case. 

 

Figure 21: As in Figure 19, except for 19 September 2018. 

 

Reason for significance: 0.07 IRE rise
Observed IRE: 0.68 km²∙sˉ²
Blocking: No blocking
Day 1 FALSE ALARM
Day 4 FALSE ALARM
Day 7 FALSE ALARM
Day 10 FALSE ALARM

19 September 2018 - FALSE ALARM
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0.79, also qualifying as a HIT.  Similar to the 21 August 2018 case, there was no observed 

blocking onset or decay in the northern hemisphere, nor were there any significant 

geopotential height anomalies ending or beginning in the Northern Hemisphere.  There was 

also no already occurring blocking events occurring at this time, either.  Therefore, the 

event was classified as a false alarm. 

3.4 HIT Case: 23 September 2018 

 This event was 

analyzed due to a 0.07 

observed IRE drop within 24-

hours.  Our 500-hPa heights 

map, shown in Figure 22, 

shows a subjective wave 

pattern of six, with troughs 

existing over west-central 

Russia, eastern Russia over the north-central Pacific, over the southwest corner of Canada 

and northwest CONUS, over Baffin Bay into the Labrador Sea, and over Western Europe.  

The maximum 500-hPa height was observed at 5959-m while the minimum was observed 

at 5105-m.  Blocking onset was also observed on 23 September 2018 at 0000-UTC over 

the Pacific Ocean with a blocking index of 3.82.  Another special note about this event was 

that Hurricane Leslie also begin on 23 September 2018.  This tropical storm eventually 

grew to a category 1 hurricane.   

The observed IRE for this day was low at 0.65 km²∙sˉ², with Day 1, 4, and 10 all 

qualifying as a HIT and Day 7 qualifying as a MISS in regards to regime transitions, as 

Table 6: Information for 23 September 2018 False Alarm 
case. 

 

 

Reason for significance: 0.07 IRE drop
Observed IRE: 0.65 km²∙sˉ²
Blocking: Blocking starts 00UTC on 23rd 

ends on Oct 3rd at 00UTC
Region & Blocking Index  Pacific - BI=3.82

Day 1 HIT
Day 4 HIT
Day 7 MISS
Day 10 HIT

23 September 2018 - HIT
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shown in Table 6.  Day 1’s projection of the observed IRE was 0.02 units away at 0.63, 

qualifying as a HIT.  Day 4’s projection of the observed IRE was 0.05 units away at 0.70, 

also qualifying as a HIT.  Day 7’s projection of the observed IRE was 0.17 units away at 

0.82, qualifying as a MISS.  Day 10’s projection of the observed IRE was 0.12 units away 

at 0.77, also qualifying as a HIT.  This event is considered a HIT since Days 1 and 4 

qualified as HITS, and the majority of the tested days qualified as HITs as well.  

Considering there were no significant geopotential height anomalies observed for this day, 

this event is a good example of predicting regime transition not only in the form of blocking 

onset, but with tropical storm development. 

Figure 22: As in Figure 19, except for 23 September 2018. 
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3.5 MISS Case: 3 November 2018 

 Much like the event 

described above, this event was 

also observed due to a 0.07 

observed IRE rise within 24-

hours.  Our 500-hPa heights map, 

as shown in Figure 23, shows a 

subjective wave pattern of five, 

with troughs located over the north-central Pacific, over central Russia, over the 

northeastern portion of the North Atlantic, and over the CONUS.  The maximum 500-hPa 

height was the highest observed among our cases at 5986-m while the minimum was 

observed at 4956-m.  Blocking was also observed on 2 November 2018 over the Atlantic 

with a blocking index of 3.42.   

The observed IRE for this day was low at 0.79 km²∙sˉ², with Day 1, 4, and 10 all 

qualifying as a MISS and Day 7 qualifying as a HIT in regards to regime transition, as 

shown in Table 7.  Day 1’s projection of the observed IRE was 0.04 units away at 0.75, 

qualifying as a MISS.  Day 4’s projection of the observed IRE was 0.05 units away at 0.74, 

also qualifying as a MISS.  Day 7’s projection of the observed IRE was 0.02 units away at 

0.77, qualifying as a HIT.  Day 10’s projection of the observed IRE was 0.05 units away 

at 0.74, also qualifying as a MISS.  This event is considered a MISS since the majority of 

the day projections qualified as a MISS, but most importantly that Day 1 and 4 were a 

MISS as well.  Blocking onset was observed for this day, though our IRE projections did 

not fall within the thresholds in Table 2.  Despite there not being any significant 

Table 7: Information for 3 November 2018 False Alarm 
case. 

 

Reason for significance: 0.07 IRE rise
Observed IRE: 0.79 km²∙sˉ²
Blocking: Blocking starts 00UTC on 2nd

ends on Nov 15th at 00UTC
Atlantic - BI=3.42

Day 1 MISS
Day 4 MISS
Day 7 HIT
Day 10 MISS

3 November 2018 - MISS
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geopotential height anomalies for this day, this event is still classified as a MISS for 

missing the blocking onset. 

 
3.6 HIT Case: 14 February 2019 

Not only did this event demonstrate a 0.09 rise in observed IRE in 24-hours, but this 

event measured the highest observed IRE in our dataset.  Our 500-hPa heights maps, shown 

in Figure 24, shows a wave pattern of six in the Northern Hemisphere with comparatively 

larger troughs over the western Pacific Ocean, over eastern Canada, over the eastern 

Figure 23: As in Figure 19, except for 3 November 2018. 
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portion of the North Atlantic 

Ocean, over the Middle East, and 

over eastern Russia and the 

northwest Pacific Ocean.  The 

maximum 500-hPa height was 

observed at 5920-m while the 

minimum was our lowest observed 

in our cases at 4767-m.  Blocking 

onset was also observed on 14 February 2019 at 0000-UTC over the Atlantic with a 

blocking index of 2.09.  Another block was also occurring at this time between the dates 

of 11 February 2019 through 17 February 2019 over the Pacific with a blocking index of 

3.8.   

The observed IRE for this day was high at 0.85 km²∙sˉ², with Day 1, 4, 7, and 10 all 

qualifying as a HIT in regards to regime transition, as shown in Table 8.  Day 1’s projection 

of the observed IRE was 0.04 units away at 0.81, qualifying as a HIT.  Day 4’s projection 

of the observed IRE was 0.04 units away at 0.81, also qualifying as a HIT.  Day 7’s 

projection of the observed IRE was 0.01 units away at 0.84, also qualifying as a HIT.  Day 

10’s projection of the observed IRE was 0.03 units away at 0.82, also qualifying as a HIT.  

Not only was blocking onset and maintenance observed for this day, but we also observed 

a significant positive geopotential height anomaly of 300-m above 1981-2010 base period 

daily mean for geopotential heights ending between February 14-15 in the central Pacific, 

and a negative geopotential height anomaly of 180-m beginning on 14 February 2019 off 

the west coast of North America.  These two events qualify as large-scale regime 

Table 8: Information for 14 February 2019 False Alarm 
case. 

 

 

Reason for significance: Highest IRE in dataset
Observed IRE: 0.85 km²∙sˉ²
Blocking: Blocking starts 00UTC on 14th

ends on Feb 20th at 00UTC
Region & Blocking Index  Atlantic - BI=3.09

Feb 11 00UTC - 17 00UTC
Region & Blocking Index  Pacific - BI=3.8

Day 1 HIT
Day 4 HIT
Day 7 HIT
Day 10 HIT

14 February 2019 - HIT
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transitions, and with these two regime transitions along with the blocking onset and 

maintenance shows this specific event’s competency in forecasting for regime transition 

and blocking onset. 

 

3.7 Discussion 

The most noticeable trend with testing IRE skill was the large spread of results between 

observed IRE and its projected forecast days throughout the seasons.   The months of 

August 2018 and September 2018 had the largest thresholds out of our August 2018 

through February 2019 dataset (see Table 2).  For both August and September, we see Day 

Figure 24: As in Figure 19, except for 14 February 2019. 

 



31 
 

1’s spread ranging from 0.00 to above 0.05 while all October through February’s Day 1 

spread sat between 0.00 or 0.01 and 0.04, as seen in Figures 5-11.  And as expected, Day 

4, 7, and 10’s spreads grew larger as the forecast projected farther into time, shown in 

Figures 5-11.   

For Day 4 projections, August 2018’s spread was between 0.00 and 0.14, September 

2018’s spread was between 0.00 and 0.16, October 2018’s spread was between 0.00 and 

0.03 with one outlier of 0.04, November 2018’s spread was between 0.00 and 0.05, 

December 2018 spread was between 0.00 and 0.03 with two outliers of 0.04 and 0.06, 

January 2019’s spread was between 0.00 and 0.04, and February’s spread was between 

0.00 and 0.05 with one outlier of 0.07.  For Day 7 projections, August 2018’s spread was 

between 0.00 and 0.21, September 2018’s spread was between 0.00 and 0.21, October 

2018’s spread was between 0.00 and 0.08, November 2018’s spread was between 0.00 

and 0.07, December 2018 spread was between 0.00 and 0.06, January 2019’s spread was 

between 0.00 and 0.06 with one outlier of 0.11, and February’s spread was between 0.00 

and 0.04.  For Day 10 projections, August 2018’s spread was between 0.00 and 0.19, 

September 2018’s spread was between 0.04 and 0.19, October 2018’s spread was 

between 0.00 and 0.10, November 2018’s spread was between 0.00 and 0.05 with one 

outlier of 0.07, December 2018 spread was between 0.01 and 0.05 with one outlier of 

0.07, January 2019’s spread was between 0.00 and 0.08, and February’s spread was 

between 0.01 and 0.04 with three outlier of 0.00, 0.05, and 0.07. 

We can draw a couple of assumptions from these results.  The first being that between 

the months of October 2018 and February 2019, overall GEFS’s NAEFS projected values 

closer to the observed IRE than compared to the warmer months of August 2018 and 
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September 2018.  The second assumption we can draw from this is that Day 1 projections 

of the observed IRE performed overall better than Day 4, 7, and 10, and Day 4 

projections performed better overall than Day 7 and 10.   

Sixteen total events were tested for IRE skill, which were where our six discussed 

cases were selected from.  Cases to be discussed in this paper were selected if all of the 

skill classifications (HITs, MISS’s, or FALSE ALARMs) were the same between Day 1, 

4, 7, and 10, or if three out of the four were the same.  Table 9 shows the HITs, MISS’s, 

and FALSE ALARMs for each month for each forecast day: 

Between August 2018 and December 2018, our MISS’s are either equal to or greater 

than our HITs.  But as we move into January and February 2019, that’s we noticed our 

HITs outnumbering our MISS’s.  The significance behind this trend is that with higher 

IRE values observed in the winter months of our dataset, we would expect less 

predictability.  Though this trend along with smaller IRE skill threshold during the winter 

months suggests IRE’s competency in projecting observed IRE values, therefore 

suggesting to be a reliable indicator of regime transitions. 

Our 21 August 2018 FALSE ALARM case forecasts for Day 1, 4, 7, and 10 were all 

within 0.04 or lower of the observed IRE, deeming this case a HIT.  Upon further 

Number of HITs, MISS’s, and FALSE ALARMs for Each Event Each Month 
August 2018 September 2018 October 2018 November 2018 

HIT 4 HIT 4 HIT 3 HIT 4 
MISS 6 MISS 4 MISS 4 MISS 4 

FALSE ALARM 4 FALSE ALARM 4 FALSE ALARM 0 FALSE ALARM 0 
December 2018 January 2019 February 2019     

HIT 1 HIT 4 HIT 7    
MISS 3 MISS 2 MISS 1    

FALSE ALARM 0 FALSE ALARM 0 FALSE ALARM 0    

Table 9: Number of HITs, MISS’s, and FALSE ALARMs for each forecast day according to each 
month from August 2018 to February 2019. 

 

 



33 
 

investigation, no blocking onset or decay was observed, nor was there any blocking 

maintenance observed.  To couple these observations, 500-hPa height anomalies in the 

NH were significantly lacking.  Therefore, we deemed this case a FALSE ALARM since 

we had no observations of regime transition or blocking onset/decay.  Our second FALSE 

ALARM case (19 September 2018) had a larger threshold set in comparison to our 21 

August 2018 case.   

When compared to the rest of September 2018’s projections of the Day 1, 4, 7, and 10 

forecasts, 19 September 2018 case’s forecasts were among one of the closest forecast to 

the observed.  Similar to our first FALSE ALARM case, there was no observation of 

blocking onset or decay, nor was there any blocking maintenance.  One thing to note was 

that there was small height anomaly onset on 19 August 2018 around 180° longitude, 40° 

latitude that deviated up to 180-m from the daily 500-hPa height mean between 1981 

through 2010.  Since this anomaly was comparatively not as significant as other events, 

this event was also deemed a FALSE ALARM.  A trend that surfaced with these FALSE 

ALARM cases was that IRE Day 1, 4, 7, and 10 projections performed well in 

comparison with the rest of the events we tested.   

24 August 2018 and 3 November 2018 were our two MISS cases.  Our first MISS 

case on 24 August 2018 had a significant 0.11 observed IRE drop over 24-hours, and was 

among one of our lowest observed IRE of 0.61.  Blocking onset was observed at 0000-

UTC on 25 August 2018 over the Atlantic with a blocking index of 2.49.  Our 500-hPa 

height anomaly map shows a minor height anomaly onsetting around 26 August 2018 at 

90-100° W longitude, 40° N latitude, with heights deviating up to 180-m below the 30-

year average, lasting through the end of August.  This is another minor height anomaly 
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event compared to our winter height anomalies.   Since IRE drops are usually associated 

with a meridional wave pattern transitioning to more of a zonal pattern, in our 500-hPa 

height maps we notice a weakening low pressure center over the Bering Sea along with a 

flattening trough over the western CONUS.  Due to the combination of blocking onset 

and the slight transition from a meridional to zonal wave pattern in certain places in the 

NH, this is likely why a low IRE and 24-hour IRE drop is observed. 

Our second MISS case on 3 November 2018 had a 0.07 observed IRE spike over 24 

hours, where blocking maintenance was observed on 0000-UTC on 2 November 2018 

until 15 November 2018.  There also was a significant height anomaly observed on 3 

November 2018 at 50-60° W longitude, 40° N latitude, with heights deviating up to 300-

m above the 30-year average.  This height anomaly is likely the reason we see this jump 

in IRE.  Though despite this regime transition, IRE projections did not lie below the 

threshold amounts (see Table 2).  Therefore, this case was deemed a MISS, along with 

our 24 August 2018 event.  Both of our MISS cases’ Day 1, 4, 7, and 10’s projections 

were no more than 0.05 away from the thresholds. 

23 September 2018 and 14 February 2019 were our two HIT cases.  Our first HIT 

case on 23 September 2018 had a 0.07 observed IRE drop over 24-hours.  Blocking onset 

began at 0000-UTC on 23 September 2018 in the Pacific with a blocking index of 3.82.  

Our 500-hPa height anomaly map shows a few minor height anomalies onsetting between 

30° W through 10° E longitude and another 40° N latitude and 150° W, 40° N latitude. 

To compliment this blocking observation, our 500-hPa height maps show two cut-off 

lows weakening between 22 September 2018 and 24 September 2018.  This is indicative 
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of our drop in IRE, which is why this event was deemed a HIT rather than a FALSE 

ALARM.  

The significance behind 14 February 2019 was because it held the highest observed 

IRE for our dataset.  Blocking onset was observed at 0000-UTC on 14 February 2019 

over the Atlantic with a blocking index of 3.09.  Blocking maintenance was also observed 

between 11 February and 17 February 2019.  One notable mention about this case was 

the large height anomaly between 180° and 130° W longitude, 40° N latitude with a 

height anomaly up to 300-m above the climate average.  This anomaly ended near 14 

February, indicating a large regime transition for this area.  500-hPa maps also indicate 

two strengthening lows, one near the Okhotsk Sea off the east coast of Russia and the 

other off the western coast of Canada.  A combination of the blocking onset, the 500-hPa 

anomaly map, and the 500-hPa height map showing a zonal to meridional flow pattern 

are why this event’s high IRE is indicative of regime transitions and why this case was 

deemed a HIT. 
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Chapter 4: Conclusion  

 

Understanding blocking, and knowing where these large flow regimes will occur and 

persist does aid in making forecasts for the large-scale up to ten days or more.  But as we 

move forward, the need to improve our forecasts is imperative.  Therefore, having another 

tool or method to forecast for regime transitions is necessary.  IRE has been proven to be 

a reliable indicator for not only indicating blocking onset/decay, but also independently 

indicating regime transitions.  Since IRE is a new diagnostic tool, there is still much to 

learn about how it forecasts for large-scale atmospheric flow.  The principles behind 

Lyapunov exponents can be applied to the principles behind IRE as well.  As IRE values 

grow in value, we can expect less predictability, or a more unstable atmosphere.  

Conversely, smaller IRE values indicate a more stable atmosphere. While there is not 

enough data recorded to make a climatic average or to make solid assumptions on seasonal 

trends with IRE, one assumption we can make from our own data is how the observed IRE 

behaved between August 2018 and February 2019. 

As seen in Figure 25 below, we see a slow increase in observed IRE values as the 

months move from the warmer season into the winter.  Another trend to mention are the 

large dips in IRE during the summer months in comparison to the winter months.  The 

large spikes and drops in IRE are likely due to the transition seasons (autumn) since high 

IRE projections have been found to indicate a meridional wave pattern and low IRE 

projections have been found to indicate zonal wave patterns.  During the midst of the  
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summer and winter seasons, we see less of these spikes and high observed IRE values 

overall in the winter and the lower observed IRE values overall in the summer.  

To better understand IRE and how it interacts with seasons and weather anomalies, 

further research is necessary.  Connections could be found between IRE and the Madden-

Julian oscillations, the Arctic Oscillation, El Nino and La Niña, seasonal patterns, and 

exclusively regional seasonal trends (such as severe weather season US).  Upon further 

research, IRE could be useful for forecasting regime transitions for synoptic scale events, 

and potentially smaller scale events (though this is speculation and needs further research 

to make these assumptions).   Even our FALSE ALARM events could be projecting smaller 

scale event that were not in the scope of this research.  The MJO oscillation could 

potentially play a factor in in calculating IRE, as the North Atlantic Hurricane season did 

event a few of our event in August and September.  Since our scope of research involved 

the entire NH, it was unfair to consider one portion of the MJO oscillation and not the rest.  

Figure 25: Observed IRE between August 2018 and February 2019. 
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Therefore as stated above, further research is necessary to find finer connections with IRE 

and regime transitions. 
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